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Abstract Nanotechnology is a new approach to 
enhancing the agriculture sector by offering new 
strategies for fostering tolerance against different 
stresses and boosting output. Abiotic stresses, espe-
cially drought and salinity, are the foremost con-
straints that may severely affect plant growth and crop 
production, posing a direct threat to the food supply 
required to meet the increasing demands of the grow-
ing global population. The use of nanotechnology is a 
step towards a modernized agriculture system that has 
revealed the promising role of nanoparticles (NPs) in 
improving the growth of plants and the development 
of different abiotic stress tolerances by increasing 
hormonal production and photosynthesis pigments 
and reducing oxidative stress by activating antioxi-
dant enzymes. Salinity and drought stress trigger a 
variety of morphological, physiological, biochemical, 

and molecular alterations that have a negative impact 
on a number of metabolic processes related to plant 
growth and productivity. NPs enter the plant system 
by several routes, mainly through roots and leaves, 
and interact with plants at cellular and subcellular 
levels, promoting changes in morphological, bio-
chemical, physiological, and molecular states. Con-
tamination with heavy metals (HM) is a major issue 
that hinders crop production and threatens food secu-
rity. Outside the soil, foliar spraying is another bet-
ter way to improve plant resistance to HM. Nutrient 
intake can be increased by applying nanofertilizer, 
which ultimately reduces nutrient losses, improves 
crop quality and yield, and reduces environmental 
degradation risk. Nanoparticulate fertilizer contains 
other NPs, such as cerium NPs, silicon NPs, carbon 
NPs, and titanium dioxide, that promote plant growth. 
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The review aimed to examine the penetration and 
transport of nanoparticles in plants in order to com-
prehend the potential advantages of using nanotech-
nology in agriculture. Our study focused on present-
ing the effects of stress conditions on plants, their 
responses to such conditions, and the nano-based 
abiotic-mediated mechanisms of plants. Additionally, 
we also explored the physiochemical characteristics 
of nano-based metal oxide applications for improving 
agricultural systems.

Keywords Nanotechnology · Nanomaterials · 
Abiotic stress tolerance · Metal-based nanoparticles

1 Introduction

Since agriculture creates and supplies the raw 
ingredients for the food and feed industries, it has 
historically been the most significant and secures 
business (El-Beltagi et  al., 2022). Advanced agri-
cultural technologies, including nanotechnology, 
are requisite due to the burgeoning global popu-
lation, elevated nutrient mining, rising total food 
grain production, shrinking arable lands, con-
fined water access, declining soil organic mat-
ter, climate change, and a number of other factors 
(Ahmad et al., 2021a, b; Ashry et al., 2018). Vari-
ous environmental variables impose significant 
obstacles to agricultural production by causing 

stress conditions in plants (Clark & Tilman, 2017). 
When plants undergo biochemical, physiological, 
or genetic alterations as an outcome of these situ-
ations, productivity is constrained, and energy use 
is boosted. Farming in greenhouses is an alterna-
tive to managing unfavorable environmental cir-
cumstances, minimizing detrimental impacts, and 
even raising yield (Clark & Tilman, 2017).

To create materials with unique qualities such as 
a huge surface area, the intended zone of operation, 
the gradual release of substances, and the struc-
ture of matter must be regulated at the nanoscale. 
“The Greek word ‘Nanos,’ which denotes ‘small,’ is 
where the name ‘Nano’ originates. Nanotechnology 
is primarily concerned with the separation, con-
solidation, and deformation of materials by atoms, 
molecules, or ions.” Nanoparticles, whether found 
naturally or made artificially, have at least one 
dimension between 1 and 100 nm (Fig. 1).

Nanotechnology is an interdisciplinary field that 
has gained momentum in recent years, introducing 
engineered nanoparticles (NPs) into the global mar-
ket. This technology has the potential to advance 
agricultural science and other related sectors (Dawi 
et  al., 2021; Vithanage et  al., 2023). Agricultural 
practices have increasingly incorporated products 
containing engineered NPs, such as nanomaterials, 
nanocapsules, nanocarriers, nanofertilizers, nanope-
sticides, and nanosensors, and patented technologies 
and processes (Amer et  al., 2021; Dziergowska & 

Fig. 1  Scale of nanoparticles: a comparison of nanomaterial sizes 
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Michalak, 2022; Hassanisaadi et  al., 2022; Usman 
et al., 2020) (Table 1, Fig. 2).

A nanometer is a billionth of a meter. Examples 
include tiny droplets called nanoemulsions, struc-
tures like carbon nanotubes, minuscule particles 
known as quantum dots, slender nanorods, and even 
very small capsules (micro and nanoencapsulation). 
Key properties of nanoparticles include their ability 
to create reactive oxygen species (ROS) like  O2 and 
 H2O2, their size or morphometric ratio, their water-
repelling nature (hydrophobicity), their ability to 
dissolve harmful substances, their surface area, and 
their characteristics during production or over time, 
like binding to receptors or forming groups. In short, 
nanoparticles possess essential attributes that contrib-
ute to their functionality and impact, all of which are 
important for various applications (Somasundaran 
et al., 2010).

Numerous applications of nanotechnology can be 
found in the establishments of agricultural produc-
tion, processing, storing, packaging, transport, and 
marketing of agricultural products. Nanomaterial 
application in agriculture aims to cut down on the 
amount of pesticides required, lessen nutrient losses 
during fertilization, and raise production through 
nutritional and pest management. To bump up yield 
without polluting soil or water and to deliver defense 
from diverse biotic and abiotic concerns, agriculture 
employs nanotechnology to construct nanopesticides 
and nanofertilizers (Abdelsalam et  al., 2023). To 
monitor the integrity of the soil in agricultural areas 
and manage crop health, nanotechnology may be 
implemented as sensors (Prasad et al., 2017).

Eliminating locked nutrients, nanoclays, and zeo-
lites can enhance the efficiency with which fertilizers 
are used while replenishing the fertility of the soil. 
To address the issues of maintaining perennial weeds 
and diminishing weed seed banks, nanoherbicides are 
being devised. Gas sensors and nanosmart dust can be 
leveraged to swiftly and precisely estimate the degree 
of pollution in the environment (Abd-Elrahman & 
Mostafa, 2015a, b).

Additionally, soil analysts are using nanotechnol-
ogy to improve soil properties such as soil moisture, 
water holding capacity, and minimum water discharge 
during the growing season by using nanozeolite and 
nanoclay composites as well as removing impurities 
with nanomagnets (Prasad et  al., 2017; Vundavalli 
et al., 2015). With minimum use of resources to get 

better results, nanofertilizers (Haris et  al., 2022) 
could remove soil harmfulness due to the applied 
chemical constituent’s buildup. They play a big role 
as nanosensors in the recognition of crop cultivation 
(such as detecting water and soil contaminants, nutri-
ents and pesticide required amount to apply, and envi-
ronmental hazards). At trace intensity, heavy metals 
(HMs) could be identified by nanodetection technol-
ogy (such as biosensors, optical, electrochemical, and 
vice versa) (Akladious &  Mohamed, 2017;  Prasad 
et al., 2017). Numerous plants exposed to an array of 
abiotic stressors, including salt, drought, extreme or 
light temperature, heavy metal exposure, and nutrient 
deficiency, have improved from the use of nanoparti-
cles (Hernández-Hernández et al., 2018; Raliya et al., 
2016).

The use of NPs in agriculture is gaining 
momentum due to their potential to augment crop 
growth, soil health, and productivity, as noted by 
Landa (2021). In recent years, various rare earth 
metal–based NPs, including ZnO-NPs, Zn-NPs, Ag-
NPs, FeS2-NPs, Fe-NPs,  CeO2-NPs,  SiO2-NPs, Au-
NPs,  TiO2-NPs, CuO-NPs, and carbon-based NPs 
(such as carbon nanotubes and fullerols), have been 
tested in controlled and natural field conditions to 
help plants survive in various stressed environments. 
These studies have demonstrated that NPs can have 
both negative and positive effects on plant growth, 
depending on the size and dose used (Chen et  al., 
2015; Singh et  al., 2021). Nanotechnology contin-
ues to revolutionize the agricultural field by offering 
a vast array of nanomaterials that enhance food and 
crop production, as noted by Tighe-Neira et al. (2022) 
and Vithanage et al. (2023). Exogenous application of 
NPs in agriculture has emerged as a promising tech-
nique for improving crop development and productiv-
ity under normal and stressed conditions.

NPs can enter the root epidermis or aerial sur-
face through apoplastic and symplastic pathways, 
and their uptake and transport depend on their size. 
Recent investigations suggest that NPs contribute 
to different physiobiochemical processes regulating 
plant growth, productivity, and responses to harsh 
abiotic stresses. Moreover, exogenous application of 
NPs can increase specific morpho-physiological pro-
cesses, resulting in increased crop yield. Beneficial 
NPs can be used as nutrient or fertilizer nanocarriers, 
with increased efficiency and reduced environmen-
tal contamination compared to traditional fertilizers 
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due to their physio-chemical properties and modes of 
action (Gohari et al., 2021; Landa, 2021). The present 
review has attempted to raise and address these key 
concerns besides providing an updated account of 
the status of NP-mediated mitigation of major abiotic 
stresses in crops.

2  Different Kinds of Abiotic Stress

Conversely, issues notably soil salinity, intense heat 
or cold, a dearth of nutrients, and heavy metals sig-
nificantly influence production (Ahmad et al., 2021a, 
b; El-Beltagi et al., 2022; Sofy et al., 2022). Abiotic 
stress encompasses inert environmental elements 
capable of exerting adverse effects on plant growth 
and development. These elements include extremes 
of temperature, prolonged drought, elevated salin-
ity, and the presence of toxic heavy metals. These 
stressors exert influence on the morphology of plants, 
inducing modifications in their structure, size, and 
forms. Moreover, they cast an impact on vital physi-
ological mechanisms like photosynthesis, respira-
tion, and the absorption of water. Deeper within the 

biological framework, abiotic stress causes modi-
fications in gene expression and protein synthesis, 
thereby instigating changes in metabolic processes 
and the intricate signaling cascades. Plants, being 
stationary organisms, lack the means to elude severe 
environmental stimuli, encompassing factors like 
salinity, drought, temperature fluctuations, and flood-
ing. These elements are detrimental to crop yields 
(Raza et al., 2023). The amplified instances of salin-
ity and drought stress, owing to the repercussions of 
global climate change, have engendered a decline in 
crop growth, thereby imperiling global food security 
(Wang et al., 2021).

Salinity stress, a combination of osmotic and ionic 
challenges, emerges from the unfavorable accumula-
tion of salts within the soil (Alam et al., 2021; Gupta 
et al., 2021; Melino & Tester, 2023). This phenome-
non compromises plant vigor by adversely influencing 
cellular processes due to the ionic cytotoxicity result-
ing from mineral ion accumulation and exchange 
involving  Na+ (Johnson & Puthur, 2021; Melino & 
Tester, 2023; Raza et  al., 2022). Drought, a multi-
faceted abiotic stressor, arises from deficient rainfall 
and extreme temperature fluctuations. It instigates 

Fig. 2  Application of nanomaterials in agriculture
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alterations in plant attributes and developmental tra-
jectories (Bhardwaj & Kapoor, 2021). Predominant 
in arid and semiarid regions, drought disrupts pivotal 
plant processes, notably transpiration rate, stomatal 
conductance, photosynthetic frequency, water poten-
tial, and leaf relative water content (RWC), through-
out diverse growth stages (Raza et al., 2023; Yang & 
Qin, 2023).

Moreover, drought-induced stress exerts an impact 
on cellular division, meiosis, pollen count, and pol-
len sterility and can lead to plant necrosis (Mohamed 
et  al., 2018). Salinity and drought stress can incite 
an excessive generation of reactive oxygen spe-
cies (ROS) by disrupting a plant’s inherent defense 
mechanisms (Hasanuzzaman et  al., 2020; Mittler 
et al., 2022). This occurrence initiates oxidative stress 
that inflicts damage upon cellular organelles such 
as DNA, lipids, and proteins, along with perturbing 
enzymatic arrangements. Ultimately, this cascade 
culminates in cellular demise (Mittler et  al., 2022; 
Tiwari et al., 2021).

3  Nanotechnology: an Integrated Agriculture 
Tool to Alleviate Abiotic Stress in Plants

The rising global population, shrinking arable land, 
and increasing dangers from climate change all put 
pressure on the need for novel approaches and strate-
gies to boost yield potential under challenging condi-
tions (Ihsan et al., 2023; Mogazy et al., 2022). Several 
biotic and abiotic factors can trigger stress for plants. 
These stresses, such as drought, salinity, tempera-
ture, and heavy metals, cause significant alterations in 
plants (Fig. 3). So, one of the main goals of research 
is to increase crops’ ability to withstand stress and 
meet the increasing demand for food resulting from 
population growth. There have been significant ini-
tiatives over the past few decades to raise agricultural 
yields through the widespread application of pesti-
cides, which have negative long-term implications 
on the environment and human health. Therefore, the 
use of revolutionary technology is required to feed the 
world’s population without harming the environment. 
A revolutionary strategy for agricultural enhance-
ment is nanotechnology, which offers fresh ideas for 
increasing resilience to diverse pressures and produc-
tivity (Elemike et al., 2019).

To cope with environmental stress, plants have 
developed a wide range of efficient and comprehen-
sive molecular programs to rapidly sense stressors 
and adapt accordingly (Khalid et al., 2022). Plants can 
enhance this response through the interaction of NPs 
with plants. Nanotechnology promises to increase 
crop yield by improving plant tolerance mechanisms 
under abiotic stress conditions. Several studies have 
shown that NPs play a vital role in improving the 
tolerance of plants to abiotic stresses by modulating 
various physiological, biochemical, and molecular 
processes (Fig. 4).

3.1  Extreme Temperature

Crop cultivation depends on the climatic conditions 
of an area while variation in such conditions due to 
various biotic and abiotic factors (i.e., variation in 
temperature, inadequate light, nutrients disproportion, 
low water availability) leads to disturbance in plant 
cellular homeostasis because every plant grows at its 
own threshold level. Ecosystem adaptability and food 
safety have recently attracted international attention. 
Global warming, which is a direct result of human 
harm to the environment, has a negative impact on 
food safety and agriculture (Sachdev et  al., 2021). 
Due to increased greenhouse gas concentration and 
higher temperatures than what is ideal for crops, crop 
yield has been reduced. While the average increase in 
temperature for some European regions even exceeds 
2 °C, it was only 1 °C in 2018. Abiotic stressors can 
disrupt cellular homeostasis and cause oxidative 
stress, which reduces nutrient uptake, throws off the 
balance of hormones, and hinders plant growth. The 
increase in the earth’s surface temperature is one of 
the known most harmful factors (Mohamed et  al., 
2019).

Crop yield is reduced due to heat stress as 
plant reproductive growth is highly heat sensitive 
(Thakur et  al., 2010), and this sensitivity remains 
for 10–15  days as certain controlled environment 
studies have shown high temperature negatively 
influences flower bud induction (Nava et al., 2009). 
Crops (legumes and cereals) of temperate and tropi-
cal regions are also heat-sensitive, and temperature 
variation results in lower fruit set (Prashant et  al., 
2023) and also due to improper water and nutrient 
transmission (Prashant et al., 2023). Plants can sur-
vive to a certain extent through reprogramming of 
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the transcriptome, proteome, and metabolome, but 
above that, periodical abortion or plant death occurs 
due to the initiation of the cell death mechanism 
(Sanchez-Rodríguez et al., 2011).

Huge production of heat shock proteins (HSPs) 
occurs during tolerance against heat and plants cope 
in such conditions as a result of heat-sensitive ele-
ment restoration, protection from heat damage, 

Fig. 3  Role of NP-based fertilizer in plants under abiotic stresses
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and metabolic strain (Mohamed et  al., 2019). This 
is because specific biological and metabolic pro-
cesses, antioxidants, membrane lipid unsaturation, 
gene appearance and transformation, protein con-
stancy, and the accumulation of harmonious solutes 
occur at the genetic level as part of the heat tolerance 
mechanism (Kaya et  al., 2001). Highly genotypic 
attributes towards tolerance led plants to withstand 
against stresses (Mohamed & Abdel-Hamid, 2013). 

By enhancing hormone production, photosynthetic 
pigments, and reducing oxidative stress by activating 
antioxidant enzymes, NPs have recently been shown 
to play a promising function in optimizing plant 
growth and the development of diverse abiotic stress 
tolerance in modern agriculture systems (Rana et al., 
2021; Thakur et al., 2022) (Fig. 5).

According to a recent study, nanotechnology may 
be able to shield plants from the heat stress brought 

Fig. 4  Mechanisms of NP in alleviating abiotic stress in plants (Khalid et al., 2022)

Fig. 5  Heat stress and tolerance development by application of nano-based metal oxides



 Water Air Soil Pollut (2023) 234:666

1 3

666 Page 10 of 43

Vol:. (1234567890)

on by high temperatures and protracted heat waves 
(Khalid et  al., 2022). Se nanoparticles were discov-
ered to enhance tomato plant growth and chlorophyll 
content (Djanaguiraman et  al., 2018a). Additionally, 
 TiO2 treatment of tomato plants increased photosyn-
thesis and promoted stomatal opening, which cooled 
the leaves (Qi et al., 2013). Foliar spray with Se NPs 
improved relative water content, proline, catalase, 
peroxidase activities, and reduced the effect of heat 
stress in cucumber plants (Shalaby et al., 2021).

3.2  Salinity Stress

The provision of land for sustainable agriculture is 
severely constrained by soil salinity, which has also 
become a significant threat to the world’s food secu-
rity. The amount of irrigated land impacted by salt is 
thought to be around 62 million hectares (20% of all 
farmed land worldwide), and it is rising daily, espe-
cially in arid and semi-arid regions of the world (Ete-
sami & Noori, 2019). Glycophytic and halophytic 
plants are both severely harmed by salinity stress 
(Etesami & Beattie, 2018; Komaresofla et al., 2019). 
The physiological, biochemical, and metabolic pro-
cesses associated with plant growth and productiv-
ity are negatively impacted by a number of changes 
brought on by salinity stress. NPs can enter a plant’s 
system in a number of ways, but the roots and leaves 
are the main entry points. NPs interact with cells and 
subcellular components after entering plants, which 
affects morphological, biochemical, physiological, 
and molecular changes (Khan et al., 2019). Depend-
ing on the NPs and the plant species, these interac-
tions could be advantageous or harmful. Effects of 
NPs on plant systems may depend on the chemical 
make-up, reactivity, size, and particularly concentra-
tion of NPs within or on the plant. According to the 
available data, distinct NPs can stimulate plant growth 
and development in salinity-stressed environments at 
concentrations below specific limitations through a 
variety of recognized processes (Zulfiqar & Ashraf, 
2021). It has been documented that the micronutrient 
Cu helps plants avoid the negative effects of salinity 
by improving water relations, photosynthesis, nutri-
tion, upregulating antioxidant defense, and increas-
ing levels of osmoprotectants and amino acids (Iqbal 
et  al., 2018). Hernández-Hernández et  al. (2018) 
investigated the impact of copper nanoparticles on 
tomato growth under salt stress and found an increase 

in tomato growth by increasing the expression of the 
SOD and jasmonic acid genes, which reduced ionic 
and oxidative stressors. According to the authors, 
using Cu-NPs could successfully boost salinity tol-
erance by triggering the antioxidant defense system 
and the jasmonate octadecanoid pathway (Zulfiqar & 
Ashraf, 2021) (Fig. 6).

Plants survive in various environmental strains as 
a result of selenium (Rastogi et al., 2019). Selenium 
oxide nanoparticles shield plants from salinity stress 
along with early seedling growth, seed sprouting, and 
other features in lentil genotypes (Sabaghnia & Jan-
mohammadi, 2015). Against various stresses, plants 
develop a layer in the root cell wall in case of  SiO2 NP 
use (Abdel Latef et al., 2018). So, selenium, and  SiO2 
NPs have a key role in plant growth continuation dur-
ing saline conditions (Wang et al., 2011) because, in 
maize roots and seeds,  SiO2 NPs efficiently absorbed 
due to smaller size than micro  SiO2, -Na2SiO3, or 
-H4SiO4 (Suriyaprabha et  al., 2012). In addition, 
other crops (tomato and squash) also enhance seed 
sprouting and antioxidant activity after treatment 
with selenium oxide nanoparticles (Siddiqui et  al., 
2014). During the growth phases of Phaseolus vul-
garis, selenium nanoparticle at 300  mg/L helps in 
plant growth through enhanced seed germination and 
biomass elongation along with seedling dry and wet 
matters compared with control (Alsaeedi et al., 2017).

