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ABSTRACT: Various environmental stressors, such as salinity, heat, drought, and metals, present significant obstacles
to crop productivity. This study delves into the adverse effects of metals, specifically focusing on cadmium (Cd), nickel
(Ni), mercury (Hg), chromium (Cr), arsenic (As), lead (Pb), and copper (Cu) on plants. It explores the sources of
these metals, examining both natural occurrences and human-induced activities, and investigates the mechanisms
through which plants absorb them. Metal pollution, in particular, negatively affects plant and microbiome well-being,
producing reactive oxygen species (ROS) that harm essential macromolecules. Traditional stress-resistant plant varieties
necessitate substantial development, leading to the exploration of innovative approaches like nanotechnology. This
examination underscores the diverse applications of nanoparticles (NPs), such as titanium oxide, copper oxide, zinc
oxide, etc., in alleviating metal stress and improving crop resilience. Nanoparticles possess advantageous characteristics,
including increased reactivity, small size, and efficient transport within plants. The earlier information underscores the
influence of nanoparticles on morpho-physiological and biochemical traits of plants, addressing the limited information
in this field, especially under metal toxicity. Mechanisms of NP action encompass chelation, antioxidant enzymatic
activity, and the formation of complexes, presenting promising avenues for sustainable agriculture and enhanced food
productivity. Future perspectives in nanoparticle strategies for metal toxicity emphasize tailored formulations and long-
term ecological studies. Integration with precision agriculture and genetic engineering offers synergies, highlighting
collaborative efforts and global cooperation for practical adoption.
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1 Introduction
Agriculture plays a crucial role in ensuring food security and providing essential nutrients for the global

population. The shift towards monoculture and reliance on a few staple crops has raised concerns about
sustainability and food security. This overview highlights the multifaceted contributions of agriculture to
food systems, emphasizing the need for sustainable practices to meet future demands. The food industry
processes 60%–80% of primary agricultural production, linking agriculture with economic development.
Addressing undernourishment and malnutrition requires a commitment to sustainable agriculture that
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meets current and future food needs [1]. Maintaining crop yield amidst environmental challenges stands
as a significant undertaking for scientists. This is due to the substantial impact of diverse abiotic stressors
on the environment and climatic conditions, leading to a reduction in crop productivity [2]. Salinity, heat
stress, drought, and heavy metals are among the various stresses that pose significant constraints, resulting
in yield losses and economic downturns [3]. The presence of heavy metals in the soil hurts both the plant
and its associated microbiome. The stress induced by them leads to the generation of (ROS), which, in
turn, harms the essential macromolecules inside the organism, impacting the nutritional quality and ecology
of the vegetation as well as crops. Cu-contamination in soil can interfere with normal growth processes
in plants by detrimentally affecting physiological and biochemical processes in plants [4]. Plants exhibit
various physiological and biochemical responses to mitigate the adverse effects of HM stress, including
the generation of ROS and the activation of antioxidant defense systems. The following sections detail
the mechanisms through which plants cope with heavy metal stress. Plants utilize both enzymatic (e.g.,
superoxide dismutase, catalase) and non-enzymatic (e.g., ascorbate, glutathione) antioxidants to combat
oxidative stress induced by HMs [5]. Catalase (CAT), superoxide dismutase (SOD), peroxidase (POX),
glutathione peroxidase (GPXs), malonaldehyde (MDA), and other enzymes encounter a notable hindrance
in their antioxidant enzymatic activities due to oxidative stress. Despite this challenge, these enzymes play
a crucial role in mitigating stressful conditions while maintaining hydrogen peroxidase (H2O2) homeosta-
sis [6]. Nevertheless, the creation of stress-resistant varieties is a time-intensive endeavor that demands
numerous trials in both scientific laboratories and natural settings. Various approaches are employed to
enhance resistance to abiotic stresses, and this includes the development of genetically modified varieties
specifically designed to withstand such stresses [7].

