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Abstract

Metal and metalloid pollutants severely threatens environmental ecosystems and human health, necessitating effec-
tive remediation strategies. Nanoparticle (NPs)-based approaches have gained significant attention as promising
solutions for efficient removing heavy metals from various environmental matrices. The present review is focused

on green synthesized NPs-mediated remediation such as the implementation of iron, carbon-based nanomaterials,
metal oxides, and bio-based NPs. The review also explores the mechanisms of NPs interactions with heavy metals,
including adsorption, precipitation, and redox reactions. Critical factors influencing the remediation efficiency, such
as NPs size, surface charge, and composition, are systematically examined. Furthermore, the environmental fate,
transport, and potential risks associated with the application of NPs are critically evaluated. The review also highlights
various sources of metal and metalloid pollutants and their impact on human health and translocation in plant tis-
sues. Prospects and challenges in translating NPs-based remediation from laboratory research to real-world applica-
tions are proposed. The current work will be helpful to direct future research endeavors and promote the sustainable

implementation of metal and metalloid elimination.
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Introduction

The long-term persistence and toxicity of metal and
metalloid (HMMs) pollutants make soil pollution a major
concern (Uchimiya et al. 2020). Agrochemicals, poten-
tially harmful metals, and an overabundance of nutrients
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are being added to the soil as a result of the fast expan-
sion of human and technogenic activities (Midhat et al.
2019). HMs are present in agricultural soils because of
extensive use of chemical fertilizers, farmyard manure,
sewage sludge, atmospheric deposition, and the rapid
increase of industrialization (Rastegari Mehr et al. 2021).
Over 20 million hectares (ha) of land worldwide is pol-
luted with cadmium, arsenic, mercury, nickel, zinc, lead,
copper, and chromium (Liu et al. 2018). The ATSDR
(Agency for Toxic Substances and Disease Registry)
states that four heavy metals—cadmium, arsenic, lead,
and mercury—are extremely harmful to both humans
and plants (Mansoor et al. 2021). HMMs s have a poten-
tial to enter plant systems and contaminate food chains
(Yang et al. 2021; Zheng et al. 2021). This fact presents a
severe risk to both food quality and human health.
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Soil is essential for agricultural development because
it allows plants to absorb nutrients (Bongaarts 2009).
Although farming is vital to human survival and
improves our quality of life, it frequently has negative
effects on the environment (Porter and Sachs 2020). A
highly debated issue in the scientific literature, the ever-
increasing demand for natural resources by an ever-
increasing human population poses a dilemma between
the advantages of arable land and the need for sustain-
able land management (Cocklin et al. 2007; Zulfigar et al.
2021). Sustainable development, people’s livelihoods,
and quality of life are all endangered by land contami-
nation (Martin et al. 2016; Zulfigar et al. 2019b; Haider
et al. 2022). With an increasing population and less arable
land because of technological activity, soil preservation is
of the highest priority. Air, water, and soil pollution are
major problems all over the world that endanger people
and ecosystems (Madhav et al. 2020). Many studies have
documented the harmful impacts of HMMs on many
species, including plants, human cells, and microbes
(Alengebawy et al. 2021a). According to Ali and Rawlins
(2021) and J. Zhou et al. (2021b), HMMs have phytotoxic
effects that damage plant cells’ structure and growth.
Cellular oxidative stress, caused by denaturation of pro-
teins and DNA damage, causes cells to die when exposed
directly to HMMs (Chen et al. 2021).

Various in-situ and ex-situ remediation methods have
been employed to reduce HMMs content in polluted soils
in recent decades. These include bioremediation, surface
capping, vitrification, electrokinetic extraction, solidifica-
tion, soil flushing, and electrokinetic extraction (Liu et al.
2018; Kumar et al. 2019; Hu et al. 2021). Conventional
physicochemical remediation methods include discharg-
ing toxic chemicals into the environment untreated over
time (Kumar et al. 2019). In addition, bioremediation uti-
lizes biological processes, including plants and microbes,
to reduce the harmful effects of HMMs-related toxicity in
polluted areas. Nevertheless, there are numerous draw-
backs to these methods. For example, they are expensive
to operate, take a long time to complete the process, do
not provide an ideal environment for microbes, increase
the bioavailability of contaminants on both spatial and
temporal scales, and are performed poorly in real-world
field settings (Singh et al. 2013; Hou et al. 2020; Rah-
man and Singh 2020). The efficacy, operating cost, time
needed, geography of the contaminated site, characteris-
tics of the soil pollutant, public acceptability, and readi-
ness for execution of these conventional remediation
methods determine their applicability. To immobilize
HMMs on a wide scale, new recyclable, nontoxic, inex-
pensive, and environmentally friendly adsorbents need to
be developed (Alengebawy et al. 2021a). In response to
these difficulties, a new and potentially useful approach
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called nanoremediation has evolved, which involves
cleaning up polluted environments with designed nano-
particles (NPs) (Ganie et al. 2021).

Plants and the microbiome they inhabit are both nega-
tively affected by HM in the soil. Their stress causes reac-
tive oxygen species (ROS) to be formed, which harm
the organism’s essential macromolecules and impact the
ecology and nutrition of plants and crops (Samanta et al.
2024). When Cu-contaminated soil is mixed with natu-
ral soil, for instance, it can interfere with plants natural
growth processes by negatively impacting their biochem-
ical reactions and physiological processes (Saleem et al.
2020). Plant species, heavy metal type, and physiochemi-
cal characteristics all play a role in how HM harms plants
(Chaplygin et al. 2021). Soil HMMs and HMMs con-
tamination may potentially affect plant and microbiome
diversity, abundance, and genetic composition, according
to certain research (Rajput et al. 2022a, b). There is an
increase in oxidative stress due to ROS and a decrease in
enzymatic activities, biomass, and agricultural productiv-
ity (Padmavathiamma and Li 2007; Dalcorso et al. 2010).

Site stabilization can help minimize the mobility, avail-
ability, and leaching of HMMs at remote locations, pre-
venting their spread (Shanker et al. 2005; Kopittke and
Menzies 2006; Sampaio et al. 2016; Jinadasa et al. 2016).
Thermal treatment, pump-and-treat, chemical oxida-
tion, and newer technologies like nanoremediation are
a few examples of the methods used to restore polluted
areas (Lim et al. 2014; Mukhopadhyay et al. 2022b; Bore-
gowda et al. 2022). Nanoremediation is a more efficient
and cost-effective way to clean up contaminated areas.
A high surface area-to-mass ratio, unique electrical and
catalytic capabilities, and responsiveness are all charac-
teristics of NPs (Corsi et al. 2018). Environmental reme-
diation is aided by NPs, mainly through catalysis and
chemical reduction. In addition, NPs have been used in
removal methods based on adsorption because of their
large surface area, evenly distributed active sites, and
adaptable coating changes (Corsi et al. 2018; Guerra
et al. 2018). NPs are ideal for water and soil remedia-
tion because of their small particle size and dispersion
capability (Marcon et al. 2021; Mariyam et al. 2024). In
water nanofiltration the membranes based on NPs are
also used, which successfully block the passage of bigger
particles through the pores of the membrane (Singh Sek-
hon 2014; Zhu et al. 2017, 2021; Su et al. 2019). In addi-
tion, the interaction with the membrane makes it easier
to separate smaller molecules. Nanomaterials used for
water, soil, and air remediation include metal oxides, car-
bon nanotubes, quantum dots, and biopolymers (Rastogi
et al. 2017). Main aim of this review to highlight current
research and approaches used in environmental nano-
technology and to analyze the uses of different NPs in
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HMMs with ther detoxification. After that, discuss the
many ways to interaction of NPs with plants and soil
biota at physiobiochemical and molecular level to miti-
gated the cocnetation and toxicity effects of HMMs that
further also affected the human healths.

Global status of HMMs problem

Both naturally occurring and chemically produced
HMMs can find their way into ecosystems. Precipitation,
snowfall, volcanic eruptions, and wildfires are examples
of natural sources; fertilizers, fuel combustion, mining,
construction, deforestation, and many industrial opera-
tions are examples of man-made sources of HMMs.
(Licata et al. 2004). Humans are surrounded by common
elements, one of which is arsenic. It is the twelfth most
common element in the human body, the twentieth
most common element in the Earth’s crust, and the
fourteenth most common element in the water itself
(Jomova et al. 2011).

According to the US Environmental Protection Agency
(EPA), Australia has a concentration of arsenic (As)
above 10,000 mg per kilogram hacters, and 41% of the
world’s 1.4 million sites poisoned with arsenic are in the
US (Smith et al. 2009). In addition to exceeding the US
EPA’s recommended limits of 10 parts per billion for
arsenic concentration, several shallow reservoirs and
bore wells in Pakistan are arsenic-polluted (Malik et al.
2009). Arsenic contamination of groundwater has been
found in several countries around the globe (Bhattacha-
rya et al. 2007). There is cause for worry over the toxicity
of groundwater in South Asian countries. This phenom-
enon has been noted in several regions, including the Red
River Delta in Vietnam, the Mekong Basin in Cambodia
and Vietnam, the Terai Belt in Nepal, and the Bengal
Basin in India, Bangladesh, and Pakistan. The outcome
is that at least 100 million individuals in these nations
are at risk of getting cancer and other disorders linked to
arsenic. Disposal of pentavalent arsenic is less of a has-
sle compared to trivalent arsenic. An enormous increase
from the 1950s, global Cr production has reportedly
reached 105.4 million metric tons since the start of the
industrial revolution (Bissen and Frimmel 2003). Because
of its low absorption and translocation rates by plants, Cr
has largely gone unrecognized in pollution studies. As a
result, phytotoxicity and the accumulation of Cr in food
chains are rare occurrences in natural environments.

As a HMMs with devastating impacts on all forms
of life, cadmium is a major environmental concern. At
pH 4.5 and 5.5, it is more mobile than zinc. However, it
becomes stationary in the pH range beyond 7.5. Soil Cd
concentrations in the UK have been steadily increas-
ing over the last 130 years, with the most dramatic rise
occurring in the last 20 years (Tchounwou et al. 2012).
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According to a data source, environmental exposure to
cadmium has been especially problematic in Japan due to
the large consumption of rice grown in irrigation water
contaminated with cadmium (Martin et al. 2007).. Lead is
a harmful environmental contaminant that has a devas-
tating effect on many bodily systems. Much of the hous-
ing stock built before 1978 contains paint that contains
lead. In 1978, lead-based paint was criminalized in the
United States by the federal government. Lead usage was
further limited by the 2003 EU Restriction of Hazardous
Substances Directive (Martin et al. 2007).

Sources of HMMs

Scientists separated the sources of HMMs into two
primary types: natural and synthetic. Anthropogenic
sources include industry, agriculture, mining, and resi-
dential effluents, whereas natural sources include sedi-
mentary rocks, volcanic eruptions, soil formation, and
rock weathering (Sutkowska et al. 2020). However, soil
anthropogenic and geogenic contamination can be effec-
tively characterizedusing pollution indicators. However,
it should be mentioned that despite the application of
advanced research techniques, source apportionment
may be challenging in many circumstances (Alloway
2013). Sedimentation of aerosol particles, rainfall with
HMMs, and agrochemicals are only some of the HMMs
sources and origin variations mentioned by Alloway
(Hou et al. 2020). HMMs like Cd, Pb, Cu, and Zn were
the primary focus of the study, even though numerous
other metals were also mentioned.

HMMs natural sources of HMMs

Igneous rocks and sedimentary rocks are generally
believed to be the most prevalent natural sources of
heavy metals. The ranges of heavy metal concentrations,
measured in parts per million (ppm), are found in igne-
ous and sedimentary rocks. It has been discovered that
various rock types contain varied quantities of the same
elements and that these proportions also change from
one rock type to the next (Bradl 2005). This is true even
for the components that were detected in the same rock
type. The type of rocks and the circumstances of the sur-
rounding ecosystem are two factors that can impact the
concentration of heavy metals (Shahid et al. 2014). In
addition, the formation of soil is thought to be one of the
primary reasons for the accumulation of heavy metals,
along with the deposition of sediments in rivers.

Anthropogenic HMMs sources of HMMs

Heavy metals can be found in wastewater that comes
from anthropogenic sources such as industries, agricul-
ture, and mining. These sources significantly contribute
to the increase in the concentration of heavy metals and
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pollution in the ecosystem, for example, smelting, which
leads to the release of Cu, Zn, and As; insecticides, which
contribute to the release of As; the burning of fossil fuels,
which produces Hg; and car exhaust, which assists in the
release of Pb (Shahid et al. 2014; Saleh and Aglan 2018).
In addition, regular human activities like farming, indus-
trial operations, and manufacturing disrupt the natural
equilibrium of the biosphere (He et al. 2005).

Agricultural HMMsSources of HMMs

HMMs have been a part of Earth’s crust ever since the
planet was formed. Furthermore, as can be seen in Fig. 1,
the most significant natural causes responsible for HMMs
pollution in agricultural soils include soil erosion, floods,
volcanic activity, sediment resuspension, metal corro-
sion, geological weathering, and metal evaporation from
soil and wastewater. Due to rapid industrialization and
urbanization, heavy metal levels have risen dramatically
in recent years. The pollution by HMMs in terrestrial set-
tings, especially agricultural fields, has become a worri-
some concern for the developing world (Uchimiya et al.
2020). Anthropogenic activities, e.g., foundries, mining,
smelting, leather industries, sewage, leaded paints, com-
bustion of crop residues, spillage of petroleum distil-
lates, automobiles, landfills, animal manure, wastewater
irrigation, and runoff from different factories, are pri-
mary reasons for HM pollution (Yan et al. 2018; Li et al.
2019). Pesticides, fertilizers, herbicides, and other crop
enhancement products are secondary sources of HMMs
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in agricultural fields (He et al. 2019; Liu et al. 2020a).
Since the HMMs are not biodegradable, they will remain
in the soil indefinitely without being broken down by the
normal physiochemical processes. HMMs can enter the
food chain when plants absorb them together with other
nutrients and water from the soil (Ali and Khan 2019).
Soil quality is negatively impacted and agricultural land
is rendered unusable because HMMs enhance the impact
of soil emissions by creating chelates with organic pollut-
ants and modify the soil features, viz. pH, porosity, natu-
ral chemistry, and color (Uchimiya et al. 2020).

Fertilizers boost plant development and yield by adding
organic matter to the soil and supplying it with the vari-
ous nutrients plants need to thrive. Therefore, fertiliz-
ers increase soil productivity (Alengebawy et al. 2021b).
There are two main types of fertilizers: organic (natural)
and inorganic (man-made). After the anaerobic digestion
(AD) process, ammonium fertilizers (sulfate and nitrate)
are created as organic or biofertilizers (Cai et al. 2019).
Chemically made or synthetic fertilizers, often known as
inorganic fertilizers are a combination of inorganic com-
ponents and chemical compounds (Chen et al. 2020).
HMMs in the soil are a direct result of the use of fertiliz-
ers, both organic and artificial. Phosphorus is a key ingre-
dient in many types of fertilizers, but it also contributes
significantly to heavy metal buildup when applied to soil
(Bolan et al. 2003). Phosphate rocks, which are formed
when water-insoluble phosphorus fertilizers are used, are
crucial in the immobilization of metals in soil through
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the precipitation of metal phosphates (Ai et al. 2020).
Heavy metal deposition in agricultural soils from exces-
sive fertilizer usage affects soil fertility, stunting plant
development and crop yields (Wang et al. 2020a, b, c). It
is highly difficult to repair the soil ecosystem once HMMs
pollute the soil. Long-term usage of fertilizers increases
the accumulation potential of Cu, Zn, and Cd in farm-
land soil (Fan et al. 2018). The primary forms of inorganic
fertilizers that contribute to the release of heavy metals in
agricultural soil and are then taken up by plants include
phosphate fertilizers, liming materials, and bio-fertilizers
(Liu et al. 2020b). As a result, they are consumed by ani-
mals and eventually by people (He et al. 2005).

Impact of HMMs on plant and human health

Impact of HMMs on plant health

Plant growth and development are stunted by HMMs
since their density is five times that of water (Nagajyoti
et al. 2010). Although HMMs are ubiquitous in plant-
soil interactions, their concentration varies across geo-
graphic locations (Khlifi and Hamza-Chaffai 2010).
Although HMMs are needed at low concentrations for
the proper operation of many plant organs, they become
hazardous to plants when their levels rise above the safe
threshold. As time goes by, the HMMs reputation as
important pollutants only grows (Rahman Md Ashfaqur
Rahman Md Asiful Islam Shah Alam Zahidur Rahman
et al. 2019). While some metals, such as Cu, Mn, Fe, Zn,
Co, and Ni, are essential for plant growth as micronu-
trients, others, such as Cd, Cr, and Pb, are of little use
to plants and can be toxic if present in excess for an
extended period (Fig. 1) (Vardhan et al. 2019). When
plants drink from adventitious roots, the HMMs can
penetrate the plant, where they can stunt development,
disrupt vital biological processes like photosynthesis,
and ultimately harm the plant’s health (Ali et al. 2014).
A recent study reported that Al poisoning may lead to
radial cell proliferation and growth retardation of roots
in barley (Zelinova et al. 2011).

The accumulation of ROS, such as hydrogen perox-
ide, is responsible for these morphological alterations by
inducing cellulose deposition and cell death. The toxicity
of Al can cause damage to the plasma membrane, a delay
in cell division, the generation of ROS, a shift in calcium
homeostasis, cytoskeleton damage, and a reduction in
plant development (Shetty et al. 2021). Similarly, black
gram Vigna mungo (L.) Hepper showed signs of oxidative
damage, cellular damage, and root injury because of Al
toxicity (Chowra et al. 2017). Another study by Pirselova
et al. (2016) found that the absorption of Cd lowers pho-
tosynthesis in plants due to a lack of ferric ions and the
replacement of magnesium ions in chlorophyll. High
amounts of Cd in soil are poisonous to plants, and their
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detrimental effects on growth may be observed on both
the physiological and morphological levels. Cd toxic-
ity is characterized by a decrease in mitotic activity in
meristematic cells, which might slow plant development
(Fuertes et al. 2016). Due to their toxicity, HMMs signifi-
cantly interfere with plant uptake of vital nutrients from
the soil. For example, an excess of Cr in soil can reduce
plant uptake of calcium, phosphorus, magnesium, and
iron by forming insoluble complexes and hiding the
absorption site (Charles and Onyema 2016). Cr can affect
the nutritional balance in plants, although in Citrullus
plants, transporting Cr to different sections resulted in
increased concentrations of phosphorus and manganese
and decreased concentrations of iron, zinc, copper, and
sulphur in leaves (Sharma et al. 2020).

Impact of HMMs on human health

Human exposure to As, Pb, Cr, and Cd is the most preva-
lent kind of toxicity associated with HMMs. Ingestion of
Pb-based paints, air or water pollution, and poorly coated
food containers are all potential causes of HMMs poi-
soning (Ahmed Khoso et al. 2021). Exposure to HMMs
can induce multiple serious human diseases, viz., cancer,
Parkinson, Alzheimer, renal pathology, respiratory issues,
children’s mental disorders, vision problems, depression,
dementia, and neurological disorders (Fig. 1) (Satarug
et al. 2010). HMMs are extremely persistent inside the
human body following ingestion of contaminated foods
(Chandra et al. 2001). Kumar et al. (2019) found that
chronic exposure to Cd had negative effects on male
reproductive health, including hormone synthesis, sperm
motility, semen quality, and spermatogenesis. Multi-
ple research projects have found that exposure to Cd
has harmful effects on women’s reproductive health (de
Angelis et al. 2017; Massanyi et al. 2020).

Uptake and translocation of HMMs in plants

from the soil

Increasing global growth and urbanization have
increased the risk posed by HMMs to ecological systems
(Zhou et al. 2021c¢; Rajput et al. 2021; Singh et al. 2023a).
A rise in the concentration of HMMs in landscapes is
detrimental to plant growth, agricultural productivity,
and the well-being of humans and animals (Rolka et al.
2020). Important HMMs include Zn, Cu, Fe, and Mn,
while irrelevant HMMs include Pb, As, and Se. Although
crops need these elements for growth and development,
their elevated levels in the soil lower agricultural yields
(Zolowski et al. 2021). Irrelevant HMMs like Cd, Hg,
and Pb are not used by the farming industry for a specific
biological function (Feng et al. 2021). The detrimental
impacts of HMMs on plant development result in chlo-
rosis and necrosis, which ultimately lead the plants to
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perish due to an insufficient level of chlorophyll and the
closing of stomata (Rono et al. 2022). Furthermore, being
exposed to polluted soil, water, and agricultural spray can
cause an accumulation of such pollutants in crops, which
can lead to health issues in humans such as cancer and
kidney disease (Khan et al. 2020; Faizan et al. 2023).
Plants use protein transporters in their membranes to
absorb both essential and non-essential HMMs. Ca and
Cd are carried into plants by a variety of transporters,
including aquaporin, IRT, NRAMP, Cu-transporter, ZRT,
and low-affinity divalent ions (Fig. 2) (Williams et al.
2000; Zhou et al. 2021a). Transporters of HMMs, such as
P1B-type ATPase, HMT, NRAMP, and cation diffusion
transporters, are found in vacuoles, Golgi bodies, and the
endoplasmic reticulum when HMMs invade plant cells
(Williams et al. 2000; Zhou et al. 2021a). The processes
that eliminate or lessen the negative effects of HMMs
include phytochelatins (PCs), metallothioneins (MTs),
HM isoprenylated plant proteins (HIPPs), chemical
substances, ligands, and compartmentalization (Fig. 2)
(Khan et al. 2020; Feng et al. 2021; Rono et al. 2022).