3.3  Heavy Metal Stress

One of the main reasons impeding agricultural pro-
duction and posing a danger to food security is HM 
contamination (Javaid et  al., 2020). To reduce plant 
output, heavy metal (HM) has a considerable negative 
impact on healthy cell development, the antioxidant 
system, and plant growth. Further significantly, the 
predicted expansions in global population—to 8.54 
billion by 2030 and 9.73 billion by 2050—mean that 
current food production must rise by 70 to 100% to 
keep up with demand (Mueller et al., 2012). HM pol-
lution is a problem that is spreading swiftly due to 
rapid urban and industrial migration, persistent use 
of agricultural pesticides and fertilizers, irrational 
mining, and waste management (Abu-Shahba et  al., 
2022; El-Mahdy et  al., 2021). Because HM pollu-
tion is so prevalent in food and blood, it has recently 
come to the attention of the public. Plant growth is 
affected by HM stress, and through the food chain, 
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this indirectly affects human health (Arif et al., 2019). 
In order to eradicate HM from a polluted farm envi-
ronment, technology must be established and made 
public. In recent years, the usage of nanoparticles 
(NPs) in industry, health, agriculture, and the cos-
metics industry has substantially surged (Adeel et al., 
2019). The bioavailability and mobility of soil HMs 
can be diminished via absorption and NP conversion. 
 Fe3O4 NPs, for instance, decreased the flow of HMs 
such as Cd to the ground (Sebastian et  al., 2019). 
After 3 years in the field, mercapto Si NPs reportedly 
changed Cd into a stable environment, according to 
Wang et al. (2020). Moreover, some NPs can enhance 
the characteristics of soil, for example, hydroxyapa-
tite NPs can release phosphate and raise soil pH, min-
imizing the deleterious impacts of HM in soil (Singh 
& Lee, 2018).

Venkatachalam et  al. (2017) reported that the 
application of zinc oxide nanoparticles alleviates 
heavy metal stress in plants by the accumulation of 
antioxidant metabolites and enzymes. Crop yield 
improved by use of nanoscale  TiO2 nanoparticles 
(because of enhanced rubisco and antioxidant events, 
chlorophyll biosynthesis led to more photosynthe-
sis) (Lei et  al., 2008). Furthermore, activate various 
mechanisms to cable plant against abiotic stresses. 
During Cr stress in pea seedlings, the oxidative 
stress declined while enzyme (ascorbate peroxidase 
and superoxide dismutase) activities enhanced due 
to selenium oxide NPs (Tripathi et  al., 2015). Simi-
larly, an antioxidant protection system is initiated in 
maize plants in order to minimize aluminum poisons 
as a result of selenium oxide NPs (de Sousa et  al., 
2019). Wheat from Cd-induced oxidative stress could 

Fig. 6  Potential role of nano-based metal oxide application in alleviating salinity stress
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be prevented through iron oxide NPs (Konate et  al., 
2017).

Due to the use of selenium nanoparticles in Chi-
nese cabbage, Cd and malondialdehyde in the leaves 
were reduced, while other characteristics (such as 
root and shoot mass, chlorophyll, SOD, and plasma 
glutathione peroxidase) improved under Cd stress 
(Zhang, 2019). Si NPs have been shown to reduce Cd 
stress in rice (Wang et al., 2015), and the combined 
use of biochar and iron oxide NPs (Hussain et  al., 
2019a, b) or iron oxide NPs and biochar (Rizwan 
et  al., 2019a) has also been shown to minimize Cd 
stress. According to Rahmatizadeh et  al. (2019), 
applying iron oxide to leaves is more effective than 
applying it to soil because it increases antioxidant 
enzyme activity and crop DW while reducing leaf 
electrolyte leakage and Cd in grains.

The addition of Si NPs to the growing source 
enhances antioxidant activity and lessens the Cr pre-
cipitation in pea seedlings to reduce Cr harmfulness 
(Tripathi et al., 2015). Furthermore, Cd precipitation 
gets normal which enhanced rice plant protection 

against Cd stress with 2.5  mM selenium oxide NPs 
(Wang et al., 2015) (Fig. 7).

3.4  Drought Stress

According to Ramankutty et al. (2008), agriculture 
encompasses around 15 million  km2 of the land sur-
face, and 16% of this area has irrigation systems. 
As a result, drought stress is a common occurrence 
for plants in several sections of the world. Drought 
is the single biggest danger to global food secu-
rity due to a lack of water resources. The previous 
major famines were sparked by it (Ahmad et  al., 
2023; Mohamed et al., 2018). The consequences of 
drought are projected to worsen in the future due 
to the constrained water accessibility in the world 
and challenges from a fast-expanding population 
(Zhao et  al., 2023). Particularly in arid and semi-
arid areas, drought adversely restricts plant growth, 
development, and output (Ahmad et  al., 2023). 
In drought-prone locations, the characteristics of 
plants’ responses to drought stress have become a 

Fig. 7  Overview of alleviating heavy metal (HM) stress by use of nanotechnology
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major environmental research topic. Seed germina-
tion, a crucial stage in plant development, is espe-
cially susceptible to these stressors. The initial 
phase of a plant’s experience with drought is germi-
nation. If the seeds are planted eventually and vig-
orously, germination is also crucial for determining 
the ultimate plant density (Abd El Mageed et  al., 
2023). Several investigations have shown that  TiO2 
nanoparticles, at concentrations as low as 20 mg/L, 
significantly enhanced spinach growth by promot-
ing photosynthesis and nitrogen metabolism (Hong 
et  al., 2005a, b). Further investigation by Mahajan 
et al. (2011) examined the impact of nano-ZnO par-
ticles on the development of mung (Vigna radiata) 
and grama plant seedlings (Cicer arietinum). They 
discovered that the seedlings demonstrated a sig-
nificant increase above controls and that growth 
was retarded at particular optimum concentra-
tions. Currently, one of the most popular nanoma-
terials is silver nanoparticles (AgNPs) (González-
Pedroza et  al., 2023). The colloidal solution of Cu 
and Zn NPs under drought conditions significantly 
improved the defense mechanism of wheat plants by 
accumulating antioxidants, maintaining the relative 
water content and chlorophyll content and reducing 
thiobarbituric acid reactive substances (TBARS) in 
the leaves (Taran et  al., 2017). Foliar application 

of ZnO NPs on tomato crops under drought stress 
observed an increase in ascorbic acid and free phe-
nol concentrations as well as improved antioxidant 
enzyme activity (El-Zohri et al., 2021).

It has been established that silver ions, such as 
AgNPs, can block the action of ethylene. Several 
researchers have reported that silver ions have this 
impact on ethylene. In agricultural soils and hydro-
ponic systems, silver kills undesirable microbes. It is 
applied as a foliar spray to protect plants from fungus, 
rot, mold, and other ailments. Additionally, radioac-
tive rays, silver salt, silicate, and water-soluble poly-
mers are all great plant growth stimulators (Sharon 
et  al., 2010) Due to the use of Cu and Zn NPs dur-
ing drought stress, antioxidant, and moisture levels 
increased while thiobarbituric acid levels decreased, 
element precipitation was affected, chlorophyll levels 
increased, and stress levels decreased (Taran et  al., 
2017) (Fig. 8).

Using SiO2 NPs during the drought conditions 
in barley reduces membrane damage and superox-
ide radical production while increasing shoot extent 
and moisture (Turgeon, 2010). Due to the use of Cu 
NPs, maize production improves in dry conditions 
(increased leaf moisture, root and shoot mass, antho-
cyanin, photosynthetic pigment, and carotenoid) (Van 
Nguyen et al., 2021).

Fig. 8  Possible mechanisms for nano-based metal oxide–mediated mitigation of drought stress
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3.5  Oxidative Stress

The changes in genes related to root development, plant 
stress reactions, dealing with oxidative stress, and the 
production of brassinosteroids were revealed through 
transcriptomics investigations concerning the effects of 
copper-based nanoparticles (NPs) with a size of 50 nm 
(Aleixandre-Tudó et  al., 2020). Studies utilizing cop-
per-based NPs of 40  nm dimensions in metabolomics 
discovered that certain secondary metabolites, namely 
4-aminobutyrate, acetyl glucosamine, and phenyl lactate, 
accumulate in cucumber (Cucumis sativus). Conversely, 
processes tied to amino acid metabolism, fatty acid pro-
duction, riboflavin metabolism, and the synthesis of fla-
vonoids are suppressed. Galactose metabolism and the 
tricarboxylic acid cycle were found to be the primary 
disrupted areas in a separate metabolomics investigation 
focusing on the impact of copper NPs (with a mean size 
of 40 nm) on cucumber fruits (Zhao et al., 2015).

Genes linked to responses against abiotic stress, 
such as defensin-like proteins, plant thionin, glucosi-
dases, cytochrome P450 proteins, and GST members, 
were inhibited by silver-based NPs (sized 20–80 nm) 
in plants grown hydroponically. In analyses of prot-
eomics involving Eruca vesicaria, proteins specific 
to seeds from the jacalin lectin family and proteins 
involved in the response to oxidative stress gathered 
due to exposure to silver-based NPs with a diameter 
of 10 nm (Vannini et al., 2013). Moreover, treatment 
with silver NPs led to an increase in cruciferous, 
which are proteins stored in seeds used as an initial 
nitrogen source (Vannini et  al., 2013). Metabolomic 
studies of silver-based NPs indicated an accumula-
tion of linolenic and linoleic acids (the most com-
mon unsaturated fatty acids in membranes), salicylic 
acid (a crucial signaling molecule triggering plant 
defense and systemic acquired resistance), and inter-
mediates of the tricarboxylic acid cycle, antioxidants, 
and metabolites involved in defense responses (such 
as phenolic compounds and fatty acids). Conversely, 
levels of Gln and Asn, two necessary amino acids 
for nitrogen assimilation and transport, were reduced 
(Zhang et al., 2018).

Examinations utilizing transcriptomics exhibited that 
genes associated with responding to oxidative stress, 
modifying root architecture, regulating protein synthe-
sis and turnover, and maintaining energy balance were 
influenced by zinc oxide (ZnO) NPs with an average 
size of 20  nm in Arabidopsis thaliana (Landa et  al., 

2015). The following writers demonstrated the activa-
tion of genes that code for proteins involved in metal 
binding, metal homeostasis, and detoxification (such 
as metallothioneins) and the repression of genes that 
make brassinosteroids, which are involved in the heavy 
metal stress response. As hemicellulose plays a role in 
adsorbing heavy metal ions, transcripts involved in its 
modification and disintegration were likewise down-
regulated. Inhibition of ribosome synthesis and down-
regulation of transcripts involved in electron transport 
and energy production were further negative impacts 
that were noticed (Landa et al., 2015). Another recent 
work examined the transcriptomics and metabolomics 
of tomato seedlings treated with foliar sprays of ZnO 
NPs (20–45 nm size), which boosted growth by boost-
ing chlorophyll content and photosynthetic efficiency 
(Wang et  al., 2020). Based on metabolomics analysis, 
ZnO NPs enhanced the expression of genes encoding 
antioxidant enzymes, transporters, and enzymes or reg-
ulators involved in secondary metabolism and carbon/
nitrogen metabolism (Fig. 9).

Enhanced protochlorophyllide buildup, chloro-
plast, and photosystem II restoration results due 
to ZnO NP use (Salama et  al., 2019). Okra plants 
applied with zinc oxide nanoparticles under salin-
ity stress resulted reduction in oxidative injury by 
enzyme activities (superoxide dismutase and cata-
lase), and a significant change in catalase activity 
occurs (Alabdallah and Alzahrani, 2020).

3.6  UV-B Radiation Stress

Ultraviolet (UV) rays are electromagnetic radia-
tion emitted by the sun and are categorized on the 
basis of wavelength (UVA: 320–400  nm, UVB: 
280–320  nm, and UVC:100–280  nm). While UVC 
rays are mostly absorbed by Earth’s atmosphere, 
UVA and UVB rays reach the surface and can have 
significant effects on living organisms. UVA has a 
longer wavelength and accounts for the majority of 
UV radiation reaching the Earth’s surface. It pen-
etrates the skin more deeply than UVB and is asso-
ciated with skin aging, wrinkling, and the develop-
ment of certain types of skin cancer. UVA can also 
contribute to the fading of colors in fabrics and 
materials exposed to sunlight. UVB (ultraviolet B): 
UVB has a shorter wavelength and is responsible for 
causing sunburn and more immediate skin damage. 
It is also a major contributor to the development of 
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skin cancer. UVB rays are more intense during the 
midday and summer months. NPs can help reduce 
the harmful effects of UVA and UVB radiation by 
acting as UV filters in sunscreens. Certain types of 
nanoparticles, like zinc oxide (ZnO) and titanium 
dioxide  (TiO2), are known for their ability to absorb 
or scatter UV radiation, thus preventing it from pen-
etrating the skin. These nanoparticles form a protec-
tive layer on the skin’s surface, reducing the amount 
of UVA and UVB radiation that reaches deeper skin 
layers and causes damage (Diffey, 2001; Schroeder 
& Krutmann, 2010).

Greenhouse gases (CFCs: chlorofluorocarbons 
and NOx: nitrous oxides) have reduced the amount 
of ozone in the stratosphere, and the ultraviolet spec-
trum (280–315 nm) increases when it hits the ground 
superficially (Dawood et al., 2022). The UV spectrum 

varies depending on various factors (such as time, 
month, year, day, latitude, and cloudiness level), and 
it is known to be one of the causes of climatic stress. 
Such risks will persist for a longer period of time. 
According to Wang et al. (2012), plants exhibit a vari-
ety of biochemical, morphological, and physiological 
responses in response to UV spectrum.

Various basic injuries (increase of ROS level and 
agitation of Pn stains, DNA, and cell membrane) come 
due to UV-B radiation (Chen et  al., 2011). To over-
come detrimental effects, plants protect themselves 
through certain strategies (including antioxidants and 
phenolic compounds) (Dawood et al., 2022). Further-
more, by adsorbing UV rays and lowering oxidative 
damages, nanomaterial reduces the hazards of UV 
rays and enhanced light and energy captivation and 
its conduction along with photosynthetic pigment and 

Fig. 9  Mechanisms of 
nano-based metal oxide–
mediated oxidative stress 
in plants
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rubisco. Although UV rays enhance crop productivity, 
nanomaterials during UV stress cannot perform well, 
but they have minimized the UV-B harmful effects. 
Furthermore, detrimental results of nanomaterials and 
UV-B have also been reported on crops (Regier et al., 
2015) (Fig. 10).

Studies have shown that the application of NP 
metal oxides can improve the UVB tolerance of plants 
by reducing the damage caused by UVB radiation. 
They can do so by acting as a physical barrier, absorb-
ing UVB radiation, and also by scavenging reactive 
oxygen species (ROS) generated by UVB radiation. 
Exposure to high levels of UV-B radiation can damage 
the DNA and proteins in plant cells, leading to reduced 
photosynthesis, stunted growth, and decreased crop 
yield. It can also cause changes in plant morphol-
ogy, such as reduced leaf size, altered leaf shape, and 
reduced stem elongation (Tripathi et al., 2017a).

4  Impact of Nanofertilizer Application (Particle 
Size, Surface Area, Charge, etc.)

The first step in the processes of absorption and trans-
location as well as for the mechanism of action is the 
contact and penetration of nanoparticles into the plant 
system. Nanoparticles are absorbed from the root epi-
dermal areas in large part due to osmotic pressure and 
capillary pressures. Typically, nanoparticles between 

3 and 5 nm are quickly absorbed. Small pores allow 
nanoparticles to pass through the epidermal cell wall 
of roots and into the plant’s system. In some cases, a 
modest number of nanoparticles that are larger than 
the typical pores that absorb the nanoparticles can 
improve the ability to develop their own pores on the 
cell wall (Al-Khayri et al., 2023). In some instances, 
the charge of the nanoparticles plays a major role in 
the initial interaction that occurs with the epidermis 
region (Al-Khayri et  al., 2023). Furthermore, the 
nanoparticles take both apoplastic and symplastic 
pathways to reach the target tissue. Usually, the mem-
brane carrier protein accompanies the nanoparticles 
and helps in transportation using the xylem channels 
(Pérez-de-Luque, 2017). Later, if there is any aggre-
gation at various regions of the channels, they are 
sent back to the roots with the help of phloem. The 
cuticle and stomata are the means of passage through 
which the nanoparticles reach the internal system of 
the leaf. Particles less than 5  nm take the cuticular 
pathway, while particles larger than 5  nm take the 
latter pathway. Compared to the root, the leaf has a 
similar internal transport system. The nanoparticles 
are delivered by phloem tubes via both apoplastic 
and symplastic pathways to the intended location or 
organs (Ruttkay-Nedecky et al., 2017).

The utilization of nanofertilizers emerges as a 
propitious pathway in the endeavor to alleviate abi-
otic stress in crop plants (Table  2). The efficacy of 

Fig. 10  Development of UV-B stress tolerance by application of nano-based metal oxides
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this approach is intricately intertwined with distinct 
characteristics, including particle size, surface area, 
charge distribution, and various other pertinent fac-
tors. Hernández-Hernández et  al. (2018) studied the 
foliar application effect of Cu NPs (1–100  nm size) 
on tomatoes under salinity stress and reported that 
the application of Cu NPs enhanced plant growth 
and alleviated ionic and oxidative stress by activating 
antioxidant defense mechanism. Hong et al., (2005a, 
b) focused on the alleviating approach of  TiO2 against 
drought stress in spinach and found that lower con-
centrations of  TiO2 greatly improved the growth of 
spinach by enhancing photosynthesis and nitrogen 
metabolism. In contrast, the high dose of  TiO2 nano-
particles observed a slower growth rate and shorter 
roots of plants as compared to lower concentrations. 
Similarly, Mosa et al. (2018) studied the response of 
Cu NPs (40  nm mean size) on the oxidative stress 
induction, genotoxicity, and changes in SOD gene 
expression in hydroponically grown cucumber plants 
and found that application of CuNPs caused in reduc-
tion of biomass, photosynthetic contents (chlorophyll 
a and b), an increase in MDA,  H2O2, and ion leakage 
content which induced damage to the cucumber root 
plasma membrane. They observed the upregulation 
of Cu–Zn SOD genes and genotoxicity under CuNP 
application. Farhangi-Abriz and Torabian (2017) 
observed that the application of  SiO2 NPs (20–30 nm) 
alleviates the effect of salinity stress by the accumula-
tion of different oxidative enzymes like CAT, POD, 
APX, and SOD, increasing the potassium content and 
decreasing the concentration of sodium and lipid per-
oxidation in root and leaves.

de Sousa et  al. (2019) reported that soil applica-
tion of  SiO2 NPs (20  nm) at 4  mg/kg alleviated the 
toxicity of aluminum by reducing the photorespira-
tory enzymes, NADPH oxidase activity, MDA accu-
mulation and  stimulating enzymatic and non-enzy-
matic antioxidants and increasing the accumulation of 
organic acid and metal detoxification (glutathione-S-
transferase activity) in roots. Qi et al. (2013) reported 
that foliar application of  TiO2 NPs on tomato plants 
under heat stress noticed an increase in the chloro-
phyll content, conductance to  H2O, and transpira-
tion rate and decreased the chlorophyll fluorescence 
and relative electron transport in leaves. Taran et  al. 
(2017) reported that seed treatment of Triticum aes-
tivum with the colloidal solution of Cu and Zn NPs 
improved the defense mechanism of plants under 

drought stress by accumulating antioxidants, main-
taining the relative water content and chlorophyll con-
tent, and reducing thiobarbituric acid (TBARS) reac-
tive substances in the leaves. Ghabel and Karamian 
(2020) studied the response of  TiO2 (average diam-
eter of 10–25 nm) added to culture media at the rate 
of 0, 2, and 5 ppm on Cicer arietinum L. against cold 
stress and found that indexes of membrane deteriora-
tion reduced, and redox status increased. Khan et al. 
(2023) reported that Pennisetum glaucum subjected 
to AgNPs under salinity stress enhanced the activities 
of antioxidant enzymes such as superoxide dismutase, 
catalase, and peroxidase and reduced the oxidative 
damage produced by salinity stress. Seeds of Phaseo-
lus vulgaris soaked in Ag NPs for 1.5 h (0.25, 1.25, 
and 2.5  mg   dm−3) enhanced the net photosynthesis, 
improved seedling quality, and regulated resistance to 
cold stress (Prazak et al., 2020). Brassica napus plants 
applied with CeO NPs (average size 20–110  nm) at 
(200 and 1000  CeO2 mg  kg−1 dry mixture) alleviated 
the adverse effect of oxidative stress caused by NaCl 
(100 mM) that disturbs the physiological activity of 
plant (Rossi et al., 2016).