Nanotechnology has played a pivotal role in overcoming constraints to advance civilization by enhanc-
ing oversight and streamlining agricultural contributions. This, in turn, will contribute to increasing
crop consumption through the modification of formulations and the reduction of yield losses. Modern
generations have witnessed the introduction of pathogen diagnosis, agricultural mechanisms, and advanced
cropping systems employing integrated nanomaterials [8]. Nanotechnology has diverse applications in
agriculture, materials science, and engineering. The utilization of NPs to enhance resilience against drought
and heavy metals (HMs) stress represents an innovative approach to sustainable agriculture and increased
food productivity. Nanoparticles effectively counteract the toxicity induced by drought and HMs, thereby
restoring crop production in challenging environments [9]. The expansive surface area, diminutive size,
capacity to enhance solutes, heightened reactivity, pore size, weight ratio, and transportation within plants
constitute advantageous properties of nanoparticles [10]. In molecular biology, nanoparticles are employed
to enhance enzymatic activity, increase radical detoxification capacity, and achieve sustainability [11].
Nanoparticles, including titanium oxide (TiO2), molybdenum trioxide (MoO3), copper oxide (CuO), silver
(Ag), zinc oxide (ZnO), iron oxide (Fe3O4), silicon (Si) and chromium dioxide (CrO2) are increasingly
utilized in the agricultural industry. Nanoparticles are unstable, however, during their synthesis, stabilizing
agents including Polyvinyl chloride (PVC), polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP) and
cetyltrimethylammonium bromide (CTAB) are being used to increase their efficacy. Nanoparticles fulfill
vital roles in the control of biochemical pathways, physiological functioning, and the handling of stress [12].
The application of nanoparticles decreased the uptake of Cadmium (Cd), Manganese (Mn), and Lead (Pb)
in Oryza sativa, Triticum aestivum, and Helianthus annuus, as NPs might act as a barrier in heavy metal
uptake due uptake competition [13]. Nanoparticles (NPs) play a critical role in plant systems, particularly
their mobility and accumulation. These particles can enter plants through both leaves and roots [14]. In
the foliage, NPs access the mesophyll cells mainly through stomata and cuticles. Their mobility through
cell walls is largely determined by their size and charge. Additionally, plastids and plasmodesmata play
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key roles in regulating intracellular transport and their distribution within plant cells [15]. By utilizing
nanomaterials, researchers have developed innovative strategies to reduce the toxicity of heavy metals in
plants, thereby improving agricultural sustainability. The integration of nanotechnology in agrochemicals
has shown significant potential in improving nutrient efficiency and reducing heavy metal toxicity [16].

In the empire of plant stress responses, the mitigation of heavy metal stress in plants through nanotech-
nology has garnered significant attention. However, the literature remains notably deficient in addressing
the impact of nanoparticles on morpho-physiological and biochemical attributes of cereals under salinity
stress at distinct growth stages. This review aims to fill this knowledge gap by exploring the potential of
nanoparticles to ameliorate the dire consequences of heavy metal stress on plants, shed shedding light on an
innovative approach to enhance crop resilience and productivity.

2 Heavy Metal Stress Poses Significant Challenges to Crops
Heavy metal stress poses significant encounters to living organisms, primarily due to increased

anthropogenic activities leading to environmental contamination. This stress results in various physiological
and biochemical alterations, including oxidative stress, which can severely impact growth and productivity.
Understanding the mechanisms of heavy metal stress and potential mitigation strategies is crucial for
enhancing resilience in affected organisms. Exposure to heavy metals generates (ROS), leading to oxidative
damage in plant cells. This could hinder plant development, diminish crop yields, and present a potential
hazard by infiltrating the food chain, jeopardizing human health. Heavy metal toxicity in plants poses
significant negative impacts on growth, metabolism, and overall health, primarily due to the accumulation
of ROS and subsequent oxidative stress (Fig. 1). This toxicity leads to various physiological and biochemical
disruptions, ultimately affecting crop yield and food safety [17,18]. Heavy metals disrupt cellular processes,
leading to stunted growth and reduced biomass in plants. The accumulation of ROS results in lipid
peroxidation and damage to cellular membranes, proteins, and nucleic acids. Heavy metals can inhibit
enzyme activity, disrupting metabolic pathways essential for plant health [19].