Arsenic (As)

The levels of the deadly metalloid arsenic (As) in soil are
rising as a result of a combination of naturally occurring
and human-induced processes, including mining (Fitz and
Wenzel 2002). On average, there is 1.8 mg/kg of arsenic in
the Earth’s crust, presenting it as an almost minor compo-
nent. Arsenopyrite (FeSAs), enargite (CuzAsS,), orpiment
(As,Ss), realgar (As,S,), and others are among the most
common minerals that contain arsenic (Masue et al. 2007;
Zhao et al. 2021). Anaerobic (low-oxygen) groundwater

zp —
Transporters g

i “—NRAMP

Trarz’::rters \\- © \é‘ 18
i = HMT Accumulation|
é’ e of HMsin |
i different parts B
§ q—h» £ ABC of plants X

e g2 L and show
Transporters =g manifestation

effects

A IRT, NRAMP, ZRT, Cu
cd £ i Transporters

HMs via xylem
and phloem
vessel

RT =
Transporters. 7

Fe e ( ( \

\

{5 P-Transporters O\

\

As F=———"> &‘-‘

E3 |
| ZIP-Transporters @)/

d A
A o/

(A) Uptake of HMs
through different
transporters of roots

HMs sequestration

/

S-Transporters &
Se ©Q ==

]

Soil with HMs

(B) Transport of

Page 6 of 25

settings often include arsenite As(III), a reduced form of
arsenic that is more soluble and mobile in water (Masue
et al. 2007). The oxidised form of arsenic is known as arse-
nate, As(V), or H,AsO,—or HAsO,>", depending on the
pH (Yadav et al. 2021). The As(III) state is especially prob-
lematic because it is more hazardous and has a tendency
to remain undissociated (e.g., H;AsO;) in groundwater
throughout a wide pH range (Sarkar and Paul 2020). As is
present in a variety of oxidation stages and at varying con-
centrations in soil (Panda et al. 2010). Both inorganic and
organic substances of As in the environment are detrimen-
tal to plant development, while As(III), an inorganic form,
is more hazardous and soluble. As in groundwater systems
migrates and transforms in large part due to metal-reduc-
ing bacteria. Péez-Espino et al. (2009) discovered that arse-
nic-reducing bacteria had two distinct routes for arsenic
reduction. Among these processes, one involves the ArrA
proteins and anaerobic respiration, where arsenate serves
as a terminal electron acceptor (Huber et al. 2000; Mala-
sarn et al. 2004). Therefore, arsenate is reduced. Another
is arsenic detoxication, which occurs when the cell uses
its ArsC proteins to convert As(V) to As(IIl) (Xu et al.
1998; Achour et al. 2007). According to Aromokeye et al.
(2021) and Dalla Vecchia et al. (2014) iron-reducing bacte-
ria utilise soluble iron(III) complexes and iron(III) hydro-
gen oxides as the final electron acceptors in anaerobic
respiration. In systems with high arsenic concentrations
in aquifers, iron (hydrogen oxide) is the primary arsenate
carrier (Xie et al. 2009). An essential key to manage arse-
nic enrichment in groundwater is the reduction and disso-
lution of iron (hydrogen) oxides, which is followed by the
reduction of As(V) to more mobile As(III) (Xie et al. 2008).
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Microbes may be able to transport electrons to insoluble
Fe(III) oxides outside of cells with the use of either endog-
enous or external electron shuttles (Taillefert et al. 2007;
Von Canstein et al. 2008). Microbes decrease electron
shuttles before they diffuse out of the cell. Giving Fe(III)
oxide electrons causes it to revert to its oxidised condition,
completing the cycle. Plants absorb As predominantly in
an inorganic state (As(III) and As(V)) via transporters
since it depends on accessibility (Panda et al. 2010). The
plant experiences a variety of physiological, structural,
and optical changes during uptake. Since several essential
element transporters affect plant absorption, it is difficult
to control their uptake (Saleem et al. 2022). Long-term
exposure alters metabolic rate, phenotype (growth reduc-
tion), and physiology (chlorosis) (Neidhardt et al. 2015;
Kofronova et al. 2020). It may have negative impacts on
plant growth that can lead to plant death, including the
generation of ROS, protein breakdown, chlorosis, tissue
necrosis, and the loss of vital intake of nutrients (Sol6r-
zano et al. 2020; Fitz and Wenzel 2002; Alengebawy et al.
2021a). The structural similarity between plant and ele-
ment transporters allows plants to absorb the poison-
ous metalloid As and move it to various locations inside
the plant. Plants take up As (III), which is similar to silicic
acid, through aquaporins, while As (V), which is similar to
phosphate which enters plants by phosphate transporters
(Thounaojam et al. 2021). Toxic effects on plant develop-
ment and yield are caused by various forms of arsenate
that are translocated to the shoot through xylem after
absorption; however, the effect is dependent on the effec-
tive concentration of free arsenate anion at a specific cellu-
lar organelle or location. Thus, transporters play a pivotal
function as the primary regulator of As transportation in
different plant tissues and cell compartments (Abbas et al.
2018a). To prevent As buildup and stress in plants, it is
crucial to comprehend the specific functions of the many
transporters engaged in As absorption and transit. The
transporters covered include phosphate transporters, nod-
ulin 26-like intrinsic proteins, plasma membrane intrinsic
proteins, tonoplast intrinsic proteins, C-type ATP binding
cassette transporters, arsenical resistance 3 transporter,
inositol transporters, multidrug and toxic compound
extrusion transporters, and natural resistance-associated
macrophage protein transporters (Thounaojam et al.
2021). The root cells of plants absorb arsenate and arsenite
by different mechanisms: phosphate transporters and NIP
proteins, respectively. Arsenate is converted to arsenite
by the arsenate reductase HAC1 (Zhang et al. 2021). Two
more routes are involved in the detoxification of arsenite.
First, it can be extruded via unknown transporters, most
likely aquaporins. Another way is that ABCC proteins entrap
arsenite in the vacuole as PCs-As(III) (Zhang et al. 2021).
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Nickel (Ni)

Plants require the mineral nickel (Ni), but just in small
amounts (0.05 to 10 mg kg~! dry weight), as high lev-
els of Ni in the ecosystem are harmful to the develop-
ment and growth of plants (Ahmad et al. 2011). It has
been demonstrated that elevated Concentrations of Ni
in crops cause growth inhibition, encourage the senes-
cence of leaves, decrease nitrogen absorption, and dis-
turb the concentration of Fe (Bhalerao et al.). While
the amount of Ni in soil differs based on the circum-
stances, it is often greater than 20 mg kg™ (Khanlari
and Jalali 2008). Contaminated soils have 20-30 times
higher Ni?* levels than clean soils. Ni** levels rise as
a result of human endeavors like phosphate fertiliza-
tion, pesticide usage, burning of coal and oil, indus-
trial emissions, and mineral exploitation (Kananke
et al. 2014). Ni may be actively diffused or trans-
ferred within the vegetative system by the roots (Rue
et al. 2020). After being transferred into the xylem, Ni
moves from the root system towards the leaves and
shoots (Chen et al. 2017). Ni is a contaminant that
plants both actively and passively absorb and transport
via xylem and due to its detrimental effects, Ni directly
damage DNA, protein deterioration, and suppression
of enzyme function.

Chromium (Cr)
Cr is present in both the seas and the earth’s outermost
layers. The transition metal Cr is commonly found in the
hexavalent Cr(VI) and trivalent Cr(III) oxidation states.
Cr(VI) has a less volatile nature than Cr(III), making it
more transportable but also more harmful (Dalal and
Reddy 2019). The physiology of plants absorbing Cr from
the soil may be adversely affected (Panda et al. 2010).
Studies on the specific pathways of Cr absorption and
translocation have not been validated. Yet substances
combined with organic acids enable roots to absorb them
(Hayat et al. 2012). When crops take Cr through their
roots, only a small amount of it enters different tissues
and organs (Oliveira 2012). Raising of Pisum sativum L.
in a solution containing potassium dichromate increased
the concentrations of Cr in numerous plant organs
(Tiwari et al. 2009). Cr exposure can affect a plant’s over-
all moisture content and physiological activity from the
time of germination until the roots, stems, and leaves
begin to grow (Shanker et al. 2005).

Cadmium (Cd)

Humans, terrestrial creatures, and marine life are all
harmed by cadmium (Cd) (Chellaiah 2018). Rises in
surrounding Cd concentrations are correlated with
increased industrialization and manufacturing density
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(Nagajyoti et al. 2010). Cd in the atmosphere is caused
by mining operations, pesticide sprinkling, and human-
induced chemical industries (Rizwan et al. 2016). The
accumulation of Cd in the surroundings poses serious
health concerns to people, animals, and plants (Abbas
et al. 2018b). Cd is easily absorbed by plants from under-
ground water and is then transported by a number of
transporters via the phloem to the emerging tip. Trans-
porters, including those found in the rice, OsSNRAMP
family, OsIRT1, and Arabidopsis AtIRT1 (Songmei
et al. 2019; Feng et al. 2021), transfer Cd from soils to
the roots. AtHMA4 and AtHMA?2 transport Zn and Cd
from the root to the shoots, while OsLCT1 transfers
Cd from the stems to other tissues (Huang et al. 2015;
Hassan et al. 2016). Subsequently, through the phloem,
it is transported to various tissues by specialized trans-
porters known as ATPases. Cd destroys plant develop-
ment physically, phenotypically, and biologically (Abbas
et al. 2018b).

Cd reduces plant productivity by lowering biomass,
slowing seedling growth, and shortening the tips of
roots (Xu et al. 2017). It has been shown that soil toxic-
ity brought on potato crops reduces biomass and crop
productivity by Cd (0.06 g/kg) (Nazar et al. 2012). The
physiological consequences of Cd exposure include a
decrease in chlorophyll concentration, an increase in
ROS, and damage to plant membranes and cellular mac-
romolecules. Because of the obstructed mineral absorp-
tion in plants, Cd causes chlorosis and necrosis of the
leaves. The vital elements of transportation and uptake
required for the growth of plants are impeded by Cd. In
cauliflower plants subjected to Cd, Jinadasa et al. (2016)
found shorter cultivars and indications of leaf insuffi-
ciency. Lettuce, radishes, and soybeans have all shown
this trait (Wang et al. 2020a). According to the latest
research, oxidative damage, ROS generation, and plant
growth are all negatively impacted by Cd, posing a threat
to world health (Khan et al. 2020). The scientific research
supporting the toxic effects of Cd on crops is extensive
and includes data on chlorophyll content, growth, germi-
nation of seedlings, enzyme function, the consumption of
nutrients, ROS, plant transpiration ratios, and crop yield
(Zhang et al. 2020).

Conventional and NPs based techniques for HMMs
remediation

Conventional techniques

Physicochemical method

This type of remediation could be carried out with the
help of physical and chemical processes like precipitation,
ion exchange, filtration, ultrafiltration, reverse osmosis,
evaporative recovery, solvent extraction, electrochemi-
cal treatment, electrodialysis, electrokinetics, landfilling,
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chemical oxidation, chemical leaching, chemical reduc-
tion, and mechanical separation of metals (Lasat 1999;
Asgari Lajayer et al. 2017). Incomplete metal removal,
excessive solvent needs, and the production of hazardous
waste products are only a few of the drawbacks of such
methods. In addition to being harmful to the ecosystem,
they also tend to damage the soil. Furthermore, they are
time-consuming, costly, and energy-consuming (Gardea-
Torresdey et al. 2005).

Bioremediation method

Both in-situ and ‘ex-situ bioremediation methods exist.
Methods of in-situ bioremediation remediate contami-
nants at the site without attempting to remove soil. These
methods utilize the metabolic power of the microbial
system to eliminate pollutants in the environment, elimi-
nating the need to remove contaminated samples from
the environment (Fruchter and Demian 2002). In ex-situ
bioremediation, soil is removed from its original location,
treated, and then replaced (Carberry and Wik 2001). It is
more expensive to use ex-situ remediation methods than
in-situ ones.

NPs based HMMs remediation

Both ex-situ and in-situ bioremediation methods have
advantages and disadvantages. When it comes to biore-
mediation, phytoremediation is one of the most effective,
sustainable, and cost-effective strategies. The term "phy-
toremediation," derived from the Greek words "phyton”
for plants and "remediare" for "to remediate," denotes a
process in which certain plants and soil bacteria collabo-
rate to convert poisons into harmless and, often, profit-
able forms. The concept of employing plants to remove
harmful metals from contaminated soils was inspired by
the finding of a range of wild plants, many of which are
endemic to naturally mineralized soils and accumulate
large quantities of metals in their leaves (Baker 1987).
The capacity to rapidly absorb chemicals and change
them into less harmful metabolites and the ability to
endure relatively high levels of xenobiotic chemicals
without hazardous consequences are two examples of the
plant kingdom’s resilience in the face of xenobiotic pollu-
tion (Burken and Schnoor 1998).

Hyperaccumulator plants, or plants that are hyper-
enriched in heavy metals, are those that take up large
amounts of heavy metals from their surroundings. This
method is becoming increasingly popular for decontami-
nation of the sites tainted with toxic chemicals and met-
als. Phytoremediation relies on the presence of pollutants
in the root zones of plants to be effective. Phytoextrac-
tion, phytodegradation, phytostabilization, phytovolatili-
zation, and rhizofiltration are the key processes utilized
by plants for remediation. Soil and other environmental
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HMMs pollutants can be decontaminated by an environ-
mentally friendly and cheap method known as nanore-
mediation (Baragano et al. 2020). Through absorption,
lowering the hazardous valence to a stable metallic state,
and accelerating the process, this unique remediation
strategy has been shown to be efficient in the elimina-
tion of heavy metals (Mar Gil-Diaz et al. 2014). Adsorp-
tion, heterogeneous catalysis, deployment of electrical
fields (electronanoremediation), photodegradation, and
involvement of microorganisms (nanobioremediation)
are just some of the technical processes used in nanore-
mediation to apply NMs to remove or immobilize HMMs
from contaminated soils (Mukhopadhyay et al. 2022a).
The removal of HMMs has been effectively applied
using a variety of NPs (Fig. 3 and Table 1), including
metallic, metallic oxide, carbonaceous, polymeric, and
nanocomposites.

The carbon nanotube (CNTs) nano-sponges, for
instance, as was reported by Camilli et al. (2014), elimi-
nated the harmful organic solvent dichlorobenzene and
the heavy metal Cd from the soil. Generally, iron and
sulfur containing nanosponges boost the efficacy of soak-
ing up Cd and other pollutants from soil. Matos et al.
(2017) did a similar analysis of CNTs’ ability to immo-
bilize HMMs ions (Ni**, Zn?*, Pb?*, and Cu?") in soil
remediation. Based on the findings of this research, even
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a little addition of CNTs can greatly enhance adsorption
capability, leading to more HM immobilization in pol-
luted soils. Soil treatment with Fe;(PO,), NPs was shown
to be effective in immobilizing Cd by 70% in a separate
investigation. This study further revealed that cadmium
phosphate synthesis is the key mechanism for decreased
bioaccumulation of Cd in soil.

Nanotechnological approaches for remediation

of HMMs

Methodology for synthesis of NPs

Physical methods

The physical approaches used for synthesizing NPs
include thermal evaporation, pulsed laser desorption, ball
milling, pyrolysis with sprays, electron irradiation, sput-
ter accumulation, lithography techniques, layer-by-layer
growth, and the diffusion flame approach (Srivastava
et al. 2021). By using these methods, metal NPs are cre-
ated by the process of evaporation and condensation that
takes place at atmospheric pressure in a tube furnace.
Deposition, sputtering, ball milling, and plasma-based
procedures are some of the physical techniques used to
create nanomaterials (Dhand et al. 2015). The majority
of these methods produce metal NPs at an excruciatingly
slow rate. For example, the production rate of nanoma-
terials in ball milling methods is 50% (Seetharaman et al.
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Fig. 3 Application of (A) NPs and translocation that upregulated the antioxidant defense system that (B) mitigated the effect of HMMs on crops
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Table 1 Application of NPs for mitigation of HMMs stress
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Plants Type of NPs Concentration of NPs  Type of Application

mode

Mode of Action

References

Triticum aestivum FeO 100 mg kg™ Soil

Triticum aestivum FeO 100 mg kg™ Soil

Triticum aestivum FeO 1-20 ppm Foliar and soil

Oryza sativa CeO, 200 mg/L Hydroponic

Triticum aestivum Zn0 100 mg kg™ Soil

Oryza sativa Zn0O 100 mg kg™ Hydroponic

Oryza sativa Zn0O 5,10, 15, 20,25 mg/L Soil (seed priming)

Trigonella foenum- Zn0O
graecum

1,0.5,0.25and 0.10 g/L  Soil

Wheat's growth,
nutritional content,

and antioxidant enzymes
were all improved,

and the plant’s root

and shoot Cd absorption
reduced by 38% and 72%,
respectively

The chlorophyll content
of wheat's growth

was induced and Cd lev-
els were drastically cut

Wheat's root, stem,

and grain chlorophyll
content increased (56%)
and its Cd concentra-
tion decreased (53%),
respectively

Growth inhibition, proline
levels, and 8-hydroxy-
2'-deoxyguanosine levels
were reduced

Reduced Cd accumula-
tion in plants from soil
and increased plant
biomass and photosyn-
thesis efficiency were all
observed in plants sub-
jected to drought stress

Cd concentration in roots
decreased by 61.8%,

and Cd concentration

in shoots—by 26.3%,
whereas As concentra-
tion in roots decreased
by 39.51%, and As
concentration in shoots
decreased by 60.2%

Root, stem, and leaf HM
absorption decreased,
leading to greater

plant growth. In
addition, it resulted

in increased plant
tolerance and decreased
bioaccumulation index
and metallothionein
(MTs) content

Seed germination,

root development,

and plant growth were all
enhanced by the appli-
cation of ZnO NPs,
outperforming the con-
trol and zinc sulfate
groups. There was a rise
in root tissue Zn content
and a decrease in Cr
content

(Manzoor et al. 2021)

(Adrees et al. 2020)

(Hussain et al. 2019)

(Wang et al. 2019)

(Khan et al. 2019b)

(Ma et al. 2020)

(Akhtar et al. 2021)

(Shaik et al. 2020)
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Table 1 (continued)
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Plants Type of NPs  Concentration of NPs

Type of Application
mode

Mode of Action References

Leucaena leucocephala Zn0O 25mg/L

Raphanus sativus Ag NPs NA

Hydroponic

Pot culture

It raises the possibil- (Venkatachalam et al. 2017)
ity that zinc oxide

NPs might be useful

in cleaning up media

polluted with heavy

metals. Additionally,

the inclusion of ZnO NPs

along with the metals Pb

and Cd caused unique

changes in the genome

NPs in wastewater can (Zhou et al. 2021d)
reduce the uptake

of HMMs (Cr, Cu, Fe, Zn,

Cd and Pb) by wastewa-

ter irrigated food crops

2018). According to reports, between 6 and 8 percent
of the material spewed has a size smaller than 100 nm,
creating a broad particle size distribution. Plasma tech-
niques and laser ablation need a lot of energy. Due to
their higher consumption of energy, size dispersion, and
sluggish manufacturing rate, the majority of physical
techniques are unaffordable (Seetharaman et al. 2018).

Chemical mthods

Among the chemical processes suggested for creat-
ing NPs are pyrolysis, polyol synthesis, sol-gel tech-
nique, hydrothermal synthesis, microemulsion, chemical
reduction, and chemical vapour deposition (Darroudi
et al. 2013). Furthermore, the use of hazardous materi-
als and chemicals during the manufacturing stage pro-
duces waste that is dangerous for both humans and the
environment (Darroudi et al. 2013; Barzegar et al. 2023).
Consequently, these NPs can only be used in the biologi-
cal domain.

Biological or green methods

Green nanotechnology is quickly evolving as a technique
for creating innovative NPs with low ecological impact.
NPs can be synthesized by biological processes using dif-
ferent natural stabilizing and reducing agents. This is a
less expensive and more environmentally friendly option
that uses chemical and physical processes and requires
very little energy or dangerous materials. Single-celled
organisms such as bacteria and fungi are used in the bot-
tom-up biological production of NPs, as are multicellu-
lar species like fungi, algae, or plant components (Mittal
et al. 2013; Panpatte et al. 2016; Singh et al. 2016; Patil
and Chandrasekaran 2020a).

1. Bacteria

Industrial uses of biotechnology that heavily rely on
specific strains of bacteria include genetic engineering,
bioremediation, and bioleaching (Hoffmann et al. 1995).
Because they are endowed with the ability to reduce
metal ions, bacteria are important options for manufac-
turing NPs (Birla et al. 2009; Agarwal et al. 2017). Several
forms of bacteria are employed in the synthesis of met-
als and NPs. It has been widely studied how prokaryotic
bacteria and actinomycetes may be used to synthesize
metal and metal oxide NPs. Yet, during the production of
Cd NPs, glutathione and cysteine desulfhydrase in E. coli
have been largely responsible for the creation of spheri-
cal shapes (Eroglu and Metin 2023; Wang et al. 2023a).
The ultimate size of the NPs may depend on how they
interact with biologically active substances and whether
they are located extracellularly or intracellularly (Thakkar
et al. 2010). Larger NPs are usually formed by external
synthesis in bacteria as opposed to intracellular synthesis.
In relation to selenium, lead sulfide, zinc sulfide, and ferrous
oxide, bacterial systems have been employed in the produc-
tion of nanomaterials (Patil and Chandrasekaran 2020).

It has been demonstrated that a wide variety of eco-
logically active chemicals may stabilize and lower NPs.
The proteins presented in the cytoplasm and cell wall
of bacteria, such as tryptophan and tyrosine contain-
ing proteins, can stabilize and decrease bacterial NPs.
Furthermore, certain sugars have stabilizing and low-
ering qualities, such as aldose and ketose. The amino
acids found in cells and inside their walls function as a
barrier to lessen the likelihood that NPs will be harm-
ful to mammalian cells (Markus et al. 2016). These bio-
active compounds, which are present in various types
of bacteria, have the ability to interact with metal ions
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and reduce their size. As a result, the metal ions inter-
act with one another to create more intricate structures,
such as spherically shaped NPs. Because microorganisms
are easy to control, the production of bacterial NPs has
gained great popularity (Adelere and Lateef 2016). Sev-
eral types of bacteria are used in the formation of differ-
ent NPs, including Aeromonas sp. SH10, Arthrobacter
gangotriensis, Bacillus amyloliquefaciens, Bacillus cereus,
Bacillus cecembensis, Bacillus indicus, Corynebacterium
sp. SHO9, Enterobacter cloacae, Escherichia coli, Geo-
bacter spp., Phaeocystis antarctica, Pseudomonas pro-
teolytica, Lactobacillus casei, and Shewanella oneidensis
(Singh et al. 2018).

2. Fungi

The manufacture of metal- or metal oxide-based NPs
by fungi is an important method for producing mono-
disperse NPs with distinct morphological characteristics.
They are better biological agents for the synthesis of metal
and metal oxide NPs because they have several intracel-
lular enzymes (Hoffmann et al. 1995). Competent fungi
are able to synthesize significantly higher amounts of NPs
than bacteria (Hoffmann et al. 1995). Due to the presence
of different proteins, reducing components, and enzymes
on the outermost layer of their cells, fungi have numerous
important uses (Narayanan and Sakthivel 2011). Enzyme
reductase, which induces enzymatic reduction and is
present in the fungal cell wall and cells, is crucial to the
biological process of metallic NP synthesis (Mohanpuria
et al. 2008). Various types of fungi are used in the synthe-
sis of gold, silver, zinc oxide, and titanium dioxide NPs.