5  Uptake, Translocation, and Accumulation 
of Nanoparticles (NPs) into the Plants

Translocation and accumulation of NPs within the 
plant system depend upon various physicochemi-
cal properties such as concentration, size, stability, 
chemical configuration, and surface chemistry as well 
as different plant species. The high mobility of NPs 
is decided by van der Waals forces, Brownian motion 
(diffusion), gravity, and double-layer forces, which 
are important for their adhering property (Handy 
et  al., 2008). Air and soil act as a source of NPs 
through which NPs can invade the plant system. Aer-
osol NPs may penetrate the aerial parts of the plants 
through stomata, hydathodes, wounds, direct penetra-
tion, or through the aerial surface, whereas soil NPs 
are penetrating through root hairs, ruptures, lenticels, 
etc. (Hussain et al., 2019a, b). Many authors proposed 
the plausible mechanism and significance of uptake, 
translocation, and accumulation of NPs in plants. On 
exposing the plant system to aerosol NPs, most of the 
NPs penetrate the plant leaves via cuticular as well 
as stomatal routes. They accumulate in the stomata 
or the sub-stomatal region and finally translocate to 
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various parts of plants via the tracheary element—
phloem (Handy et al., 2008; Hussain et al., 2019a, b).

5.1  Size-Dependent Uptake of NPs

Given that the countless impediments stuck inside 
the plants range in size from micrometer (mm) to 
nanoscale, the size of the NPs should be taken into 
account as a significant component for research-
ing plant absorption (nm). For instance, the cuticle 
membrane is composed of cells that make up the epi-
dermis foliar. Whenever the gas interchange is ena-
bled, a stomata comprised of two guard cells in the 
epidermis creates a cavity that is 3–12 m broad and 
10–30 m long. Hence, these stomata provisions allow 
NPs to permeate plants. The cuticle layer in the epi-
dermis and the trichrome of the stomata have quite 
varied attributes from the piercing properties (Smith 
et  al., 2022). On the other hand, the leaf epidermis’ 
cuticle layer displays a substantial score that is only 
collected in the nm range (Wang et  al., 2016). NPs 
with a size of 4–100 nm have been shown to be able 
to penetrate the cuticle by dislodging the waxy layer 
(Larue et al., 2014), and NPs encapsulated in fluores-
cent materials wider than 50 nm have been shown to 
aggregate in the epidermis below the cuticle, where 
stomata are absent (Nadiminti et al., 2013). Only sto-
mata, not the 1-μm-diameter particles, may enable the 
43-nm-diameter polymeric NPs to traverse the leaves 
of Vicia faba (Eichert et  al., 2008). When NPs pen-
etrate the stomata, they are typically embedded in 
the cell wall of the sub-stomatal cavity. In transmis-
sion electron microscope (TEM) examinations, it was 
feasible to see tiny NPs, such as 20 nm  Fe3O4 NPs, 
contaminating the Nicotiana benthamiana plant (Cai 
et al., 2020).

The maximum size limit was set in particular, for 
these cell walls of plants usually 3.5  nm and more 
usually around 5  nm (Palocci et  al., 2017). As a 
result, NPs, smaller than 5 nm, can successfully pene-
trate strong cell walls. According to the cell wall, they 
can pass through; it is proposed that NPs stay below 
the size limit. For instance, it is simple to enter plants 
using quantum dots (QDs) that are smaller than the 
seized in of the pores in plant cell walls (sub-10 nm) 
(Wu et  al., 2017a). Li et  al. (2020) observed the 
presence of AgNP size 24.8–38.6  nm inside lettuce 
leaves when used on the foliar route. Additionally, 
the biotransformation phenomenon also explained 

the way;  AgNO3 plants with AgNPs can be altered. 
Large pores are created when NPs interact with the 
cell wall, which makes it easier for NPs to enter the 
body (Carlson et  al., 2008). Additionally, there are 
effects on how large NPs gather in the cell wall and 
subsequently in the cytoplasm, although the discrep-
ancies in the size of the cell wall (which depends 
on a variety of parameters) and the accumulation of 
large NPs are still present. For climbing and descend-
ing the plant, NPs adhere to two crucial mechanisms: 
pathways for apoplasts and symplasts. The symplas-
tic pathway enables movement in the cytoplasm of 
neighboring cells (Roberts & Oparka, 2003); how-
ever, the apoplastic pathway permits flow in extra-
cellular regions such as nearby cell walls and xylem 
vessels (Sattelmacher, 2001). The plasmodesmata, 
which serve as a cytoplasmic bridge to enable cellular 
movement between adjacent cells, are responsible for 
cell-to-cell movement. The diameter of plasmodes-
mata sets a limit on the size of particles that can trav-
erse them. Typically, molecules with a size of up to 
3 nm are capable of passing through these channels. 
This specific permeability plays a crucial role in gov-
erning the range of molecule types and sizes that are 
permitted to transit between cells, thereby upholding 
appropriate cellular functionality and communication 
(Dietz & Herth, 2011) (Fig. 11).

5.2  Surface Charge–Dependent Uptake of NPs

NPs have a high degree of freedom due to their cap-
ture, absorption, and trafficking inside plants. The 
receptors, vehicles, and proteins of some membranes 
change as a result of increased energy and charging 
(Juárez-Maldonado et  al., 2019). Compared to their 
real-world counterparts, they have a higher volume of 
integration and more structures (Hotze et  al., 2010). 
The hydrophobic and hydrophilic components of 
the biological membrane, or cell wall, in leaves also 
have an imbalance of negative static costs (higher 
power of cellulose and lignin, − 15 − -45 mV, respec-
tively) (Zeng et  al., 2017). Therefore, one possible 
cause could be that a poorly charged cell wall prefers 
to acquire well-inserted NPs in the tissue. Accord-
ing to Meychik et  al. (2005), the walls of malig-
nant plant cells serve as an additional ion exchange 
site that may make cationic NP penetration easier 
than anionic NP penetration. On the other hand, 
NPs that are weakly charged significantly improve 
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transit efficiency. According to Zhu et  al. (2012), 
the acquisition and transport of AuNPs are surface 
charge–dependent and show the maximum commer-
cialization of well-charged NPs in root zones. But it 
is believed that weakly charged NPs have a high rate 
of entry and transfer (Zhu et al., 2012). Cost-effective 
CeO NPs are being actively promoted in the root in 
this situation (free instances), but  CeO2 NPs, which 
are significantly charged, showed little root growth 
but were implanted in the upper extremities, mostly 
by resisting electrostatic expulsion (Liu et al., 2019). 
The extra-dependent charging of AuNP isolates from 
roots and their transportation from roots to shoots 
are also thoroughly established by Milewska-Hen-
del et al. (2019). As they move from the roots to the 
shoots, poorly charged NPs may promote symplastic 
and apoplastic transport in the vascular system. Con-
sequently, surface charge conversion considerably 
affects the transport efficiency of NPs for all plants. 
Based on their physical–chemical makeup, NPs 

combined with agrochemicals can have both benefi-
cial and detrimental impacts on the health of plants.

6  Molecular Mechanisms and Biochemical 
and Physiological Aspects of Nanoparticles 
in Plants

Nanoparticles can interact chemically or physically 
with biological systems like plants (Tripathi et  al., 
2017b). This unique interaction is primarily caused 
by nanoparticles’ small size, huge surface area, and 
internal catalytic recycling. Only a limited investi-
gation has attempted to explain how nanoparticles 
affect antioxidant and cellular levels. Ascorbate per-
oxidase, guaiacol peroxidase, and catalase become 
more active when silver nanoparticles are treated 
with Brassica juncea, which lowers the level of active 
oxygen (Priyadarshini et al., 2014a, b). Furthermore, 
there is a considerable increase in the content of 

Fig. 11  An overview of size-dependent uptake of NPs in plants (TRI) (Tripathi et al., 2017a, b)
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malondialdehyde and glutathione. Gold nanoparticles 
(GNPs) greatly increased the activity of antioxidant 
enzymes like ascorbate peroxidase, guaiacol peroxi-
dase, catalase, and glutathione reductase as well as 
the high concentration of  H2O2 and proline content in 
Brassica juncea plants (Gunjan et al., 2014). Ascor-
bate peroxidase (APX), guaiacol peroxidase (GPX), 
and other activities were increased to 400  ppm of 
GNPs, for example, and glutathione reductase (GR) 
activity is higher than 200  ppm GNPs. The expo-
sure of kidney beans to  CeO2 nanoparticles had a 
significant impact on the activity of the antioxidant 
enzymes (ascorbate peroxidase, catalase, and guai-
acol peroxidase) in the leaf, root, and stem (Sebastian 
et  al., 2019). They discovered that after prolonged 
exposure to 500  mg nano-CeO2/L, the antioxidant 
enzyme’s root activity considerably dropped, but 
the root of the soluble protein enhanced. Addition-
ally, exposure to nano-CeO2 augmented the activity 
of the guaiacol peroxidase enzyme (GPX) in the leaf 
to preserve cellular homeostasis. New details on the 
cellular response mechanisms of plants in Ag NPs 
have been discovered through gene analysis of the 
genetically modified plant Arabidopsis by RT-PCR. 
Using whole-genome cDNA expression microarrays 
to analyze the written responses of the Arabidopsis 
plants reflected in Ag NPs, 286 genes were found to 
be under control, including genes primarily related to 
metal and oxidative stress (such as vacuolar cation/
proton exchanger, superoxide dismutase, cytochrome 
P450-dependent oxidase, and peroxidase), and 81 
genes were found to be under decreased regula-
tion (e.g., gene-regulated auxin involved in organ 
size (ARGOS), ethylene expression, and systemic 
acquired resistance (SAR) against viruses). On the 
other hand, a proteomic analysis of rice-producing 
proteins revealed that silver nanoparticle impacts 
were mostly connected to transcription, protein deg-
radation,  Ca2+ control and signaling, oxidative stress 
response, cell wall building, cell division, and cell 
division. Through the aggregation of lower concen-
trations of MDA and  H2O2 and greater concentrations 
of enzymatic antioxidants such as GPX, SOD, CAT, 
and APX activity, Mohammadi et al. (2014) observed 
the mitigated role of  TiO2 NPs in cold stress. Through 
the aggregation of lower concentrations of MDA and 
 H2O2 and greater concentrations of enzymatic anti-
oxidants such as GPX, SOD, CAT, and APX activity, 
Mohammadi et al. (2014) observed the mitigated role 

of  TiO2 NPs in cold stress. Similar to this, Almutairi 
(2016) found that applying AgNPs to tomato plants 
exposed to saline conditions caused the overexpres-
sion of the genes AREB, MAPK2, P5CS, and CRK1 
and the suppression of the genes TAS14, DDF2, and 
ZFHD. Wu et al. (2017b) reported the positive effect 
of Nanoceria plant resistance to salt stress. This effect 
is achieved by enhancing plant photosynthetic activ-
ity and biomass through its direct influence on the 
production of hydroxyl radicals (•OH) and potassium 
fluxes (reducing  K+ efflux and enhancing K + reten-
tion) throughout the plasma mesophyll (Wu et  al., 
2018).

7  Nanotechnology‑Based Agriculturally 
Important Nanofertilizers

Worldwide, agriculture is currently faced with a num-
ber of difficulties, including nutritional inadequacies, 
crop failure, soil organism depletion, water depletion, 
fertilizer deficiencies, depletion due to urbanization 
and degradation, and staff shortages (Godfray et  al., 
2010). Nanoscience and nanotechnology are increas-
ingly being used, and new ways of producing inven-
tive materials and desirable materials for maintain-
ing and growing plants are always being offered. It is 
among the most important theories in the developing 
field of precise agriculture, where farmers effectively 
employ fertilizer and other inputs (Manjunatha et al., 
2016). In an effort to boost food supply and crop pro-
tection, unchecked population growth has resulted in 
huge fertilizer output, which eventually lowers soil 
fertility and food quality. These chemical fertilizers 
have an adverse effect on human health because they 
are left unused, in addition to aggravating the hidden 
ecology. According to a report issued by the Food 
and Agricultural Organization of the United Nations, 
there will likely be a rise in the need for fertilizer 
globally in the upcoming years. As a result, it is criti-
cal to use clever farming methods, like nanotechnol-
ogy. Nanofertilizers are intelligent or environmentally 
friendly fertilizers that can raise fertilizer levels and 
decrease nutrient loss, particularly phosphorus and 
nitrogen (Dimkpa & Bindraban, 2017). Applying 
nanofertilizer can increase nutrient uptake, which 
in turn lowers nutrient losses, enhances crop qual-
ity and output, and lowers the risk of environmental 
damage (Fig. 12). It has also been demonstrated that 
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these nanofertilizers can relieve plant stress when 
applied foliarly (Tarafdar et al., 2012). Based on the 
nutrient requirements of plants, nanofertilizers can be 
categorized into three groups: (1) macronutrients and 
nanofertilizers, (2) micronutrient nanofertilizers, and 
(3) nanoparticulate nanofertilizers (Chhipa, 2017). 
Macronutrient nanofertilizers are made up of a com-
bination of elements including calcium, phosphorus, 
nitrogen, potassium, and magnesium. By 2050, it is 
anticipated that 263 million tonnes (Mt) of macronu-
trient fertilizer will have been used globally, demon-
strating a large need for these fertilizers in the agri-
culture industry. By inserting leaves, Delfani and his 
team examined the effects of Mg and Fe nanoparti-
cles on the growth of black-eyed peas (Vigna unguic-
ulata) and found that better seed weight and photo-
synthetic capacity led to higher yields (Delfani et al., 
2014). The growth rate and yield of soybeans (Gly-
cine max) were dramatically increased by combined 
hydroxyapatite  (Ca5  (PO4)3 OH) NPs of size 16  nm 
in comparison to control. To improve agronomic 
circumstances and lessen the impact of drought on 
soybean plants, NPs containing three micronutrients 

(ZnO, CuO, and B2O3) have been successfully com-
bined (Dimkpa et  al., 2017). Other NPs found in 
nanoparticulate fertilizer, such as CeNTs,  TiO2, and 
 SiO2, help plants flourish.  TiO2 and  SiO2 together 
boost soybean seed germination, growth stimulation, 
and nitrogen fixation.

7.1  Cerium NPs (CeO NPs)

Depending on the focus of exposure, adhesion, local 
charge, plant species, and growth conditions, nanoce-
ria has a variety of effects on plant health, both ben-
eficial and harmful (Milenković et  al., 2019). In the 
biomedical sector, a family of CeO NPs known as 
nanoceria is frequently utilized as an antioxidant (Liu 
& Shi, 2019). Although NPs might have harmful side 
effects on plants, when we consider their benefits, they 
exceed these drawbacks and can be employed to boost 
plants’ health (Santás-Miguel et al., 2023). These NPs, 
as we previously highlighted, have the ability to inter-
act at the nano-bio interface to boost plant tolerance to 
a variety of stresses by modulating critical processes 
(Saxena et  al., 2016). For instance, abiotic stress 

Fig. 12  Nanotechnology-based nanofertilizers alleviate abiotic stresses in plants (Mittal et al., 2020)
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increases the creation of excessive ROS, which lowers 
plant photosynthetic performance and causes biomole-
cule oxidation (Wakeel et al., 2020). Due to its distinc-
tive redox potential, which is based on the straightfor-
ward transition between the oxidation states of  Ce3+ 
and  Ce4+, Nano-Ce is thus well adapted to counteract 
this impact and, as a result, serves as a ROS scaven-
ger (Collin et al., 2014). Additionally, CeO NP mimics 
the activity of catalase with low amounts of  Ce3+/Ce4+ 
and exhibits a depletion effect, while CeO NP with 
high levels of  Ce3+/Ce4+ mimics superoxide dismutase 
and creates hydrogen peroxide (Pulido-Reyes et  al., 
2015; Wang et  al., 2012, 2021). Furthermore, the 
impact of oxidative scavenging extends to additional 
stressors such as excessive light, heat, and cold. Addi-
tionally, it results in a decline in the proliferation of 
photosystem II, photochemical efficiency, chlorophyll 
concentration, and morphological alterations in plants 
(Chen et  al., 2020; Gao et  al., 2020; Nievola et  al., 
2017). In response to abiotic stress, such as intense 
heat, light, darkness, and cold, Wu et  al. (2017b) 
observed the regeneration effect of anionic CeO NPs 
in plant A. thaliana. In a similar manner to oxidative 
stress, salt stress endangers the physiology of plants. 
Treatment of Brassica napus with 200 and 1000 mg/
kg CeO NPs caused an increment in plant biomass, 
and chlorophyll content (which also enhances  Mg2+ 
absorption) under salinity stress (100 mM NaCl (Rossi 
et al., 2016).

According to Hauser and Horie (2010), maintain-
ing cytosolic acid  Na+/K+ is one of the indicators of 
salt stress, and NPs can significantly influence this 
process. The drought-resistant action of CeO NPs was 
seen in leaf-fed sorghum plants at a depth of 10 mg/L 
and was shown to be very effective. Additionally, it 
lowers the proportion of ROS and lipid peroxidation, 
which has raised carbon dioxide levels and related 
pollen grain levels (Djanaguiraman et  al., 2018b). 
CeO NPs can alleviate the effects of salt stress on 
the seedling phase. While growing under salt stress 
(200 mM NaCl), poly (acrylic acid)-coated CeO NPs 
(500 mg/L in water for 24 h) show substantial effects 
on plant roots, including total length (56%), weight 
(41%), and root power (114%) compared to control. 
Reduced oxidative stress and increased resistance to 
salt stress result from subsequent disruption of the 
pathways linked to the antioxidant enzyme system, 
ion binding and  Ca2+ signaling, and terpene produc-
tion (An et al., 2020).