Figure 1: Adverse effects of metal toxicity and its mitigation with nanoparticles
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3 Adverse Impacts of Heavy Metals on Plants

3.1 Toxicity of Cadmium (Cd) in Plants
Cadmium (Cd) is one of the most infamous environmental pollutants that showed adverse effects on

plants and humans health. In arable terrains and freshwater basins, Cadmium (Cd) is mainly furnished
by innate procedures like geogenic influences (resulting from the breakdown of source rocks and volcanic
actions) and human-related actions (such as watering with wastewater, application of phosphate fertilizers
and pesticides utilization of organic fertilizers, burning of fossil fuels, extraction, refining, and atmospheric
precipitation [20]. Cadmium (Cd) toxicity in plants is a significant environmental concern, primarily due to
its non-essential nature and harmful effects on plant physiology. Cd enters plants through root uptake and
can lead to various detrimental symptoms, including stunted growth, chlorosis, and necrosis. Understanding
the mechanisms of Cd toxicity and the strategies for mitigation is crucial for enhancing plant health and
productivity. Cd disrupts essential metabolic functions, leading to oxidative stress, DNA damage, and
impaired photosynthesis. Cd is absorbed by roots and translocated to aerial parts, affecting nutrient uptake
and overall plant health [21]. Cadmium is a prevalent heavy metal contaminant that plant roots absorb,
subsequently entering the food chain and posing a threat to human and animal health [22,23].

3.2 Toxicity of Nickel (Ni) in Plants
The advancement of industrial progress has given rise to an increased release of contaminants, affecting

ecosystems in the process. One of these pollutants is Nickel (Ni), classified as a transitional element.
Nickel and its compounds have various applications in both industrial and business settings. Nickel
actively engages in the formation of enzymes, methyl-coenzyme reductase including glyoxalases, superoxide
dismutase, peptide ureolysis, ureases, peptide deformylases, and some hydrogenases methyl-coenzyme
reductase. Moreover, it plays a crucial role in processes such as acidogenesis, hydrogen metabolism, ureolysis,
and methane genesis. Additionally, Nickel contributes significantly to maintaining cellular redox balance,
stress resilience/defense, and optimizing nitrogen use efficiency [24]. Nickel (Ni) toxicity poses significant
challenges to plant growth and development, primarily due to its accumulation in soils from industrial
activities and agricultural practices. While Ni is an essential micronutrient at low concentrations, excessive
levels lead to detrimental physiological and biochemical effects on various plant species. The following
sections outline the key impacts of Ni toxicity on plants. Nickel (Ni) toxicity poses significant challenges
to plant growth and development, primarily due to its accumulation in soils from industrial activities and
agricultural practices. While Ni is an essential micronutrient at low concentrations, excessive levels lead to
detrimental physiological and biochemical effects on various plant species. The following sections outline
the key impacts of Ni toxicity on plants [25]. Excess Ni interferes with the absorption of essential nutrients
and phytohormones, further retarding growth and development [26].

3.3 Toxicity of Mercury (Hg) in Plants
Mercury functions as a harmful element for plants and has no positive effects whatsoever. The toxicity

of mercury (Hg) in plants significantly impairs their growth, physiological functions, and biochemical
processes. Research indicates that even low concentrations of mercury can lead to adverse effects, while
higher concentrations result in severe toxicity, affecting plant morphology and reproductive capabilities. The
following sections detail the key impacts of mercury on plant health. Mercury exposure leads to reduced
plant height and leaf diameter, with severe effects observed at concentrations above 0.10 ppm. Symptoms of
toxicity, such as wilting and chlorosis, become evident at higher concentrations, indicating significant stress
on the plants [27]. Increased levels of proline and malondialdehyde (MDA) indicate oxidative stress and lipid
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peroxidation due to mercury accumulation (Table 1). The expression of stress-responsive genes is altered,
affecting the plant’s ability to cope with abiotic stress. The accumulation of mercury in plants poses risks to
food safety and security, as it can enter the food web and affect human health. Hyperaccumulating plants can
exacerbate mercury contamination in agricultural systems, leading to broader ecological consequences [28].

Table 1: Effect of different heavy metal levels on morphological, physiological, and biochemical attributes of plants

Heavy metals Concentration Plant species Effect Reference

Cadmium

0–33 mg kg−1 Wheat
Triticum aestivum L.

Low Cd prompts wheat seedlings and
promotes growth. Malondialdehyde
contents were enhanced at high Cd

concentrations.

[29]

0, 500 μM Maize
Zea mays L.

Reduction in shoot length, root length,
fresh weight, and dry weight.

[30]

50 μM RiceOryza sativa L. Reduction in plant growth and toxicity
symptoms on the leaves. It also caused

lipid peroxidation.

[31]

0, 5, 25, 50, 100 μM Sorghum
Sorghum bicolor L.