Furthermore, it is being shown that proteins contained
within cells can contribute to the synthesis of NPs. It has
been reported that the intracellular enzymes found in
Verticillium luteoalbum and Trichothecium produce gold
nanorods and nanospheres (Gericke and Pinches 2006;
Ahmad et al. 2006). Fungi-generated NPs offer a wide
range of potential applications, from optoelectronics to
medicine, similar to those created by other ecologically
benign technologies (Birla et al. 2009). More study on
NPs is necessary because of their fascinating capabilities
in both scientific and therapeutic domains. It has been
observed that NPs made from consumable mushroom
extracts have chemotherapeutic characteristics that are
comparable to those of the extracts themselves (Philip
2009). The residues of amino acids found in fungi, such
as cysteine, may contribute to the production of NPs
(Philip 2009). Similar to bacteria, fungi employ the amino
acids found in their cell walls for capping and stabilizing
the cell walls. Additionally, these NPs are harmless when
used for therapeutic purposes, in contrast to those that
are synthesized biologically (Philip 2009).
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3. Yeast

Yeasts are eukaryotic, unicellular microorganisms.
There are now over fifteen hundred known varieties of
yeast (Yurkov et al. 2011). Using yeast, multiple labs have
demonstrated the effective manufacturing of NPs. It has
been demonstrated that Saccharomyces cerevisiae broth
and silver-tolerant yeast may biosynthesize Ag and Ag
NPs (Patil and Chandrasekaran 2020a). Massive amounts
of metal NPs are produced by a wide variety of organ-
isms. Yeast cells allow for the synthesis of a wide range
of nanosystems which would be hard to do with just
bacteria. The production of gold, silver, ferrous oxide,
cadmium sulfide, lead sulfide, antimony, and selenium
NPs is done using yeast species. The production of NPs
can be carried out with living cells or with cell extracts,
including typical nanomaterial composites like silver and
gold. Using proteins obtained from industrial yeast, sil-
ver chloride NPs were effectively generated (Abdel-Hadi
et al. 2014). In order to create the NPs, commercially
available yeast extracts and precursor solutions were first
incubated for 24 h (Abdel-Hadi et al. 2014). Following
incubation, the NPs-containing mixture was collected
and thoroughly filtered to get rid of any impurities. Addi-
tionally, they showed that primary amines of certain pro-
teins buried in the yeast cell wall are what trigger silver
chloride reduction into NPs. Additionally, it was shown
that these NPs had anti-mycobacterial properties (Hus-
ton et al. 2021). NPs might be produced by MKY-3 yeast
cells that are resistant to silver (Philip 2009). These nano-
materials’ sizes and shapes vary depending on factors
that govern their synthesis, such as pH and silver chlo-
ride concentration.

The research findings indicate that secreted biochemi-
cal reducing agents were responsible for the extracellular
reduction of silver chloride (Philip 2009). Although there
are several methods for yeast to generate NPs, extracel-
lular production is not qualified as one of them. A large
number of the study groups said that the construction
of the nanosystem was carried out by enzymes that were
already present in the cell, indicating that their models of
synthesis occurred within cells. According to their earlier
studies, Schizosaccharomyces pombe and Torulopsis sp.
were able to produce lead sulfide and cadmium sulfide
NPs intracellularly, respectively (Kowshik et al. 2002). As
compared to their previous studies, Kowshik et al. (2002)
showed that intracellular manufacturing of NPs might
be caused by a particular phytochelatin synthase spe-
cies. Remarkably, manufactured NPs functioned wonder-
fully across a range of biological situations, according to
nearly all of the examined publications (Kowshik et al.
2002). The phrase "biological applications" encompasses a
broad variety of potential uses due to the adaptability of
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NPs. Saccharomyces cerevisiae produces silver NPs that
eliminate mycobacteria in culture (Sivaraj et al. 2020).
Yeast can produce proteins that include the required
amino acids, similar to other living organisms, which
helps to diminish and stabilize the NPs. Quinones, a class
of organic substances formed from aromatic substances,
are quite different from yeast and have been scientifically
demonstrated to help in the formation of NPs. The activa-
tion of oxidoreductases allows them to start lowering the
metal ions as the pH level within the cell becomes more
basic. Quinones and potent nucleophiles with redox char-
acteristics are helpful in catalyzing the conversion of dis-
ordered metal ions into complicated NPs (Jha et al. 2009;
Faramarzi et al. 2020).

4. Algae

Although they are not classified as plants, algae are a
class of eukaryotic organisms that can carry out photo-
synthesis. These single and multicellular algae species do
not have stems, leaves, or vascular structures, which are
features of plants, yet they are nevertheless chlorophyll
generators that flourish in watery conditions. Certain
types of algae, like spirulina, can be utilized medically
because of their greater amounts of natural vitamins and
minerals, whereas others, like anabaena, are deadly if
consumed because of their cells and poisons (Carmichael
et al. 1990; Khan et al. 2005). In recent times, it has been
revealed that a wide variety of algae may catalyze the cre-
ation of nanomaterials (Khan et al. 2005). Various species
of algae are crushed into a small powder, appropriately
dried, and subsequently combined with water to create
nanomaterials. After letting them to rest for around a full
day, the filtration procedure starts. After the ingredient
has been filtered, it is combined with the nanomaterial’s
precursor and incubated at a certain temperature without
being interrupted. A shift in color takes place, indicat-
ing the creation of nanomaterials. According to Senapati
et al. (2012), a small number of algae species, such as Tet-
raselmis kochinensis, are known to promote the produc-
tion of intracellular gold NPs via enzymes found across
the cell wall and within the cytoplasm. On the other
hand, a comparison of two distinct categories of algae
reveals a multitude of choices about the NPs. However,
the comparison of two algal species groups shows a wide
range of options with context to the NPs morphology.

According to Mukherjee et al. (2021), species such as
Cystophora moniliformis, Leptolyngbya valderianum, and
Scenedesmus sp. catalyze the synthesis of NPs, resulting
in NPs with a spherical shape. According to Sinha et al.
(2015), Pithophora oedogonia possesses the ability to
produce both hexagonal and cubic-shaped AgNPs,along
with nanospheres (Sinha et al. 2015). Algae and green
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agents possess more than just an appearance, as their
bioactive substances are extensively similar (Mukherjee
et al. 2021). Several kinds of algae produce NPs, and a
large portion of these NPs are stabilized and reduced by
proteins found in the cytoplasm or on the cell membrane,
as well as by enzymes (Mukherjee et al. 2021). Finally,
the majority of NPs produced by algae are efficient bac-
tericides. When it comes to the synthesis of NPs, algae
and bioactive compounds from other groups are a bit
comparable but also somewhat distinct. Since the walls
of algae include polysaccharides and protein debris, they
have the capacity to reduce and stabilize NPs. One essen-
tial characteristic of algae that may be greatly exploited
is their phytochemical variety. A wide variety of bioac-
tive substances, such as phenolic molecules, alkaloids,
amino acids, carbohydrates, sterols, flavonoids, tannins,
and saponins, are present in certain algae, such as Sargas-
sum tenerrimum. Following the process of purification,
these chemicals have a distinct role in modifying the size,
shape, and function of nanomaterials. Algal characteriza-
tion is an initial move towards pursuing future research
and potential use in nanomaterial synthesis (Saleh 2020).

5. Plants

Plants may retain various quantities of heavy metals
within their tissues. Since they are a considerably more
effective, simple, affordable, and feasible option to con-
ventional preparation techniques for the formation of
NPs, biosynthetic approaches utilizing plant extracts have
drawn greater attention (Akhtar et al. 2013). According
to Singh et al. (2018), plants can be employed in a "one-
pot" synthesis method to concurrently decrease and sta-
bilize metallic NPs. Scientists have produced metal/metal
oxide NPs and explored their potential applications using
extracts of plant leaves in an ecological manufacturing
procedure (Singh et al. 2018).

There have previously been reports of NPs of various
metals, including copper, gold, and selenium. It has been
discovered that a number of plant-based compounds
include reducing, capping, and stabilizing chemicals that
may be used to create Ag NPs (Singh et al. 2018; Huston
et al. 2021). The examples of substances that may func-
tion as stabilizing, capping, and reducing agents include
vegetable oil, tea polyphenols, Carpesium cernuum,
Cannabis sativa, and black currant (Huston et al. 2021).
The production of colloidal Ag NPs from tea leaves high
in polyphenols was reported by Moulton et al. in 2010
(Moulton et al. 2010). Their synthesis approach has
similarities to other approaches that have been earlier
documented. The group of people was offered tea pow-
der, which was created by grinding dried tea leaves. They
were then steamed and drained, and subsequently, tea
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powder was mixed with silver nitrate to create Ag NPs,
which were later confirmed by Transmission Electron
Microscopy (TEM). Subsequently, tests for the viability of
cells and the integrity of the membrane were employed to
evaluate the toxic effect of NPs on living things. Accord-
ing to Moulton et al. (2010), the NPs were discovered to
be harmless and perhaps biologically compatible, which
was a promising discovery (Moulton et al. 2010). A dif-
ferent plant component that is common in many houses
is vegetable oil. For a minor variation in the metallic NPs
green synthesis, Kumar et al. (2008) used free radicals
present in home paints derived from specific vegetable
oils (Kumar et al. 2008). In order to create Ag NPs, the
researchers employed silver benzoate, a well-known sil-
ver salt, together with the conversion of free radicals dur-
ing the oxidative oil drying procedure.

The researchers also employed alkyd resins as protect-
ing reagents and the aldehydes and fatty acids derived
from the oils as reaction-stabilizing agents. As a result
of their response, antibacterial paints incorporating Ag
NPs were created (Kumar et al. 2008). Another plant
component that may be used in the process of creating
NPs is aloe vera. Sunburns are now frequently treated
using aloe vera, which has been traditionally employed
for millennia in complementary therapies to treat a
variety of ailments. Se NPs with antifungal and antimi-
crobial properties were effectively made using aloe vera
(Fardsadegh and Jafarizadeh-Malmiri 2019). Although
the hydrothermal procedure is praised as a traditional
synthesis method, it is really far more environmentally
friendly (Fardsadegh and Jafarizadeh-Malmiri 2019).
Similar techniques that are used to harness the bioactivity
of plant leaves may also be applied to spices. Indonesian
natives produce the aromatic fruits of the Myristica fra-
grans tree. The fruit generates the spices mace and nut-
meg after it gets dried and processed. Metallic NPs can
be produced from the pericarp, the part of the fruit that
is not a seed. After being dried and crushed, they were
put into water and brought to a boil using either cupric
oxide or silver nitrate. Subsequent investigation revealed
that phenols, quercetin, and flavonoids from AMpyristic
fragrans were essential for the stabilization and reduc-
tion of the NPs (Sasidharan et al. 2020). Furthermore, it
is well recognized that Ag NPs are extremely effective in
breaking down bacterial cell walls. Furthermore, Cu NPs
worked effectively with catalysts during the production
of triazole rings (Sasidharan et al. 2020).

Uptake and translocation processes of NPs

Interaction of NPs with plants

For NPs to enter the symplastic pathway, plant cells
must internalize them and pass across their plasma
membrane. A number of pathways support this
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mechanism, but our knowledge of them is limited
to animal cells (Avellan et al. 2017; Hong et al. 2021).
Endocytosis, which includes the invasion of the plasma
membrane and the formation of vesicles that can
migrate to specific cell areas, is a potential way that NPs
could become anchored within cells (Wang et al. 2013b;
Bharali et al. 2017; Usman et al. 2020).

There is an additional method wherein certain nano-
materials cause the plasma membrane to rupture, cre-
ating holes that allow for direct access inside the cell
without the need for encapsulation in organelles (Zhao
et al. 2012b). Additionally, NPs have the ability to attach
to nearby proteins, such as those found in cell mem-
branes, which serve as effective carriers for NP absorp-
tion and internalization inside the cell (Kapilan et al.
2018). For example, aquaporins have been proposed to
function as NP carriers (Maurel et al. 2015). Yet, unless
changes are introduced to improve the pore dimension,
it is doubtful that they will operate as passageways for
NP entry because of their modest size of pore (varying
between 2.8 and 3.4 A) (Sohail et al. 2022). Plant cells may
also receive NPs through plasmodesmata, which are spe-
cialized structures for intercellular movement; however,
plasmodesmata need NPs that are already existing inside
the symplast. This process is especially important for the
transfer of NPs via the phloem (Sun et al. 2013). While
ion channels have previously been suggested as poten-
tial NP entrance points, it is extremely unlikely that NPs
could pass them efficiently without significant changes
due to their normal size of approximately 1 nm (Paramo
et al. 2020; Wang et al. 2013¢; Pérez-de-Luque 2017; Hu
et al. 2020). It is important to highlight that research on
the molecular mechanisms involved in NP absorption in
plant cells is still ongoing, and more research is necessary
to fully understand these biological procedures.

Uptake and translocation of NPs from the soil

The soil’s pores and root systems are the primary and
the most significant entrance sites for NPs into the soil
(Khan et al. 2019a). The best places for NP uptake within
the rhizosphere are the lateral root system and develop-
ing root hairs (Khan et al. 2019a). The first point of con-
tact between NPs and plant roots occurs when the NPs
are adsorbed onto the outermost layer of the roots by
their root systems. Because root hair openings secrete
phytochemicals that cause the root surface to become
negatively charged, positively charged NPs are more
inclined to accumulate and settle rapidly. (Lv et al. 2019;
Wang et al. 2023b). Once NPs reach plant tissues, they
may travel easily across them, utilizing apoplastic and
symplastic movements, passing through organic acids
and mucus, among other compounds (Flowers 2004;
Zhao et al. 2012a; Petosa et al. 2017; Gong et al. 2020).
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According to Sattelmacher (2001), the radial move-
ment of NPs within vascular tissues is facilitated via the
apoplastic route. Water and additional substances are
exchanged between the neighboring cell’s cytoplasm and
symplast (Wang et al. 2013a). It is possible that the emer-
gence of lateral roots will produce a fresh adsorption sur-
face through which NPs can enter the root stream (Zhang
et al. 2015; Peng et al. 2016).

Both physically and functionally, the root epidermis
mimics the leaf surface. However, the outer layers of the
root hair and root tip epidermis of both primary and sec-
ondary plant roots are still developing. Here, the expo-
sure of NPs causes them to immediately enter and come
into contact with the root epidermis (Rajput et al. 2018;
Singh et al. 2022). Root epidermal cells have a perme-
able cell membrane that allows certain nutrients as well
as water to pass through. Tightly compacted cell walls in
root cells serve as a barrier against larger and unwanted
particles (Pérez-de-Luque 2017). The physical obstacles
that the plasma membrane of the root cell forms between
the roots and the soil are impermeable to hydrophilic
and macromolecules, but small molecules such as ster-
oids can pass past them. The GLUT1-4 transporter/car-
rier and channels like ATPase are used to transfer such
molecules throughout the cell membrane (Zulfiqar et al.
2019a; Zulfigar and Ashraf 2021). Those membrane
channels and transporters could also be involved in the
movement of NPs from the soil towards the root cells
(Ma et al. 2023; Wang et al. 2023b). When a root does
not possess an exodermis, NPs may penetrate the xylem,
or prominently positioned vascular column (Péret et al.
2009). Further investigations have demonstrated that cer-
tain NPs may disrupt the plasma membrane and induce
new holes in the epidermal cell wall, which allow bigger
NPs to pass through easily and effectively (Lv et al. 2019).
Upon introduction of NPs to plant cells, there are many
pathways by which the cells can absorb them (Zhang
et al. 2015; Peng et al. 2016). Some of the key processes
are physical injury, protein attachment to cell mem-
branes, endocytosis, and the ion route.

According to Servin et al. (2013) and Slomberg and
Schoenfisch (2012), accumulated NPs in plants are differ-
ent from injected NPs (Slomberg and Schoenfisch 2012;
Servin et al. 2013). NPs such as TiO, and SiO, are found
in plants in their natural state because of their mor-
phological and biological stability, but ZnO, NiO, CuO,
Yb,0,, CeO,, and La,O; are transformed. For example,
Zn has been absorbed and transported as Zn?" in maize
after treatment because ZnO NPs change in the rhizos-
phere (Lv et al. 2019). All of the zinc found in maize aer-
ial shoots and subterranean roots, however, was found
mostly as ZnPO,. According to Dimkpa et al., wheat
fields injected with ZnO NPs and CuO NPs collected
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ZnPO, and Cu(I)-sulfur complexes (Dimkpa et al. 2019).
Cu (IT) reduction to Cu (I) was evident in the rice and
maize crops. Cu reduction (II) is the outcome of CuO
NPs moving from rice root zones to shoots. Cu (II) has
the tendency to bind with citrate and cysteine, along with
being reduced to Cu,O (Zhang et al. 2015; Peng et al.
2016). It was found out that the rhizosphere and various
intercellular plant areas contain the converted final prod-
ucts of CeO,, Yb,Os, and La,O5 NPs (Zhang et al. 2012).
NPs were applied to a hydroponic cucumber culture, and
it was discovered that 7 nm CeO, NPs were converted to
Ce (III) and accumulated as CePO, in the intercellular
cavities of the roots. The natural acid-rich root exudates
facilitated CeO, NP dissolution. The change in locations
of CeO, NPs within cucumber plants was subsequently
validated by Ma et al. (Rossi et al. 2017). The detection
of a buildup of Ce (IV) and Ce (III) in response to root
exposures to NPs clarified the role of the rhizosphere in
the breakdown of CeO, NPs, although this was not the
case in the instance of foliar application. Studies revealed
that in cucumbers, cedar travels as Ce (IV) and Ce (III)
through the xylem from the roots to the shoots, but it
travels as CeO, from the shoots to the roots.

Foliar application of NP uptake and translocation

NPs are applied topically onto the leaf surface, where
they settle and get taken up by the plants through spe-
cific attachments such as stomatal holes, hydathodes, or
trichomes. The waxy layer of cuticle that covers the leaf
epidermis is mostly made up of wax, cutin, and pectin.
It functions as an essential natural barrier that keeps
NPs out while keeping growing leaves from losing water
(Peng et al. 2015). On the other hand, the waxy stratum
corneum possesses two unique channels: one is hydro-
philic while the other is lipophilic. According to Eck-
ert and Goldbach (2008), the hydrophilic and lipophilic
channels have widths between 0.6 and 4.8 nm. (Eichert
and Goldbach 2008). Through the hydrophilic channels,
hydrophilic NPs with a geometrical dimension of less
than 4.8 nm can diffuse (Banerjee et al. 2019). Lipophilic
NPs are taken up by foliage by penetration and diffu-
sion via the lipophilic channels within the cuticle (Bus-
siéres 2014). Using high-resolution confocal fluorescence
microscopy, P. Hu et al. (2020) have demonstrated that
carbon dots as tiny as 2 nm may penetrate the cuticular
route and reach cotton leaves. But the modest size of the
pore channels in the cuticle limits the absorption of NPs
via the epidermis.

NPs have a tendency to gather in the epidermis and
veins of leaves after being sprayed on them. Meanwhile,
it has been demonstrated by multiple investigations that
NPs are transposable to different plant tissues. The study
team hypothesized that plants may uptake NPs via the
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stomatal channel (Wang et al. 2013d). NPs are sprayed
onto the outermost layer of leaves, where they are taken
up by plants through stomata, trichomes, or hydathodes.
The primary components of the waxy cuticle found on
leaf epidermis are wax, cutin, and pectin. According to C.
Peng et al. (2015), it acts as a crucial organic obstacle to
keep water from evaporating and NPs from penetrating
(Peng et al. 2015). The waxy stratum corneum is divided
into two distinct channels: lipophilic and hydrophilic.
The diameter of hydrophilic or lipophilic channels can
vary from 0.6 to 4.8 nm (Eichert and Goldbach 2008).
The hydrophilic channels allow hydrophilic NPs less than
4.8 nm to diffuse (Banerjee et al. 2019). Lipophilic NPs
can enter and diffuse into leaves more easily because of
the lipophilic pathways found in the cuticle (Bussieres
2014). Nonetheless, the pore channels’ tiny apertures
function as a cuticle regulator, limiting the best possible
intake of NPs via the epidermis. Investigations reveal that
when NPs are introduced to a leaf’s surface, they build up
in the outermost layer of the epidermal and vascular tis-
sues of the leaf. In the meantime, a great deal of research
has shown that NPs are translatable to different plant tis-
sues. The researchers in the investigation hypothesized
that plants could take up NPs via their stomata.

The plant species is one of the many elements that
affect the absorption, movement, and accumulation of
foliar NPs. The distinct placement of stomatal holes in
each might explain the variation in absorption behavior
between dicotyledons and monocotyledons. Higher leaf
surface area, smaller petioles, and a smaller number of
veins all contribute to NP accumulation in plants. The
lifespan and developmental stage of the NPs determine
how much foliar supplemental nutrition is applied to
the leaves. Foliar NP absorption was inhibited by physi-
ochemical characteristics, including development stage,
epidermal organization, NP size, and leaf cross-sectional
surface area (Ullah et al. 2020). While hydrophilic nano-
suspensions are readily taken via cell walls, lipophilic
epidermal wax facilitates the absorption of hydrophobic
NPs. Furthermore, the organic and inorganic compounds
produced by phyllosphere microorganisms may acidify,
reduce, and chelate NPs in the meantime, influencing NP
entrance within leaves. For example, humic acid has been
linked to the chelation of ZnO NPs (Rahale et al. 2021),
whereas Fe NPs are chelated by ethylene diamine-N and
N-bis(2-hydroxyphenylacetic acid) (Jalali et al. 2016).
Because metal- and carbon-derived NPs attach to the
thiol group of different chemical molecules located in
vacuoles after reaching the leaves, they have a reduced
capacity to be effectively absorbed and transported in
plants. As a last line of protection against NP transloca-
tion, the endodermal casparian strip keeps it from get-
ting into the circulation (Xie and Yang 2020).
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Several abiotic environmental factors, such as humid-
ity, light, and temperature, might have a negative impact
on NP absorption when applied topically. For example,
extreme temperatures may cause a leaf’s epidermis to
shrink, while reduced moisture and shadow may induce
stomata to shut. The osmotic capacity of the leaf is low-
ered by elevated humidity levels, which promotes NP
absorption. Abiotic variables affect NP absorption by
foliar application and impede the growth of the epidermis
(Fatemi et al. 2020). Whenever the epidermis becomes
thinner and less strong in response to certain abiotic
stresses (shade, high temperature, and low humidity), the
stomatal mechanism shuts down and the aerial absorp-
tion of NPs decreases. A high humidity level encourages
the absorption of NPs directly as a result of their effect
on the leaf surface’s osmotic capacity (Shahid et al. 2017).
Abiotic variables like sunlight and temperature have an
impact on NPs’ foliar absorption, which subsequently
in turn has an impact on the efficiency of photosynthe-
sis and the growth of the leaf epidermis (Fan et al. 2020).
According to Alshaal and El-Ramady, rainfall decreases
the sprinkled NPs’ uptake by washing them away (Alshaal
and El-Ramady 2017).