7.2  Silicon NPs (SiNPs)

After oxygen, silicon (Si) is regarded as the second-
largest commodity on Earth and has attained high 
agricultural value. Si is regarded as one of the most 
significant and insignificant plants in plants since 
it not only ensures plant survival but also provides 
enough benefits for plants if it exists (Luyckx et  al., 
2017). These NPs can interact with plants either 
directly or indirectly, causing physiological and mor-
phological alterations that increase stress tolerance 
(Babajani et  al., 2019). In Hawthorns (Crataegus 
sp.), SiNPs have demonstrated anti-depressant effects 
in a range of concentrations on drought stress. Plant 
responses varied depending on the concentration 
applied to the various stages of drought stress, i.e., 
mild to severe. These consequences include a greater 
capacity for photosynthetic activity, water content, 
a reduction in electrolyte membrane leakage, and 
elevated concentrations of chlorophyll, carotenoids, 
and proline (Ashkavand et  al., 2015). Proline accu-
mulation increases low-salt tolerance by preserving 
ionic balance, improving the antioxidant system, and 
producing more different phytopropanoids, which 
results in osmotic modification (Abedi et  al., 2021). 
 SiO2 NPs have also been demonstrated to increase 
water utilization efficiency, stomatal conduction, and 
respiration rate and diminish chlorophyll depletion 
during salt stress, resulting in a tolerance to external 
stimuli (Haghighi & Pessarakli, 2013). The epicuticu-
lar wax layer undergoes considerable modifications 
as a result of salt compression. Contrary to what one 
might expect, the application of nano-Si in strawberry 
plants has improved the development and firmness of 
the epicuticular wax (Avestan et  al., 2019). Another 
study using Capsicum annuum L. sweet pepper 
plants to examine the impact of nano-Si to lessen salt 
stress has observed substantial differences in quan-
tity compared to their control plants (Tantawy et al., 
2015).  SiO2 NPs’ concentration effect was also seen 
in potato plants that had been subjected to 50 and 
100  mM NaCl salt stress. At lower concentrations 
(50 mg/L) and higher concentrations (100 mg/L), NPs 
can exhibit greater stress tolerance (Gowayed et  al., 
2017). However, it was discovered that a small con-
centration was quite powerful. These studies, in con-
trast to the idea that only NM-hazardous compounds 
are harmful, strongly imply a better understanding of 
the benefits or drawbacks of NPs.
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7.3  Titanium Dioxide NPs (TiO2 NPs)

Other NPs exert their effects through other mecha-
nisms involving genetic regulation in addition to the 
anti-oxidative actions of some NPs that release ROS 
produced in response to threats or stress in plants. For 
instance, the presence of  TiO2 NP (0.01%) enhanced 
the amount of chlorophyll and biomass by triggering 
the activity of antioxidant enzymes, which reduced 
malondialdehyde (MDA) and hydrogen peroxide 
while increasing the formation of proline and soluble 
carbohydrates, maintaining the osmotic equilibrium 
(Abdel Latef et al., 2018). Similar to this, nano-TiO2 
has been able to start the expression of some signifi-
cant non-encoding RNA, which is thought to be cru-
cial for resistance to abiotic stress. When  TiO2 NPs 
(0.1, 1, 2.5, and 5%) were applied to tobacco plants, 
Frazier et al. (2014) saw that 11 miRNA that had been 
stored in response to the application had been acti-
vated, and this helped the plants recover from severe 
iron stress. Dehydration is a significant issue in agri-
cultural production since it results in energy loss and 
seriously harms crops. By raising the activity of the 
NR enzyme, which in turn promotes the accumula-
tion of osmolytes, nano-TiO2 can improve the hydra-
tion condition of a plant. Nitric oxide (NO), which 
is produced when the NR enzyme is more active, 
ultimately causes the synthesis of proline and gly-
cine betaine (Khan et al., 2020). In response to plant 
stress,  TiO2 NPs often display both an enzymatic and 
non-enzymatic defense system. It is interesting that 
 TiO2 NP can control other enzymes like glutamate 
hydrogenase and glutamine synthase, which results in 
the accumulation of additional nutrients and the crea-
tion of essential oils (Ahmad et al., 2018). In this con-
text, Moldavian balm (Dracocephalum moldavica L.) 
plants were cultivated under serious salt stress (0, 50, 
and 100  mM NaCl) in a greenhouse test by Gohari 
et al. (2020) to determine the impact of nano-TiO2 (0, 
50, 100, and 200 mg/L). Under standard conditions, 
the plants treated with  TiO2 (100  mg/L) produced 
1.19% more of the essential oils geranial, z-citral, 
geranyl acetate, and geraniol. This immediately modi-
fies the key oil production profile and composition of 
aromatic plants, protecting them from stress (Gohari 
et  al., 2020). Further studies on medicinal plants by 
Karaman et  al. (2020) demonstrated that the effects 
of methyl jasmonate (200 M), salicylic acid (100 M), 
and  TiO2 NPs (20  ppm) on drought stress were 

beneficial. According to the findings, it boosts resist-
ance to water stress by triggering both enzymatic and 
non-enzymatic antioxidant defense mechanisms.

8  Phytotoxicity of Nanomaterials

Plants, animals, and marine creatures are extremely 
affected by improper nanoparticle dumping as it has 
huge use in various fields (beauty products, injury 
coverings and fabrics, etc.) leading to environmental 
disturbance. Zinc oxide NPs cause less harm to plant 
as the injuriousness of MgO and ZnO NPs at 250, 
500, and 1000 mg/L enhanced Citrus maxima capa-
bility to apply it as a nanofertilizer (Xiao et al., 2019).

Plant diversity is affected by NP buildup because it 
is linked to exposed areas of plants through airborne 
NPs and then enters through stomata or trichomes 
for further transmission in tissues while attaching to 
roots from soil and water (Chaudhary et  al., 2016). 
NPs also negatively affect plant mechanisms (i.e., 
variation in seed size, xylem in single and double 
leaf) (Lee et  al., 2008). Every crop has its own way 
of developing and responding to stresses. Root exten-
sion in Lettuce sativa seedlings occurs due to MnOx 
NPs while at 50 mg/L lessens the germination from 
63 to 84% grown in hydroponic media (Ruttkay et al., 
2017) (Fig. 13).

All creatures depend on plants for their food in the 
ecosystem. Any outer entry to such system disturbs 
its stability. Excessive use of nanomaterials is now 
a big concern in the ecofriendly community regard-
ing nanomaterial release (Tripathi et al., 2017a). So, 
work on its harmfulness started in 2000s (Shvedova 
et  al., 2010). Nanomaterial has a direct link with 
water, soil, and air while indirectly linked through 
sewage and landfill places (Prasad et al., 2016). Vari-
ous reports have declared both positive and negative 
effects on climate as a result of nanomaterials (Kabir 
et al., 2018; Khin et al., 2012) and also in agriculture. 
Few nanomaterials also have a role in plant and seed 
development and also play a role against diseases 
or use as pesticides (Kah et al., 2019). So, it has an 
important role in agriculture with huge usage but 
keeping the toxicity levels to badly influence crops 
and outcome to the atmosphere. Nanomaterials enter 
the plant body through leaves and roots (Lee et  al., 
2012). Based on magnitude, shape, and amount, it 
enters into the plant body through various means and 
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alters plant response (hydathodes, stomata, abrasions, 
cuticles, trichomes, and stigma) (Wang et al., 2016). 
The high amount of AgNPs in Stevia rebaudiana neg-
atively affects it while a lower dose extends the shoots 
(Castro-Gonzalez et  al., 2019) while more quantity 
also affects photosystems and photosynthesis (Rastogi 
et al., 2019). Toxicity occurs due to improper nutrient 
movement and buildup of silver NPs (Wu et al., 2020) 
as chemical and physical features detect nanomate-
rial harmful level which gets altered as a result of 
its use. The minimum dose of AuNPs on Lavandula 
angustifolia cv. Munstead enhances growth while 
maximum causes toxicity (Jadczak et  al., 2019). 

Similar observations were recorded in the case of 
FeNPs (Khan et  al., 2020). At cellular level, altera-
tion could be controlled through certain modifications 
(i.e., physical action, low photosynthesis, transpira-
tion, and improper nutrient captivation) (Tripathi 
et  al., 2017b). DNA gets disturbed, and more ROS 
and lipid peroxidation occur due to nanomaterial tox-
icity (Arruda et  al., 2015). The colloidal solution of 
Ag NPs (0, 30, and 60 µg/mL) negatively influenced 
rice seedlings and rhizobacteria isolation (Mirzajani 
et al., 2013).

SeNPs have been synthesized in eco-friendly man-
ners by using plant extracts (consisting of alkaloids, 

Fig. 13  Phytotoxicity of nanoparticles at the cellular level (Tripathi et al., 2017a)
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tannin, cinnamic acid, sesquiterpenes, phenolic acid, 
monoterpenes, and secondary metabolites) rather than 
microbes (bacteria and fungi) which are cost-efficient 
and harmless, while plant extracts have probable alle-
viating and reducing means ability (Alam et al., 2019; 
Fardsadegh et al., 2019; Cui et al., 2018; Javed et al., 
2020). SeNP foliar application could increase crop 
production under salinity stress because it protects 
photosynthetic stains to increase its ability; alleviates 
ROS homeostasis, SOD, POD, and APX antioxidant 
protective enzymes; activates ZmMPK5, ZmMPK7, 
and ZmCPK11 genes (salt-stressed genes); increases 
root biomass and persistence of adequate osmotic 
position of the cell through ABA and IAA quantity 
upgrading; and stimulates RWC. Selenium is a cru-
cial component of human and flora enzymes and 
selenoproteins as well as a cofactor for glutathione, 
which helps the body withstand environmental stress 
and oxidative injuries. By using less selenium, you 
can maintain increased transpiration and maintain 
amino acids, turgor pressure, sugar buildup, and pos-
sibly antioxidant enzymes during salinity. Selenium 
also aids in reducing membrane damage, ROS spe-
cies, and chloride ion contents. In addition, due to its 
high dosage, certain irregularities (ROS overproduc-
tion, irregular stomata opening and closing, oxidative 
injury, less photosynthesis, and selenosis) occur.

9  Conclusions and Future Perspectives

In light of prior research, a thorough discussion of 
the function of nanotechnology in agricultural crop 
production and abiotic tolerance was conducted. 
Global agricultural production has many difficulties, 
such as climatic changes, the depletion of water and 
land resources, energy issues, and abiotic pressures. 
The best answers to these problems need to be more 
environmentally friendly and sustainable. One of the 
most significant and promising issues in this context 
is agri-nanotechnology. Natural nanoparticles are an 
inherent part of biological systems with a variety of 
forms and broad-ranging biological functions, includ-
ing ferritin, lipoproteins, exosomes, magnetosomes, 
viruses, and nanoclay.

Therefore, the majority of these stress factors can 
be alleviated by various methods, such as antioxidant 
defense systems and the provision of less toxic and 
more effective fertilizers, because of nanotechnology, 

a new emerging and rapidly developing science. 
In light of this, it is possible to draw the conclu-
sion that nanomaterials have a significant impact on 
many agroecosystems, having both good and negative 
impacts. The accumulation of nanoparticles in the 
system and their impact need to be evaluated in order 
to prevent potential negative effects on the environ-
ment as a result of rising applications of nanotechnol-
ogy in industries that reach the environment.

Nevertheless, apprehensions persist regarding the 
potential phytotoxic effects of NPs, a phenomenon 
intricately tied to their concentration. Elevated con-
centrations of NPs have the capacity to induce oxida-
tive harm and disrupt fundamental cellular processes. 
The mechanisms underpinning NP-induced phytotox-
icity encompass the generation of ROS, perturbation 
of cellular architecture, and interference with vital 
metabolic pathways. To optimize the mitigation of 
stress while mitigating phytotoxicity, a range of strat-
egies is proposed. These strategies encompass metic-
ulous control over NP dimensions, modifications 
to NP surfaces to amplify their stability and affinity 
for plants, and tailoring the composition of NPs to 
heighten their specific efficacy.

In spite of notable advancements, uncertainties 
endure pertaining to both stress mitigation and the 
mechanisms governing phytotoxicity. The precise 
modalities by which NPs interface with plant cells 
and the modulation of their effects by various deter-
minants necessitate further inquiry. A more compre-
hensive exploration of the cellular stratum is impera-
tive to untangle these intricacies, encompassing the 
study of NP internalization, intracellular trafficking, 
and ramifications for cellular organelles and molecu-
lar pathways.

Prospective trajectories encompass the refine-
ment of NP design to target stress relief with 
enhanced safety. The formulation of NPs capable 
of controlled release under stress-triggered condi-
tions holds the potential to amplify their efficacy. 
Furthermore, investigations should delve into the 
enduring consequences of NPs on soil vitality, eco-
system kinetics, and the plausible accumulation of 
nanoparticles within the food chain.

In summation, this review underscores the poten-
tial of NPs, such as Ce NPs, to ameliorate stress in 
plants via their redox attributes and emulation of 
enzymatic functionalities. Nonetheless, the equilib-
rium between stress alleviation and phytotoxicity 
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presents an ongoing challenge. By meticulously engi-
neering NPs with precise attributes and concentra-
tions, coupled with an in-depth exploration of their 
cellular interplays, researchers can unlock the com-
plete potential of NPs for sustainable agricultural 
advancement.

Plant abiotic stress mostly causes oxidative 
stress, which affects all living things. Nanomaterials 
may assist stressed plants in boosting their defense 
mechanism, which includes antioxidative enzymes 
such as peroxidase, superoxide dismutase, and cata-
lase, under this oxidative stress. On the other hand, 
these nanomaterials at larger concentrations may 
also stress plants by oxidizing them. Therefore, it 
is important to look at the physiological and bio-
chemical aspects of how nanomaterials interact 
with plants under abiotic stress. Further research is 
required at several levels, including plant molecular 
and cellular levels, to determine the effect of nano-
materials in reducing the harm caused by abiotic 
stresses on plants or in suppressing plant growth 
and toxicity. Furthermore, it is crucial to establish 
whether nanoparticles function as stress promoters 
or inhibitors.

Author Contribution IU, MDT, AB, HIM, MG, NAT, 
STS: conceptualization, investigation, writing—original draft, 
review and editing, data curation, formal analysis, visualiza-
tion, writing—original draft. IU, MDT, AB, HIM, MG, NAT, 
STS: conceptualization, data curation, formal analysis, funding 
acquisition, investigation, methodology. HIM: supervision, val-
idation, visualization, roles/writing—original draft. All authors 
read and approved the final manuscript.

Data availability Not applicable.

Declarations 

Ethical Approval This article does not contain any studies 
with human participants or animals performed by any of the 
authors.

Competing Interests The authors declare no competing 
interests.

References

Abd El Mageed, T. A., Semida, W., Hemida, K. A., Gyushi, M. 
A. H., Rady, M. M., Abdelkhalik, A., & Abdelhamid, M. 
T. (2023). Glutathione-mediated changes in productiv-
ity, photosynthetic efficiency, osmolytes, and antioxidant 

capacity of common beans (Phaseolus vulgaris) grown 
under water deficit. Peer J, 11, e15343.

Abdel Latef, A. A. H., Srivastava, A. K., El Sadek, M. S. A., 
Kordrostami, M., & Tran, L. S. P. (2018). Titanium diox-
ide nanoparticles improve growth and enhance tolerance 
of broad bean plants under saline soil conditions. Land 
Degradation and Development, 29, 1065–1073.

Abd-Elrahman, S. H., & Mostafa, M. (2015). Applications of 
nanotechnology in agriculture: An overview. Egyptian 
Journal of Soil Science, 55(2), 197–214.

Abd-Elrahman, S. H., & Mostafa, M. A. M. (2015). Applica-
tions of nanotechnology in agriculture: An overview. 
Egyptian Journal of Soil Science, 55, 197–214.

Abdelsalam, I. M., Ghosh, S., AlKafaas, S. S., Bedair, H., Mal-
loum, A., ElKafas, S. S., & Saad-Allah, K. M. (2023). 
Nanotechnology as a tool for abiotic stress mitigation in 
horticultural crops. Biologia, 78(1), 163–178.

Abedi, S., Iranbakhsh, A., Oraghi Ardebili, Z., & Ebadi, M. 
(2021). Nitric oxide and selenium nanoparticles confer 
changes in growth, metabolism, antioxidant machin-
ery, gene expression, and flowering in chicory (Cicho-
rium intybus L.): Potential benefits and risk assessment. 
Environmental Science and Pollution Research, 28(3), 
3136–3148.

Abigail, E. A., & Chidambaram, R. (2017). Nanotechnology in 
herbicide resistance. Nanostructured materials: fabrica-
tion to applications. IntechOpen, Rijeka, 207–212.

Abu-Shahba, M. S., Mansour, M. M., Mohamed, H. I., & Sofy, 
M. R. (2022). Effect of biosorptive removal of cadmium 
ions from hydroponic solution containing indigenous 
garlic peel and mercerized garlic peel on lettuce produc-
tivity. Scientia Horticulturae, 293, 110727.

Adeel, M., Lee, J. Y., Zain, M., Rizwan, M., Nawab, A., 
Ahmad, M. A., Shafiq, M., Yi, H., Jilani, G., Javed, R., 
& Horton, R. (2019). Cryptic footprints of rare earth ele-
ments on natural resources and living organisms. Envi-
ronment International, 127, 785–800.

Adisa, I. O., Reddy Pullagurala, V. L., Rawat, S., Hernandez-
Viezcas, J. A., Dimkpa, C. O., Elmer, W. H., White, 
J. C., Peralta-Videa, J. R., & Gardea-Torresdey, J. L. 
(2018). Role of cerium compounds in Fusarium wilt sup-
pression and growth enhancement in tomato (Solanum 
lycopersicum). Journal of Agricultural and Food Chem-
istry, 66(24), 5959–5970.

Ahmad, B., Shabbir, A., Jaleel, H., Khan, M. M. A., & Sadiq, 
Y. (2018). Efficacy of titanium dioxide nanoparticles in 
modulating photosynthesis, peltate glandular trichomes 
and essential oil production and quality in Mentha 
piperita L. Current Plant Biology, 13, 6–15.

Ahmad, P., Alyemeni, M. N., Al-Huqail, A. A., Alqahtani, 
M. A., Wijaya, L., Ashraf, M., et al. (2020). Zinc oxide 
nanoparticles application alleviates arsenic (As) tox-
icity in soybean plants by restricting the uptake of as 
and modulating key biochemical attributes, antioxidant 
enzymes, ascorbate-glutathione cycle and glyoxalase 
system. Plants, 9, 825.

Ahmad, G., Khan, A. A., & Mohamed, H. I. (2021). Impact of 
the low and high concentrations of fly ash amended soil 
on growth, physiological response, and yield of pumpkin 
(Cucurbita moschata Duch. Ex Poiret L.). Environmental 
Science and Pollution Research, 28, 17068–17083.



Water Air Soil Pollut (2023) 234:666 

1 3

Page 33 of 43 666

Vol.: (0123456789)

Ahmad, G., Khan, A., Khan, A. A., Ali, A., & Mohhamad, H. 
I. (2021). Biological control: A novel strategy for the 
control of the plant parasitic nematodes. Antonie Van 
Leeuwenhoek, 114(7), 885–912.

Ahmad, H. M., Fiaz, S., Hafeez, S., Zahra, S., Shah, A. N., Gul, 
B., Aziz, O., Fakhar, A., Rafique, M., Chen, Y., & Yang, 
S. H. (2022). Plant growth-promoting rhizobacteria 
eliminate the effect of drought stress in plants: A review. 
Frontiers in Plant Science, 13, 875774.

Ahmad, S., Belwal, V., Punia, S. S., Ram, M., Rajput, S. S., 
Kunwar, R., Meena, M. K., Gupta, D., Kumawat, G. L., 
Hussain, T., & Mohamed, H. I. (2023). Role of plant sec-
ondary metabolites and phytohormones in drought toler-
ance: A review. Gesunde Pflanzen, 75(4), 729–746.

Ahmadian, K., Jalilian, J., & Pirzad, A. (2021). Nano fertilizers 
improved drought tolerance in wheat under deficit irriga-
tion. Agricultural Water Management, 244, 106544.

Akladious, S. A., & Mohamed, H. I. (2017). Physiological role 
of exogenous nitric oxide in improving performance, 
yield and some biochemical aspects of sunflower plant 
under zinc stress. Acta Biologica Hungarica, 68(1), 
101–114.

Alabdallah, N. M., & Alzahrani, H. S. (2020). The potential 
mitigation effect of ZnO nanoparticles on (Abelmoschus 
esculentus L Moench) metabolism under salt stress con-
ditions. Saudi Journal of Biological Sciences, 27(11), 
3132–3137.

Alagesan, V., & Venugopal, S. (2019). Green synthesis of sele-
nium nanoparticle using leaves extract of Withania som-
nifera and its biological applications and photocatalytic 
activities. BioNano, 9(1), 105–116.

Alam, H., Khatoon, N., Raza, M., Ghosh, P. C., & Sardar, M. 
(2019). Synthesis and characterization of nano selenium 
using plant biomolecules and their potential applications. 
Bio Nano Science, 9(1), 96–104.

Alam, H., Khattak, J. Z. K., Ksiksi, T. S., Saleem, M. H., 
Fahad, S., Sohail, H., et  al. (2021). Negative impact of 
long-term exposure of salinity and drought stress on 
native Tetraena mandavillei L. Physiologia Plantarum, 
172, 1336–1351.

Aleixandre-Tudó, J. L., Bolaños-Pizarro, M., Aleixandre, J. L., 
& Aleixandre-Benavent, R. (2020). Worldwide scientific 
research on nanotechnology: A bibliometric analysis of 
tendencies, funding, and challenges. Journal of Agricul-
tural and Food Chemistry, 68(34), 9158–9170.