Reduction in plant height and leaf
number. It also increased the electrolyte

leakage, hydrogen peroxide, and
malondialdehyde.

[32]

10, 100 μM Tomato
Lycopersicon
esculentum L.

Reduction in plant growth and
appearance of chlorosis on leaves. It also

increased the activities of several
enzymes.

[33]

0, 25, 50, 75,
100 mg kg −1

Spinach
Spinacia oleracea L.

Reduction in growth and
photosynthetic pigments.

[34]

250 μM Lettuce
Lactuca sativa L.

Reduction in root length and
photosynthesis. Reduction in total

soluble protein content. It also causes
oxidative stress.

[35]

0, 50, 100 ppm Pea
Pisum aestivum L.

Reduction in height of the plant, leaf
surface area, plant fresh weight, and

overall pod yield per plant. Reduction in
superoxide dismutase (SOD).

[36]

0, 20, 40, 60 mg/L Corn
Zea mays L.

Reduction in shoot and root dry weight,
chlorophyll a & b content also

decreased. High levels of mercury
caused cell death, and hydrogen

peroxide, and malondialdehyde content
also increased.

[37]

0.0, 0.05, 0.1 mM Soybean
Glycine max L.

Reduction in seedling germination,
seedling both fresh and dry weight.
Mercury stress increased the proline

and malondialdehyde content.

[38]

0, 50, 100, 150 μM Sweet paper
Capsicum annum L.

Maximum reduction in photosynthetic
machinery and total fresh and dry

weight. The high toxicity of mercury
increased the antioxidant enzymes like

SOD, CAT, and POD.

[39]

0, 50, 100 μM Spinach
Spinacia oleracea L.

Reduction in length of shoot and root,
fresh and dry weight, and also reduction

in chlorophyll a & b and carotenoids.

[40]

(Continued)
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Table 1 (continued)

Heavy metals Concentration Plant species Effect Reference
5, 10, 20 mg L−1 Wheat

Triticum aestivum L.
Arsenic is stored in grains of wheat. [41]

Arsenic 0.5 & 50 μM Rice
Oryza sativa L.

Reduction in plant growth and
photosynthetic pigments. Arsenic stress

increased the hydrogen peroxide,
methylglyoxal, malondialdehyde, and

nitrate reductase.

[42]

0–16 μM Lettuce .
Lactuca sativa L

Reduction in plant growth, plant
biomass, and chlorophyll content of

leaves.

[43]

Lead

100 mM Wheat
Triticum aestivum L.

Significant reduction in wheat seedling
leaf surface area.

[44]

0, 100, 150,
300 mg kg−1

Spinach
Spinacia oleracea L.

Reduction in spinach root and shoot
biomass.

[45]

0, 100, 200, 400, 800
mg kg−1

Sorghum
Sorghum bicolor L.

Reduction in seed germination and
seedling growth.

[46]

Nickel

50 mM Spinach
Spinacia oleracea L.

Reduction in fresh and dry weight.
Nickel stress increased the hydrogen

peroxide (H2O2) and malondialdehyde
(MDA).

[47]

0, 15, 30 mg L−1 Tomato
Solanum Lycopersicon

L.

Non-significant effect on tomato fruit
characteristics like fruit dry matter

percentage. It enhanced the activities of
antioxidant enzymes like SOD, CAT,

POX and APX.

[48]

150 mg kg−1 Brassica
Brassica napus L.

Reduction in plant growth, relative
water content, photosynthetic pigments,

and total proline content.

[49]

Copper

150, 300 mg kg−1 Wheat
Triticum aestivum L.

Copper impairs plant growth and
reproductive performance.

[50]

8 mg L−1 Tomato
Solanum Lycopersicon

L.

Reduction in plant growth and
photosynthetic pigments.

[51]

40 mg kg−1 Pea
Pisum sativum L.

Reduction in crop yield under copper
stress. It also causes significant changes

in the amino acid and protein content of
pea.

[52]

Chromium

0, 50, 100, 150,
200 mg kg−1

Lettuce
Lactuca sativa L.

Significant reduction in nutrient uptake. [53]

0, 50 μM Wheat
Triticum aestivum L.

Reduction in plant growth and dry
weight of leaf, shoot, and root also

reduced. It also decreased the activities
of catalase (CAT).

