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Abstract Design products or technologies that incor-
porate metal nanoparticles (NPs) in agriculture need to
be safe for consumers, soil microorganisms, and envi-
ronment friendly. This review analyzed application ad-
vances of metal NPs in crop production and soil reme-
diation, which are two major challenges that are
constraining world sustainability and food security.
The use of NPs in agriculture is also explored as a tool
to improve plant productivity, control phytopathogens
and viruses, monitor the quality and health of plants and
soil, and seed-priming. Concerning soil remediation,
this review focuses on potentially toxic element pollu-
tion when NPs are used as an assisted phytoremediation
alternative, combined with electrokinetic remediation,
or for acid mining drainage remediation, as well as their
role in photocatalysis. In addition, it addresses the path-
ways of interaction with soil properties, plants, and soil
microorganisms, which are relevant factors influencing
NPs fate and behavior in soil and their functions. Final-
ly, this review aimed to explore the common purposes
and challenges of nanotechnology in agriculture and
remediation, which may be the basis for new
technologies.
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Introduction

Fifty years ago, Richard Feynman suggested manipulat-
ing matter on an atomic scale by building machines at
the nanoscale level allowing the arrangement of atoms
(Toumey 2009). Afterward, what seemed to be science
fiction became reality, originating nanoscience—the
science of objects of size smaller than 100 nm—and
nanotechnology—the design, synthesis, and use of
nanomaterials (NMs) (Whitesides 2005).

NMs are materials with any external dimension or
with surface or internal structures at the nanoscale
(Santos et al. 2015). Some examples of synthesized
NMs are nanoparticles (NPs), nanolayers, nanofibers,
nanotubes, and quantum dots (Whitesides 2005). Matter
of nanoscale has different properties than the same
material at the macroscale size, for example, a high
relative surface area, greater chemical reactivity, optical,
electrical, andmagnetic behavior (Ma et al. 2010; Raliya
et al. 2018). Nowadays, NMs are mainly used in elec-
tronic, automobile, energy, chemical, health, cosmetic,
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and textile industries (Bundschuh et al. 2018; Sabourin
and Ayande 2015) due to their properties. According to
the nanotechnology products database (https://product.
statnano.com/), more than 9000 products claim to
contain NMs (StatNano 2018). Figure 1 shows the
distribution of NMs used in different branch industries,
and Fig. 2 shows the subdivisions of products for agro-
nomic and environmental purposes.

When comparing the number of commercialized
products in the agronomic and environmental sectors
with other industrial branches, it results that nanotech-
nology is an emergent activity, with a large scale appli-
cation in these sectors (Belal and El-Ramady 2016;
Rajput et al. 2018). Moreover, the current market value
in the agri-food sector was projected to increase to 160
billion dollars by 2020 because of the incorporation of
nanotechnology in food production, processing, and
packaging (Sabourin and Ayande 2015). The global
nanopesticide market size is forecasted to grow at a
compound annual growth rate of 14.6% from 2020 to
2027 (Bratovcic et al. 2021). The global market value
for remediation using nanotechnology in 2010 was es-
timated to be 6 billion dollars (Bardos et al. 2018), and
increase to $41.8 trillion by 2020, with a 10.2% average
annual growth rate from 2015 to 2020 (Corsi et al.
2018). Besides the financial advantages, nanotechnolo-
gy offers technological and environmental benefits in
both sectors, agriculture, and remediation, which are
circumstantially linked (Fig. 3). On the one hand, the
use of nano-agrochemicals in agriculture can increase
crop yield with lower amounts of substances applied,
reduce the volume of spread chemicals, increase the
capacity of plants to absorb nutrients, and minimize
nutrient losses (Prasad et al. 2017), and consequently,
reduce soil and water pollution. P.e. foliar-sprayed of
nano-Fe (0.25 g L−1) on cowpea plants (Vigna
unguiculata) increased the yield 63% and 41% com-
pared to plants treated with bulk FeSO4 at 0.25 and
0.5 g L−1, respectively (Delfani et al. 2014). The appli-
cation of nanopesticides (including fungicides, bacteri-
cides, acaricides, nematicides, insecticides, herbicides,
rodenticides, etc.) can also augment the efficiency of
pest control with lower concentrations. On the other
hand, a common world concern has been excessive
and no reasonable use of agrochemicals such as fertil-
izers and pesticides for crop production. This uncon-
trolled use has propitiated soil, sediments, and water
contamination, and has negatively influenced organisms
across the food chain. Therefore, developing

remediation alternatives to control contamination is a
priority (Singh and Kumar 2020; Kumar et al. 2019).
Nano-agrochemicals may be suitable in soil remedia-
tion; nano-remediation can reduce the reaction times
compared to in situ conventional remediation tech-
niques (Grieger et al. 2015), and be up to 80% cheaper
(Corsi et al. 2018).