Aliya, R., Saharan, V., Dimkpa, C., & Biswas, P. (2018). 
Nanofertilizer for precision and sustainable agriculture: 
Current state and future perspectives. Journal of Agri-
cultural and Food Chemistry, 66, 6487–6503. https:// doi. 
org/ 10. 1021/ acs. jafc. 7b021 78

Al-Khayri, J. M., Rashmi, R., Surya Ulhas, R., Sudheer, W. 
N., Banadka, A., Nagella, P., Aldaej, M. I., Rezk, A. A., 
Shehata, W. F., & Almaghasla, M. I. (2023). The role of 
nanoparticles in response of plants to abiotic stress at 
physiological, biochemical, and molecular levels. Plants 
(basel), 12(2), 292. https:// doi. org/ 10. 3390/ plant s1202 
0292

Almutairi, Z. M. (2016). Influence of silver nano-particles on 
the salt resistance of tomato (Solanum lycopersicum) 
during germination. International Journal of Agriculture 
and Biology, 18, 449–457.

Al-Othman, M. R., Arm, A. E., Mahmoud, M. A., Fifan, S. A., 
& El-Shikh, M. M. (2014). Application of silver nano-
particles as antifungal and antiaflatoxin B1 produced 
by Aspergillus flavus. Digest Journal of Nanomaterials, 
1(9), 151–157.

Alsaeedi, A. H., El-Ramady, H., Alshaal, T., El-Garawani, M., 
Elhawat, N., & Almohsen, M. (2017). Engineered silica 
nanoparticles alleviate the detrimental effects of Na+ 
stress on germination and growth of common bean (Pha-
seolus vulgaris). Environmental Science and Pollution 
Research, 24, 21917–21928.

Amer, A., Ghoneim, M., Shoala, T., & Mohamed, H. I. (2021). 
Comparative studies on French basil (Ocimum basilicum 
L. cv. Grand verde) as affected by alternatives spraying 
with humic, salicylic, and glycyrrhizic acids and their 
nanocomposites. Environmental Science and Pollution 
Research, 28, 47196–47212.

An, J., Hu, P., Li, F., Wu, H., Shen, Y., White, J. C., Tian, 
X., Li, Z., & Giraldo, J. P. (2020). Emerging investiga-
tor series: Molecular mechanisms of plant salinity stress 
tolerance improvement by seed priming with cerium 
oxide nanoparticles. Environmental Science Nano, 7(8), 
2214–2228.

Arif, N., Sharma, N. C., Yadav, V., Ramawat, N., Dubey, N. 
K., Tripathi, D. K., Chauhan, D. K., & Sahi, S. (2019). 
Understanding heavy metal stress in a rice crop: Toxicity, 
tolerance mechanisms, and amelioration strategies. Jour-
nal of Plant Biology, 62(4), 239–253.

Arruda, S. C. C., Silva, A. L. D., Galazzi, R. M., Azevedo, R. 
A., & Arruda, M. A. Z. (2015). Nanoparticles applied to 
plant science: A review. Talanta, 131, 693–705.

Ashfaq, A., Khursheed, N., Fatima, S., Anjum, Z., & Younis, 
K. (2022). Application of nanotechnology in food pack-
aging: Pros and cons. Journal of Agriculture and Food 
Research, 7, 100–270.

Ashkavand, P., Tabari, M., Zarafshar, M., Tomásková, I., 
& Struve, D. (2015). Effect of  SiO2 nanoparticles on 
drought resistance in hawthorn seedlings. Leśne Prace 
Badawcze, 76(4), 350–359.

Ashry, N. A., Ghonaim, M. M., Mohamed, H. I., & Mogazy, A. 
M. (2018). Physiological and molecular genetic studies 
on two elicitors for improving the tolerance of six Egyp-
tian soybean cultivars to cotton leaf worm. Plant Physiol-
ogy and Biochemistry, 130, 224–234.

Avestan, S., Ghasemnezhad, M., Esfahani, M., & Byrt, C. S. 
(2019). Application of nan silicon dioxide improves salt 
stress tolerance in strawberry plants. Agronomy, 9(5), 
246.

Aziz, N., Pandey, R., Barman, I., & Prasad, R. (2016). Lever-
aging the attributes of Mucor hiemalis derived silver nan-
oparticles for a synergistic broad-spectrum antimicrobial 
platform. Frontiers in Microbiology, 7, 1984.

Azmat, A., Tanveer, Y., Yasmin, H., Hassan, M. N., Shahzad, 
A., Reddy, M., & Ahmad, A. (2022). Coactive role of 
zinc oxide nanoparticles and plant growth promoting 
rhizobacteria for mitigation of synchronized effects of 
heat and drought stress in wheat plants. Chemosphere, 
297, 133982.

Babajani, A., Iranbakhsh, A., Oraghi Ardebili, Z., & Eslami, 
B. (2019). Differential growth, nutrition, physiology, 
and gene expression in Melissa officinalis mediated by 

https://doi.org/10.1021/acs.jafc.7b02178
https://doi.org/10.1021/acs.jafc.7b02178
https://doi.org/10.3390/plants12020292
https://doi.org/10.3390/plants12020292


 Water Air Soil Pollut (2023) 234:666

1 3

666 Page 34 of 43

Vol:. (1234567890)

zinc oxide and elemental selenium nanoparticles. Envi-
ronmental Science and Pollution Research, 26(24), 
24430–24444.

Bakhtiari, M., Raeisi Sadati, F., & Raeisi Sadati, S. Y. (2023). 
Foliar application of silicon, selenium, and zinc nanopar-
ticles can modulate lead and cadmium toxicity in sage 
(Salvia officinalis L.) plants by optimizing growth and 
biochemical status. Environmental Science and Pollution 
Research, 30, 54223–54233.

Ball, P. (2002). Natural strategies for the molecular engineer. 
Nanotechnology, 13, 15–28.

Belal, ES., & El-Ramady, H. (2016). Nanoparticles in water, 
soils and agriculture. In: Ranjan, S., Dasgupta, N., Licht-
fouse, E. (eds) Nanoscience in Food and Agriculture 
2. Sustainable Agriculture Reviews, vol 21. Springer, 
Cham. https:// doi. org/ 10. 1007/ 978-3- 319- 39306-3_ 10

Beyer, E. M., Jr. (1976). A potent inhibitor of ethylene action in 
plants. Plant Physiology, 58(3), 268–271.

Bhardwaj, S., & Kapoor, D. (2021). Fascinating regulatory 
mechanism of silicon for alleviating drought stress 
in plants. Plant Physiology and Biochemistry, 166, 
1044–1053.

Bhattacharyya, A., Duraisamy, P., Govindarajan, M., Buhroo, 
A.A., & Prasad, R. (2016). Nano-biofungicides: Emerg-
ing trend in insect pest control. In: Prasad, R. (eds) 
Advances and Applications Through Fungal Nanobio-
technology. Fungal Biology. Springer, Cham. https:// doi. 
org/ 10. 1007/ 978-3- 319- 42990-8_ 15

Cai, L., Cai, L., Jia, H., Liu, C., Wang, D., & Sun, X. (2020). 
Foliar exposure of  Fe3O4 nanoparticles on Nicotiana 
benthamiana: Evidence for nanoparticles uptake, plant 
growth promoter and defense response elicitor against 
plant virus. Journal of Hazardous Materials, 393, 
122–415.

Carlson, C., Hussain, S. M., Schrand, A. M., Braydich-Stolle, 
L. K., Hess, K. L., Jones, R. L., & Schlager, J. J. (2008). 
Unique cellular interaction of silver nanoparticles: Size 
dependent generation of reactive oxygen species. The 
Journal of Physical Chemistry B, 112(43), 13608–13619.

Castro-González, C. G., Sánchez-Segura, L., Gómez-Merino, 
F. C., & Bello-Bello, J. J. (2019). Exposure of stevia (Ste-
via rebaudiana B.) to silver nanoparticles in vitro: Trans-
port and accumulation. Scientific Reports, 9(1), 1–10.

Chaudhary, S., Sharma, P., & Kumar, R. (2016). Hydroxyapa-
tite doped  CeO2 nanoparticles: Impact on biocompatibil-
ity and dye adsorption properties. RSC Advances, 6(67), 
62797–62809.

Chen, I. C., Hill, J. K., Ohlemüller, R., Roy, D. B., & Thomas, 
C. D. (2011). Rapid range shifts of species associated 
with high levels of climate warming. Science, 333(6045), 
1024–1026.

Chen, J., Liu, X., Wang, C., Yin, S. S., Li, X. L., Hu, W. J., 
Simon, M., Shen, Z. J., Xiao, Q., Chu, C. C., & Peng, X. 
X. (2015). Nitric oxide ameliorates zinc oxide nanopar-
ticles-induced phytotoxicity in rice seedlings. Journal of 
Hazardous Materials, 297, 173–182.

Chen, Y. E., Mao, H. T., Wu, N., Mohi Ud Din, A., Khan, A., 
Zhang, H. Y., & Yuan, S. (2020). Salicylic acid protects 
photosystem II by alleviating photoinhibition in Arabi-
dopsis thaliana under high light. International Journal of 
Molecular Sciences, 21(4), 1229.

Chen, F., Li, Y., Zia-ur-Rehman, M., Hussain, S. M., Qayyum, 
M. F., Rizwan, M., Alharby, H. F., Alabdallah, N. M., 
Alharbi, B. M., & Ali, S. (2023). Combined effects of zinc 
oxide nanoparticles and melatonin on wheat growth, chlo-
rophyll contents, cadmium (Cd) and zinc uptake under Cd 
stress. Science of the Total Environment, 864, 161061.

Chhipa, H. (2017). Nanofertilizers and nanopesticides for agri-
culture. Environmental Chemistry Letters, 15(1), 15–22.

Chiranjeeb, K., & Senapati, M. (2020). Role of nanotechnol-
ogy in precision farming. Biotica Research Today, 2, 
584–586.

Choudhury, R., Majumder, M., Roy, D. N., Basumallick, S., & 
Misra, T. K. (2016). Phytotoxicity of Ag nanoparticles 
prepared by biogenic and chemical methods. Interna-
tional NanoLetters, 6(3), 153–159.

Clark, M., & Tilman, D. (2017). Comparative analysis of envi-
ronmental impacts of agricultural production systems, 
agricultural input efficiency, and food choice. Environ-
mental Research Letters, 12, 64016.

Collin, B., Oostveen, E., Tsyusko, O. V., & Unrine, J. M. 
(2014). Influence of natural organic matter and surface 
charge on the toxicity and bioaccumulation of functional-
ized ceria nanoparticles in Caenorhabditis elegans. Envi-
ronmental Science and Technology, 48(2), 1280–1289.

Corradini, E., De Moura, M., & Mattoso, L. (2010). A pre-
liminary study of the incorparation of NPK fertilizer into 
chitosan nanoparticles. Express Polymer Letters, 4(8), 
509–5015.

Cui, H., Shi, Y., Zhou, J., Chu, H., Cang, L., & Zhou, D. 
(2018). Effect of different grain sizes of hydroxyapatite 
on soil heavy metal bioavailability and microbial com-
munity composition. Agriculture Ecosystems and Envi-
ronment, 267, 165–173.

Daroczi, B., Kari, G., McAleer, M. F., Wolf, J. C., Rodeck, U., 
& Dicker, A. P. (2006). In  vivo radioprotection by the 
fullerene nanoparticle DF-1 as assessed in a zebrafish 
model. Clinical Cancer Research, 12(23), 7086–7091.

Dawi, F., El-Beltagi, H. S., Abdel-Mobdy, Y. E., Salah, S. M., 
Ghaly, I. S., Abdel-Rahim, E. A., Mohamed, H. I., & 
Soliman, A. M. (2021). Synergistic impact of the pome-
granate peels and its nanoparticles against the infection 
of tobacco mosaic virus (TMV). Fresenius Environmen-
tal Bulletin, 30(1), 731–746.

Dawood, M. F., Abu-Elsaoud, A. M., Sofy, M. R., Mohamed, 
H. I., & Soliman, M. H. (2022). Appraisal of kinetin 
spraying strategy to alleviate the harmful effects of UVC 
stress on tomato plants. Environmental Science and Pol-
lution Research, 29(35), 52378–52398.

De Sousa, A., Saleh, A. M., Habeeb, T. H., Hassan, Y. M., 
Zrieq, R., Wadaan, M. A., Hozzein, W. N., Selim, S., 
Matos, M., & AbdElgawad, H. (2019). Silicon diox-
ide nanoparticles ameliorate the phytotoxic hazards of 
aluminum in maize grown on acidic soil. Science of the 
Total Environment, 693, 133636.

Delfani, M., Baradarn Firouzabadi, M., Farrokhi, N., & Makar-
ian, H. (2014). Some physiological responses of black-
eyed pea to iron and magnesium nanofertilizers. Com-
munications in Soil Science and Plant Analysis, 45(4), 
530–540.

Demirer, G. S., & Landry, M. P. (2017). Delivering genes to 
plants. Chemical Engineering Progress, 113(4), 40–45.

https://doi.org/10.1007/978-3-319-39306-3_10
https://doi.org/10.1007/978-3-319-42990-8_15
https://doi.org/10.1007/978-3-319-42990-8_15


Water Air Soil Pollut (2023) 234:666 

1 3

Page 35 of 43 666

Vol.: (0123456789)

Dietz, K. J., & Herth, S. (2011). Plant nanotoxicology. Trends 
in Plant Science, 16(11), 582–589.

Diffey, B. (2001). When should sunscreen be reapplied? Jour-
nal of the American Academy of Dermatology, 45(6), 
882–885.

Dimkpa, C. O., & Bindraban, P. S. (2016). Fortification of micro-
nutrients for efficient agronomic production: A review. 
Agronomy for Sustainable Development, 36(1), 1–27.

Dimkpa, C. O., & Bindraban, P. S. (2017). Nanofertilizers: 
New products for the industry? Journal of Agriculture 
and Food Chemistry, 66, 6462–6473.

Dimkpa, C. O., Bindraban, P. S., Fugice, J., Agyin-Birikorang, 
S., Singh, U., & Hellums, D. (2017). Composite micro-
nutrient nanoparticles and salts decrease drought stress 
in soybean. Agronomy for Sustainable Development, 37, 
1–13.

Djanaguiraman, M., Belliraj, N., Bossmann, S. H., & Prasad, 
P. V. (2018). High-temperature stress alleviation by 
selenium nanoparticle treatment in grain sorghum. ACS 
Omega, 3, 2479–2491.

Djanaguiraman, M., Nair, R., Giraldo, J. P., & Prasad, P. V. 
V. (2018). Cerium oxide nanoparticles decrease drought 
induced oxidative damage in sorghum leading to higher 
photosynthesis and grain yield. ACS Omega, 3(10), 
14406–14416.

Dornbos, D. L., Jr., Mullen, R. E., & Shibles, R. E. (1989). 
Drought stress effects during seed fill on soybean seed 
germination and vigor. Crop Science, 29(2), 476–480.

Du, W., Tan, W., Peralta-Videa, J. R., Gardea-Torresdey, J. L., 
Ji, R., Yin, Y., & Guo, H. (2017). Interaction of metal 
oxide nanoparticles with higher terrestrial plants: Physi-
ological and biochemical aspects. Plant Physiology and 
Biochemistry, 110, 210–225.

Dziergowska, K., & Michalak, I. (2022). The role of nanopar-
ticles in sustainable agriculture. In: Chojnacka K, Saeid, 
A, editors. Smart agrochemicals for sustainable agricul-
ture. Elsevier. p. 225–78.

Eichert, T., Kurtz, A., Steiner, U., & Goldbach, H. E. (2008). 
Size exclusion limits and lateral heterogeneity of the 
stomatal foliar uptake pathway for aqueous solutes and 
water suspended nanoparticles. Physiologia Plantarum, 
134(1), 151–160.

El-Beltagi, H. S., Basit, A., Mohamed, H. I., Ali, I., Ullah, 
S., Kamel, E. A. R., Shalaby, T. A., Ramadan, K. 
M. A., Alkhateeb, A. A., & Ghazzawy, H. S. (2022). 
Mulching as a sustainable water and soil saving prac-
tice in agriculture: A review. Agronomy, 12, 1881.

Elemike, E. E., Uzoh, I. M., Onwudiwe, D. C., & Babalola, O. 
O. (2019). The role of nanotechnology in the fortification 
of plant nutrients and improvement of crop production. 
Applied Science, 9, 499.

El-Mahdy, O. M., Mohamed, H. I., & Mogazy, A. M. (2021). 
Biosorption effect of Aspergillus niger and Penicillium 
chrysosporium for Cd-and Pb-contaminated soil and their 
physiological effects on Vicia faba L. Environmental Sci-
ence and Pollution Research, 28(47), 67608–67631.

El-Zohri, M., Al-Wadaani, N. A., & Bafeel, S. O. (2021). Foliar 
sprayed green zinc oxide nanoparticles mitigate drought-
induced oxidative stress in tomato. Plants, 10, 2400.

Etesami, H., & Noori, F. (2019). Soil salinity as a challenge for 
sustainable agriculture and bacterial-mediated alleviation 

of salinity stress in crop plants. In: Kumar, M., Etesami, 
H., Kumar, V. (eds) Saline soil-based agriculture by halo-
tolerant microorganisms. Springer, Singapore. https:// doi. 
org/ 10. 1007/ 978- 981- 13- 8335-9_1

Etesami, H., & Beattie, G. A. (2018). Mining halophytes for 
plant growth-promoting halotolerant bacteria to enhance 
the salinity tolerance of non-halophytic crops. Frontiers 
in Microbiology, 9, 148.

Fardsadegh, B., Vaghari, H., Mohammad-Jafari, R., Najian, Y., 
& Jafarizadeh-Malmiri, H. (2019). Biosynthesis, charac-
terization and antimicrobial activities assessment of fab-
ricated selenium nanoparticles using Pelargonium zon-
ale leaf extract. Green Processing and Synthesis, 8(1), 
191–198.

Farhangi-Abriz, S., & Torabian, S. (2017). Antioxidant enzyme 
and osmotic adjustment changes in bean seedlings as 
affected by biochar under salt stress. Ecotoxicology and 
Environmental Saftey, 137, 64–70.

Frazier, T. P., Burklew, C. E., & Zhang, B. (2014). Titanium 
dioxide nanoparticles affect the growth and microRNA 
expression of tobacco (Nicotiana tabacum). Functional 
and Integrative Genomics, 14(1), 75–83.

Gao, T., Li, C., Zhang, Y., Yang, M., Jia, D., Jin, T., Hou, Y., 
& Li, R. (2019). Dispersing mechanism and tribologi-
cal performance of vegetable oil-based CNT nanofluids 
withdifferent surfactants. Tribology International, 131, 
51–63.

Gao, G., Tester, M. A., & Julkowska, M. M. (2020). The use 
of high-throughput phenotyping for assessment of heat 
stress-induced changes in arabidopsis. Plant Phenomics, 
2020, 1–14.

Geisler-Lee, J., Wang, Q., Yao, Y., Zhang, W., Geisler, M., Li, 
K., Huang, Y., Chen, Y., Kolmakov, A., & Ma, X. (2012). 
Phytotoxicity, accumulation and transport of silver nano-
particles by Arabidopsis thaliana. Nanotoxicology, 7(3), 
323–337.

Ghabel, V. K., & Karamian, R. (2020). Effects of  TiO2 nano-
particles and spermine on antioxidant responses of Gly-
cyrrhiza glabra L. to cold stress. Acta Botanica Croatica, 
79, 137–147.

Gnach, A., Lipinski, T., Bednarkiewicz, A., Rybka, J., & 
Capobianco, J. A. (2015). Upconverting nanoparticles: 
Assessing the toxicity. Chemical Society Reviews, 44(6), 
1561–1584.

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, 
L., Lawrence, D., Muir, J. F., Pretty, J., Robinson, S., 
Thomas, S. M., & Toulmin, C. (2010). Food security: 
The challenge of feeding 9 billion people. Science, 
327(5967), 812–818.

Gohari, G., Mohammadi, A., Akbari, A., Panahirad, S., Dad-
pour, M. R., Fotopoulos, V., & Kimura, S. (2020). Tita-
nium dioxide nanoparticles  (TiO2 NPs) promote growth 
and ameliorate salinity stress effects on essential oil pro-
file and biochemical attributes of Dracocephalum mol-
davica. Scientific Reports, 10(1), 1–14.