[54]

3.4 Toxicity of Chromium (Cr) in Plants
The toxicity of chromium in plants is a significant environmental concern, primarily due to its preva-

lence in agricultural soils from anthropogenic activities. Chromium exhibits high toxicity towards plants,
adversely impacting their growth and development. Toxicity from chromium induces numerous negative
impacts on the morpho-physiological characteristics and antioxidant defense system of plants. This results
in harm to root tip cells and, in severe cases, can lead to the death of the plant [55]. Chromium exposure
leads to reduced growth rates, wilting, and necrosis, particularly in older leaves. Studies indicate that Cr
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accumulation primarily occurs in roots, hindering the translocation of essential nutrients to aerial parts.
Increased levels of ROS due to Cr stress result in oxidative damage, affecting physiological processes like
photosynthesis. Cr toxicity disrupts chlorophyll synthesis, leading to diminished photosynthetic efficiency.
Enhanced activity of antioxidant enzymes, such as catalase and peroxidase, is observed as a plant response
to mitigate oxidative stress. The balance of mineral nutrients is also affected, as Cr competes with essential
elements for uptake [56].

3.5 Toxicity of Arsenic (As) in Plants
Arsenic (As) toxicity in plants poses significant challenges to agriculture and food safety due to its

widespread environmental presence. The detrimental effects of arsenic on plant health are multifaceted,
impacting growth, development, and overall productivity. Understanding these effects is crucial for devel-
oping mitigation strategies. Arsenic enters plants primarily through roots, where it can inhibit root growth
and nutrient uptake, leading to reduced biomass and chlorophyll degradation [57]. The soil’s As content
fluctuates based on its sources, with an average global value of 5 mg kg−1 in soil [58]. The buildup of arsenic
in plants has detrimental effects on plant development, such as initiating the generation of ROS, which
plays a substantial role in regulating plant physiology and morphology. Furthermore, arsenic disrupts ionic
homeostasis and cellular integrity in plants, leading to a reduction in nutrient uptake and consequently
hindering plant growth [59]. As in irrigation water and soil components permeate the food chain as the
plant absorbs them. Elevated concentrations of As in both soil and irrigation water not only constrain
the development and yield of crops but also pose a perilous hazard to human health as they infiltrate the
food chain growth [60]. Similar to other metals/metalloids, stress due to toxicity in plants leads to various
morpho-physiological disturbances. This includes phenomena such as chlorosis, hindered root proliferation
and extension, diminished growth, hindered water absorption, disrupted photosynthesis, respiration, and
transpiration. There is also interference with other metabolic processes, ultimately resulting in reduced
development and yield through a decrease in biomass accumulation [61].

3.6 Toxicity of Lead (Pb) in Plants
Lead (Pb) toxicity in plants is a significant environmental concern due to its detrimental effects on

plant growth and physiological processes. Pb enters plants primarily through root uptake, leading to various
toxic responses that hinder growth and yield. The following sections outline the key aspects of Pb toxicity
in plants. Pb is absorbed non-selectively by plant roots, facilitated by H+/ATPases, and translocated through
apoplastic and symplastic pathways. Factors influencing Pb uptake include soil pH, cation exchange capacity,
and root morphology [62]. Pb exposure disrupts seed germination, root and shoot development, and overall
biomass yield. It induces oxidative stress by generating ROS, leading to cellular damage and impaired
photosynthesis. Pb alters nutrient uptake, water balance, and hormonal regulation, affecting plant health
and productivity. Plants employ various strategies to mitigate Pb toxicity, including compartmentalization in
vacuoles, chelation with phytochelatins, and enhanced anti-oxidative responses. While the mechanisms of
Pb toxicity are well-documented, ongoing research is essential to fully understand the molecular pathways
involved and to develop transgenic plants for improved tolerance and remediation strategies [63].

3.7 Toxicity of Copper (Cu) in Plants
Cu toxicity in plants is a significant concern due to its essential role as a micronutrient and the

detrimental effects of excessive concentrations. While copper is vital for various physiological processes,
including photosynthesis and respiration, elevated levels can lead to physiological and biochemical disorders,
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ultimately reducing plant growth and health. Cu is a vital micronutrient for the regular growth and matura-
tion of plants [64]. Nevertheless, an excess of copper manifests as elevated toxicity, inducing oxidative stress,
augmenting the ROS content within plant cells, and compromising the integrity and functionality of cell
membranes [22,23,65,66]. In agriculture, an excess of Cu and Cd results in various adverse consequences for
crops. This involves a decrease in seed germination rates, modifications in the development and morphology
of crops, and obstacles to the uptake of essential minerals [67]. These unfavorable consequences result in
diminished crop yields and inferior quality. The uptake of metal elements by plants depends on the plant type
and the specific heavy metal involved. Copper contamination in soil arises from mining activities, excessive
use of copper-based fungicides, pesticides, and fertilizers, as well as industrial discharges. Additional sources
include sewage sludge, wastewater, and natural processes such as weathering of copper-rich rocks and
volcanic activity [68].