Mode of action of NPs for mitigation of HMMs: insights
into mode of action

The processes through which plants manage HMMs and
NPs depend critically on interactions with the environ-
ment, plant physiology, and the stability of HMMs and
NPs. An NP’s behavior is affected by its properties (Sabo-
Attwood et al. 2012). The morphological and physio-
chemical characteristics of NPs also play a role in their
uptake. Reducing the bioavailable HMMs concentration
in the soil, strengthening the plant’s defense mechanisms,
improving physiological functions, and regulating the
expression of HMMs transport genes are all strategies
that can help plants cope with HMMs stress (Cao et al.
2020; Rincén-Torres et al. 2021). Plant cells allow NPs
access through both channels in the plasma membrane
and direct cell membrane penetration. These NPs play a
communication role, stimulating the expression of genes
involved in the plant’s response to stress.

Additionally, NPs can alter or absorb HMMs in the soil,
decreasing their bioavailability and mobility. For instance,
one study found that cadmium mobility decreased when
Fe;O, NPs were used (Sebastian et al. 2019). Manzoor
et al. 2021 reported that the strong surface reactivity,
electrostatic attraction, large surface area, and pres-
ence of capping molecules in FeO NPs allowed them to
absorb Cd from the soil efficiently. Metal ion concentra-
tions in plants are lowered because Cd** and FeO NPs
fight for the same transporter pathway in cells (Manzoor
et al. 2021). In addition, Noman et al. (2020) conducted
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an analysis and found that the electrostatic attraction,
reactivity, and large surface area of Cu NPs impeded Cd
translocation from the soil to the wheat plants’ aerial
portions. The capping molecules on biological Cu NPs
may have helped in the immobilization of Cd in the soil.
The proteins that coat Cu NPs may have aided in Cd
immobilization. The increased demand for Cu-bound
nutrients and a subsequent growth spurt in wheat can be
attributed to this conflict.

In order to facilitate the transformation of cadmium
into more stable forms, research has shown that mer-
capto Si NPs can play a crucial role (Wang et al. 2020b).
We shall go into more depth on how HM toxicity causes
an increase in intracellular ROS later. In the context of
HMMs, the elements that generate ROS are unique.
An indication of HM toxicity is an increase in intracel-
lular ROS generation (Cho and Seo 2005; Skérzynska-
Polit et al. 2006). However, Cd, a redox-inactive HMMs,
may only directly produce ROS by inactivating enzymes
and increasing the production of LOX in plant tis-
sues, whereas Cu can do so directly. Plants’ antioxidant
machinery is triggered in response to HMMs stress.
However, ROS can disturb cellular activities, which,
when combined with ethylene and jasmonic acid (JA),
can promote senescence (Gamalero et al. 2009). When
ROS build up inside a cell, they are scavenged by anti-
oxidant enzymes such as peroxidase (POD), superoxide
dismutase (SOD), ascorbate peroxidase (APX), catalase
(CAT), glutathione peroxidase (GPX), and glutathione
reductase (GR) (Fig. 3).

Low-molecular-weight non-enzymatic metabolites can
successfully neutralize the ROS in addition to enzymes
(Ullah et al. 2020). The body’s ROS clearance mecha-
nisms are triggered in the face of adversity. To combat
the effects of oxidative stress, plants synthesize shikmate-
phenylpropanoid and alanine and metabolize galactose,
ascorbate, and aspartic acid (Hussain et al. 2016). CeO,
NPs, Mn;O, NPs, and Fe;O, NPs, which are activated
by antioxidant enzymes, have been found to reduce crop
losses (Konate et al. 2017).

Using a foliar application of CeO, NPs (200 mg/L),
researchers were able to successfully stimulate the antiox-
idant defense system and prevent Cd accumulation in rice
grown under hydroponic conditions (Wang et al. 2019). Ji
et al. (2017) found that TiO, NPs had a negligible impact
on rice seedling biomass when grown in hydroponic con-
ditions. The addition of TiO, NPs mitigated the nega-
tive effects of Cd stress on rice seedlings, as evidenced
by improvements in root length, plant height, hormone
level, antioxidant enzyme activity, and other physiological
parameters.

Plants respond to HMMs stress by producing amino
acids, proteins, genes, and signaling molecules that
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are specific to the stress (Dalcorso et al. 2010). Recent
research has also shown that exposure to HMMs
increases the production of heat shock proteins (HSPs)
(DalCorso et al. 2008; Gupta 2010; Solérzano et al. 2020).

There is evidence that proline (Pro) plays a role in HMMs
detoxification, since a higher Pro level was detected in the
Cd hyperaccumulator plant Solanum nigrum compared
to the nonaccumulator plant (Solanum melongena) (Sun
et al. 2007; Zhao et al. 2011). Chelating substances such
as phytosiderophores, nicotianamine, and organic acids
are secreted by roots and may affect HM uptake (Dalcorso
et al. 2010). Mitogen-activated protein kinase (MAPK) cas-
cade signalling pathways show up in different stress condi-
tions like salinity and drought; similarly, it is also observed
to respond to HMMs stress (Dalcorso et al. 2010; Singh
et al. 2023b). When seedlings of the lucerne (Medicago
sativa L.) plant are exposed to Cu or Cd ions, this leads to
the activation of four different MAPKs, e.g., SIMK, MMK2,
MMK3, and SAMK. SAMK, MMK2, and MMK3 were
activated more slowly by Cd stress, while SIMK, MMK2,
and MMKS3 were swiftly activated by Cu stress (Jonak et al.
2004; Gupta 2010). Recent reports also suggested that the
application of NPs can also regulate the expression of these
genes that are related to HMMs stress (Morales-Diaz et al.
2017; Manzoor et al. 2021; Farajzadeh Memari-Tabrizi
et al. 2021; Zulfigar and Ashraf 2022). Researchers found
that nanoscale zero-valent iron (nZVI) increased SOD
and POD in sunflower leaf tissue, decreased HM forma-
tion, and stimulated plant development (Michalkova et al.
2017). The gene expressions of Fe transporters (IRT1, IRT2,
YSL2, YSL15) responsible for both Fe and Cd absorption
were shown to be dramatically down-regulated after nZVI
(100 mg/L) was applied to rice seedlings (Guha et al. 2020).
Cd was sequestered in vacuoles due to the overexpression
of the OsVIT1 and OsCAX4 genes. The addition of Si NPs
significantly enhanced the percentage of viable rice cells in
Cd solution (Cui et al. 2017). Possible explanations of this
behaviour of rice cells include up-regulation of Si uptake
(OsLsil) genes and the down-regulation of Cd uptake and
transport (OsLCT1 and OsNramp5) genes (Cui et al. 2017).

Conclusion

The present review indicates rapid increaese of metal
and metalloid pollutants in environmentespecially soil
system due to releases of various natural and anthro-
ponigenic sources. This is an alarming issue for food
safety and human health. These elements also hamper
soil health which resulted in low quality food produces.
The convenational and ongoing discussed approaches
for elimination or stabizing these elements in soil and
preventing their accumulation in plant tissues were dis-
cussed in detail, revealing that these technologies have
limitations and are not as effective. However, discussed
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nanotechnological approaches proved to be effective and
ecofriendly with promising outcome to eliminate metal
and metalloid pollutants. In summary, nanoparticle-
based remediation shows great promise for addressing
environmental contamination. The review highlights key
mechanisms, recent advancements, and the importance
of considering environmental impacts. While acknowl-
edging the potential, a balanced approach is essential,
considering both efficacy and environmental concerns.
Future research should prioritize scalable and cost-effec-
tive technologies, fostering interdisciplinary collabora-
tion for practical application. This review paves the way
for sustainable and responsible use of nanoparticles in
metal and metalloid pollutants remediation.

Abbreviations

HMMs  Heavy metals

SOD Superoxide dismutase
POD Peroxidase

CAT Catalase

ROS Reactive oxygen species
NPs Nanoparticles

GPX Glutathione peroxidase

Acknowledgements

KG is supported by internal grant of YSU. AS is supported by the 23PostDoc-
4D007 grant provided by the Science Committee of the Republic of Armenia.
VDR and TM are supported by the Strategic Academic Leadership Program
of Southern Federal University, known as "Priority 2030," and the Ministry

of Science and Higher Education of the Russian Federation (grant number:
FENW-2023-0008).

Authors’ contributions

Authors PR, AS, SA, KG, VDR, HM, SM, TM, AA write the original draft and PR, AS,
SA, KG, VDR, HM, SM, TM, AA edit and finalize the manuscript. All authors read
and agree for submission of manuscript to the journal.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Consent for publication

The article contains no such material that may be unlawful, defamatory, or
which would, if published, in any way whatsoever, violate the terms and
conditions as laid down in the agreement.

Competing interests
The authors declare that they have no conflict of interest in the publication.

Received: 1 November 2023 Accepted: 26 February 2024
Published online: 23 May 2024

References

Abbas G, Murtaza B, Bibi | et al (2018a) Arsenic uptake, toxicity, detoxifi-
cation, and speciation in plants: physiological, biochemical, and
molecular aspects. Int J Environ Res Public Heal 59(15):59. https://doi.
0rg/10.3390/1JERPH15010059

Page 18 of 25

Abbas T, Rizwan M, Ali S et al (2018b) Effect of biochar on alleviation of
cadmium toxicity in wheat (Triticum aestivum L.) grown on Cd-
contaminated saline soil. Environ Sci Pollut Res Int 25:25668-25680.
https://doi.org/10.1007/511356-017-8987-4

Abdel-Hadi AM, Awad MF, Abo-Dahab NF et al (2014) Extracellular syn-
thesis of silver nanoparticles by aspergillus terreus: Biosynthesis,
characterization and biological activity. Biosci Biotechnol Res Asia
11:1179-1186

Achour AR, Bauda P, Billard P (2007) Diversity of arsenite transporter genes
from arsenic-resistant soil bacteria. Res Microbiol 158:128-137.
https://doi.org/10.1016/J.RESMIC.2006.11.006

Adelere |A, Lateef A (2016) A novel approach to the green synthesis of
metallic nanoparticles: the use of agro-wastes, enzymes, and pig-
ments. Nanotechnol Rev 5:567-587. https://doi.org/10.1515/NTREV-
2016-0024/ASSET/GRAPHIC/J_NTREV-2016-0024_FIG_006.JPG

Adrees M, Khan ZS, Ali S et al (2020) Simultaneous mitigation of cadmium
and drought stress in wheat by soil application of iron nanoparticles.
Chemosphere 238:124681. https://doi.org/10.1016/J.CHEMOSPHERE.
2019.124681

Agarwal H, Venkat Kumar S, Rajeshkumar S (2017) A review on green syn-
thesis of zinc oxide nanoparticles — An eco-friendly approach. Resour
Technol 3:406-413. https://doi.org/10.1016/J.REFFIT.2017.03.002

Ahmad A, Senapati S, Khan Ml et al (2006) Extra-/Intracellular biosynthesis
of gold nanoparticles by an Alkalotolerant fungus, Trichothecium sp. J
Biomed Nanotechnol 1:47-53. https://doi.org/10.1166/JBN.2005.012

Ahmad MSA, Ashraf M, Hussain M (2011) Phytotoxic effects of nickel on
yield and concentration of macro- and micro-nutrients in sunflower
(Helianthus annuus L.) achenes. J Hazard Mater 185:1295-1303.
https://doi.org/10.1016/JJHAZMAT.2010.10.045

Ahmed Khoso M, Lixin L, Papiashvili T (2021) Recent advances in synergy
among SNARE proteins and Multi-Subunit Tethering Complexes
(MTCs) in vesicle trafficking and plant development. Egypt Acad J
Biol Sci C, Physiol Mol Biol 13:1-25. https://doi.org/10.21608/EAJBSC.
2021.185131

Ai P, Jin K, Alengebawy A et al (2020) Effect of application of different biogas
fertilizer on eggplant production: analysis of fertilizer value and risk
assessment. Environ Technol Innov 19:101019. https://doi.org/10.
1016/J.ETI.2020.101019

Akhtar MS, Panwar J, Yun YS (2013) Biogenic synthesis of metallic nanoparti-
cles by plant extracts. ACS Sustain Chem Eng 1:591-602. https://doi.
0rg/10.1021/5SC300118U/ASSET/IMAGES/MEDIUM/SC-2012-00118U_
0002.GIF

Akhtar N, Khan S, Rehman SU et al (2021) Synergistic effects of zinc oxide
nanoparticles and bacteria reduce heavy metals toxicity in rice (Oryza
sativa L.). Plant Toxics 9:113-113. https://doi.org/10.3390/TOXICS9050
113

Alengebawy A, Abdelkhalek ST, Qureshi SR et al (2021a) Heavy metals and
pesticides toxicity in agricultural soil and plants: ecological risks and
human health implications. Toxics 9:42. https://doi.org/10.3390/TOXIC
59030042

Alengebawy A, Jin K, Ran Y et al (2021b) Advanced pre-treatment of stripped
biogas slurry by polyaluminum chloride coagulation and biochar
adsorption coupled with ceramic membrane filtration. Chemosphere
267:129197. https://doi.org/10.1016/J.CHEMOSPHERE.2020.129197

Ali B, Qian P, Jin R et al (2014) Physiological and ultra-structural changes in
Brassica napus seedlings induced by cadmium stress. Biologia Plan-
tarum 58:131-138. https://doi.org/10.1007/510535-013-0358-5

Ali H, Khan E (2019) Trophic transfer, bioaccumulation, and biomagnification of
non-essential hazardous heavy metals and metalloids in food chains/
webs—Concepts and implications for wildlife and human health. Hum
Ecol Risk Assess an Int J 25:1353-1376. https://doi.org/10.1080/10807
039.2018.1469398

Ali R, Rawlins T (2021) Investigations: Environmental Pollution Dumping.
Encycl Secur Emerg Manag 548-553. https://doi.org/10.1007/978-3-
319-70488-3_177

Alloway BJ (2013) Sources of Heavy Metals and Metalloids in Soils. 11-50.
https://doi.org/10.1007/978-94-007-4470-7_2


https://doi.org/10.3390/IJERPH15010059
https://doi.org/10.3390/IJERPH15010059
https://doi.org/10.1007/S11356-017-8987-4
https://doi.org/10.1016/J.RESMIC.2006.11.006
https://doi.org/10.1515/NTREV-2016-0024/ASSET/GRAPHIC/J_NTREV-2016-0024_FIG_006.JPG
https://doi.org/10.1515/NTREV-2016-0024/ASSET/GRAPHIC/J_NTREV-2016-0024_FIG_006.JPG
https://doi.org/10.1016/J.CHEMOSPHERE.2019.124681
https://doi.org/10.1016/J.CHEMOSPHERE.2019.124681
https://doi.org/10.1016/J.REFFIT.2017.03.002
https://doi.org/10.1166/JBN.2005.012
https://doi.org/10.1016/J.JHAZMAT.2010.10.045
https://doi.org/10.21608/EAJBSC.2021.185131
https://doi.org/10.21608/EAJBSC.2021.185131
https://doi.org/10.1016/J.ETI.2020.101019
https://doi.org/10.1016/J.ETI.2020.101019
https://doi.org/10.1021/SC300118U/ASSET/IMAGES/MEDIUM/SC-2012-00118U_0002.GIF
https://doi.org/10.1021/SC300118U/ASSET/IMAGES/MEDIUM/SC-2012-00118U_0002.GIF
https://doi.org/10.1021/SC300118U/ASSET/IMAGES/MEDIUM/SC-2012-00118U_0002.GIF
https://doi.org/10.3390/TOXICS9050113
https://doi.org/10.3390/TOXICS9050113
https://doi.org/10.3390/TOXICS9030042
https://doi.org/10.3390/TOXICS9030042
https://doi.org/10.1016/J.CHEMOSPHERE.2020.129197
https://doi.org/10.1007/S10535-013-0358-5
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1080/10807039.2018.1469398
https://doi.org/10.1007/978-3-319-70488-3_177
https://doi.org/10.1007/978-3-319-70488-3_177
https://doi.org/10.1007/978-94-007-4470-7_2

Rajput et al. Stress Biology (2024) 4:27

Alshaal T, El-Ramady H (2017) Foliar application: from plant nutrition to
biofortification. Environ Biodivers Soil Secur 1:71-83. https://doi.org/
10.21608/JENVBS.2017.1089.1006

Aromokeye DA, Willis-Poratti G, Wunder LC et al (2021) Macroalgae degra-
dation promotes microbial iron reduction via electron shuttling in
coastal Antarctic sediments. Environ Int 156:106602. https://doi.org/
10.1016/J.ENVINT.2021.106602

Asgari Lajayer B, Ghorbanpour M, Nikabadi S (2017) Heavy metals in
contaminated environment: Destiny of secondary metabolite
biosynthesis, oxidative status and phytoextraction in medicinal
plants. Ecotoxicol Environ Saf 145:377-390. https://doi.org/10.1016/J.
ECOENV.2017.07.035

Avellan A, Schwab F, Masion A et al (2017) Nanoparticle uptake in plants:
gold nanomaterial localized in roots of Arabidopsis thaliana by X-ray
computed nanotomography and hyperspectral imaging. Environ Sci
Technol 51:8682-8691. https://doi.org/10.1021/ACS.EST.7B01133/
SUPPL_FILE/ES7B01133_SI_001.PDF

Baker AJM (1987) Metal tolerance. New Phytol 106:93-111. https://doi.org/
10.1111/).1469-8137.1987.TB04685.X

Banerjee K, Pramanik P, Maity A et al (2019) Methods of Using Nanomaterials
to Plant Systems and Their Delivery to Plants (Mode of Entry, Uptake,
Translocation, Accumulation, Biotransformation and Barriers). Adv
Phytonanotechnol Synth Appl 123-152. https://doi.org/10.1016/
B978-0-12-815322-2.00005-5

Baragarfio D, Forjan R, Welte L (2020) Gallego JLR (2020) Nanoremedia-
tion of as and metals polluted soils by means of graphene oxide
nanoparticles. Sci Reports 101(10):1-10. https://doi.org/10.1038/
$41598-020-58852-4

Barzegar M, Ahmadvand D, Sabouri Z et al (2023) Green synthesis of magne-
sium oxide nanoparticles by chitosan polymer and assessment of their
photocatalytic activity and cytotoxicity influences. Mater Chem Phys
301:127649. https://doi.org/10.1016/JMATCHEMPHYS.2023.127649

Bharali A, Baruah KK, Gogoi N (2017) Potential option for mitigating methane
emission from tropical paddy rice through selection of suitable rice
varieties. Crop Pasture Sci 68:421-433. https://doi.org/10.1071/CP16228

Bhattacharya P, Welch AH, Stollenwerk KG et al (2007) Arsenic in the environ-
ment: biology and chemistry. Sci Total Environ 379:109-120. https://doi.
org/10.1016/J.SCITOTENV.2007.02.037

Birla SS, Tiwari VV, Gade AK et al (2009) Fabrication of silver nanoparticles by
Phoma glomerata and its combined effect against Escherichia coli, Pseu-
domonas aeruginosa and Staphylococcus aureus. Lett Appl Microbiol
48:173-179. https://doi.org/10.1111/J.1472-765X.2008.02510.X

Bissen M, Frimmel FH (2003) Arsenic — a review. part II: oxidation of arsenic
and its removal in water treatment. Acta Hydrochim Hydrobiol
31:97-107. https://doi.org/10.1002/AHEH.200300485

Bolan NS, Adriano DC, Naidu R (2003) Role of phosphorus in (im)mobilization
and bioavailability of heavy metals in the soil-plant system. Rev Environ
Contam Toxicol 177:1-44. https://doi.org/10.1007/0-387-21725-8_1/
COVER

Bongaarts J (2009) Human population growth and the demographic transi-
tion. Philos Trans R Soc B Biol Sci 364:2985. https://doi.org/10.1098/
RSTB.2009.0137

Boregowda N, Jogigowda SC, Bhavya G et al (2022) Recent advances in
nanoremediation: carving sustainable solution to clean-up polluted
agriculture soils. Environ Pollut 297:118728. https://doi.org/10.1016/J.
ENVPOL.2021.118728

Bradl HB (2005) Chapter 1 sources and origins of heavy metals. Interface Sci
Technol 6:1-27. https://doi.org/10.1016/51573-4285(05)80020-1

Burken JG, Schnoor JL (1998) Predictive relationships for uptake of organic
contaminants by hybrid poplar trees. Environ Sci Technol 32:3379-3385.
https://doi.org/10.1021/ES9706817

Bussiéres P (2014) Estimating the number and size of phloem sieve plate pores
using longitudinal views and geometric reconstruction. Sci Rep 4:4929.
https://doi.org/10.1038/SREP04929

Cai LM, Wang QS, Wen HH et al (2019) Heavy metals in agricultural soils from
a typical township in Guangdong Province, China: Occurrences and
spatial distribution. Ecotoxicol Environ Saf 168:184-191. https://doi.org/
10.1016/J.ECOENV.2018.10.092

Camilli L, Pisani C, Gautron E et al (2014) A three-dimensional carbon nano-
tube network for water treatment. Nanotechnology 25:065701. https://
doi.org/10.1088/0957-4484/25/6/065701

Page 19 of 25

Cao F, Dai H, Hao PF, Wu F (2020) Silicon regulates the expression of vacuolar
H+-pyrophosphatase 1 and decreases cadmium accumulation in rice
(Oryza sativa L.). Chemosphere 240:124907. https://doi.org/10.1016/J.
CHEMOSPHERE.2019.124907

Carberry JB, Wik J (2001) Comparison of ex situ and in situ bioremediation of
unsaturated soils contaminated by petroleum. J Environ Sci Heal Part A
36:1491-1503. https://doi.org/10.1081/ESE-100105726

Carmichael WW, Mahmood NA, Hyde EG (1990) Natural Toxins from Cyanobac-
teria (Blue-Green Algae). 87-106. https://doi.org/10.1021/BK-1990-0418.
CHO06

Chandra R, Dass SK, Tomar P, Tiwari M (2001) Cadmium, carcinogen, co-
carcinogen and ant i carcinogen. Indian J Clin Biochem 16:145-152.
https://doi.org/10.1007/BF02864853/METRICS

Nazarenko OG, Zimulina IV, Bauer TV et al (2021) Heavy metals in agricultural
crops of Rostov region through the example of soft wheat (Triticum
aestivum). IOP Conf Ser Earth Environ Sci 624:012204. https://doi.org/
10.1088/1755-1315/624/1/012204