Gohari, G., Panahirad, S., Sepehri, N., Akbari, A., Zahedi, S. 
M., Jafari, H., Dadpour, M. R., & Fotopoulos, V. (2021). 
Enhanced tolerance to salinity stress in grapevine plants 
through application of carbon quantum dots functional-
ized by proline. Environmental Science and Pollution 
Research, 28, 42877–42890.

https://doi.org/10.1007/978-981-13-8335-9_1
https://doi.org/10.1007/978-981-13-8335-9_1


 Water Air Soil Pollut (2023) 234:666

1 3

666 Page 36 of 43

Vol:. (1234567890)

González-Pedroza, M. G., Benítez, A. R. T., Navarro-Marchal, 
S. A., Martínez-Martínez, E., Marchal, J. A., Boulaiz, H., 
& Morales-Luckie, R. A. (2023). Biogeneration of silver 
nanoparticles from Cuphea procumbens for biomedical 
and environmental applications. Scientific Reports, 13(1), 
790.

Gowayed, S. M., & Kadasa, N. M. (2016). Effect of zinc oxide 
nanoparticles on antioxidative system of faba bean (Vicia 
faba L.) seedling expose to cadmium. Life Science Jour-
nal, 13, 18–27.

Gowayed, M. H., Al-Zahrani, H. S., & Metwali, E. M. (2017). 
Improving the salinity tolerance in potato (Solanum 
tuberosum) by exogenous application of silicon dioxide 
nanoparticles. International Journal of Agriculture and 
Biology, 19(1), 183–194.

Gunjan, B., & Zaidi, M. G. H. (2014). Impact of gold nanopar-
ticles on physiological and biochemical characteristics 
of Brassica juncea. Journal of Plant Biochemistry and 
Physiology, 2(3), 1–6.

Gunjan, B., Zaidi, M. G. H., & Sandeep, A. (2014). Impact 
of gold nanoparticles on physiological and biochemical 
characteristics of Brassica juncea. Journal of Plant Bio-
chemistry and Physiology, 2(3), 133.

Gupta, S., Schillaci, M., Walker, R., Smith, P. M. C., Watt, 
M., & Roessner, U. (2021). Alleviation of salinity stress 
inplants by endophytic plant-fungal symbiosis: Current 
knowledge, perspectives and futuredirections. Plant and 
Soil, 461, 219–244.

Haghighi, M., & Pessarakli, M. (2013). Influence of silicon 
and nano-silicon on salinity tolerance of cherry tomatoes 
(Solanum lycopersicum L.) at early growth stage. Scien-
tia Horticulturae, 161, 111–117.

Handy, R. D., Owen, R., & Valsami-Jones, E. (2008). The eco-
toxicology of nanoparticles and nanomaterials: Current 
status, knowledge gaps, challenges, and future needs. 
Ecotoxicology, 17, 315–325.

Haris, M., Hussain, T., Mohamed, H. I., Khan, A., Ansari, M. 
S., Tauseef, A., Khan, A. A., & Akhtar, N. (2022). Nano-
technology–A new frontier of nano-farming in agricul-
tural and food production and its development. Science of 
the Total Environment, 857, 159639.

Hasanpour, H., Maali-Amir, R., & Zeinali, H. (2015). Effect of 
 TiO2 nanoparticles on metabolic limitations to photosyn-
thesis under cold in chickpea. Russian Journal of Plant 
Physiology, 62(6), 779–787.

Hasanuzzaman, M., Bhuyan, M. B., Zulfiqar, F., Raza, A., 
Mohsin, S. M., Mahmud, J. A., Fujita, M., & Fotopou-
los, V. (2020). Reactive oxygen species and antioxidant 
defense in plants under abiotic stress: Revisiting the cru-
cial role of a universal defense regulator. Antioxidants, 
9(8), 681.

Hassan, A. A., Oraby, N. A., Mohamed, A. A., & Mahmoud, 
H. H. (2014). The possibility of using zinc oxide nano-
particles in controlling some fungal and bacterial strains 
isolated from buffaloes. Egyptian Journal of Applied Sci-
ence, 29(3), 58–83.

Hassanisaadi, M., Barani, M., Rahdar, A., Heidary, M., Thysia-
dou, A., & Kyzas, G. Z. (2022). Role of agrochemical-
based nanomaterials in plants: Biotic and abiotic stress 
with germination improvement of seeds. Plant Growth 
Regulation, 97(2), 375–418.

Hauser, F., & Horie, T. (2010). A conserved primary salt tol-
erance mechanism mediated by HKT transporters: A 
mechanism for sodium exclusion and maintenance of 
high K+/Na+ ratio in leaves during salinity stress. Plant 
Cell and Environment, 33(4), 552–565.

He, L., Liu, Y., Mustapha, A., & Lin, M. (2011). Antifungal 
activity of zinc oxide nanoparticles against Botrytis 
cinerea and Penicillium expansum. Microbiological 
Research, 166(3), 207–152.

Hernández-Hernández, H., González-Morales, S., Benavides-
Mendoza, A., Ortega-Ortiz, H., Cadenas Pliego, G., & 
Juárez-Maldonado, A. (2018). Effects of chitosan–PVA 
and Cu nanoparticles on the growth and antioxidant 
capacity of tomato under saline stress. Molecules, 23, 
178.

Hojjat, S. S., & Ganjali, A. (2016). The effect of silver nano-
particle on lentil seed germination sunder drought stress. 
International Journal of Farming and Allied Sciences, 
5(3), 208–212.

Hong, F., Yang, F., Liu, C., Gao, Q., Wan, Z., Gu, F., Wu, C., 
Ma, Z., Zhou, J., & Yang, P. (2005). Influences of nano-
TiO2 on the chloroplast aging of spinach under light. Bio-
logical Trace Element Research, 104, 249–260.

Hong, F., Zhou, J., Liu, C., Yang, F., Wu, C., Zheng, L., & 
Yang, P. (2005). Effect of nono-TiO2 on photochemical 
reaction of chloroplasts of spinach. Biological Trace Ele-
ment Research, 105, 269–279.

Hossain, A., Skalicky, M., Brestic, M., Maitra, S., Ashraful 
Alam, M., Syed, M. A., Hossain, J., Sarkar, S., Saha, 
S., Bhadra, P., & Shankar, T. (2021). Consequences and 
mitigation strategies of abiotic stresses in wheat (Triti-
cum aestivum L.) under the changing climate. Agronomy, 
11(2), 241.

Hotze, E. M., Phenrat, T., & Lowry, G. V. (2010). Nanoparticle 
aggregation: Challenges to understanding transport and 
reactivity in the environment. Journal of Environmental 
Quality, 39(6), 1909–1924.

Hussain, A., Ali, S., Rizwan, M., Rehman, M. Z. U., 
Qayyum, M. F., Wang, H., & Rinklebe, J. (2019). 
Responses of wheat (Triticum aestivum) plants grown 
in a Cd contaminated soil to the application of iron 
oxide nanoparticles. Ecotoxicology and Environmental 
Safety, 173, 156–164.

Hussain, I., Singh, A., Singh, N. B., & Singh, P. (2019). 
Plant-nanoceria interaction: Toxicity, accumulation, 
translocation and biotransformation. South African 
Journal of Botany, 121, 23947.

Hussain, B., Lin, Q., Hamid, Y., Sanaullah, M., Di, L., 
Hashmi, M. L. U. R., Khan, M. B., He, Z., & Yang, 
X. (2020). Foliage application of selenium and sili-
con nanoparticles alleviates Cd and Pb toxicity in rice 
(Oryza sativa L.). Science of The Total Environment, 
712, 136497.

Ihsan, M., Din, I. U., Alam, K., Munir, I., Mohamed, H. I., & 
Khan, F. (2023). Green fabrication, characterization of 
zinc oxide nanoparticles using plant extract of Momor-
dica charantia and Curcuma zedoaria and their antibac-
terial and antioxidant activities. Applied Biochemistry 
and Biotechnology, 195(6), 3546–3565.

Ikram, M., Javed, B., Raja, N. I., & Mashwani, Z. U. R. 
(2021). Biomedical potential of plant-based selenium 



Water Air Soil Pollut (2023) 234:666 

1 3

Page 37 of 43 666

Vol.: (0123456789)

nanoparticles: A comprehensive review on therapeu-
tic and mechanistic aspects. International Journal of 
Nanomedicine, 16, 249–268.

Imada, K., Sakai, S., Kajihara, H., Tanaka, S., & Ito, S. 
(2016). Magnesium oxide nanoparticles induce sys-
temic resistance in tomato against bacterial wilt dis-
ease. Plant Pathology, 65, 551–560.

Iqbal, M. N., Rasheed, R., Ashraf, M. Y., Ashraf, M. A., & 
Hussain, I. (2018). Exogenously applied zinc and cop-
per mitigate salinity effect in maize (Zea mays L.) by 
improving key physiological and biochemical attrib-
utes. Environmental Science and Pollution Research, 
25, 23883–23896.

Iqbal, M., Raja, N. I., Mashwani, Z. U. R., Hussain, M., Ejaz, 
M., & Yasmeen, F. (2019). Effect of silver nanopar-
ticles on growth of wheat under heat stress. Iranian 
Journal of Science and Technology, Transactions of 
Electrical Engineering, 43, 387–395.

Irshad, H. M. K., Noman, A., Alhaithloul, H., Adeel, M., 
Yukui, R., Shah, T., Zhu, S., & Shang, J. (2020). 
Goethite-modified biochar ameliorates the growth of 
rice (Oryza sativa L.) plants by suppressing Cd and 
As-induced oxidative stress in Cd and As co contami-
nated paddy soil. Science of the Total Environment, 13, 
70–86.

Ismail, M., Prasad, R., Ibrahim, A.I.M., & Ahmed, I.S.A. 
(2017). Modern prospects of nanotechnology in plant 
pathology. In: Prasad, R., Kumar, M., Kumar, V. (eds) 
Nanotechnology. Springer, Singapore. https:// doi. org/ 
10. 1007/ 978- 981- 10- 4573-8_ 15

Jadczak, P., Kulpa, D., Bihun, M., & Przewodowski, W. 
(2019). Positive effect of AgNPs and AuNPs in in vitro 
cultures of Lavandula angustifolia Mill. Plant Cell Tis-
sue and Organ Culture, 139(1), 191–197.

Janmohammadi, M., & Sabaghnia, N. (2015). Effect of pre-
sowing seed treatments with silicon nanoparticles 
on germinability of sunflower (Helianthus annuus). 
Botanica Lithuanica, 21, 13–21.

Javaid, S., Uz Zaman, Q., Sultan, K., Riaz, U., Aslam, A., 
Saba Sharif, N. E., Aslam, S., Jamil, A., & Ibraheem, S. 
(2020). Heavy metals stress, mechanism and remediation 
techniques in rice (Oryza sativa L.): A review. Pure and 
Applied Biology, 9(1), 403–426.

Javed, B., Raja, N. I., & Nadhman, A. (2020). Understanding 
the potential of bio-fabricated non-oxidative silver nan-
oparticles to eradicate Leishmania and plant bacterial 
pathogens. Applied Nanoscience, 10(6), 2057–2067.

Johnson, R., & Puthur, J. T. (2021). Seed priming as a cost 
effective technique for developing plants with cross toler-
ance to salinity stress. Plant Physiology and Biochemis-
try, 162, 247–257.

Juárez-Maldonado, A., Ortega-Ortíz, H., Morales-Díaz, A. B., 
González-Morales, S., Morelos-Moreno, Á., Cabrera-De 
la Fuente, M., Sandoval-Rangel, A., Cadenas-Pliego, G., 
& Benavides-Mendoza, A. (2019). Nanoparticles and 
nanomaterials as plant biostimulants. International Jour-
nal of Molecular Sciences, 20(1), 162.

Kabir, E., Kumar, V., Kim, K. H., Yip, A. C., & Sohn, J. R. 
(2018). Environmental impacts of nanomaterials. Jour-
nal of Environmental Management, 225, 261–271.

Kah, M., Tufenkji, N., & White, J. C. (2019). Nano-enabled 
strategies to enhance crop nutrition and protection. 
Nature Nanotechnology, 14(6), 532–540.

Karamian, R., Ghasemlou, F., & Amiri, H. (2020). Physiologi-
cal evaluation of drought stress tolerance and recovery 
in Verbascum sinuatum plants treated with methyl jas-
monate, salicylic acid and titanium dioxide nanoparti-
cles. Plant Biosystems, 154(3), 277–287.

Kausar, A., Hussain, S., Javed, T., Zafar, S., Anwar, S., Hus-
sain, S., Zahra, N., & Saqib, M. (2023). Zinc oxide nano-
particles as potential hallmarks for enhancing drought 
stress tolerance in wheat seedlings. Plant Physiology and 
Biochemistry, 195, 341–350.

Kaveh, R., Li, Y. S., Ranjbar, S., Tehrani, R., Brueck, C. L., & Van, 
A. (2013). Changes in Arabidopsis thaliana gene expression 
in response to silver nanoparticles and silver ions. Environ-
mental Science and Technology, 47, 10637–10644.

Kaya, H., Shibahara, K., Taoka, K., Iwabuchi, M., Stillman, 
B., & Araki, T. (2001). FASCIATA genes for chromatin 
assembly factor-1 in Arabidopsis maintain the cellular 
organization of apical meristems. Cell, 104, 131–142.

Khalid, M. F., Iqbal Khan, R., Jawaid, M. Z., Shafqat, W., Hus-
sain, S., Ahmed, T., Rizwan, M., Ercisli, S., Pop, O. L., 
& Alina Marc, R. (2022). Nanoparticles: The plant sav-
iour under abiotic stresses. Nanomaterials, 12, 3915. 
https:// doi. org/ 10. 3390/ nano1 22139 15

Khan, I., Saeed, K., & Khan, I. (2019). Nanoparticles: Prop-
erties, applications and toxicities. Arabian Journal of 
Chemistry, 12, 908–931.

Khan, M. A., Ali, A., Mohammad, S., Ali, H., Khan, T., Jan, 
A., & Ahmad, P. (2020). Iron nano modulatedgrowth and 
biosynthesis of steviol glycosides in Stevia rebaudiana. 
Plant Cell Tissue Organ Culture, 143(1), 121–130.

Khan, S., Sadiq, M., & Muhammad, N. (2022). Enhanced pho-
tocatalytic potential of  TiO2 nanoparticles in coupled 
 CdTiO2 and  ZnCdTiO2 nanocomposites. Environmental 
Science and Pollution Research, 29(36), 54745–54755.

Khan, I., Awan, S. A., Rizwan, M., Akram, M. A., Zia-ur-
Rehman, M., Wang, X., Zhang, X., & Huang, L. (2023). 
Physiological and transcriptome analyses demonstrate 
the silver nanoparticles mediated alleviation of salt stress 
in pearl millet (Pennisetum glaucum L). Environmental 
Pollution, 318, 120863.

Khin, M. M., Nair, A. S., Babu, V. J., Murugan, R., & Ram-
akrishna, S. (2012). A review on nanomaterials for envi-
ronmental remediation. Energy and Environmental Sci-
ence, 5(8), 8075–8109.

Komaresofla, B. R., Alikhani, H. A., Etesami, H., & Khoshk-
holgh-Sima, N. A. (2019). Improved growth and salinity 
tolerance of the halophyte Salicornia sp. by co–inocula-
tion with endophytic and rhizosphere bacteria. Applied 
Soil Ecology, 138, 160–170.

Konate, A., He, X., Zhang, Z., Ma, Y., Zhang, P., Alugongo, 
G. M., & Rui, Y. (2017). Magnetic  (Fe3O4) nanoparticles 
reduce heavy metals uptake and mitigate their toxicity in 
wheat seedling. Sustainability, 9(5), 790.

Kosová, K., Vítámvás, P., Urban, M. O., Prášil, I. T., & Renaut, 
J. (2018). Plant abiotic stress proteomics: The major fac-
tors determining alterations in cellular proteome. Fron-
tiers in Plant Science, 9, 122.

https://doi.org/10.1007/978-981-10-4573-8_15
https://doi.org/10.1007/978-981-10-4573-8_15
https://doi.org/10.3390/nano12213915


 Water Air Soil Pollut (2023) 234:666

1 3

666 Page 38 of 43

Vol:. (1234567890)

Landa, P. (2021). Positive effects of metallic nanoparticles on 
plants: Overview of involved mechanisms. Plant Physiol-
ogy and Biochemistry, 161, 12–24.

Landa, P., Prerostova, S., Petrova, S., Knirsch, V., Vankova, 
R., & Vanek, T. (2015). The transcriptomic response of 
Arabidopsis thaliana to zinc oxide: A comparison of the 
impact of nanoparticle, bulk, and ionic zinc. Environ-
mental Science and Technology, 49(24), 14537–14545.

Larue, C., Castillo-Michel, H., Sobanska, S., Trcera, N., 
Sorieul, S., Cécillon, L., Ouerdane, L., Legros, S., & Sar-
ret, G. (2014). Fate of pristine  TiO2 nanoparticles and 
aged paint-containing  TiO2 nanoparticles in lettuce crop 
after foliar exposure. Journal of Hazardous Materials, 
273, 17–26.

Lee, W. M., An, Y. J., Yoon, H., & Kweon, H. S. (2008). Toxic-
ity and bioavailability of copper nanoparticles to the ter-
restrial plants mung bean (Phaseolus radiatus) and wheat 
(Triticum aestivum): Plant agar test for water-insoluble 
nanoparticles. Environmental Toxicology and Chemistry, 
27(9), 1915–1921.

Lee, W. M., Kwak, J. I., & An, Y. J. (2012). Effect of silver 
nanoparticles in crop plants Phaseolus radiatus and Sor-
ghum bicolor: Media effect on phytotoxicity. Chemos-
phere, 86(5), 491–499.

Lei, Z., Mingyu, S., Xiao, W., Chao, L., Chunxiang, Q., Liang, 
C., Hao, H., Xiaoqing, L., & Fashui, H. (2008). Antioxi-
dant stress is promoted by nano-anatase in spinach chlo-
roplasts under UV-B radiation. Biological Trace Element 
Research, 121, 69–79.

Li, W. Q., Qing, T., Li, C. C., Li, F., Ge, F., Fei, J. J., & Pei-
jnenburg, W. J. (2020). Integration of subcellular parti-
tioning and chemical forms to understand silver nano-
particles toxicity to lettuce (Lactuca sativa L.) under 
different exposure pathways. Chemosphere, 258, 127349.

Lian, J., Zhao, L., Wu, J., Xiong, H., Bao, Y., Zeb, A., Tang, J., 
& Liu, W. (2020). Foliar spray of  TiO2 nanoparticles pre-
vails over root application in reducing Cd accumulation 
and mitigating Cd-induced phytotoxicity in maize (Zea 
mays L. ). Chemosphere, 239, 124–794.

Liu, Y., & Shi, J. (2019). Antioxidative nanomaterials and bio-
medical applications. Nano Today, 27, 146–177.

Liu, Y., Tong, Z., & Prud’homme, R. K. (2008). Stabilized pol-
ymeric nanoparticles for controlled and efficient release 
of bifenthrin. Pest Management Science, 64(8), 808–812.

Liu, M., Feng, S., Ma, Y., Xie, C., He, X., Ding, Y., Zhang, 
J., Luo, W., Zheng, L., Chen, D., & Yang, F. (2019). 
Influence of surface charge on the phytotoxicity, trans-
formation, and translocation of  CeO2 nanoparticles in 
cucumber plants. ACS Applied Materials and Interfaces, 
11(18), 16905–16913.

Lu, L., Huang, M., Huang, Y., Corvini, P.F.-X., Ji, R., & Zhao, 
L. (2020).  Mn3O4 nanozymes boost endogenous anti-
oxidant metabolites in cucumber (Cucumis sativus) plant 
and enhance resistance to salinity stress. Environmental 
Science Nano, 7, 1692–1703.

Luyckx, M., Hausman, J. F., Lutts, S., & Guerriero, G. (2017). 
Silicon and plants: Current knowledge and technological 
perspectives. Frontiers in Plant Science, 8, 411.

Ma, C., Rui, Y., Liu, S., Li, X., Xing, B., & Liu, L. (2015). 
Phytotoxic mechanismof nanoparticles: Destruction of 

chloroplasts and vascular bundles and alteration of nutri-
ent absorption. Scientific Reports, 5, 11618.