4 Nanotechnology Significance in Stress Management
Nanotechnology plays a transformative role in stress management within agriculture, particularly in

addressing abiotic stresses such as drought, salinity, and temperature extremes. By leveraging the unique
properties of nanoparticles, researchers are developing innovative solutions that enhance plant resilience and
productivity. This overview will explore the applications, mechanisms, and potential challenges associated
with nanotechnology in stress management. Numerous investigations have been conducted to comprehend
the fundamental operational mechanism of nanoparticles for mitigating stress caused by heavy metals.
The impacts of heavy metal stress have been observed to affect the physiological, morphological, and
biochemical aspects of plant life. Some findings indicate that nanoparticles governing plant growth might
pose harm to them when present in elevated [69]. To combat stress induced by heavy metals in plants,
diverse strategies have been employed, including the reduction of the bioavailable concentration of heavy
metal in the soil [70], enhancing the plant defense system, optimizing physiological functions, formulating
protective agents, and regulating the expression of genes associated with the transport of heavy metals are
all strategies employed to ameliorate the impact of heavy metal stress [71]. Moreover, the harm induced
by heavy metal stress in plants can be partially alleviated by chelating organic acids that accumulate
in their cell walls [72]. Nanoparticles have demonstrated the ability to enhance the synthesis of defense
compounds Antioxidant enzymes, including superoxide dismutase (SOD), peroxidase (POD), catalase,
ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR) and glutathione peroxidase (GPX),
play a crucial role in regulating ROS levels within cells. They function to eliminate these reactive species,
particularly when present at elevated concentrations. Additionally, the application of nanoparticles (NPs)
interacts with plant cell walls and facilitates their breakdown by activating endogenous polyphenols and
antioxidant vitamins including vitamin C and vitamin E. Moreover, these molecules enhance the enzyme
activities and loosen the cell wall structure. They scavenge ROS generated during nanoparticle penetration,
reducing oxidative stress. This dual action allows NPs to penetrate deeper into plant tissues while maintaining
cellular homeostasis [73].

4.1 Mechanism of Nanoparticles to Alleviate Heavy Metal Stress
The mechanism of nanoparticles in alleviating heavy metal stress in plants involves several biochemical

and physiological pathways that enhance plant resilience. Nanoparticles, particularly silicon nanoparticles,
have shown significant potential in mitigating the adverse effects of heavy metals by improving plant
growth and antioxidant responses. Nanoparticles can form complexes with heavy metals, reducing their
bioavailability and uptake by plants, thereby minimizing toxicity. Enhancement of Antioxidant Activity
(Fig. 2): Nanoparticles boost the activity of both enzymatic and non-enzymatic antioxidants, which helps in
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scavenging reactive oxygen species generated under heavy metal stress [74]. Silicon nanoparticles enhance
the uptake of essential nutrients like calcium and potassium, which are crucial for maintaining cellular
integrity and function under stress conditions. The application of nanoparticles has been linked to improved
growth metrics, such as increased chlorophyll content and biomass, which are vital for plant health [75]. To
mitigate the adverse effects of heavy metal stress, plants have developed diverse homeostatic mechanisms
to control the accumulation and uptake of metalloids. Nevertheless, the effectiveness of heavy metal
detoxification varies and is subject to improvement. Key strategies aimed at enhancing heavy metal resistance
in plants encompass reducing the number of bioavailable metal contaminants, regulating the expression of
genes involved in metal/metalloid transport, restoring the capability of the apoplastic barrier to intercept
metal contaminants, providing additional nutrients to stressed plants, reinforcing both enzymatic and non-
enzymatic antioxidant systems and increasing the biosynthesis of protective agents such as organic acids,
compatible solutes, phytochelatins, and root secretions [76].