Charles O, Onyema MO (2016) Vanadium inhibition capacity on nutrients and
heavy metal uptake by Cucumis Sativus. J Am Sci 12:63-66. https://doi.
org/10.7537/marsjas121016.09

Chellaiah ER (2018) Cadmium (heavy metals) bioremediation by Pseudomonas
aeruginosa: a minireview. Appl Water Sci 8:1-10. https://doi.org/10.
1007/513201-018-0796-5/TABLES/3

Chen F, Khan ZI, Zafar A et al (2021) Evaluation of toxicity potential of cobalt
in wheat irrigated with wastewater: health risk implications for public.
Environ Sci Pollut Res 28:21119-21131. https://doi.org/10.1007/511356-
020-11815-8/METRICS

Chen XX, Liu YM, Zhao QY et al (2020) Health risk assessment associated with
heavy metal accumulation in wheat after long-term phosphorus ferti-
lizer application. Environ Pollut 262:114348. https://doi.org/10.1016/..
ENVPOL.2020.114348

ChenY,Yang W, ChaoY et al (2017) Metal-tolerant Enterobacter sp. strain EG16
enhanced phytoremediation using Hibiscus cannabinus via siderophore-
mediated plant growth promotion under metal contamination. Plant Soil
413:203-216. https://doi.org/10.1007/511104-016-3091-Y/METRICS

Cho UH, Seo NH (2005) Oxidative stress in Arabidopsis thaliana exposed
to cadmium is due to hydrogen peroxide accumulation. Plant Sci
168:113-120. https://doi.org/10.1016/J.PLANTSCI.2004.07.021

Chowra U, Yanase E, Koyama H et al (2017) Aluminium-induced excessive
ROS causes cellular damage and metabolic shifts in black gram Vigna
mungo (L) Hepper. Protoplasma 254:293-302. https://doi.org/10.1007/
S00709-016-0943-5/METRICS

Cocklin C, Mautner N, Dibden J (2007) Public policy, private landholders:
perspectives on policy mechanisms for sustainable land management.
J Environ Manage 85:986-998. https://doi.org/10.1016/J.JENVMAN.
2006.11.009

Corsi |, Winther-Nielsen M, Sethi R et al (2018) Ecofriendly nanotechnolo-
gies and nanomaterials for environmental applications: Key issue and
consensus recommendations for sustainable and ecosafe nanoreme-
diation. Ecotoxicol Environ Saf 154:237-244. https://doi.org/10.1016/J.
ECOENV.2018.02.037

CuiJ, LiuT, Li F et al (2017) Silica nanoparticles alleviate cadmium toxicity in
rice cells: Mechanisms and size effects. Environ Pollut 228:363-369.
https://doi.org/10.1016/J.ENVPOL.2017.05.014

Dalal U, Reddy SN (2019) A novel nano zero-valent iron biomaterial for chro-
mium (Cr6+ to Cr3+) reduction. Environ Sci Pollut Res 2611(26):10631—
10640. https://doi.org/10.1007/511356-019-04528-0

Dalcorso G, Farinati S, Furini A (2010) Regulatory networks of cadmium stress
in plants. Plant Signal Behav 5:663-667. https://doi.org/10.4161/PSB.5.
6.11425

DalCorso G, Farinati S, Maistri S et al (2008) How plants cope with cadmium:
staking all on metabolism and gene expression. J Integr Plant Biol
50:1268-1280. https://doi.org/10.1111/J.1744-7909.2008.00737.X

Dalla Vecchia E, Suvorova El, Maillard J et al (2014) Fe(lll) reduction during
pyruvate fermentation by Desulfotomaculum reducens strain MI-1.
Geobiology 12:48-61. https://doi.org/10.1111/GBI.12067

Darroudi M, Sabouri Z, Kazemi Oskuee R et al (2013) Sol-gel synthesis, char-
acterization, and neurotoxicity effect of zinc oxide nanoparticles using
gum tragacanth. Ceram Int 39:9195-9199. https://doi.org/10.1016/J.
CERAMINT.2013.05.021


https://doi.org/10.21608/JENVBS.2017.1089.1006
https://doi.org/10.21608/JENVBS.2017.1089.1006
https://doi.org/10.1016/J.ENVINT.2021.106602
https://doi.org/10.1016/J.ENVINT.2021.106602
https://doi.org/10.1016/J.ECOENV.2017.07.035
https://doi.org/10.1016/J.ECOENV.2017.07.035
https://doi.org/10.1021/ACS.EST.7B01133/SUPPL_FILE/ES7B01133_SI_001.PDF
https://doi.org/10.1021/ACS.EST.7B01133/SUPPL_FILE/ES7B01133_SI_001.PDF
https://doi.org/10.1111/J.1469-8137.1987.TB04685.X
https://doi.org/10.1111/J.1469-8137.1987.TB04685.X
https://doi.org/10.1016/B978-0-12-815322-2.00005-5
https://doi.org/10.1016/B978-0-12-815322-2.00005-5
https://doi.org/10.1038/s41598-020-58852-4
https://doi.org/10.1038/s41598-020-58852-4
https://doi.org/10.1016/J.MATCHEMPHYS.2023.127649
https://doi.org/10.1071/CP16228
https://doi.org/10.1016/J.SCITOTENV.2007.02.037
https://doi.org/10.1016/J.SCITOTENV.2007.02.037
https://doi.org/10.1111/J.1472-765X.2008.02510.X
https://doi.org/10.1002/AHEH.200300485
https://doi.org/10.1007/0-387-21725-8_1/COVER
https://doi.org/10.1007/0-387-21725-8_1/COVER
https://doi.org/10.1098/RSTB.2009.0137
https://doi.org/10.1098/RSTB.2009.0137
https://doi.org/10.1016/J.ENVPOL.2021.118728
https://doi.org/10.1016/J.ENVPOL.2021.118728
https://doi.org/10.1016/S1573-4285(05)80020-1
https://doi.org/10.1021/ES9706817
https://doi.org/10.1038/SREP04929
https://doi.org/10.1016/J.ECOENV.2018.10.092
https://doi.org/10.1016/J.ECOENV.2018.10.092
https://doi.org/10.1088/0957-4484/25/6/065701
https://doi.org/10.1088/0957-4484/25/6/065701
https://doi.org/10.1016/J.CHEMOSPHERE.2019.124907
https://doi.org/10.1016/J.CHEMOSPHERE.2019.124907
https://doi.org/10.1081/ESE-100105726
https://doi.org/10.1021/BK-1990-0418.CH006
https://doi.org/10.1021/BK-1990-0418.CH006
https://doi.org/10.1007/BF02864853/METRICS
https://doi.org/10.1088/1755-1315/624/1/012204
https://doi.org/10.1088/1755-1315/624/1/012204
https://doi.org/10.7537/marsjas121016.09
https://doi.org/10.7537/marsjas121016.09
https://doi.org/10.1007/S13201-018-0796-5/TABLES/3
https://doi.org/10.1007/S13201-018-0796-5/TABLES/3
https://doi.org/10.1007/S11356-020-11815-8/METRICS
https://doi.org/10.1007/S11356-020-11815-8/METRICS
https://doi.org/10.1016/J.ENVPOL.2020.114348
https://doi.org/10.1016/J.ENVPOL.2020.114348
https://doi.org/10.1007/S11104-016-3091-Y/METRICS
https://doi.org/10.1016/J.PLANTSCI.2004.07.021
https://doi.org/10.1007/S00709-016-0943-5/METRICS
https://doi.org/10.1007/S00709-016-0943-5/METRICS
https://doi.org/10.1016/J.JENVMAN.2006.11.009
https://doi.org/10.1016/J.JENVMAN.2006.11.009
https://doi.org/10.1016/J.ECOENV.2018.02.037
https://doi.org/10.1016/J.ECOENV.2018.02.037
https://doi.org/10.1016/J.ENVPOL.2017.05.014
https://doi.org/10.1007/S11356-019-04528-0
https://doi.org/10.4161/PSB.5.6.11425
https://doi.org/10.4161/PSB.5.6.11425
https://doi.org/10.1111/J.1744-7909.2008.00737.X
https://doi.org/10.1111/GBI.12067
https://doi.org/10.1016/J.CERAMINT.2013.05.021
https://doi.org/10.1016/J.CERAMINT.2013.05.021

Rajput et al. Stress Biology (2024) 4:27

de Angelis C, Galdiero M, Pivonello C et al (2017) The environment and male
reproduction: The effect of cadmium exposure on reproductive func-
tion and its implication in fertility. Reprod Toxicol 73:105-127. https://
doi.org/10.1016/J.REPROTOX.2017.07.021

Dhand C, Dwivedi N, Loh XJ et al (2015) Methods and strategies for the syn-
thesis of diverse nanoparticles and their applications: a comprehensive
overview. RSC Adv 5:105003-105037. https://doi.org/10.1039/C5RA1
9388E

Dimkpa CO, Singh U, Bindraban PS et al (2019) Zinc oxide nanoparticles
alleviate drought-induced alterations in sorghum performance, nutri-
ent acquisition, and grain fortification. Sci Total Environ 688:926-934.
https://doi.org/10.1016/J.SCITOTENV.2019.06.392

Eichert T, Goldbach HE (2008) Equivalent pore radii of hydrophilic foliar uptake
routes in stomatous and astomatous leaf surfaces — further evidence
for a stomatal pathway. Physiol Plant 132:491-502. https://doi.org/10.
1111/J.1399-3054.2007.01023.X

Eroglu Z, Metin O (2023) Internal interactions within the complex type-Il
heterojunction of a graphitic carbon nitride/black phosphorus hybrid
decorated with graphene quantum dots: implications for photooxida-
tion performance. ACS Appl Nano Mater 6:7960-7974. https://doi.org/
10.1021/ACSANM.3CO1187/ASSET/IMAGES/LARGE/AN3C01187_0010.
JPEG

Faizan M, Alam P, Rajput VD et al (2023) Nanoparticle mediated plant tolerance
to heavy metal stress: what we know? Sustain 15:1446. https://doi.org/
10.3390/5U15021446

Fan X, Cao X, Zhou H et al (2020) Carbon dioxide fertilization effect on plant
growth under soil water stress associates with changes in stomatal
traits, leaf photosynthesis, and foliar nitrogen of bell pepper (Capsicum
annuum L.). Environ Exp Bot 179:104203. https://doi.org/10.1016/J.
ENVEXPBOT.2020.104203

FanY, LiY, Li H et al (2018) Evaluating heavy metal accumulation and potential
risks in soil-plant systems applied with magnesium slag-based fertilizer.
Chemosphere 197:382-388. https://doi.org/10.1016/J.CHEMOSPHERE.
2018.01.055

Farajzadeh Memari-Tabrizi E, Yousefpour-Dokhanieh A, Babashpour-Asl M (2021)
Foliar-applied silicon nanoparticles mitigate cadmium stress through
physio-chemical changes to improve growth, antioxidant capacity, and
essential oil profile of summer savory (Satureja hortensis L.). Plant Physiol
Biochem 165:71-79. https://doi.org/10.1016/J.PLAPHY.2021.04.040

Faramarzi S, Anzabi Y, Jafarizadeh-Malmiri H (2020) Nanobiotechnology
approach in intracellular selenium nanoparticle synthesis using Saccha-
romyces cerevisiae—fabrication and characterization. Arch Microbiol
202:1203-1209. https://doi.org/10.1007/500203-020-01831-0/METRICS

Fardsadegh B, Jafarizadeh-Malmiri H (2019) Aloe vera leaf extract mediated
green synthesis of selenium nanoparticles and assessment of their
in vitro antimicrobial activity against spoilage fungi and pathogenic
bacteria strains. Green Process Synth 8:399-407. https://doi.org/10.
1515/GPS-2019-0007/MACHINEREADABLECITATION/RIS

Fatemi H, Zaghdoud C, Nortes PA et al (2020) Differential aquaporin response
to distinct effects of two Zn concentrations after foliar application in
Pak Choi (Brassica rapa L.) plants. Agron 10:450. https://doi.org/10.3390/
AGRONOMY 10030450

Feng D, Guo D, Zhang Y et al (2021) Functionalized construction of biochar
with hierarchical pore structures and surface O-/N-containing groups
for phenol adsorption. Chem Eng J 410:127707. https://doi.org/10.
1016/J.CEJ.2020.127707

Flowers TJ (2004) Improving crop salt tolerance. J Exp Bot 55:307-319. https://
doi.org/10.1093/JXB/ERH003

Fruchter R, Demian P (2002) CoMem: Designing an interaction experience for
reuse of rich contextual knowledge from a corporate memory. Al EDAM
16:127-147. https://doi.org/10.1017/50890060402163025

Fuertes G, Soto |, Carrasco R, et al (2016) Intelligent Packaging Systems: Sen-
sors and Nanosensors to Monitor Food Quality and Safety. J Sensors
2016. https://doi.org/10.1155/2016/4046061

Gamalero E, Lingua G, Berta G et al (2009) Beneficial role of plant growth pro-
moting bacteria and arbuscular mycorrhizal fungi on plant responses
to heavy metal stress. Can J Microbiol 55:501-514. https://doi.org/10.
1139/W09-010

Ganie AS, Bano S, Khan N et al (2021) Nanoremediation technologies for sus-
tainable remediation of contaminated environments: recent advances

Page 20 of 25

and challenges. Chemosphere 275:130065. https://doi.org/10.1016/J.
CHEMOSPHERE.2021.130065

Gardea-Torresdey JL, Peralta-Videa JR, De La Rosa G et al (2005) Phytoreme-
diation of heavy metals and study of the metal coordination by X-ray
absorption spectroscopy. Coord Chem Rev 249:1797-1810. https://doi.
org/10.1016/J.CCR.2005.01.001

Gericke M, Pinches A (2006) Microbial production of gold nanoparticles. Gold
Bull 39:22-28. https://doi.org/10.1007/BF03215529/METRICS

Gong B, He E, Qiu H et al (2020) Interactions of arsenic, copper, and zinc in
soil-plant system: Partition, uptake and phytotoxicity. Sci Total Environ
745:140926. https://doi.org/10.1016/J.SCITOTENV.2020.140926

Guerra FD, Attia MF, Whitehead DC et al (2018) Nanotechnology for environ-
mental remediation: materials and applications. Mol 23:1760. https://
doi.org/10.3390/MOLECULES23071760

GuhaT, Barman S, Mukherjee A et al (2020) Nano-scale zero valent iron modu-
lates Fe/Cd transporters and immobilizes soil Cd for production of Cd
free rice. Chemosphere 260:127533. https://doi.org/10.1016/J.CHEMO
SPHERE.2020.127533

Gupta SD (2010) Role of free radicals and antioxidants in in vitro morphogen-
esis. React Oxyg Species Antioxidants High Plants 229-248. https://doi.
0rg/10.1201/9781439854082

Haider FU, Wang X, Zulfigar U et al (2022) Biochar application for remediation
of organic toxic pollutants in contaminated soils an update. Ecotoxicol
Environ Saf 248:114322. https://doi.org/10.1016/J.ECOENV.2022.114322

Hassan W, Bano R, Bashir S et al (2016) Cadmium toxicity and soil biologi-
cal index under potato (Solanum tuberosum L.) cultivation. Soil Res
54:460-468. https://doi.org/10.1071/SR14360

Hayat S, Khalique G, Irfan M et al (2012) Physiological changes induced by
chromium stress in plants: an overview. Protoplasma 249:599-611.
https://doi.org/10.1007/500709-011-0331-0/METRICS

He L, Zhong H, Liu G et al (2019) Remediation of heavy metal contaminated
soils by biochar: mechanisms, potential risks and applications in
China. Environ Pollut 252:846-855. https://doi.org/10.1016/J ENVPOL.
2019.05.151

He ZL, Yang XE, Stoffella PJ (2005) Trace elements in agroecosystems and
impacts on the environment. J Trace Elem Med Biol 19:125-140.
https://doi.org/10.1016/J.JTEMB.2005.02.010

Hoffmann MR, Martin ST, Choi W et al (1995) Environmental applications of
semiconductor photocatalysis. Chem Rev 95:69-96. https://doi.org/10.
1021/CR0O0033A004/ASSET/CRO0033A004.FPPNG_V03

Hong J, Wang C, Wagner DC et al (2021) Foliar application of nanoparticles:
mechanisms of absorption, transfer, and multiple impacts. Environ Sci
Nano 8:1196-1210. https://doi.org/10.1039/DOENO1129K

Hou D, O'Connor D, Igalavithana AD et al (2020) (2020) Metal contamination
and bioremediation of agricultural soils for food safety and sustain-
ability. Nat Rev Earth Environ 17(1):366-381. https://doi.org/10.1038/
s43017-020-0061-y

Hu P, An J, Faulkner MM et al (2020) Nanoparticle charge and size control foliar
delivery efficiency to plant cells and organelles. ACS Nano 14:7970-
7986. https://doi.org/10.1021/ACSNANO.9B09178/SUPPL_FILE/NN9BO
9178_SI_017.AVI

Hu X, Huang X, Zhao H et al (2021) Possibility of using modified fly ash and
organic fertilizers for remediation of heavy-metal-contaminated soils. J
Clean Prod 284:124713. https://doi.org/10.1016/JJCLEPRO.2020.124713

Huang B, Xin J, Dai H et al (2015) Root morphological responses of three hot
pepper cultivars to Cd exposure and their correlations with Cd accumu-
lation. Environ Sci Pollut Res 22:1151-1159. https://doi.org/10.1007/
S11356-014-3405-7/METRICS

Huber R, Sacher M, Vollmann A et al (2000) Respiration of arsenate and
selenate by hyperthermophilic archaea. Syst Appl Microbiol 23:305—
314. https://doi.org/10.1016/50723-2020(00)80058-2

Hussain A, Ali S, Rizwan M et al (2019) Responses of wheat (Triticum aestivum)
plants grown in a Cd contaminated soil to the application of iron oxide
nanoparticles. Ecotoxicol Environ Saf 173:156-164. https://doi.org/10.
1016/J.ECOENV.2019.01.118

Hussain S, Khan F, Hussain HA et al (2016) Physiological and biochemical
mechanisms of seed priming-induced chilling tolerance in rice culti-
vars. Front Plant Sci 7:116. https://doi.org/10.3389/FPLS.2016.00116/
BIBTEX

Huston M, Debella M, Dibella M et al (2021) Green synthesis of nanomaterials.
Nanomater 11:2130. https://doi.org/10.3390/NANO11082130


https://doi.org/10.1016/J.REPROTOX.2017.07.021
https://doi.org/10.1016/J.REPROTOX.2017.07.021
https://doi.org/10.1039/C5RA19388E
https://doi.org/10.1039/C5RA19388E
https://doi.org/10.1016/J.SCITOTENV.2019.06.392
https://doi.org/10.1111/J.1399-3054.2007.01023.X
https://doi.org/10.1111/J.1399-3054.2007.01023.X
https://doi.org/10.1021/ACSANM.3C01187/ASSET/IMAGES/LARGE/AN3C01187_0010.JPEG
https://doi.org/10.1021/ACSANM.3C01187/ASSET/IMAGES/LARGE/AN3C01187_0010.JPEG
https://doi.org/10.1021/ACSANM.3C01187/ASSET/IMAGES/LARGE/AN3C01187_0010.JPEG
https://doi.org/10.3390/SU15021446
https://doi.org/10.3390/SU15021446
https://doi.org/10.1016/J.ENVEXPBOT.2020.104203
https://doi.org/10.1016/J.ENVEXPBOT.2020.104203
https://doi.org/10.1016/J.CHEMOSPHERE.2018.01.055
https://doi.org/10.1016/J.CHEMOSPHERE.2018.01.055
https://doi.org/10.1016/J.PLAPHY.2021.04.040
https://doi.org/10.1007/S00203-020-01831-0/METRICS
https://doi.org/10.1515/GPS-2019-0007/MACHINEREADABLECITATION/RIS
https://doi.org/10.1515/GPS-2019-0007/MACHINEREADABLECITATION/RIS
https://doi.org/10.3390/AGRONOMY10030450
https://doi.org/10.3390/AGRONOMY10030450
https://doi.org/10.1016/J.CEJ.2020.127707
https://doi.org/10.1016/J.CEJ.2020.127707
https://doi.org/10.1093/JXB/ERH003
https://doi.org/10.1093/JXB/ERH003
https://doi.org/10.1017/S0890060402163025
https://doi.org/10.1155/2016/4046061
https://doi.org/10.1139/W09-010
https://doi.org/10.1139/W09-010
https://doi.org/10.1016/J.CHEMOSPHERE.2021.130065
https://doi.org/10.1016/J.CHEMOSPHERE.2021.130065
https://doi.org/10.1016/J.CCR.2005.01.001
https://doi.org/10.1016/J.CCR.2005.01.001
https://doi.org/10.1007/BF03215529/METRICS
https://doi.org/10.1016/J.SCITOTENV.2020.140926
https://doi.org/10.3390/MOLECULES23071760
https://doi.org/10.3390/MOLECULES23071760
https://doi.org/10.1016/J.CHEMOSPHERE.2020.127533
https://doi.org/10.1016/J.CHEMOSPHERE.2020.127533
https://doi.org/10.1201/9781439854082
https://doi.org/10.1201/9781439854082
https://doi.org/10.1016/J.ECOENV.2022.114322
https://doi.org/10.1071/SR14360
https://doi.org/10.1007/S00709-011-0331-0/METRICS
https://doi.org/10.1016/J.ENVPOL.2019.05.151
https://doi.org/10.1016/J.ENVPOL.2019.05.151
https://doi.org/10.1016/J.JTEMB.2005.02.010
https://doi.org/10.1021/CR00033A004/ASSET/CR00033A004.FP.PNG_V03
https://doi.org/10.1021/CR00033A004/ASSET/CR00033A004.FP.PNG_V03
https://doi.org/10.1039/D0EN01129K
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1021/ACSNANO.9B09178/SUPPL_FILE/NN9B09178_SI_017.AVI
https://doi.org/10.1021/ACSNANO.9B09178/SUPPL_FILE/NN9B09178_SI_017.AVI
https://doi.org/10.1016/J.JCLEPRO.2020.124713
https://doi.org/10.1007/S11356-014-3405-7/METRICS
https://doi.org/10.1007/S11356-014-3405-7/METRICS
https://doi.org/10.1016/S0723-2020(00)80058-2
https://doi.org/10.1016/J.ECOENV.2019.01.118
https://doi.org/10.1016/J.ECOENV.2019.01.118
https://doi.org/10.3389/FPLS.2016.00116/BIBTEX
https://doi.org/10.3389/FPLS.2016.00116/BIBTEX
https://doi.org/10.3390/NANO11082130

Rajput et al. Stress Biology (2024) 4:27

Jalali M, Ghanati F, Modarres-Sanavi AM (2016) Effect of Fe304 nanoparticles
and iron chelate on the antioxidant capacity and nutritional value of
soil-cultivated maize (Zea mays) plants. Crop Pasture Sci 67:621-628.
https://doi.org/10.1071/CP15271

Jha AK, Prasad K, Prasad K (2009) A green low-cost biosynthesis of Sb203

nanoparticles. Biochem Eng J 43:303-306. https://doi.org/10.1016/J.BEJ.