Magro, M., Moritz, D. E., Bonaiuto, E., Baratella, D., Terzo, 
M., Jakubec, P., Malina, O., Čépe, K., de Aragao, G. M., 
Zboril, R., & Vianello, F. (2016). Citrinin mycotoxin rec-
ognition and removal by naked magnetic nanoparticles. 
Food Chemistry, 203, 505–512.

Mahajan, P., Dhoke, S. K., Khanna, A. S., & Tarafdar, J. C. 
(2011). Effect of nano-ZnO on growth of mung bean 
(Vigna radiata) and chickpea (Cicer arietinum) seedlings 
using plant agar method. Applied Biological Research, 
13(2), 54–61.

Maksoud, M. A., Bekhit, M., El-Sherif, D. M., Sofy, A. R., & 
Sofy, M. R. (2022). Gamma radiation-induced synthesis 
of a novel chitosan/silver/Mn-Mg ferrite nanocomposite 
and its impact on cadmium accumulation and transloca-
tion in brassica plant growth. International Journal of 
Biological Macromolecules, 194, 306–316.

Mali, S. C., Raj, S., & Trivedi, R. (2020). Nanotechnology a 
novel approach to enhance crop productivity. Biochemis-
try and Biophysics Reports, 24, 100821.

Mangiapane, E., Pessione, A., & Pessione, E. (2014). Selenium 
and selenoproteins: An overview on different biological 
systems. Current Protein and Peptide Science, 15(6), 
598–607.

Manjunatha, S. B., Biradar, D. P., & Aladakatti, Y. R. (2016). 
Nanotechnology and its applications in agriculture: A 
review. Journal of Farm Sciences, 29(1), 1–13.

Manzoor, N., Ali, L., Ahmed, T., Noman, M., Adrees, M., Sha-
hid, M. S., Ogunyemi, S. O., Radwan, K. S., Wang, G., 
& Zaki, H. E. (2022). Recent advancements and devel-
opment in nano-enabled agriculture for improving abiotic 
stress tolerance in plants. Frontiers in Plant Science, 13, 
951752.

McKee, M. S., & Filser, J. (2016). Impacts of metal-based 
engineered nanomaterials on soil communities. Environ-
mental Science Nano, 3(3), 506–533.

Melino, V., & Tester, M. (2023). Salt-tolerant crops: Time to 
deliver. Annual Review of Plant Biology, 74, 671–696.

Meychik, N. R., Nikolaeva, J. I., & Yermakov, I. P. (2005). Ion 
exchange properties of the root cell walls isolated from 
the halophyte plants (Suaeda altissima L.) grown under 
conditions of different salinity. Plant and Soil, 277(1), 
163–174.

Milani, N., Hettiarachchi, G. M., Kirby, J. K., Beak, D. G., 
Stacey, S. P., & McLaughlin, M. J. (2015). Fate of zinc 
oxide nanoparticles coated onto macronutrient ferti-
lizers in an alkaline calcareous soil. PLoS One, 10(5), 
e0126275.

Milenković, I., Mitrović, A., Algarra, M., Lázaro-Martínez, J. 
M., Rodríguez-Castellón, E., Maksimović, V., Spasić, 
S. Z., Beškoski, V. P., & Radotić, K. (2019). Interaction 
of carbohydrate coated cerium-oxide nanoparticles with 
wheat and pea: Stress induction potential and effect on 
development. Plants, 8(11), 478.

Milenković, I., Radotić, K., Despotović, J., Lončarević, B., 
Lješević, M., Spasić, S. Z., & Beškoski, V. P. (2021). 
Toxicity investigation of CeO2 nanoparticles coated 
with glucose and exopolysaccharides levan and pullulan 
on the bacterium Vibrio fischeri and aquatic organisms 



Water Air Soil Pollut (2023) 234:666 

1 3

Page 39 of 43 666

Vol.: (0123456789)

Daphnia magna and Danio rerio. Aquatic Toxicology, 
236, 105–867.

Milewska-Hendel, A., Zubko, M., Stróz, D., & Kurczy’nska, E. 
U. (2019). Effect of nanoparticles surface charge on the 
Arabidopsis thaliana (L.) roots development and their 
movement into the root cells and protoplasts. Interna-
tional Journal of Molecular Sciences, 20, 1650.

Mirzajani, F., Askari, H., Hamzelou, S., Farzaneh, M., & Ghas-
sempour, A. (2013). Effect of silver nanoparticles on 
Oryza sativa L. and its rhizosphere bacteria. Ecotoxicol-
ogy and Environmental Safety, 88, 48–54.

Mirzajani, F., Askari, H., Hamzelou, S., Schober, Y., Römpp, 
A., Ghassempour, A., & Spengler, B. (2014). Proteomics 
study of silver nanoparticles toxicity on Oryza sativa L. 
Ecotoxicology and Environmental Safety, 108, 335–339.

Mittal, D., Kaur, G., Singh, P., Yadav, K., & Ali, S. A. (2020). 
Nanoparticle-based sustainable agriculture and food sci-
ence: Recent advances and future outlook. Frontiers in 
Nanotechnology, 2, 579954.

Mittler, R., Zandalinas, S. I., Fichman, Y., & Van Breusegem, 
F. (2022). Reactive oxygen species signalling in plant 
stress responses. Nature Reviews Molecular Cell Biol-
ogy, 23(10), 663–679.

Mogazy, A. M., Mohamed, H. I., & El-Mahdy, O. M. (2022). 
Calcium and iron nanoparticles: A positive modulator of 
innate immune responses in strawberry against Botrytis 
cinerea. Process Biochemistry, 115, 128–145.

Mohamed, H. I., & Abdel-Hamid, A. M. E. (2013). Molecular 
and biochemical studies for heat tolerance on four cotton 
genotypes (Gossypium hirsutum L.). Romanian Biotech-
nological Letters, 18(6), 7223–7231.

Mohamed, H. I., Akladious, S. A., & Ashry, N. A. (2018). 
Evaluation of water stress tolerance of soybean using 
physiological parameters and retrotransposon-based 
markers. Gesunde Pflanzen, 70, 205–215.

Mohamed, H. I., Ashry, N. A., & Ghonaim, M. M. (2019). 
Physiological analysis for heat shock induced biochemi-
cal (responsive) compounds and molecular characteriza-
tions of ESTs expressed for heat tolerance in some Egyp-
tian maize hybrids. Gesunde Pflanzen, 71, 213–222.

Mohammadi, H., Esmailpour, M., & Gheranpaye, A. (2014). 
Effects of  TiO2 nanoparticles and water-deficit stress 
on morpho-physiological characteristics of dragonhead 
(Dracocephalum moldavica L.) plants. Environmental 
Toxicology and Chemistry, 33, 2429–2437.

Moharem, M., Elkhatib, E., & Mesalem, M. (2019). Reme-
diation of chromium and mercury polluted calcareous 
soils using nanoparticles: Sorption-desorption kinetics, 
speciation and fractionation. Environmental Research, 
170, 366–373.

Mosa, K. A., El-Naggar, M., Ramamoorthy, K., Alawadhi, 
H., Elnaggar, A., Wartanian, S., Ibrahim, E., & Hani, 
H. (2018). Copper nanoparticles induced genotoxicty, 
oxidative stress, and changes in superoxide dismutase 
(SOD) gene expression in cucumber (Cucumis sativus) 
plants. Frontiers in Plant Science, 9, 872.

Mozafari, A. A., Havas, F., & Ghaderi, N. (2018). Applica-
tion of iron nanoparticles and salicylic acid in in vitro 
culture of strawberries (Fragaria 3 ananassa Duch.) to 
cope with drought stress. Plant Cell Tissue Organ Cul-
ture, 132, 511–523.

Mueller, N. D., Gerber, J. S., Johnston, M., Ray, D. K., 
Ramankutty, N., & Foley, J. A. (2012). Closing yield 
gaps through nutrient and water management. Nature, 
490, 254–257.

Nadiminti, P. P., Dong, Y. D., Sayer, C., Hay, P., Rookes, J. E., 
Boyd, B. J., & Cahill, D. M. (2013). Nanostructured liq-
uid crystalline particles as an alternative delivery vehi-
cle for plant agrochemicals. ACS Applied Materials and 
Interfaces, 5(5), 1818–1826.

Nava, G. A., Dalmago, G. A., Bergamaschi, H., Paniz, R., dos 
Santos, R. P., & Marodin, G. A. B. (2009). Effect of high 
temperatures in the pre-blooming and blooming periods 
on ovule formation, pollen grains and yield of ‘Granada’ 
peach. Scinetia Horticullture, 122, 37–44.

Nejatzadeh, F. (2021). Effect of silver nanoparticles on salt 
tolerance of Satureja hortensis L. during in  vitro and 
in vivo germination tests. Heliyon, 7, e05981.

Nel, A., Xia, T., Madler, L., & Li, N. (2006). Toxic potential of 
materials at the nanolevel. Science, 311(5761), 622–627.

Nievola, C. C., Carvalho, C. P., Carvalho, V., & Rodrigues, 
E. (2017). Rapid responses of plants to temperature 
changes. Temperature, 4(4), 371–405.

Ohama, N., Sato, H., Shinozaki, K., & Yamaguchi-Shinozaki, 
K. (2017). Transcriptional regulatory network of plant 
heat stress response. Trends Plant Science, 22, 53–65.

Omara, A. E. D., Elsakhawy, T., Alshaal, T., El-Ramady, H., 
Kovács, Z., & Fári, M. (2019). Nanoparticles: A novel 
approach for sustainable agro-productivity. Environment 
Biodiversity and Soil Security, 3, 29–62.

Palocci, C., Valletta, A., Chronopoulou, L., Donati, L., Bra-
mosanti, M., Brasili, E., Baldan, B., & Pasqua, G. (2017). 
Endocytic pathways involved in PLGA nanoparticle 
uptake by grapevine cells and role of cell wall and mem-
brane in size selection. Plant Cell Reports, 36, 1917–1928.

Paret, M. L., Vallad, G. E., Averett, D. R., Jones, J. B., & 
Olson, S. M. (2013). Photocatalysis: Effect of light-acti-
vated nanoscale formulations of  TiO2 on Xanthomonas 
perforans and control of bacterial spot of tomato. Phyto-
pathology, 103, 228–236.

Parisi, C., Vigani, M., & Rodríguez-Cerezo, E. (2015). Agri-
cultural nanotechnologies: What are the current possibili-
ties? Nano Today, 10(2), 124–127.

Patra, J. K., & Baek, K. H. (2017). Antibacterial activity and 
synergistic antibacterial potential ofbiosynthesized sil-
ver nanoparticles against foodborne pathogenic bacteria 
along with its anticandidal and antioxidant effects. Fron-
tiers in Microbiology, 8, 167.

Pavithra, G. J. P., Rajashekar Reddy, B. H., Salimath, M., Gee-
tha, K. N., & Shankar, A. G. (2017). Zinc oxide nano 
particles increases Zn uptake, translocation in rice with 
positive effect on growth, yield and moisture stress tol-
erance. Indian Journal of Plant Physiology, 22(3), 
287–294.

Pérez-de-Luque, A. (2017). Interaction of nanomaterials with 
plants: What do we need for real applications in agricul-
ture? Frontiers in Environmental Science, 5, 12.

Pérez-Labrada, F., López-Vargas, E. R., Ortega-Ortiz, H., 
Cadenas-Pliego, G., Benavides Mendoza, A., & Juárez-
Maldonado, A. (2019). Responses of tomato plants under 
saline stress to foliar application of copper nanoparticles. 
Plants, 8(6), 151.



 Water Air Soil Pollut (2023) 234:666

1 3

666 Page 40 of 43

Vol:. (1234567890)

Prasad, R., Pandey, R., & Barman, I. (2016). Engineering tai-
lored nanoparticles with microbes: Quo vadis? Wiley 
Interdisciplinary Reviews Nanomedicine and Nanobio-
technology, 8(2), 316–330.

Prasad, R., Bhattacharyya, A., & Nguyen, Q. D. (2017). Nano-
technology in sustainable agriculture: Recent develop-
ments, challenges, and perspectives. Frontiers in Micro-
biology, 8, 1014.

Prashant, M., Waseem, M.A., Managanvi, K. & Rai, V.L. 
(2023). Emerging insect-pests of vegetables due to 
changing climate. In: Solankey, S.S., Kumari, M. (eds) 
Advances in research on vegetable production under 
a changing climate vol. 2. Advances in Olericulture. 
Springer, Cham. https:// doi. org/ 10. 1007/ 978-3- 031- 
20840-9_ 14

Prazak, R., Swieciło, A., Krzepiłko, A., Michałek, S., & Arc-
zewska, M. (2020). Impact of Ag nanoparticles on seed 
germination and seedling growth of green beans in nor-
mal and chill temperatures. Agriculture, 10, 312.

Priyadarshini, E., Pradhan, N., Sukla, L. B., Panda, P. K., & 
Mishra, B. K. (2014). Biogenic synthesis of floral-shaped 
gold nanoparticles using a novel strain Talaromyces fla-
vus. Annalds of Microbiology, 64, 1055–1063.

Priyadarshini, S., Sanajay, G., & Sandeep, A. (2014). Effect of 
silver nanoparticles on antioxidant status of Brassica jun-
cea callus. The Indian Journal of Research, 8, 1–2.

Pulido-Reyes, G., Rodea-Palomares, I., Das, S., Sakthivel, T. 
S., Leganes, F., Rosal, R., & Fernández-Piñas, F. (2015). 
Untangling the biological effects of cerium oxide nano-
particles: The role of surface valence states. Scientific 
Reports, 5(1), 1–14.

Qi, M., Liu, Y., & Li, T. (2013). Nano-TiO2 improve the pho-
tosynthesis of tomato leaves under mild heat stress. Bio-
logical Trace Element Researsh, 156, 323–328.

Rady, M. O., Semida, W. M., Mageed, T. A., Howladar, S. 
M., & Shaaban, A. (2020). Foliage applied selenium 
improves photosynthetic efficiency, antioxidant poten-
tial and wheat productivity under drought stress. Inter-
national Journal of Agriculture and Biology, 24(5), 
1293–1300.

Rahmatizadeh, R., Javad Arvin, S. M., Jamei, R., Mozaffari, 
H., & Nejhad, F. R. (2019). Response of tomato plants 
to interaction effects of magnetic (Fe3O4) nanoparticles 
and cadmium stress. Journal of Plant Interactions, 14(1), 
474–481.

Raliya, R., Tarafdar, J. C., & Biswas, P. (2016). Enhancing 
the mobilization of native phosphorus in the mung bean 
rhizosphere using ZnO nanoparticles synthesized by 
soil fungi. Journal of Agricultural and Food Chemistry, 
64(16), 3111–3118.

Ramankutty, N., Evan, A. T., Monfreda, C., & Foley, J. A. 
(2008). Farming the planet: 1. Geographic distribution 
of global agricultural lands in the year 2000. Global Bio-
geochemical Cycles, 22(1), 1–19.

Rana, R. A., Siddiqui, M. N., Skalicky, M., Brestic, M., Hos-
sain, A., Kayesh, E., Popov, M., Hejnak, V., Gupta, D. 
R., Mahmud, N. U., & Islam, T. (2021). Prospects of 
nanotechnology in improving the productivity and qual-
ity of horticultural crops. Horticulturae, 7(10), 332.

Rastogi, A., Zivcak, M., Tripathi, D., Yadav, S., Kalaji, 
H., & Brestic, M. (2019). Phytotoxic effect of silver 

nanoparticles in Triticum aestivum: Improper regulation 
of photosystem I activity as the reason for oxidative dam-
age in the chloroplast. Photosynthetica, 57(1), 209–216.

Raza, A., Tabassum, J., Fakhar, A. Z., Sharif, R., Chen, H., 
Zhang, C., Ju, L., Fotopoulos, V., Siddique, K. H., Singh, 
R. K., & Zhuang, W. (2022). Smart reprograming of 
plants against salinity stress using modern biotechnologi-
cal tools. Critical Reviews in Biotechnology. https:// doi. 
org/ 10. 1080/ 07388 551. 2022. 20936 95

Raza, A., Charagh, S., Najafi-Kakavand, S., Abbas, S., Shoaib, 
Y., Anwar, S., Sharifi, S., Lu, G., & Siddique, K. H. 
(2023). Role of phytohormones in regulating cold stress 
tolerance: Physiological and molecular approaches 
for developing cold-smart crop plants. Plant Stress, 8, 
100152.

Regier, N., Cosio, C., von-Moos, N., & Slaveykova, V. I. 
(2015). Effects of copper-oxide nanoparticles, dissolved 
copper and ultraviolet radiation on copper bioaccumula-
tion, photosynthesis and oxidative stress in the aquatic 
macrophyte Elodea nuttallii. Chemosphere, 128, 56–61. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2014. 12. 078

Rizwan, M., Ali, S., Rehman, M. Z. U., Adrees, M., Arshad, 
M., Qayyum, M. F., Hussain, A., Chatha, S. A. S., & 
Imran, M. (2019). Alleviation of cadmium accumula-
tion in maize (Zea mays L.) by foliar spray of zinc oxide 
nanoparticles and biochar to contaminated soil. Environ-
mental Pollution, 248, 358–367.

Rizwan, M., Noureen, S., Ali, S., Anwar, S., Rehman, M. Z. 
U., Qayyum, M. F., & Hussain, A. (2019). Influence of 
biochar amendment and foliar application of iron oxide 
nanoparticles on growth, photosynthesis, and cadmium 
accumulation in rice biomass. Journal of Soils Sedi-
ments, 19, 3749–3759.

Roberts, A., & Oparka, K. J. (2003). Plasmodesmata and the 
control of symplastic transport. Plant Cell Environment, 
26, 103–124.

Rossi, L., Zhang, W., Lombardini, L., & Ma, X. (2016). The 
impact of cerium oxide nanoparticles on the salt stress 
responses of Brassica napus L. Environmental Pollution, 
219, 28–36.

Rossi, L., Zhang, W., & Ma, X. (2017). Cerium oxide nanopar-
ticles alter the salt stress tolerance of Brassica napus L. 
by modifying the formation of root apoplastic barriers. 
Environmental Pollution, 229, 132–138.

Ruttkay-Nedecky, B., Krystofova, O., Nejdl, L., & Adam, V. 
(2017). Nanoparticles based on essential metals and their 
phytotoxicity. Journal of Nanobiotechnology, 15(1), 33.

Sabaghnia, N., & Janmohammadi, M. (2015). Effect of nano-
silicon particles application on salinity tolerance in early 
growth of some lentil genotypes. In Annales Universitatis 
Mariae Curie-Sklodowska Sectio C-Biologia, 69(2), 39.

Sachdev, S., Ansari, S. A., Ansari, M. I., Fujita, M., & Hasa-
nuzzaman, M. (2021). Abiotic stress and reactive oxygen 
species: Generation, signaling, and defense mechanisms. 
Antioxidants, 10(2), 277.

Salama, D. M., Osman, S. A., Abd El-Aziz, M. E., Abd Elwa-
hed, M. S. A., & Shaaban, E. A. (2019). Effect of zinc 
oxide nanoparticles on the growth, genomic DNA, pro-
duction and the quality of common dry bean (Phaseolus 
vulgaris). Biocatalysis and Agricultural Biotechnology, 
19, 101083.

https://doi.org/10.1007/978-3-031-20840-9_14
https://doi.org/10.1007/978-3-031-20840-9_14
https://doi.org/10.1080/07388551.2022.2093695
https://doi.org/10.1080/07388551.2022.2093695
https://doi.org/10.1016/j.chemosphere.2014.12.078


Water Air Soil Pollut (2023) 234:666 

1 3

Page 41 of 43 666

Vol.: (0123456789)

Sanchez-Rodríguez, E., Moreno, D. A., Ferreres, F., Rubio-
Wilhelmi, M. M., & Ruiz, J. M. (2011). Differential 
responses of five cherry tomato varieties to water stress: 
Changes on phenolic metabolites and related enzymes. 
Phytochemistry, 72, 723–729.

Santas-Miguel, V., Arias-Estévez, M., Rodríguez-Seijo, A., & 
Arenas-Lago, D. (2023). Use of metal nanoparticles in 
agriculture. A review on the effects on plant germination. 
Environmental Pollution, 334, 122222.