Figure 2: Schematic illustration of the mode of action of nanoparticles to mitigate the effect of heavy metal stress

Nanoparticles have emerged as a promising solution to alleviate heavy metal stress in plants, addressing
a significant environmental challenge. Their unique properties enable them to interact with heavy metals in
various ways, enhancing plant resilience and promoting growth even in contaminated soils. This response
synthesizes findings from recent studies, highlighting the mechanisms through which nanoparticles mitigate
heavy metal toxicity and improve plant health. Nanoparticles, particularly silicon nanoparticles, can form
complexes with heavy metals, reducing their bioavailability and uptake by plants. This interaction helps in
detoxifying heavy metals in the soil, thereby minimizing their harmful effects on plant metabolism [76].
Nanoparticles enhance the activity of both enzymatic and non-enzymatic antioxidants in plants. This boost
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in antioxidant capacity helps mitigate oxidative stress caused by heavy metals, leading to improved growth
and yield [77]. Nanoparticles can alter the physico-chemical properties of the soil, such as pH and microbial
activity, which can further reduce heavy metal mobility. This modification enhances the apoplastic barrier
in plants, restricting heavy metal movement into plant tissues. The use of nanoparticles in conjunction
with plant growth-promoting microorganisms has shown synergistic effects in enhancing phytoremediation.
For instance, biogenic iron oxide nanoparticles combined with specific bacterial strains have been found
to improve chlorophyll content and growth in plants under heavy metal stress [78]. Silicon nanoparticles
are particularly effective in alleviating heavy metal stress due to their natural occurrence and ability to
enhance plant resilience. They play a crucial role in detoxifying heavy metals and improving physiological
functions in plants. Biogenic iron oxide nanoparticles synthesized from plants like Eichhornia crassipes
have demonstrated significant potential in enhancing plant growth and reducing heavy metal toxicity. Their
application has been linked to improved antioxidant enzyme activity and reduced electrolyte leakage in
stressed plants [79].

The use of environmentally friendly methods to synthesize nanoparticles, such as using plant extracts,
has gained attention. These nanoparticles not only mitigate heavy metal stress but also promote sustainable
agricultural practices. The use of nanoparticles in agriculture expands, and establishing regulatory frame-
works to ensure their safe application is essential. This will help mitigate potential environmental risks
associated with nanoparticle use [80].

4.2 Nanoparticles as a Nanophytoremidation
Nano-phytoremediation is an innovative approach that combines the principles of phytoremediation

with nanotechnology to address the pressing issue of heavy metal contamination in the environment.
This method leverages the unique properties of nanoparticles, which enhance the ability of plants to
absorb and detoxify heavy metals from contaminated soils. By utilizing engineered nanomaterials, nano-
phytoremediation not only improves the efficiency of pollutant removal but also offers a sustainable and
eco-friendly solution to a significant environmental challenge [21,81, 82]. Nanophytoremediation operates
through various mechanisms that facilitate the removal of heavy metals from the soil. Plants absorb nanopar-
ticles that bind to heavy metals, allowing for their concentration within plant tissues (Table 2). Nanoparticles
can catalyze the breakdown of complex organic pollutants into simpler, less harmful compounds. This
mechanism involves immobilizing heavy metals in the soil, preventing their leaching into groundwater,
and reducing bioavailability to plants and microorganisms [83]. Nanoparticles possess a high surface area
and active sites, which increase their reactivity and ability to bind heavy metals effectively. Nanomaterials
can penetrate contaminated zones that are otherwise inaccessible, allowing for more thorough remediation
efforts [84].

Table 2: Effects of nanoparticles on different concentrations of heavy metal stress to improve the morphological,
physiological, and biochemical performances of plants

Nanoparticles Concentration Plant species Effects Reference

Si-Nanoparticles

3 mM Wheat
Triticum aestivum L.

Foliar spray of Si NPs improved the
photosynthetic pigments, growth, and
activities of antioxidant enzymes like

SOD, POD, CAT, etc.

[85]

0, 100, 200, 300, 400
ppm

Maize
Zea mays L.

Increased the chlorophyll pigments,
total soluble sugar, total soluble protein,

total soluble amino acid, and
antioxidant enzymatic activities.

[86]

(Continued)
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Table 2 (continued)

Nanoparticles Concentration Plant species Effects Reference
2.5 mM Rice

Oryza sativa L.
Improved the growth of shoot and root.