2008.10.016

JiY, Zhou Y, Ma C et al (2017) Jointed toxicity of TiO2 NPs and Cd to rice
seedlings: NPs alleviated Cd toxicity and Cd promoted NPs uptake.
Plant Physiol Biochem 110:82-93. https://doi.org/10.1016/J.PLAPHY.
2016.05.010

Jinadasa N, Collins D, Holford P et al (2016) Reactions to cadmium stress in a
cadmium-tolerant variety of cabbage (Brassica oleracea L.): is cadmium
tolerance necessarily desirable in food crops? Environ Sci Pollut Res
23:5296-5306. https://doi.org/10.1007/511356-015-5779-6/METRICS

Jomova K, Jenisova Z, Feszterova M et al (2011) Arsenic: toxicity, oxidative
stress and human disease. J Appl Toxicol 31:95-107. https://doi.org/10.
1002/JAT.1649

Jonak C, Nakagami H, Hirt H (2004) Heavy metal stress. Activation of distinct
mitogen-activated protein kinase pathways by copper and cadmium.
Plant Physiol 136:3276-3283. https://doi.org/10.1104/PP.104.045724

Kananke T, Wansapala J, Gunaratne A (2014) Heavy metal contamination in
green leafy vegetables collected from selected market sites of Piliyan-

dala area, Colombo District, Sri Lanka. Am J Food Sci Technol 2:139-144.

https://doi.org/10.12691/AJFST-2-5-1

Kapilan R, Vaziri M, Zwiazek JJ (2018) Regulation of aquaporins in plants
under stress. Biol Res 511(51):1-11. https://doi.org/10.1186/
540659-018-0152-0

Khan IU, Rono JK, Liu XS et al (2020) Functional characterization of a new
metallochaperone for reducing cadmium concentration in rice crop. J
Clean Prod 272:123152. https://doi.org/10.1016/J.JCLEPRO.2020.123152

Khan MR, Adam V, Rizvi TF et al (2019) Nanoparticle-plant interactions: two-
way traffic. Small 15:1901794. https://doi.org/10.1002/SMLL.201901794

Khan Z, Bhadouria P, Bisen P (2005) Nutritional and therapeutic potential of
Spirulina. Curr Pharm Biotechnol 6:373-379. https://doi.org/10.2174/
138920105774370607

Khan ZS, Rizwan M, Hafeez M et al (2019b) The accumulation of cadmium in
wheat (Triticum aestivum) as influenced by zinc oxide nanoparticles
and soil moisture conditions. Environ Sci Pollut Res 26:19859-19870.
https://doi.org/10.1007/511356-019-05333-5/METRICS

Khanlari ZV, Jalali M (2008) Concentrations and chemical speciation of five
heavy metals (Zn, Cd, Ni, Cu, and Pb) in selected agricultural calcareous
soils of Hamadan Province, western Iran. Arch Agron Soil Sci 54:19-32.
https://doi.org/10.1080/03650340701697317

Khlifi R, Hamza-Chaffai A (2010) Head and neck cancer due to heavy metal
exposure via tobacco smoking and professional exposure: a review.
Toxicol Appl Pharmacol 248:71-88. https://doi.org/10.1016/JTAAP2010.
08.003

Kofronova M, Hrdinové A, Maskova P et al (2020) Multi-component antioxida-
tive system and robust carbohydrate status, the essence of plant
arsenic tolerance. Antioxidants 9:283. https://doi.org/10.3390/ANTIO
X9040283

Konate A, He X, Zhang Z et al (2017) Magnetic (Fe304) nanoparticles reduce
heavy metals uptake and mitigate their toxicity in wheat seedling.
Sustain 9:790. https://doi.org/10.3390/SU9050790

Kopittke PM, Menzies NW (2006) Effect of Cu toxicity on growth of cowpea
(Vigna unguiculata). Plant Soil 279:287-296. https://doi.org/10.1007/
S11104-005-1578-Z/METRICS

Kowshik M, Deshmukh N, Vogel W et al (2002) Microbial synthesis of semicon-
ductor CdS nanoparticles, their characterization, and their use in the

fabrication of an ideal diode. Biotechnol Bioeng 78:583-588. https://doi.

org/10.1002/BIT.10233

Kumar A, Vemula PK, Ajayan PM et al (2008) Silver-nanoparticle-embedded
antimicrobial paints based on vegetable oil. Nat Mater 73(7):236-241.
https://doi.org/10.1038/nmat2099

Kumar S, Prasad S, Yadav KK et al (2019) Hazardous heavy metals contamina-
tion of vegetables and food chain: Role of sustainable remediation
approaches - a review. Environ Res 179:108792. https://doi.org/10.
1016/J.ENVRES.2019.108792

Page 21 of 25

Lasat MM (1999) Phytoextraction of metals from contaminated soil: a review
of plant/soil/metal interaction and assessment of pertinent agronomic
issues. J Hazard Subst Res 2:5. https://doi.org/10.4148/1090-7025.1015

Li C, Zhou K, Qin W et al (2019) A review on heavy metals contamination
in soil: effects, sources, and remediation techniques. Soil Sediment
Contam an Int J 28:380-394. https://doi.org/10.1080/15320383.2019.
1592108

Licata P Trombetta D, Cristani M et al (2004) Levels of “toxic” and “essential”
metals in samples of bovine milk from various dairy farms in Calabria,
I[taly. Environ Int 30:1-6. https://doi.org/10.1016/50160-4120(03)
00139-9

Lim SY, Shen' W, Gao Z (2014) Carbon quantum dots and their applications.
Chem Soc Rev 44:362-381. https://doi.org/10.1039/C4CS00269E

Liu J, Simms M, Song S et al (2018) Physiological effects of copper oxide nano-
particles and arsenic on the growth and life cycle of rice (Oryza sativa
japonica 'Koshihikari’). Environ Sci Technol 52:13728-13737. https://doi.
org/10.1021/ACS.EST.8B03731/ASSET/IMAGES/LARGE/ES-2018-037317
0007.JPEG

Liu L, Ouyang W, Wang Y et al (2020a) Heavy metal accumulation, geochemi-
cal fractions, and loadings in two agricultural watersheds with distinct
climate conditions. J Hazard Mater 389:122125. https://doi.org/10.
1016/JJHAZMAT.2020.122125

Liu YM, Liu DY, Zhang W et al (2020b) Health risk assessment of heavy metals
(Zn, Cu, Cd, Pb, As and Cr) in wheat grain receiving repeated Zn fertiliz-
ers. Environ Pollut 257:113581. https://doi.org/10.1016/JENVPOL.2019.
113581

Lv J, Christie P, Zhang S (2019) Uptake, translocation, and transformation of
metal-based nanoparticles in plants: recent advances and methodo-
logical challenges. Environ Sci Nano 6:41-59. https://doi.org/10.1039/
C8EN00645H

Ma C, Han L, Shang H et al (2023) Nanomaterials in agricultural soils: Ecotoxic-
ity and application. Curr Opin Environ Sci Heal 31:100432. https://doi.
0rg/10.1016/J.COESH.2022.100432

Ma X, Sharifan H, Dou F et al (2020) Simultaneous reduction of arsenic (As) and
cadmium (Cd) accumulation in rice by zinc oxide nanoparticles. Chem
Eng J 384:123802. https://doi.org/10.1016/J.CEJ.2019.123802

Madhav S, Ahamad A, Singh AK, et al (2020) Water Pollutants: Sources and
Impact on the Environment and Human Health. 43-62. https://doi.org/
10.1007/978-981-15-0671-0_4

Malasarn D, Saltikov CW, Campbell KM et al (2004) arrA is a reliable marker for
As(V) respiration. Science (80-) 306:455. https://doi.org/10.1126/SCIEN
CE.1102374/SUPPL_FILE/MALASARN-SOM.PDF

Malik AH, Khan ZM, Mahmood Q et al (2009) Perspectives of low cost arsenic
remediation of drinking water in Pakistan and other countries. J Hazard
Mater 168:1-12. https://doi.org/10.1016/JJHAZMAT.2009.02.031

Mansoor S, Kour N, Manhas S et al (2021) Biochar as a tool for effective
management of drought and heavy metal toxicity. Chemosphere
271:129458. https://doi.org/10.1016/J.CHEMOSPHERE.2020.129458

Manzoor N, Ahmed T, Noman M et al (2021) Iron oxide nanoparticles ame-
liorated the cadmium and salinity stresses in wheat plants, facilitating
photosynthetic pigments and restricting cadmium uptake. Sci Total
Environ 769:145221. https://doi.org/10.1016/J.SCITOTENV.2021.145221

Marcon L, Oliveras J, Puntes VF (2021) In situ nanoremediation of soils and
groundwaters from the nanoparticle’s standpoint: a review. Sci Total
Environ 791:148324. https://doi.org/10.1016/J.SCITOTENV.2021.148324

Mar Gil-Diaz M, Pérez-Sanz A, Angeles Vicente M et al (2014) Immobilisation
of Pb and Zn in Soils Using Stabilised Zero-valent Iron Nanoparticles:
Effects on Soil Properties. Clean-Soil Air Water 42: 1776-1784. https://
doi.org/10.1002/clen.201300730

Mariyam S, Upadhyay SK, Chakraborty K et al (2024) Nanotechnology, a
frontier in agricultural science, a novel approach in abiotic stress man-
agement and convergence with new age medicine-a review. Sci Total
Environ 912:169097. https://doi.org/10.1016/J.SCITOTENV.2023.169097

Markus J, Mathiyalagan R, Kim YJ et al (2016) Intracellular synthesis of gold
nanoparticles with antioxidant activity by probiotic Lactobacillus kim-
chicus DCY51T isolated from Korean kimchi. Enzyme Microb Technol
95:85-93. https://doi.org/10.1016/JENZMICTEC.2016.08.018

Martin AD, Mayers CK, France CM (2007) The EU restriction of hazardous sub-
stances directive: problems arising from implementation differences
between member states and proposed solutions. Rev Eur Community


https://doi.org/10.1071/CP15271
https://doi.org/10.1016/J.BEJ.2008.10.016
https://doi.org/10.1016/J.BEJ.2008.10.016
https://doi.org/10.1016/J.PLAPHY.2016.05.010
https://doi.org/10.1016/J.PLAPHY.2016.05.010
https://doi.org/10.1007/S11356-015-5779-6/METRICS
https://doi.org/10.1002/JAT.1649
https://doi.org/10.1002/JAT.1649
https://doi.org/10.1104/PP.104.045724
https://doi.org/10.12691/AJFST-2-5-1
https://doi.org/10.1186/S40659-018-0152-0
https://doi.org/10.1186/S40659-018-0152-0
https://doi.org/10.1016/J.JCLEPRO.2020.123152
https://doi.org/10.1002/SMLL.201901794
https://doi.org/10.2174/138920105774370607
https://doi.org/10.2174/138920105774370607
https://doi.org/10.1007/S11356-019-05333-5/METRICS
https://doi.org/10.1080/03650340701697317
https://doi.org/10.1016/J.TAAP.2010.08.003
https://doi.org/10.1016/J.TAAP.2010.08.003
https://doi.org/10.3390/ANTIOX9040283
https://doi.org/10.3390/ANTIOX9040283
https://doi.org/10.3390/SU9050790
https://doi.org/10.1007/S11104-005-1578-Z/METRICS
https://doi.org/10.1007/S11104-005-1578-Z/METRICS
https://doi.org/10.1002/BIT.10233
https://doi.org/10.1002/BIT.10233
https://doi.org/10.1038/nmat2099
https://doi.org/10.1016/J.ENVRES.2019.108792
https://doi.org/10.1016/J.ENVRES.2019.108792
https://doi.org/10.4148/1090-7025.1015
https://doi.org/10.1080/15320383.2019.1592108
https://doi.org/10.1080/15320383.2019.1592108
https://doi.org/10.1016/S0160-4120(03)00139-9
https://doi.org/10.1016/S0160-4120(03)00139-9
https://doi.org/10.1039/C4CS00269E
https://doi.org/10.1021/ACS.EST.8B03731/ASSET/IMAGES/LARGE/ES-2018-037317_0007.JPEG
https://doi.org/10.1021/ACS.EST.8B03731/ASSET/IMAGES/LARGE/ES-2018-037317_0007.JPEG
https://doi.org/10.1021/ACS.EST.8B03731/ASSET/IMAGES/LARGE/ES-2018-037317_0007.JPEG
https://doi.org/10.1016/J.JHAZMAT.2020.122125
https://doi.org/10.1016/J.JHAZMAT.2020.122125
https://doi.org/10.1016/J.ENVPOL.2019.113581
https://doi.org/10.1016/J.ENVPOL.2019.113581
https://doi.org/10.1039/C8EN00645H
https://doi.org/10.1039/C8EN00645H
https://doi.org/10.1016/J.COESH.2022.100432
https://doi.org/10.1016/J.COESH.2022.100432
https://doi.org/10.1016/J.CEJ.2019.123802
https://doi.org/10.1007/978-981-15-0671-0_4
https://doi.org/10.1007/978-981-15-0671-0_4
https://doi.org/10.1126/SCIENCE.1102374/SUPPL_FILE/MALASARN-SOM.PDF
https://doi.org/10.1126/SCIENCE.1102374/SUPPL_FILE/MALASARN-SOM.PDF
https://doi.org/10.1016/J.JHAZMAT.2009.02.031
https://doi.org/10.1016/J.CHEMOSPHERE.2020.129458
https://doi.org/10.1016/J.SCITOTENV.2021.145221
https://doi.org/10.1016/J.SCITOTENV.2021.148324
https://doi.org/10.1002/clen.201300730
https://doi.org/10.1002/clen.201300730
https://doi.org/10.1016/J.SCITOTENV.2023.169097
https://doi.org/10.1016/J.ENZMICTEC.2016.08.018

Rajput et al. Stress Biology (2024) 4:27

Int Environ Law 16:217-229. https://doi.org/10.1111/J.1467-9388.2007.
00556.X

Martin JL, Maris V, Simberloff DS (2016) The need to respect nature and its
limits challenges society and conservation science. Proc Natl Acad Sci
113:6105-6112. https://doi.org/10.1073/PNAS.1525003113

Massanyi P, Massanyi M, Madeddu R et al (2020) Effects of cadmium, lead, and
mercury on the structure and function of reproductive organs. Toxics
8:94. https://doi.org/10.3390/TOXICS8040094

Masue Y, Loeppert RH, Kramer TA (2007) Arsenate and arsenite adsorption
and desorption behavior on coprecipitated aluminum:iron hydroxides.
Environ Sci Technol 41:837-842. https://doi.org/10.1021/ES061160Z/
SUPPL_FILE/ES06116075120060904_084643.PDF

Matos MPSR, Correia AAS, Rasteiro MG (2017) Application of carbon nano-
tubes to immobilize heavy metals in contaminated soils. J Nanoparticle
Res 19:1-11. https://doi.org/10.1007/S11051-017-3830-X/METRICS

Maurel C, Boursiac Y, Luu DT et al (2015) Aquaporins in plants. Physiol Rev
95:1321-1358. https://doi.org/10.1152/PHYSREV.00008.2015

Michélkova Z, Martinez-Fernandez D, Komarek M (2017) Interactions of two
novel stabilizing amendments with sunflower plants grown in a con-
taminated soil. Chemosphere 186:374-380. https://doi.org/10.1016/J.
CHEMOSPHERE.2017.08.009

Midhat L, Ouazzani N, Hejjaj A et al (2019) Accumulation of heavy metals in
metallophytes from three mining sites (Southern Centre Morocco) and
evaluation of their phytoremediation potential. Ecotoxicol Environ Saf
169:150-160. https://doi.org/10.1016/JECOENV.2018.11.009

Mittal AK, Chisti Y, Banerjee UC (2013) Synthesis of metallic nanoparticles using
plant extracts. Biotechnol Adv 31:346-356. https://doi.org/10.1016/J.
BIOTECHADV.2013.01.003

Mohanpuria P, Rana NK, Yadav SK (2008) Biosynthesis of nanoparticles:
Technological concepts and future applications. J Nanoparticle Res
10:507-517. https://doi.org/10.1007/5S11051-007-9275-X/METRICS

Morales-Diaz AB, Ortega-Ortiz H, Judrez-Maldonado A et al (2017) Application
of nanoelements in plant nutrition and its impact in ecosystems. Adv
Nat Sci Nanosci Nanotechnol 8:013001. https://doi.org/10.1088/2043-
6254/8/1/013001

Moulton MC, Braydich-Stolle LK, Nadagouda MN et al (2010) Synthesis, charac-
terization and biocompatibility of ‘green” synthesized silver nanopar-
ticles using tea polyphenols. Nanoscale 2:763-770. https://doi.org/10.
1039/CONRO0046A

Mukherjee A, Sarkar D, Sasmal S (2021) A review of green synthesis of metal
nanoparticles using algae. Front Microbiol 12:2152. https://doi.org/10.
3389/FMICB.2021.693899/BIBTEX

Mukhopadhyay D, Jana S, Koley S et al (2022a) Is objective structured practical
examination a cutting-edge assessment tool over traditional practical
examination to prepare future “Indian Medical Graduate?” A study from
Department of Pathology at a Government Medical College in West
Bengal. Natl J Physiol Pharm Pharmacol 102:1. https://doi.org/10.5455/
njppp.2022.12.09350202114122021

Mukhopadhyay R, Sarkar B, Khan E et al (2022b) Nanomaterials for sustain-
able remediation of chemical contaminants in water and soil. Crit Rev
Environ Sci Technol 52:2611-2660. https://doi.org/10.1080/10643389.
2021.1886891

Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occurrence and
toxicity for plants: a review. Environ Chem Lett 83(8):199-216. https://
doi.org/10.1007/510311-010-0297-8

Narayanan KB, Sakthivel N (2011) Synthesis and characterization of nano-gold
composite using Cylindrocladium floridanum and its heterogene-
ous catalysis in the degradation of 4-nitrophenol. J Hazard Mater
189:519-525. https://doi.org/10.1016/JJHAZMAT.2011.02.069

Fitz WJ, Wenzel WW (2002) Arsenic transformations in the soil-rhizosphere-
plant system: fundamentals and potential application to phytoremedia-
tion. J Biotechnol 99:259-278. https://doi.org/10.1016/50168-1656(02)
00218-3

Nazar R, Igbal N, Masood A et al (2012) Cadmium toxicity in plants and role of
mineral nutrients in its alleviation. Am J Plant Sci 3:1476-1489. https://
doi.org/10.4236/AJPS.2012.310178

Neidhardt H, Kramar U, Tang X et al (2015) Arsenic accumulation in the roots of
Helianthus annuus and Zea mays by irrigation with arsenic-rich ground-
water: Insights from synchrotron X-ray fluorescence imaging. Geochem-
istry 75:261-270. https://doi.org/10.1016/J.CHEMER.2015.04.001

Page 22 of 25

Noman M, Ahmed T, Hussain S et al (2020) Biogenic copper nanoparticles
synthesized by using a copper-resistant strain Shigella flexneri SNT22
reduced the translocation of cadmium from soil to wheat plants. J Haz-
ard Mater 398:123175. https://doi.org/10.1016/JJHAZMAT.2020.123175

Oliveira H (2012) Chromium as an environmental pollutant: insights on
induced plant toxicity. J Bot 2012:1-8. https://doi.org/10.1155/2012/
375843

Padmavathiamma PK, Li LY (2007) Phytoremediation technology: hyper-
accumulation metals in plants. Water, Air, Soil Pollut 1841(184):105-126.
https://doi.org/10.1007/511270-007-9401-5

Paez-Espino D, Tamames J, De Lorenzo V et al (2009) Microbial responses to
environmental arsenic. Biometals 22:117-130. https://doi.org/10.1007/
$10534-008-9195-Y/METRICS

Panda SK, Upadhyay RK, Nath S (2010) Arsenic stress in plants. J Agron Crop Sci
196:161-174. https://doi.org/10.1111/J.1439-037X.2009.00407.X

Panpatte DG, Jhala YG, Shelat HN et al (2016) Nanoparticles: The Next Genera-
tion Technology for Sustainable Agriculture. Microb Inoculants Sustain
Agric Product Funct Appl 289-300. https://doi.org/10.1007/978-81-322-
2644-4_18

Paramo LA, Feregrino-Pérez AA, Guevara R et al (2020) Nanoparticles in agroin-
dustry: Applications, toxicity, challenges, and trends. Nanomaterials
(Basel) 10:1654. https://doi.org/10.3390/nano10091654

Patil S, Chandrasekaran R (2020) Biogenic nanoparticles: a comprehensive
perspective in synthesis, characterization, application and its chal-
lenges. J Genet Eng Biotechnol 181(18):1-23. https://doi.org/10.1186/
S43141-020-00081-3

Peng C, Duan D, Xu C et al (2015) Translocation and biotransformation of CuO
nanoparticles in rice (Oryza sativa L.) plants. Environ Pollut 197:99-107.
https://doi.org/10.1016/JENVPOL.2014.12.008

Peng Z,He S, Sun J et al (2016) (2016) Na+ compartmentalization related to
salinity stress tolerance in upland cotton (Gossypium hirsutum) seed-
lings. Sci Reports 61(6):1-14. https://doi.org/10.1038/srep34548

Péret B, De Rybel B, Casimiro | et al (2009) Arabidopsis lateral root develop-
ment: an emerging story. Trends Plant Sci 14:399-408. https://doi.org/
10.1016/J.TPLANTS.2009.05.002

Pérez-de-Lugue A (2017) Interaction of nanomaterials with plants: What do we
need for real applications in agriculture? Front Environ Sci 5:12. https://
doi.org/10.3389/FENVS.2017.00012/BIBTEX

Petosa AR, Rajput F, Selvam O et al (2017) Assessing the transport potential
of polymeric nanocapsules developed for crop protection. Water Res
111:10-17. https://doi.org/10.1016/JWATRES.2016.12.030

Philip D (2009) Biosynthesis of Au, Ag and Au-Ag nanoparticles using edible
mushroom extract. Spectrochim Acta Part A Mol Biomol Spectrosc
73:374-381. https://doi.org/10.1016/J.SAA.2009.02.037