Santiago, M., Pagay, V., & Stroock, A. D. (2013). Impact of 
electroviscosity on the hydraulic conductance of the bor-
dered pit membrane: A theoretical investigation. Plant 
Physiology, 163, 999–1011.

Sarker, A., & Kumar, S. (2011). Lentils in production and food 
systems in West Asia and Africa. International Center 
for Agricultural Research in the Dry Areas (ICARDA), 
Aleppo Syria. Grain Legumes, 57, 46–48.

Sattelmacher, B. (2001). The apoplast and its significance for 
plant mineral nutrition. New Physiologist, 149, 167–192.

Saxena, J., Sharma, P. K., Sharma, M. M., & Singh, A. (2016). 
Process optimization for green synthesis of silver nano-
particles by Sclerotinia sclerotiorum MTCC 8785 and 
evaluation of its antibacterial properties. Springerplus, 
5(1), 1–10.

Schroeder, P., & Krutmann, J. (2010). What is needed for a 
sunscreen to provide complete protection? Photochemi-
cal and Photobiological Sciences, 9(4), 455–461.

Sebastian, A., Nangia, A., & Prasad, M. N. V. (2019). Cad-
mium and sodium adsorption properties of magnetite 
nanoparticles synthesized from Hevea brasiliensis Muell. 
Arg. bark: Relevance in amelioration of metal stress in 
rice. Journal of Hazardous Materials, 371, 261–272.

Seleiman, M. F., Al-Selwey, W. A., Ibrahim, A. A., Shady, M., 
& Alsadon, A. A. (2023). Foliar applications of ZnO and 
SiO2 nanoparticles mitigate water deficit and enhance 
potato yield and quality traits. Agronomy, 13(2), 466.

Sepehri, A., & Faraji, J. (2020). Effect of nanoceria  (CeO2) and 
sodium nitroprusside (SNP) on germination and seedling 
growth of Pishgam wheat variety under drought stress. 
Iranian Journal of Seed Science and Technology, 8(2), 
257–270.

Shah, T., Latif, S., Saeed, F., Ali, I., Ullah, S., Alsahli, A. A., 
Jan, S., & Ahmad, P. (2021). Seed priming with titanium 
dioxide nanoparticles enhances seed vigor, leaf water 
status, and antioxidant enzyme activities in maize (Zea 
mays L.) under salinity stress. Journal of King Saud Uni-
versity-Science, 33(1), 101207.

Shalaby, T. A., Abd-Alkarim, E., El-Aidy, F., Hamed, E. S., 
Sharaf-Eldin, M., Taha, N., El-Ramady, H., Bayoumi, Y., 
& Dos Reis, A. R. (2021). Nano-selenium, silicon and 
 H2O2 boost growth and productivity of cucumber under 
combined salinity and heat stress. Ecotoxicology and 
Environmental Safety, 212, 111962.

Sharon, M., Choudhary, A. K., & Kumar, R. (2010). Nanotech-
nology in agricultural diseases and food safety. Journal 
of Phytology, 2, 83–92.

Shvedova, A. A., Kagan, V. E., & Fadeel, B. (2010). Close 
encounters of the small kind: Adverse effects of man-
made materials interfacing with the nano-cosmos of bio-
logical systems. Annual Review of Pharmacology and 
Toxicology, 50, 63–88.

Siddiqui, M. H., Al Whaibi, M. H., Faisal, M., & Al Sahli, A. 
A. (2014). Nano silicon dioxide mitigates the adverse 
effects of salt stress on Cucurbita pepo L. Environmental 
Toxicology and Chemistry, 33, 2429–2437.

Singh, J., & Lee, B. K. (2018). Effects of Nano-TiO2 particles 
on bioaccumulation of 133Cs from the contaminated soil 
by Soybean (Glycine max). Process Safety and Environ-
mental Protection, 116, 301–311.

Singh, A., Tiwari, S., Pandey, J., Lata, C., & Singh, I. K. 
(2021). Role of nanoparticles in crop improvement and 
abiotic stress management. Journal of Biotechnology, 
337, 57–70.

Smith, J. A., Johnson, L. B., & Williams, R. M. (2022). Size-
dependent uptake of nanoparticles by plant roots. Envi-
ronmental Science and Technology, 46(7), 367–375.

Sofy, M., Mohamed, H., Dawood, M., Abu-Elsaoud, A., & 
Soliman, M. (2022). Integrated usage of Trichoderma 
harzianum and biochar to ameliorate salt stress on spin-
ach plants. Archives of Agronomy and Soil Science, 
68(14), 2005–2026.

Somasundaran, P., Fang, X., Ponnurangam, S., & Li, B. (2010). 
Nanoparticles: Characteristics, mechanisms and modula-
tion of biotoxicity. KONA Powder and Particle Journal, 
28, 38–49.

Soni, S., Jha, A. B., Dubey, R. S., & Sharma, P. (2022). Appli-
cation of nanoparticles for enhanced UV-B stress toler-
ance in plants. Plant Nano Biology, 2, 100014.

Sun, L., Wang, Y., Wang, R., Wang, R., Zhang, P., Ju, Q., & 
Xu, J. (2020). Physiological, transcriptomic, and metabo-
lomic analyses reveal zinc oxide nanoparticles modulate 
plant growth in tomato. Environmental Science Nano, 
7(11), 3587–3604.

Suriyaprabha, R., Karunakaran, G., Yuvakkumar, R., Prabu, P., 
Rajendran, V., & Kannan, N. (2012). Growth and physio-
logical responses of maize (Zea mays L.) to porous silica 
nanoparticles in soil. Journal of Nanoparticle Research, 
14, 1294.

Szőllősi, R., Molnár, Á., Kondak, S., & Kolbert, Z. (2020). 
Dual effect of nanomaterials on germination and seed-
ling growth: stimulation vs. phytotoxicity. Plants, 9(12), 
1745.

Tantawy, A. S., Salama, Y. A. M., El-Nemr, M. A., & Abdel-
Mawgoud, A. M. R. (2015). Nano silicon application 
improves salinity tolerance of sweet pepper plants. Inter-
national Journal of ChemTech Research, 8(10), 11–17.

Tarafdar, J. C., Raliya, R., & Rathore, I. (2012). Microbial 
synthesis of phosphorous nanoparticle from tri-calcium 
phosphate using Aspergillus tubingensis TFR-5. Journal 
of Bionanoscience, 6(2), 84–89.

Taran, N., Storozhenko, V., Svietlova, N., Batsmanova, L., 
Shvartau, V., & Kovalenko, M. (2017). Effect of zinc 
and copper nanoparticles on drought resistance of wheat 
seedlings. Nanoscale Research Letters, 12, 60.

Tayyab, M., Islam, W., & Zhang, H. (2018). Promising role 
of silicon to enhance drought resistance in wheat. Com-
munications in Soil Science and Plant Analysis, 49(22), 
2932–2941.

Tee, J. K., Ong, C. N., Bay, B. H., Ho, H. K., & Leong, D. 
T. (2016). Oxidative stress by inorganic nanoparticles. 
Wiley Interdisciplinary Reviews. Nanomedicine and 
Nanobiotechnology, 8(3), 414–438.



 Water Air Soil Pollut (2023) 234:666

1 3

666 Page 42 of 43

Vol:. (1234567890)

Thakur, P., Kumar, S., Malik, J. A., Berger, J. D., & Nayyar, H. 
(2010). Cold stress effects on reproductive development 
in grain crops, an overview. Environmental Experimental 
Botany, 67, 429–443.

Thakur, S., Asthir, B., Kaur, G., Kalia, A., & Sharma, A. 
(2022). Zinc oxide and titanium dioxide nanoparticles 
influence heat stress tolerance mediated by antioxidant 
defense system in wheat. Cereal Research Communica-
tions, 50, 385–396.

Tighe-Neira, R., Gonzalez-Villagra, J., Nunes-Nesi, A., & 
Inostroza-Blancheteau, C. (2022). Impact of nanopar-
ticles and their ionic counterparts derived from heavy 
metals on the physiology of food crops. Plant Physiology 
and Biochemistry, 172, 14–23.

Tiwari, R. K., Lal, M. K., Kumar, R., Chourasia, K. N., Naga, 
K. C., Kumar, D., Das, S. K., & Zinta, G. (2021). Mecha-
nistic insights on melatonin-mediated drought stress 
mitigation in plants. Physiologia Plantarum, 172(2), 
1212–1226.

Tripathi, D. K., Singh, V. P., Prasad, S. M., Chauhan, D. K., 
& Dubey, N. K. (2015). Silicon nanoparticles (SiNp) 
alleviate chromium (VI) phytotoxicity in Pisum sativum 
(L.) seedlings. Plant Physiology and Biochemistry, 96, 
189–198.

Tripathi, D. K., Singh, S., Singh, S., Pandey, R., Singh, V. P., 
Sharma, N. C., Prasad, S. M., Dubey, N. K., & Chauhan, 
D. K. (2017). An overview on manufactured nanoparti-
cles in plants: Uptake, translocation, accumulation and 
phytotoxicity. Plant Physiology and Biochemistry, 110, 
2–12.

Tripathi, D. K., Tripathi, A., Singh, S., Singh, Y., Vishwa-
karma, K., Yadav, G., Sharma, S., Singh, V. K., Mishra, 
R. K., & Upadhyay, R. (2017). Uptake, accumulation and 
toxicity of silver nanoparticle in autotrophic plants, and 
heterotrophic microbes: A concentric review. Frontiers in 
Microbiology, 8, 7.

Turgeon, R. (2010). The puzzle of phloem pressure. Plant 
Physiology, 154(2), 578–581.

Usman, M., Farooq, M., Wakeel, A., Nawaz, A., Cheema, S. 
A., ur Rehman, H., Ashraf, I., & Sanaullah, M. (2020). 
Nanotechnology in agriculture: Current status, chal-
lenges and future opportunities. Science of the Total 
Environment, 721, 137778.

Usman, M., Zia-ur-Rehman, M., Rizwan, M., Abbas, T., 
Ayub, M. A., Naeem, A., Alharby, H. F., Alabdallah, 
N. M., Alharbi, B. M., Qamar, M. J., & Ali, S. (2023). 
Effect of soil texture and zinc oxide nanoparticles on 
growth and accumulation of cadmium by wheat: A life 
cycle study. Environmental Research, 216, 114397.

Van Nguyen, D., Nguyen, H. M., Le, N. T., Nguyen, K. H., 
Nguyen, H. T., Le, H. M., Nguyen, A. T., Dinh, N. T. 
T., Hoang, S. A., & Van Ha, C. (2021). Copper nano-
particle application enhances plant growth and grain 
yield in maize under drought stress conditions. Journal 
of Plant Growth Regulation, 41, 364–375.

Vannini, C., Domingo, G., Onelli, E., Prinsi, E., Marsoni, M., 
Espen, L., & Bracale, M. (2013). Morphological and 
proteomic responses of Eruca sativa exposed to silver 
nanoparticles or silver nitrate. PLoS One, 8(7), e68752.

Venkatachalam, P., Jayaraj, M., Manikandan, R., Geetha, N., 
Rene, E. R., Sharma, N. C., & Sahi, S. V. (2017). Zinc 

oxide nanoparticles (ZnONPs) alleviate heavy metal-
induced toxicity in Leucaena leucocephala seedlings: 
A physiochemical analysis. Plant Physiology and Bio-
chemistry, 110, 59–69.

Vithanage, M., Zhang, X., Gunarathne, V., Zhu, Y., Herath, 
L., Peiris, K., Solaiman, Z., Bolan, N., & Siddique, K. 
H. (2023). Plant nanobionics: Fortifying food secu-
rity via engineered plant productivity. Environmental 
Research, 229, 115934.

Vundavalli, R., Vundavalli, S., Nakka, M., & Rao, D. S. 
(2015). Biodegradable nano-hydrogels in agricultural 
farming-alternative source for water resources. Proce-
dia Materials Science, 10, 548–554.

Wahid, I., Kumari, S., Ahmad, R., Hussain, S. J., Alamri, 
S., Siddiqui, M. H., & Khan, M. I. R. (2020). Silver 
nanoparticle regulates salt tolerance in wheat through 
changes in ABA concentration, ion homeostasis, and 
defense systems. Biomolecules, 10(11), 1506.

Wakeel, A., Xu, M., & Gan, Y. (2020). Chromium-induced 
reactive oxygen species accumulation by altering the 
enzymatic antioxidant system and associated cytotoxic, 
genotoxic, ultrastructural, and photosynthetic changes 
in plants. International Journal of Molecular Sciences, 
21(3), 728.

Wang, H., Kou, X., Pei, Z., Xiao, J. Q., Shani, X., & Xing, 
B. (2011). Physiological effects of magnetite (Fe3O4) 
nanoparticles on perennial ryegrass (Lolium perenne 
L.) and pumpkin (Cucurbita mixta) plants. Nanotoxi-
cology, 5, 30–42.

Wang, Q., Ma, X., Zhang, W., Pei, H., & Chen, Y. (2012). The 
impact of cerium oxide nanoparticles on tomato (Sola-
num lycopersicum L.) and its implications for food safety. 
Metallomics, 4(10), 1105–1112.

Wang, S., Wang, F., & Gao, S. (2015). Foliar application with 
nano-silicon alleviates Cd toxicity in rice seedlings. 
Environmental Science and Pollution Research, 22, 
2837–2845.

Wang, P., Lombi, E., Zhao, F. J., & Kopittke, P. M. (2016). 
Nanotechnology: A new opportunity in plant sciences. 
Trends in Plant Science, 21(8), 699–712.

Wang, Y., Liu, Y., Zhan, W., Zheng, K., Lian, M., Zhang, C., 
Ruan, X., & Li, T. (2020). Long-term stabilization of Cd 
in agricultural soil using mercapto-functionalized nano 
silica (MPTS/nano-silica): A three-year field study. Eco-
toxicology and Environmental Safety, 197, 110600.

Wang, Z., Zhao, H., Gao, Q., Chen, K., & Lan, M. (2021). Fac-
ile synthesis of ultrathin two dimensional graphene-like 
 CeO2–TiO2 mesoporous nanosheet loaded with Ag nano-
particles for non-enzymatic electrochemical detection of 
superoxide anions in HepG2 cells. Biosensors and Bioel-
ectronics, 184, 113–236.

Wu, H., Santana, I., Dansie, J., & Giraldo, J. P. (2017). In vivo 
delivery of nanoparticles into plant leaves. Current Pro-
tocols in Chemical Biology, 9, 269–284.

Wu, H., Tito, N., & Giraldo, J. P. (2017). Anionic cerium oxide 
nanoparticles protect plant photosynthesis from abiotic 
stress by scavenging reactive oxygen species. ACS Nano, 
11, 11283–11297.

Wu, H., Shabala, L., Shabala, S., & Giraldo, J. P. (2018). 
Hydroxyl radical scavenging by cerium oxide nano-
particles improves Arabidopsis salinity tolerance by 



Water Air Soil Pollut (2023) 234:666 

1 3

Page 43 of 43 666

Vol.: (0123456789)

enhancing leaf mesophyll potassium retention. Environ-
mental Science Nano, 5(7), 1567–1583.

Wu, J., Wang, G., Vijver, M. G., Bosker, T., & Peijnenburg, W. 
J. (2020). Foliar versus root exposure of AgNPs to let-
tuce: Phytotoxicity, antioxidant responses and internal 
translocation. Environmental Pollution, 261, 114117.

Xiao, L., Wang, S., Yang, D., Zou, Z., & Li, J. (2019). Physi-
ological effects of MgO and ZnO nanoparticles on the 
Citrus maxima. Journal of Wuhan University of Technol-
ogy (materials science), 34(1), 243–253.

Yang, Z., & Qin, F. (2023). The battle of crops against drought: 
Genetic dissection and improvement. Journal of Integra-
tive Plant Biology, 65, 496–525.

Yang, L., & Watts, D. J. (2005). Particle surface characteristics 
may play an important role in phytotoxicity of alumina 
nanoparticles. Toxicology Letters, 158(2), 122–132.

Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., & Chen, S. 
(2021). Response mechanism of plants to drought stress. 
Horticulturae, 7, 50.

Yehia, R. S., & Ahmed, O. F. (2013). In  vitro study of the 
antifungal efficacy of zinc oxide nanoparticles against 
Fusarium oxysporum and Penicillium expansum. African 
Journal of Microbiol Research, 7(19), 1917–1923.

Yuan, H., Liu, Q., Fu, J., Wang, Y., Zhang, Y., Sun, Y., Tong, 
H., & Dhankher, O. P. (2023). Co-exposure of sulfur 
nanoparticles and Cu alleviate Cu stress and toxicity to 
oilseed rape Brassica napus L. Journal of Environmental 
Sciences, 124, 319–329.

Zahedi, S. M., Abdelrahman, M., Hosseini, M. S., Hoveizeh, N. F., 
& Tran, L. S. P. (2019). Alleviation of the effect of salinity on 
growth and yield of strawberry by foliar spray of selenium-
nanoparticles. Environmental Pollution, 253, 246–258.

Zeng, Y., Himmel, M. E., & Ding, S. Y. (2017). Visualizing 
chemical functionality in plant cell walls. Biotechnology 
for Biofuels, 10, 1–16.

Zhang, H., Du, W., Peralta-Videa, J. R., Gardea-Torresdey, J. 
L., White, J. C., Keller, A., Guo, H., Ji, R., & Zhao, L. 

(2018). Metabolomics reveals how cucumber (Cucumis 
sativus) reprograms metabolites to cope with silver ions 
and silver nanoparticle-induced oxidative stress. Environ-
mental Science and Technology, 52, 8016–8026.

Zhang, S. (2019). Mechanism of migration and transformation 
of nano selenium and mitigates cadmium stress in plants. 
Retrieved from https:// encyc loped ia. pub/ 7093 Master’s 
Thesis, Shandong University, Jinan, China, 2019.

Zhao, F., Ma, Y., Zhu, Y., Tang, Z., & McGrath, S. P. (2015). 
Soil contamination in China: Current status and mitiga-
tion strategies. Environmental Science and Technology, 
49, 750–759.

Zhao, X., Yuan, X., Xing, Y., Dao, J., Zhao, D., Li, Y., Li, W., 
& Wang, Z. (2023). A meta-analysis on morphological, 
physiological and biochemical responses of plants with 
PGPR inoculation under drought stress. Plant Cell and 
Environment, 46(1), 199–214.

Zhu, Z. J., Wang, H., Yan, B., Zheng, H., Jiang, Y., Miranda, 
O. R., Rotello, V. M., Xing, B., & Vachet, R. W. (2012). 
Effect of surface charge on the uptake and distribution of 
gold nanoparticles in four plant species. Environmental 
Science and Technology, 46(22), 12391–12398.

Zulfiqar, F., & Ashraf, M. (2021). Nanoparticles potentially 
mediate salt stress tolerance in plants. Plant Physiology 
and Biochemistry, 160, 257–268.

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://encyclopedia.pub/7093

	Nanotechnology: an Integrated Approach Towards Agriculture Production and Environmental Stress Tolerance in Plants
	Abstract 
	1 Introduction
	2 Different Kinds of Abiotic Stress
	3 Nanotechnology: an Integrated Agriculture Tool to Alleviate Abiotic Stress in Plants
	3.1 Extreme Temperature
	3.2 Salinity Stress
	3.3 Heavy Metal Stress
	3.4 Drought Stress
	3.5 Oxidative Stress
	3.6 UV-B Radiation Stress

	4 Impact of Nanofertilizer Application (Particle Size, Surface Area, Charge, etc.)
	5 Uptake, Translocation, and Accumulation of Nanoparticles (NPs) into the Plants
	5.1 Size-Dependent Uptake of NPs
	5.2 Surface Charge–Dependent Uptake of NPs

	6 Molecular Mechanisms and Biochemical and Physiological Aspects of Nanoparticles in Plants
	7 Nanotechnology-Based Agriculturally Important Nanofertilizers
	7.1 Cerium NPs (CeO NPs)
	7.2 Silicon NPs (SiNPs)
	7.3 Titanium Dioxide NPs (TiO2 NPs)

	8 Phytotoxicity of Nanomaterials
	9 Conclusions and Future Perspectives
	References