It also enhanced the peak value of
polysaccharides.

[87]

Zn-Nanoparticles

0, 1, 2.5, 5, 10,
15 mg L−1

Lettuce
Lactuca sativa L.

Increased the growth, biomass,
chlorophyll content, total proline

content, and antioxidant enzymatic
activities.

[88]

50 mg L−1 Rice
Oryza sativa L.

Increased plant growth, shoot fresh
weight, dry weight, chlorophyll

pigments, and antioxidant enzymatic
activities.

[89]

25 ppm Wheat
Triticum aestivum L.

Increased the germination percentage,
shoot and root growth, total

chlorophyll, and protein content.

[90]

Fe-Nanoparticles

200 mg L−1 Tomato
Lycopersicon
esculentum L.

Increased the antioxidant enzymatic
activities and malondialdehyde (MDA)

content.

[91]

0, 5, 10, 15 ppm Wheat
Triticum aestivum L.

Increased the morphological
parameters, chlorophyll pigments, and

dry weight.

[92]

0, 10, 20 mg L−1 Rice
Oryza sativa L.

Increased the chlorophyll content,
malondialdehyde (MDA), and hydrogen

peroxide (H2O2).

[93]

TiO2-Nanoparticles

0, 25, 50 μg / ml Barley
Hordeum vulgare L.

Increased plant growth, and biomass
(ROS).

[94]

0, 40,80, 160 mg L−1 Coriander
Coriandrum sativum

L.

Increased the biosynthesis of osmotic
regulators.

[95]

25, 50 mg L−1 Rice
Oryza sativa L.

Increased the antioxidant enzymatic
activities.

[96]

CeO2-Nanoparticles

0, 200, 400, 600,
1000 mg NP per kg

soil

Wheat
Triticum aestivum L.

Increased plant growth and plant yield. [97]

0, 25, 50 mg L−1 Sunflower
Helianthus annus L.

It improved plant development, plant
biomass, and antioxidant enzymatic

activities.

[98]

Ag-Nanoparticles
10, 15, 20 mg L−1 Maize

Zea mays L.
It increased the shoot and root length. It

also increased the antioxidant
enzymatic activities.

[99]

5 Future Perspectives
Future viewpoints in the field of nanoparticle-based strategies for alleviating heavy metal toxicity in

agriculture involve several key areas of focus. Firstly, further research is needed to optimize nanoparticle
formulations, tailoring them to specific soil types, plant species, and heavy metal contaminants. This will
enhance the efficacy of these strategies in diverse agricultural settings. Additionally, long-term studies
are essential to understand the ecological impacts of nanoparticle applications on soil microbiota, plant-
microbe interactions, and overall ecosystem health. Assessing the persistence and bioaccumulation of
nanoparticles in the environment is crucial for ensuring sustainable and safe agricultural practices. Future
research should also explore the integration of nanotechnology with other innovative approaches, such as
precision agriculture and genetic engineering, to create synergistic solutions for heavy metal remediation.
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Collaborative efforts between multidisciplinary teams, including scientists, engineers, agronomists, and
environmentalists, will be essential for addressing the complexity of agricultural systems and developing
holistic strategies. Moreover, cost-effective production methods for nanoparticle synthesis need attention
to facilitate widespread adoption by farmers. Finally, considering the global nature of heavy metal pollu-
tion, international cooperation and knowledge-sharing platforms should be established to accelerate the
translation of research findings into practical and accessible solutions for farmers worldwide.

6 Conclusions
Optimization of nanoparticle formulations for specific environmental contexts and the adapting of

applications to diverse soil types and plant species are pivotal for maximizing their efficacy. Long-term
ecological studies are imperative to assess the sustained impact of nanoparticle interventions on soil micro-
biota, plant-microbe interactions, and overall ecosystem health, ensuring the development of sustainable
agricultural practices. The integration of nanotechnology with precision agriculture and genetic engineering
presents a forward-looking approach, offering synergistic solutions for efficient heavy metal remediation.
Collaborative efforts among multidisciplinary teams are essential to navigate the complexity of agricultural
systems and devise holistic strategies. Attention to cost-effective nanoparticle synthesis methods is critical
for practical adoption by farmers, facilitating the widespread implementation of these strategies. Hence,
nanaoparticles are effective for the tolerance against metal toxicity in plants focusing on higher yield.
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