Pirselovd B, Kuna R, Lukac P et al (2016) Effect of cadmium on growth,
photosynthetic pigments, iron and cadmium accumulation of Faba
Bean (Vicia faba cv. Astar). Agric 62:72-79. https://doi.org/10.1515/
AGRI-2016-0008

Porter SS, Sachs JL (2020) Agriculture and the disruption of plant-microbial
symbiosis. Trends Ecol Evol 35:426-439. https://doi.org/10.1016/J.TREE.
2020.01.006

Rahale CS, Lakshmanan A, Sumithra MG et al (2021) Humic acid involved
chelation of ZnO nanoparticles for enhancing mineral nutrition in
plants. Solid State Commun 333:114355. https://doi.org/10.1016/J.5SC.
2021.114355

Rahman MD, Ashfaqur Rahman M, Asiful Islam M et al (2019) Design of an
elliptical air-hole dual-core photonic crystal fiber for over two octaves
spanning supercontinuum generation. J Nanophotonics 13:046013.
https://doi.org/10.1117/1.JNP.13.046013

Rahman Z, Singh VP (2020) Bioremediation of toxic heavy metals (THMMs)
contaminated sites: concepts, applications and challenges. Environ Sci
Pollut Res 27:27563-27581. https://doi.org/10.1007/511356-020-08903-
0/METRICS

Rajput VD, Minkina T, Kumari A et al (2022) A review on nanobioremediation
approaches for restoration of contaminated soil. Eurasian J Soil Sci
11:43-60. https://doi.org/10.18393/EJ55.990605

Rajput VD, Minkina T, Sushkova S et al (2018) Effect of nanoparticles on crops
and soil microbial communities. J Soils Sediments 18:2179-2187.
https://doi.org/10.1007/511368-017-1793-2


https://doi.org/10.1111/J.1467-9388.2007.00556.X
https://doi.org/10.1111/J.1467-9388.2007.00556.X
https://doi.org/10.1073/PNAS.1525003113
https://doi.org/10.3390/TOXICS8040094
https://doi.org/10.1021/ES061160Z/SUPPL_FILE/ES061160ZSI20060904_084643.PDF
https://doi.org/10.1021/ES061160Z/SUPPL_FILE/ES061160ZSI20060904_084643.PDF
https://doi.org/10.1007/S11051-017-3830-X/METRICS
https://doi.org/10.1152/PHYSREV.00008.2015
https://doi.org/10.1016/J.CHEMOSPHERE.2017.08.009
https://doi.org/10.1016/J.CHEMOSPHERE.2017.08.009
https://doi.org/10.1016/J.ECOENV.2018.11.009
https://doi.org/10.1016/J.BIOTECHADV.2013.01.003
https://doi.org/10.1016/J.BIOTECHADV.2013.01.003
https://doi.org/10.1007/S11051-007-9275-X/METRICS
https://doi.org/10.1088/2043-6254/8/1/013001
https://doi.org/10.1088/2043-6254/8/1/013001
https://doi.org/10.1039/C0NR00046A
https://doi.org/10.1039/C0NR00046A
https://doi.org/10.3389/FMICB.2021.693899/BIBTEX
https://doi.org/10.3389/FMICB.2021.693899/BIBTEX
https://doi.org/10.5455/njppp.2022.12.09350202114122021
https://doi.org/10.5455/njppp.2022.12.09350202114122021
https://doi.org/10.1080/10643389.2021.1886891
https://doi.org/10.1080/10643389.2021.1886891
https://doi.org/10.1007/S10311-010-0297-8
https://doi.org/10.1007/S10311-010-0297-8
https://doi.org/10.1016/J.JHAZMAT.2011.02.069
https://doi.org/10.1016/s0168-1656(02)00218-3
https://doi.org/10.1016/s0168-1656(02)00218-3
https://doi.org/10.4236/AJPS.2012.310178
https://doi.org/10.4236/AJPS.2012.310178
https://doi.org/10.1016/J.CHEMER.2015.04.001
https://doi.org/10.1016/J.JHAZMAT.2020.123175
https://doi.org/10.1155/2012/375843
https://doi.org/10.1155/2012/375843
https://doi.org/10.1007/S11270-007-9401-5
https://doi.org/10.1007/S10534-008-9195-Y/METRICS
https://doi.org/10.1007/S10534-008-9195-Y/METRICS
https://doi.org/10.1111/J.1439-037X.2009.00407.X
https://doi.org/10.1007/978-81-322-2644-4_18
https://doi.org/10.1007/978-81-322-2644-4_18
https://doi.org/10.3390/nano10091654
https://doi.org/10.1186/S43141-020-00081-3
https://doi.org/10.1186/S43141-020-00081-3
https://doi.org/10.1016/J.ENVPOL.2014.12.008
https://doi.org/10.1038/srep34548
https://doi.org/10.1016/J.TPLANTS.2009.05.002
https://doi.org/10.1016/J.TPLANTS.2009.05.002
https://doi.org/10.3389/FENVS.2017.00012/BIBTEX
https://doi.org/10.3389/FENVS.2017.00012/BIBTEX
https://doi.org/10.1016/J.WATRES.2016.12.030
https://doi.org/10.1016/J.SAA.2009.02.037
https://doi.org/10.1515/AGRI-2016-0008
https://doi.org/10.1515/AGRI-2016-0008
https://doi.org/10.1016/J.TREE.2020.01.006
https://doi.org/10.1016/J.TREE.2020.01.006
https://doi.org/10.1016/J.SSC.2021.114355
https://doi.org/10.1016/J.SSC.2021.114355
https://doi.org/10.1117/1.JNP.13.046013
https://doi.org/10.1007/S11356-020-08903-0/METRICS
https://doi.org/10.1007/S11356-020-08903-0/METRICS
https://doi.org/10.18393/EJSS.990605
https://doi.org/10.1007/S11368-017-1793-2

Rajput et al. Stress Biology (2024) 4:27

Rajput VD, Minkina T, Upadhyay SK et al (2022b) Nanotechnology in the
restoration of polluted soil. Nanomater 12:769. https://doi.org/10.3390/
NANO12050769

Rajput VD, Singh A, Minkina TM, et al (2021) Potential Applications of
Nanobiotechnology in Plant Nutrition and Protection for Sustainable
Agriculture. Nanotechnol Plant Growth Promot Prot 79-92. https://doi.
0rg/10.1002/9781119745884.CH5

Rastegari Mehr M, Shakeri A, Amjadian K et al (2021) Bioavailability, distribution
and health risk assessment of arsenic and heavy metals (HMMs) in agri-
cultural soils of Kermanshah Province, west of Iran. J Environ Heal Sci
Eng 19:107-120. https://doi.org/10.1007/540201-020-00585-7/METRICS

Rastogi A, Zivcak M, Sytar O et al (2017) Impact of metal and metal oxide
nanoparticles on plant: a critical review. Front Chem 5:78. https://doi.
org/10.3389/FCHEM.2017.00078

Rincon-Torres CE, Rubio V, Castro C et al (2021) National Network for
Knowledge Management, Research, and Innovation in Tuberculosis in
Colombia. Rev Panam Salud Publica 45:23. https://doi.org/10.26633/
RPSP2021.8

Rizwan M, Ali S, Rizvi H et al (2016) Phytomanagement of heavy metals in con-
taminated soils using sunflower: a review. Crit Rev Environ Sci Technol
46:1498-1528. https://doi.org/10.1080/10643389.2016.1248199

Rolka E, Zotnowski AC, Koztowska KA (2020) Assessment of the content of
trace elements in soils and roadside vegetation in the vicinity of some
gasoline stations in olsztyn (Poland). J Elem 25:549-563. https://doi.org/
10.5601/JELEM.2019.24.4.1914

Rono JK, Sun D, Yang ZM (2022) Metallochaperones: a critical regulator of
metal homeostasis and beyond. Gene 822:146352. https://doi.org/10.
1016/J.GENE.2022.146352

Rossi L, Zhang W, Ma X (2017) Cerium oxide nanoparticles alter the salt stress
tolerance of Brassica napus L. by modifying the formation of root apo-
plastic barriers. Environ Pollut 229:132-138. https://doi.org/10.1016/J.
ENVPOL.2017.05.083

Rue M, Paul ALD, Echevarria G et al (2020) Uptake, translocation and accumu-
lation of nickel and cobalt in Berkheya coddii, a‘metal crop’from South
Africa. Metallomics 12:1278-1289. https://doi.org/10.1039/DOMT00099)

Sabo-Attwood T, Unrine JM, Stone JW et al (2012) Uptake, distribution and
toxicity of gold nanoparticles in tobacco (Nicotiana xanthi) seedlings.
Nanotoxicology 6:353-360. https://doi.org/10.3109/17435390.2011.
579631

Saleem MH, Afzal J, Rizwan M et al (2022) Chromium toxicity in plants: conse-
quences on growth, chromosomal behavior andmineral nutrient status.
Turkish J Agric For 46:371-389. https://doi.org/10.55730/1300-011X.
3010

Saleem MH, Fahad S, Adnan M et al (2020) Foliar application of gibberellic acid
endorsed phytoextraction of copper and alleviates oxidative stress in
jute (Corchorus capsularis L.) plant grown in highly copper-contami-
nated soil of China. Environ Sci Pollut Res 27:37121-37133. https://doi.
org/10.1007/511356-020-09764-3/METRICS

Saleh HE-DM, Aglan RF (2018) Heavy Metals. InTech. https://doi.org/10.5772/
intechopen.71185

Saleh TA (2020) Nanomaterials: classification, properties, and environmental
toxicities. Environ Technol Innov 20:101067. https://doi.org/10.1016/J.
ET1.2020.101067

Samanta S, Seth CS, Roychoudhury A (2024) The molecular paradigm of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) with
different phytohormone signaling pathways during drought stress in
plants. Plant Physiol Biochem 206:108259. https://doi.org/10.1016/J.
PLAPHY.2023.108259

Sampaio TF, Guerrini IA, Otero XL et al (2016) The impact of biosolid applica-
tion on soil and native plants in a degraded Brazilian Atlantic rainforest
soil. Water Air Soil Pollut 227:1-9. https://doi.org/10.1007/511270-015-
2689-7/METRICS

Sarkar A, Paul B (2020) Evaluation of the performance of zirconia-multiwalled
carbon nanotube nanoheterostructures in adsorbing As(lll) from
potable water from the perspective of physical chemistry and chemical
physics with a special emphasis on approximate site energy distribu-
tion. Chemosphere 242:125234. https://doi.org/10.1016/J.CHEMO
SPHERE.2019.125234

Sasidharan D, Namitha TR, Johnson SP et al (2020) Synthesis of silver and
copper oxide nanoparticles using Myristica fragrans fruit extract:

Page 23 of 25

Antimicrobial and catalytic applications. Sustain Chem Pharm
16:100255. https://doi.org/10.1016/).5CP2020.100255

Satarug S, Garrett SH, Sens MA et al (2010) Cadmium, environmental exposure,
and health outcomes. Environ Health Perspect 118:182-190. https.//
doi.org/10.1289/EHP0901234

Sattelmacher B (2001) The apoplast and its significance for plant mineral
nutrition. New Phytol 149:167-192. https://doi.org/10.1046/j.1469-8137.
2001.00034.x

Sebastian A, Nangia A, Prasad MNV (2019) Cadmium and sodium adsorp-
tion properties of magnetite nanoparticles synthesized from Hevea
brasiliensis Muell. Arg. bark: Relevance in amelioration of metal stress in
rice. J Hazard Mater 371:261-272. https://doi.org/10.1016/JJHAZMAT.
2019.03.021

Seetharaman PK, Chandrasekaran R, Gnanasekar S et al (2018) Antimicrobial
and larvicidal activity of eco-friendly silver nanoparticles synthesized
from endophytic fungi Phomopsis liquidambaris. Biocatal Agric Bio-
technol 16:22-30. https://doi.org/10.1016/J.BCAB.2018.07.006

Senapati S, Syed A, Moeez S et al (2012) Intracellular synthesis of gold nano-
particles using alga Tetraselmis kochinensis. Mater Lett 79:116-118.
https://doi.org/10.1016/JMATLET.2012.04.009

Servin AD, Morales M, Castillo-Michel H et al (2013) Synchrotron verification
of TiO2 accumulation in cucumber fruit: a possible pathway of TiO2
nanoparticle transfer from soil into the food chain. Environ Sci Technol
47:11592-11598. https://doi.org/10.1021/ES403368J/ASSET/IMAGES/
MEDIUM/ES-2013-03368J_0006.GIF

Shahid M, Dumat C, Khalid S et al (2017) Foliar heavy metal uptake, toxicity
and detoxification in plants: a comparison of foliar and root metal
uptake. J Hazard Mater 325:36-58. https://doi.org/10.1016/J.JHAZMAT.
2016.11.063

Shahid M, Pourrut B, Dumat C et al (2014) Heavy-metal-induced reactive
oxygen species: Phytotoxicity and physicochemical changes in
plants. Rev Environ Contam Toxicol 232:1-44. https://doi.org/10.1007/
978-3-319-06746-9_1

Shaik AM, David Raju M, Rama Sekhara Reddy D (2020) Green synthesis of
zinc oxide nanoparticles using agqueous root extract of Sphagneticola
trilobata Lin and investigate its role in toxic metal removal, sowing
germination and fostering of plant growth. Inorg Nano-Metal Chem
50:569-579. https://doi.org/10.1080/24701556.2020.1722694

Shanker AK, Cervantes C, Loza-Tavera H et al (2005) Chromium toxicity in
plants. Environ Int 31:739-753. https://doi.org/10.1016/J.ENVINT.2005.
02.003

Sharma A, Kapoor D, Wang J et al (2020) Chromium bioaccumulation and its
impacts on plants: an overview. Plants 9:100. https://doi.org/10.3390/
PLANTS9010100

Shetty R, Vidya CSN, Prakash NB et al (2021) Aluminum toxicity in plants and its
possible mitigation in acid soils by biochar: a review. Sci Total Environ
765:142744. https://doi.org/10.1016/J.SCITOTENV.2020.142744

Singh A, Agrawal S, Rajput VD et al (2023a) Seed Nanopriming: An Innovative
Approach for Upregulating Seed Germination and Plant Growth Under
Salinity Stress. In: Nanopriming Approach to Sustainable Agriculture. IGI
Global, p 290-313. https://doi.org/10.4018/978-1-6684-7232-3.CHO13

Singh A, Rajput VD, Sharma R et al (2023b) Salinity stress and nanoparticles:
Insights into antioxidative enzymatic resistance, signaling, and defense
mechanisms. Environ Res 235:116585. https://doi.org/10.1016/J.
ENVRES.2023.116585

Singh A, Sengar RS, Shahi UP et al (2022) Prominent effects of zinc oxide nano-
particles on roots of rice (Oryza sativa L.) grown under salinity stress.
Stresses 3:33-46. https://doi.org/10.3390/STRESSES3010004/S1

Singh A, Singh NB, Hussain | et al (2016) Green synthesis of nano zinc oxide
and evaluation of its impact on germination and metabolic activity
of Solanum lycopersicum. J Biotechnol 233:84-94. https://doi.org/10.
1016/JJBIOTEC.2016.07.010

Singh J, Dutta T, Kim KH et al (2018) (2018) ‘Green' synthesis of metals and
their oxide nanoparticles: applications for environmental remedia-
tion. J Nanobiotechnology 161(16):1-24. https://doi.org/10.1186/
$12951-018-0408-4

Singh Sekhon B (2014) Nanotechnology in agri-food production: an overview.
Nanotechnol Sci Appl 7:31-53. https://doi.org/10.2147/NSA.S39406/
DNSA_A_39406_MEDO00O1.AVI

Singh SP, Rahman MF, Murty USN et al (2013) Comparative study of genotoxic-
ity and tissue distribution of nano and micron sized iron oxide in rats


https://doi.org/10.3390/NANO12050769
https://doi.org/10.3390/NANO12050769
https://doi.org/10.1002/9781119745884.CH5
https://doi.org/10.1002/9781119745884.CH5
https://doi.org/10.1007/S40201-020-00585-7/METRICS
https://doi.org/10.3389/FCHEM.2017.00078
https://doi.org/10.3389/FCHEM.2017.00078
https://doi.org/10.26633/RPSP.2021.8
https://doi.org/10.26633/RPSP.2021.8
https://doi.org/10.1080/10643389.2016.1248199
https://doi.org/10.5601/JELEM.2019.24.4.1914
https://doi.org/10.5601/JELEM.2019.24.4.1914
https://doi.org/10.1016/J.GENE.2022.146352
https://doi.org/10.1016/J.GENE.2022.146352
https://doi.org/10.1016/J.ENVPOL.2017.05.083
https://doi.org/10.1016/J.ENVPOL.2017.05.083
https://doi.org/10.1039/D0MT00099J
https://doi.org/10.3109/17435390.2011.579631
https://doi.org/10.3109/17435390.2011.579631
https://doi.org/10.55730/1300-011X.3010
https://doi.org/10.55730/1300-011X.3010
https://doi.org/10.1007/S11356-020-09764-3/METRICS
https://doi.org/10.1007/S11356-020-09764-3/METRICS
https://doi.org/10.5772/intechopen.71185
https://doi.org/10.5772/intechopen.71185
https://doi.org/10.1016/J.ETI.2020.101067
https://doi.org/10.1016/J.ETI.2020.101067
https://doi.org/10.1016/J.PLAPHY.2023.108259
https://doi.org/10.1016/J.PLAPHY.2023.108259
https://doi.org/10.1007/S11270-015-2689-7/METRICS
https://doi.org/10.1007/S11270-015-2689-7/METRICS
https://doi.org/10.1016/J.CHEMOSPHERE.2019.125234
https://doi.org/10.1016/J.CHEMOSPHERE.2019.125234
https://doi.org/10.1016/J.SCP.2020.100255
https://doi.org/10.1289/EHP.0901234
https://doi.org/10.1289/EHP.0901234
https://doi.org/10.1046/j.1469-8137.2001.00034.x
https://doi.org/10.1046/j.1469-8137.2001.00034.x
https://doi.org/10.1016/J.JHAZMAT.2019.03.021
https://doi.org/10.1016/J.JHAZMAT.2019.03.021
https://doi.org/10.1016/J.BCAB.2018.07.006
https://doi.org/10.1016/J.MATLET.2012.04.009
https://doi.org/10.1021/ES403368J/ASSET/IMAGES/MEDIUM/ES-2013-03368J_0006.GIF
https://doi.org/10.1021/ES403368J/ASSET/IMAGES/MEDIUM/ES-2013-03368J_0006.GIF
https://doi.org/10.1016/J.JHAZMAT.2016.11.063
https://doi.org/10.1016/J.JHAZMAT.2016.11.063
https://doi.org/10.1007/978-3-319-06746-9_1
https://doi.org/10.1007/978-3-319-06746-9_1
https://doi.org/10.1080/24701556.2020.1722694
https://doi.org/10.1016/J.ENVINT.2005.02.003
https://doi.org/10.1016/J.ENVINT.2005.02.003
https://doi.org/10.3390/PLANTS9010100
https://doi.org/10.3390/PLANTS9010100
https://doi.org/10.1016/J.SCITOTENV.2020.142744
https://doi.org/10.4018/978-1-6684-7232-3.CH013
https://doi.org/10.1016/J.ENVRES.2023.116585
https://doi.org/10.1016/J.ENVRES.2023.116585
https://doi.org/10.3390/STRESSES3010004/S1
https://doi.org/10.1016/J.JBIOTEC.2016.07.010
https://doi.org/10.1016/J.JBIOTEC.2016.07.010
https://doi.org/10.1186/S12951-018-0408-4
https://doi.org/10.1186/S12951-018-0408-4
https://doi.org/10.2147/NSA.S39406/DNSA_A_39406_MED0001.AVI
https://doi.org/10.2147/NSA.S39406/DNSA_A_39406_MED0001.AVI

Rajput et al. Stress Biology (2024) 4:27

after acute oral treatment. Toxicol Appl Pharmacol 266:56-66. https://
doi.org/10.1016/j.taap.2012.10.016

Sinha SN, Paul D, Halder N et al (2015) Green synthesis of silver nanoparticles
using fresh water green alga Pithophora oedogonia (Mont.) Wittrock
and evaluation of their antibacterial activity. Appl Nanosci 5:703-709.
https://doi.org/10.1007/513204-014-0366-6/FIGURES/7

Sivaraj A, KumarV, Sunder R et al (2020) Commercial yeast extracts mediated
green synthesis of silver chloride nanoparticles and their anti-mycobac-
terial activity. J Clust Sci 31:287-291. https://doi.org/10.1007/510876-
019-01626-4/METRICS

Skérzyriska-Polit E, Pawlikowska-Pawlega B, Szczuka E et al (2006) The activity
and localization of lipoxygenases in Arabidopsis thaliana under cad-
mium and copper stresses. Plant Growth Regul 48:29-39. https://doi.
org/10.1007/510725-005-4745-6/METRICS

Slomberg DL, Schoenfisch MH (2012) Silica nanoparticle phytotoxicity to
Arabidopsis thaliana. Environ Sci Technol 46:10247-10254. https://doi.
0rg/10.1021/ES300949F

Smith E, Juhasz AL, Weber J (2009) Arsenic uptake and speciation in vegeta-
bles grown under greenhouse conditions. Environ Geochem Health
31:125-132. https://doi.org/10.1007/510653-008-9242-1/METRICS

Sohail Sawati L, Ferrari E et al (2022) Molecular effects of biogenic zinc nano-
particles on the growth and development of Brassica napus L. revealed
by proteomics and transcriptomics. Front Plant Sci 13:875. https://doi.
0rg/10.3389/FPLS.2022.798751/BIBTEX

Solérzano E, Corpas FJ, Gonzalez-Gordo S et al (2020) Reactive Oxygen Species
(ROS) Metabolism and Nitric Oxide (NO) content in roots and shoots of
rice (Oryza sativa L) plants under arsenic-induced stress. Agron 10:1014.
https://doi.org/10.3390/AGRONOMY 10071014

Songmei L, Jie J, Yang L et al (2019) Characterization and evaluation of OsLCT1
and OsNramp5 mutants generated through CRISPR/Cas9-mediated
mutagenesis for breeding low Cd rice. Rice Sci 26:88-97. https://doi.
org/10.1016/J.RSC1.2019.01.002

Srivastava A, Bhatt NM, Patel TP et al (2021) Biogenic synthesis of silver nano-
particles, characterization and their applications; a review. Surfaces
2022 5:67-90. https://doi.org/10.3390/SURFACES5010003

SuY, Ashworth V, Kim C et al (2019) Delivery, uptake, fate, and transport of
engineered nanoparticles in plants: a critical review and data analysis.
Environ Sci Nano 6:2311-2331. https://doi.org/10.1039/C9EN0046 1K

Sun RL, Zhou QX, Sun FH, Jin CX (2007) Antioxidative defense and proline/phy-
tochelatin accumulation in a newly discovered Cd-hyperaccumulator,
Solanum nigrum L. Environ Exp Bot 60:468-476. https://doi.org/10.
1016/J.ENVEXPBOT.2007.01.004

Sun X, Zhai C, Wang X (2013) A novel and highly sensitive acetyl-cholinest-
erase biosensor modified with hollow gold nanospheres. Bioprocess
Biosyst Eng 36:273-283. https://doi.org/10.1007/500449-012-0782-5/
METRICS

Sutkowska K, Teper L, Czech T et al (2020) Quality of peri-urban soil developed
from ore-bearing carbonates: heavy metal levels and source apportion-
ment assessed using pollution indices. Miner 10:1140. https://doi.org/
10.3390/MIN10121140

Taillefert M, Beckler JS, Carey E et al (2007) Shewanella putrefaciens produces
an Fe(ll)-solubilizing organic ligand during anaerobic respiration on
insoluble Fe(lll) oxides. J Inorg Biochem 101:1760-1767. https://doi.org/
10.1016/JJINORGBIO.2007.07.020

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy metals
toxicity and the environment. EXS 101:133. https://doi.org/10.1007/
978-3-7643-8340-4_6

Thakkar KN, Mhatre SS, Parikh RY (2010) Biological synthesis of metallic nano-
particles. Nanomed Nanotechnol Biol Med 6:257-262. https://doi.org/
10.1016/J.NANO.2009.07.002

Thounaojam TC, Khan Z, Meetei TT et al (2021) Transporters: the molecular
drivers of arsenic stress tolerance in plants. J Plant Biochem Biotechnol
30:730-743. https://doi.org/10.1007/513562-021-00748-Z/TABLES/2

Tiwari K, Singh NK, Rai UN et al (2009) Chromium (V1) induced phytotoxicity
and oxidative stress in pea (Pisum sativum L.): biochemical changes and
translocation of essential nutrients. J Env Biol 30:389-394 Res Tiwari, S
Dwivedi, NK Singh, UN Rai, RD Tripathi

Uchimiya M, Bannon D, Nakanishi H et al (2020) Chemical speciation, plant
uptake, and toxicity of heavy metals in agricultural soils. J Agric Food
Chem 68:12856-12869. https://doi.org/10.1021/ACS.JAFC.0C00183/
ASSET/IMAGES/MEDIUM/JFOC00183_0008.GIF

Page 24 of 25

Ullah S, Adeel M, Zain M et al (2020) Physiological and biochemical response
of wheat (Triticum aestivum) to TiO2 nanoparticles in phosphorous
amended soil: a full life cycle study. J Environ Manage 263:110365.
https://doi.org/10.1016/JJENVMAN.2020.110365

Usman M, Faroog M, Wakeel A et al (2020) Nanotechnology in agriculture:
Current status, challenges and future opportunities. Sci Total Environ
721:137778. https://doi.org/10.1016/J.SCITOTENV.2020.137778

Vardhan KH, Kumar PS, Panda RC (2019) A review on heavy metal pollution,
toxicity and remedial measures: current trends and future perspectives.
J Mol Lig 290:111197. https://doi.org/10.1016/J.MOLLIQ.2019.111197

Venkatachalam P, Jayaraj M, Manikandan R et al (2017) Zinc oxide nanoparticles
(ZNONPs) alleviate heavy metal-induced toxicity in Leucaena leuco-
cephala seedlings: a physiochemical analysis. Plant Physiol Biochem
110:59-69. https://doi.org/10.1016/J.PLAPHY.2016.08.022

Von Canstein H, Ogawa J, Shimizu S, Lloyd JR (2008) Secretion of flavins by
Shewanella species and their role in extracellular electron transfer. Appl
Environ Microbiol 74:615-623. https://doi.org/10.1128/AEM.01387-07

Wang C, Mirzaei A, Wang Y et al (2023a) BiVO4 microspheres coated with
nanometer-thick porous TiO2 shells for photocatalytic water treatment
under visible-light irradiation. ACS Appl Nano Mater. https://doi.org/10.
1021/ACSANM.3C00023/SUPPL_FILE/AN3C00023_SI_001.PDF

Wang S, Wei M, Cheng H et al (2020) Indigenous plant species and invasive
alien species tend to diverge functionally under heavy metal pollution
and drought stress. Ecotoxicol Environ Saf 205:111160. https://doi.org/
10.1016/J.ECOENV.2020.111160

Wang W, Tarafdar J, Research PB-J of nanoparticle, 2013 undefined (2013)
Nanoparticle synthesis and delivery by an aerosol route for watermelon
plant foliar uptake. J Nanoparticle Res 15:1. https://doi.org/10.1007/
s11051-013-1417-8. Springer

Wang WN, Tarafdar JC, Biswas P (2013b) Nanoparticle synthesis and delivery by
an aerosol route for watermelon plant foliar uptake. J Nanoparticle Res
15:1-13. https://doi.org/10.1007/511051-013-1417-8/METRICS

Wang X, Liu W, Li Z et al (2020b) Effects of long-term fertilizer applications on
peanut yield and quality and plant and soil heavy metal accumulation.
Pedosphere 30:555-562. https://doi.org/10.1016/S1002-0160(17)60457-0

Wang X, Xie H, Wang P, Yin H (2023b) Nanoparticles in plants: uptake, transport
and physiological activity in leaf and root. Mater 16:3097. https://doi.
0rg/10.3390/MA 16083097

WangY, LiuY, Zhan W et al (2020c) Long-term stabilization of Cd in agricultural
soil using mercapto-functionalized nano-silica (MPTS/nano-silica): a
three-year field study. Ecotoxicol Environ Saf 197:110600. https://doi.
org/10.1016/J.ECOENV.2020.110600

Wang Y, Wang L, Ma C et al (2019) Effects of cerium oxide on rice seedlings
as affected by co-exposure of cadmium and salt. Environ Pollut
252:1087-1096. https://doi.org/10.1016/JENVPOL.2019.06.007

Williams LE, Pittman JK, Hall JL (2000) Emerging mechanisms for heavy metal
transport in plants. Biochim Biophys Acta - Biomembr 1465:104-126.
https://doi.org/10.1016/S0005-2736(00)00133-4

Xie C, Yang C (2020) A review on plant high-throughput phenotyping traits
using UAV-based sensors. Comput Electron Agric 178:105731. https://
doi.org/10.1016/J.COMPAG.2020.105731

Xie X, Ellis A, Wang Y et al (2009) Geochemistry of redox-sensitive elements
and sulfur isotopes in the high arsenic groundwater system of Datong
Basin, China. Sci Total Environ 407:3823-3835. https://doi.org/10.1016/J.
SCITOTENV.2009.01.041

Xie X, Wang Y, Su C et al (2008) Arsenic mobilization in shallow aquifers of
Datong Basin: Hydrochemical and mineralogical evidences. J Geo-
chemical Explor 98:107-115. https://doi.org/10.1016/J.GEXPLO.2008.
01.002

Xu C, Zhou T, Kuroda M, Rosen BP (1998) Metalloid resistance mechanisms
in prokaryotes. J Biochem 123:16-23. https://doi.org/10.1093/OXFOR
DJOURNALS.JBCHEM.A021904

Xu Q, Li X, Ding R et al (2017) Understanding and mitigating the toxicity of
cadmium to the anaerobic fermentation of waste activated sludge.
Water Res 124:269-279. https://doi.org/10.1016/J.WATRES.2017.07.067

Yadav MK, Saidulu D, Gupta AK et al (2021) Status and management of arsenic
pollution in groundwater: a comprehensive appraisal of recent global
scenario, human health impacts, sustainable field-scale treatment
technologies. J Environ Chem Eng 9:105203. https://doi.org/10.1016/J.
JECE2021.105203


https://doi.org/10.1016/j.taap.2012.10.016
https://doi.org/10.1016/j.taap.2012.10.016
https://doi.org/10.1007/S13204-014-0366-6/FIGURES/7
https://doi.org/10.1007/S10876-019-01626-4/METRICS
https://doi.org/10.1007/S10876-019-01626-4/METRICS
https://doi.org/10.1007/S10725-005-4745-6/METRICS
https://doi.org/10.1007/S10725-005-4745-6/METRICS
https://doi.org/10.1021/ES300949F
https://doi.org/10.1021/ES300949F
https://doi.org/10.1007/S10653-008-9242-1/METRICS
https://doi.org/10.3389/FPLS.2022.798751/BIBTEX
https://doi.org/10.3389/FPLS.2022.798751/BIBTEX
https://doi.org/10.3390/AGRONOMY10071014
https://doi.org/10.1016/J.RSCI.2019.01.002
https://doi.org/10.1016/J.RSCI.2019.01.002
https://doi.org/10.3390/SURFACES5010003
https://doi.org/10.1039/C9EN00461K
https://doi.org/10.1016/J.ENVEXPBOT.2007.01.004
https://doi.org/10.1016/J.ENVEXPBOT.2007.01.004
https://doi.org/10.1007/S00449-012-0782-5/METRICS
https://doi.org/10.1007/S00449-012-0782-5/METRICS
https://doi.org/10.3390/MIN10121140
https://doi.org/10.3390/MIN10121140
https://doi.org/10.1016/J.JINORGBIO.2007.07.020
https://doi.org/10.1016/J.JINORGBIO.2007.07.020
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1016/J.NANO.2009.07.002
https://doi.org/10.1016/J.NANO.2009.07.002
https://doi.org/10.1007/S13562-021-00748-Z/TABLES/2
https://doi.org/10.1021/ACS.JAFC.0C00183/ASSET/IMAGES/MEDIUM/JF0C00183_0008.GIF
https://doi.org/10.1021/ACS.JAFC.0C00183/ASSET/IMAGES/MEDIUM/JF0C00183_0008.GIF
https://doi.org/10.1016/J.JENVMAN.2020.110365
https://doi.org/10.1016/J.SCITOTENV.2020.137778
https://doi.org/10.1016/J.MOLLIQ.2019.111197
https://doi.org/10.1016/J.PLAPHY.2016.08.022
https://doi.org/10.1128/AEM.01387-07
https://doi.org/10.1021/ACSANM.3C00023/SUPPL_FILE/AN3C00023_SI_001.PDF
https://doi.org/10.1021/ACSANM.3C00023/SUPPL_FILE/AN3C00023_SI_001.PDF
https://doi.org/10.1016/J.ECOENV.2020.111160
https://doi.org/10.1016/J.ECOENV.2020.111160
https://doi.org/10.1007/s11051-013-1417-8
https://doi.org/10.1007/s11051-013-1417-8
https://doi.org/10.1007/S11051-013-1417-8/METRICS
https://doi.org/10.1016/S1002-0160(17)60457-0
https://doi.org/10.3390/MA16083097
https://doi.org/10.3390/MA16083097
https://doi.org/10.1016/J.ECOENV.2020.110600
https://doi.org/10.1016/J.ECOENV.2020.110600
https://doi.org/10.1016/J.ENVPOL.2019.06.007
https://doi.org/10.1016/S0005-2736(00)00133-4
https://doi.org/10.1016/J.COMPAG.2020.105731
https://doi.org/10.1016/J.COMPAG.2020.105731
https://doi.org/10.1016/J.SCITOTENV.2009.01.041
https://doi.org/10.1016/J.SCITOTENV.2009.01.041
https://doi.org/10.1016/J.GEXPLO.2008.01.002
https://doi.org/10.1016/J.GEXPLO.2008.01.002
https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A021904
https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A021904
https://doi.org/10.1016/J.WATRES.2017.07.067
https://doi.org/10.1016/J.JECE.2021.105203
https://doi.org/10.1016/J.JECE.2021.105203

Rajput et al. Stress Biology (2024) 4:27

Yan X, Liu M, Zhong J et al (2018) How human activities affect heavy metal
contamination of soil and sediment in a long-term reclaimed area of
the Liaohe River Delta North China. Sustain 10:338. https://doi.org/10.
3390/5U10020338

Yang D, Chu Z, Zheng R et al (2021) Remediation of Cu-polluted soil with anal-
cime synthesized from engineering abandoned soils through green
chemistry approaches. J Hazard Mater 406:124673. https://doi.org/10.
1016/JJHAZMAT.2020.124673

Yurkov AM, Kemler M, Begerow D (2011) Species accumulation curves and
incidence-based species richness estimators to appraise the diversity of
cultivable yeasts from beech forest soils. Plos One 6:223671. https://doi.
org/10.1371/JOURNAL.PONE.0023671

Zelinova V, Haluskova L, Huttova J et al (2011) Short-term aluminium-induced
changes in barley root tips. Protoplasma 248:523-530. https://doi.org/
10.1007/500709-010-0199-4/METRICS

Zhang BQ, Liu XS, Feng SJ et al (2020) Developing a cadmium resistant rice
genotype with OsHIPP29 locus for limiting cadmium accumulation in
the paddy crop. Chemosphere 247:125958. https://doi.org/10.1016/J.
CHEMOSPHERE.2020.125958

Zhang H, Han B, Wang T et al (2012) Mechanisms of plant salt response:
Insights from proteomics. J Proteome Res 11:49-67. https://doi.org/10.
1021/PR200861W/SUPPL_FILE/PR200861W_SI_007.XLS

Zhang J, Hamza A, Xie Z et al (2021) Arsenic transport and interaction with
plant metabolism: clues for improving agricultural productivity and
food safety. Environ Pollut 290:117987. https://doi.org/10.1016/J.
ENVPOL.2021.117987

Zhang P, MaY, Zhang Z. (2015) Interactions between engineered nanomateri-
als and plants: Phytotoxicity, uptake, translocation, and biotransforma-
tion. Nanotechnol Plant Sci Nanoparticles Their Impact Plants 77-99.
https://doi.org/10.1007/978-3-319-14502-0_5/COVER

Zhao L, Peralta-Videa JR, Ren M et al (2012a) Transport of Zn in a sandy loam
soil treated with ZnO NPs and uptake by corn plants: electron micro-
probe and confocal microscopy studies. Chem Eng J 184:1-8. https://
doi.org/10.1016/J.CEJ.2012.01.041

Zhao L, Peralta-Videa JR, Varela-Ramirez A et al (2012b) Effect of surface
coating and organic matter on the uptake of CeO2 NPs by corn plants
grown in soil: Insight into the uptake mechanism. J Hazard Mater
225-226:131-138. https://doi.org/10.1016/JJHAZMAT.2012.05.008

Zhao L, Le SY, Cui SX et al (2011) Cd-induced changes in leaf proteome of
the hyperaccumulator plant Phytolacca americana. Chemosphere
85:56-66. https://doi.org/10.1016/JCHEMOSPHERE.2011.06.029

Zhao Z, Meng Y, Yuan Q et al (2021) Microbial mobilization of arsenic from
iron-bearing clay mineral through iron, arsenate, and simultaneous
iron-arsenate reduction pathways. Sci Total Environ 763:144613. https://
doi.org/10.1016/J.SCITOTENV.2020.144613

Zheng R, Feng X, Zou W et al (2021) Converting loess into zeolite for heavy
metal polluted soil remediation based on “soil for soil-remediation”
strategy. J Hazard Mater 412:125199. https://doi.org/10.1016/JJHAZM
AT.2021.125199

Zhou J, Obrist D, Dastoor A et al (2021a) Vegetation uptake of mercury and
impacts on global cycling. Nat Rev Earth Environ 24(2):269-284. https://
doi.org/10.1038/543017-021-00146-y

Zhou J, Zhang C, Du B et al (2021) Soil and foliar applications of silicon and
selenium effects on cadmium accumulation and plant growth by
modulation of antioxidant system and Cd translocation: Comparison of
soft vs. durum wheat varieties. J Hazard Mater 402:123546. https://doi.
0rg/10.1016/jjhazmat.2020.123546

Zhou P, Adeel M, Shakoor N et al (2021c¢) Application of nanoparticles allevi-
ates heavy metals stress and promotes plant growth: an overview.
Nanomater 11:26. https://doi.org/10.3390/NANO11010026

Zhou T, Prasher S, Qi Z et al (2021d) Impact of silver nanoparticles in wastewa-
ter on heavy metal transport in soil and uptake by radish plants. Water
Air Soil Pollut 232:1-13. https://doi.org/10.1007/511270-021-05227-8/
METRICS

Zhu J, Qin L, Uliana A et al (2017) Elevated performance of thin film nano-
composite membranes enabled by modified hydrophilic MOFs for
nanofiltration. ACS Appl Mater Interfaces 9:1975-1986. https://doi.org/
10.1021/ACSAMI.6B14412/SUPPL_FILE/AMEB14412_SI_001.PDF

Zhu J,Wang J, Zhan X et al (2021) Role of charge and size in the transloca-
tion and distribution of zinc oxide particles in wheat cells. ACS Sustain

Page 25 of 25

Chem Eng 9:11556-11564. https://doi.org/10.1021/ACSSUSCHEMENG.
1C04080/SUPPL_FILE/SC1C04080_SI_001.PDF

Zotnowski AC, Wyszkowski M, Rolka E, Sawicka M (2021) Mineral materials as
a neutralizing agent used on soil contaminated with copper. Mater
14:6830. https://doi.org/10.3390/MA 14226830

Zulfigar F, Ashraf M (2021) Nanoparticles potentially mediate salt stress toler-
ance in plants. Plant Physiol Biochem 160:257-268. https://doi.org/10.
1016/J.PLAPHY.2021.01.028

Zulfigar F, Ashraf M (2022) Antioxidants as modulators of arsenic-induced
oxidative stress tolerance in plants: an overview. J Hazard Mater
427:127891. https://doi.org/10.1016/JJHAZMAT.2021.127891

Zulfigar F, Navarro M, Ashraf M et al (2019a) Nanofertilizer use for sustainable
agriculture: advantages and limitations. Plant Sci 289:110270. https://
doi.org/10.1016/J.PLANTSCI.2019.110270

Zulfigar U, Ayub A, Hussain S et al (2021) Cadmium toxicity in plants: recent
progress on morpho-physiological effects and remediation strate-
gies. J Soil Sci Plant Nutr 221(22):212-269. https://doi.org/10.1007/
S42729-021-00645-3

Zulfigar U, Farooq M, Hussain S et al (2019b) Lead toxicity in plants: Impacts
and remediation. J Environ Manage 250:109557. https://doi.org/10.
1016/JJENVMAN.2019.109557

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


https://doi.org/10.3390/SU10020338
https://doi.org/10.3390/SU10020338
https://doi.org/10.1016/J.JHAZMAT.2020.124673
https://doi.org/10.1016/J.JHAZMAT.2020.124673
https://doi.org/10.1371/JOURNAL.PONE.0023671
https://doi.org/10.1371/JOURNAL.PONE.0023671
https://doi.org/10.1007/S00709-010-0199-4/METRICS
https://doi.org/10.1007/S00709-010-0199-4/METRICS
https://doi.org/10.1016/J.CHEMOSPHERE.2020.125958
https://doi.org/10.1016/J.CHEMOSPHERE.2020.125958
https://doi.org/10.1021/PR200861W/SUPPL_FILE/PR200861W_SI_007.XLS
https://doi.org/10.1021/PR200861W/SUPPL_FILE/PR200861W_SI_007.XLS
https://doi.org/10.1016/J.ENVPOL.2021.117987
https://doi.org/10.1016/J.ENVPOL.2021.117987
https://doi.org/10.1007/978-3-319-14502-0_5/COVER
https://doi.org/10.1016/J.CEJ.2012.01.041
https://doi.org/10.1016/J.CEJ.2012.01.041
https://doi.org/10.1016/J.JHAZMAT.2012.05.008
https://doi.org/10.1016/J.CHEMOSPHERE.2011.06.029
https://doi.org/10.1016/J.SCITOTENV.2020.144613
https://doi.org/10.1016/J.SCITOTENV.2020.144613
https://doi.org/10.1016/J.JHAZMAT.2021.125199
https://doi.org/10.1016/J.JHAZMAT.2021.125199
https://doi.org/10.1038/s43017-021-00146-y
https://doi.org/10.1038/s43017-021-00146-y
https://doi.org/10.1016/j.jhazmat.2020.123546
https://doi.org/10.1016/j.jhazmat.2020.123546
https://doi.org/10.3390/NANO11010026
https://doi.org/10.1007/S11270-021-05227-8/METRICS
https://doi.org/10.1007/S11270-021-05227-8/METRICS
https://doi.org/10.1021/ACSAMI.6B14412/SUPPL_FILE/AM6B14412_SI_001.PDF
https://doi.org/10.1021/ACSAMI.6B14412/SUPPL_FILE/AM6B14412_SI_001.PDF
https://doi.org/10.1021/ACSSUSCHEMENG.1C04080/SUPPL_FILE/SC1C04080_SI_001.PDF
https://doi.org/10.1021/ACSSUSCHEMENG.1C04080/SUPPL_FILE/SC1C04080_SI_001.PDF
https://doi.org/10.3390/MA14226830
https://doi.org/10.1016/J.PLAPHY.2021.01.028
https://doi.org/10.1016/J.PLAPHY.2021.01.028
https://doi.org/10.1016/J.JHAZMAT.2021.127891
https://doi.org/10.1016/J.PLANTSCI.2019.110270
https://doi.org/10.1016/J.PLANTSCI.2019.110270
https://doi.org/10.1007/S42729-021-00645-3
https://doi.org/10.1007/S42729-021-00645-3
https://doi.org/10.1016/J.JENVMAN.2019.109557
https://doi.org/10.1016/J.JENVMAN.2019.109557

	Effects of environmental metal and metalloid pollutants on plants and human health: exploring nano-remediation approach
	Abstract 
	Introduction
	Global status of HMMs problem
	Sources of HMMs
	HMMs natural sources of HMMs
	Anthropogenic HMMs sources of HMMs
	Agricultural HMMsSources of HMMs

	Impact of HMMs on plant and human health
	Impact of HMMs on plant health
	Impact of HMMs on human health

	Uptake and translocation of HMMs in plants from the soil
	Arsenic (As)
	Nickel (Ni)
	Chromium (Cr)
	Cadmium (Cd)

	Conventional and NPs based techniques for HMMs remediation
	Conventional techniques
	Physicochemical method
	Bioremediation method

	NPs based HMMs remediation

	Nanotechnological approaches for remediation of HMMs
	Methodology for synthesis of NPs
	Physical methods
	Chemical mthods
	Biological or green methods

	Uptake and translocation processes of NPs
	Interaction of NPs with plants
	Uptake and translocation of NPs from the soil

	Foliar application of NP uptake and translocation
	Mode of action of NPs for mitigation of HMMs: insights into mode of action

	Conclusion
	Acknowledgements
	References