Even though NMs offer several benefits to food
production and soil remediation, there remain gaps in
knowledge to be studied that can be decisive to sooner
and safer transfer of laboratory results on a large-scale
application. The study of the interaction between nano-
sized materials and soil microorganisms is in the emerg-
ing stage. Microorganisms have crucial functions in
biogeochemical cycles such as turnover organic matter,
architecture soil formation, plant nutrition, and health.
Moreover, they are strongly involved in the decompo-
sition of xenobiotics, control of contamination, and soil
remediation (Schloter et al. 2018). Especially, beneficial
soil microorganisms are being recognized to play a
paramount role in plant productivity and soil health,
and they build an intricate bond between plants and soil.
In plants, beneficial soil microorganisms improve nutri-
ent uptake and enhance plant tolerance to different biotic
or abiotic stresses (drought, heat, acidity, alkalinity,
salinity, pathogens, and contaminants). In soils, micro-
organisms participate in aggregate formation, organic
matter degradation, carbon sequestration, remediation,
etc. (Jacoby et al. 2017). The use of NMs in agriculture
and remediation compulsory requires analyzing their
interaction with plants, soil, and beneficial microorgan-
ism, which has rarely been taken into account; therefore,
it is addressed in this review. In the same way, unex-
plored effects of NMs on seed priming, soil quality, and
environmental abiotic stresses such as salinity and
drought need more attention. It is expected that argu-
ments exposed here may contribute to propitiate sustain-
able agricultural production systems under environmen-
tally friendly conditions, as the use of NPs without
negative affectation of activity of beneficial soil micro-
organisms is highly desirable. Similarly, the interaction
between NMs and soil microorganisms needs to be
documented, including the fate of NMs after applica-
tion, the residual effects, and the environmental and
biological factors that affect their toxicity. These are
some of the key points to predict the ecotoxicology of
metal-based NMs and to formulate safe and wide public
accepted technologies.
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Fig. 1 Distribution of
nanomaterials currently used in
different industry branches
according to the nanotechnology
products database (StatNano
2018)

Fig. 2 Subdivisions of products for (a) agronomic and (b) environmental purposes according to the nanotechnology products database
(StatNano 2018)
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Nanotechnology and NMs in agriculture

Agriculture is a sector that has a duality, on the one
hand, it supplies food, and raw materials to produce
consumer goods. That is to say, the agri-food indus-
try can provide bioactive compounds (phenols, pep-
tides, carotenoids, etc.) to produce drugs and cos-
metics, fibers to the textile industry, lignocellulosic
materials, and vegetable oils to produce ethanol and
biodiesel (Boehlje and Broring 2011), and because
of that Zulfiqar et al. (2019) pointed to agriculture as
an economic sector that involves a “worldwide mul-
titrillion dollars industry.” Regarding its role in the
economy, agriculture is one of the main sources of
direct employment and incomes, e.g., in 2010, it was
estimated that 2.6 billion people worldwide
depended on agriculture for their livelihoods
(Alston and Pardey 2014), and in 2018, agriculture
accounted 4% of global gross domestic product
(GDP). In some developing countries, it accounted
for more than 25% of their GDP (The World Bank
2021). On the other hand, intensive agriculture has a
negative environmental cost that ironically also en-
dangers agriculture itself. For instance, agriculture is
responsible for 15% of the total emission of methane

and nitrous oxide; they both are greenhouse gases
involved in global warming (Malhi et al. 2021; Park
et al. 2012). Moreover, the immoderate use of agro-
chemicals (due to the low efficiency of some fertil-
izers) causes soil chemical contamination and low
crop yields in the long term (Kothari and Wani
2019).

The global annual crop production (more than three
billion tons) requires approximately 187 million tons of
fertilizers and 4 million tons of pesticides (Usman et al.
2020). However, up to 75% of fertilizers applied to soil
can be lost due to volatilization, leaching, or the runoff
process (Trenkel 2010; Dimkpa et al. 2020). The range
of loses from the soil are 40–70% of N, 80–90% of P,
and 50–90% of K (Pitambara and Shukla 2019). This is
also applicable to pesticides, where 90% of pesticides
may escape during the application step (Kumar et al.
2019; Ghormade et al. 2011). So, annually 140 million
tons of fertilizers and 3.6 million tons of pesticides are
losing. This inefficient use makes agrochemical harmful
to the environment and human beings.

Therefore, the efficient use of agrochemicals and
conservation of soil quality are two of the main chal-
lenges in agriculture. They both affect food production,
economy, and environmental quality. In this regard,

Fig. 3 Common applications of NPs in agriculture and soil remediation
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nanotechnology is an emerging alternative that may
revolutionize agriculture because of its diverse applica-
tion (which will be discussed in more detail in the
following section) as fertilizers, pesticides, plant growth
promoters, seed treatments, opportune detection of plant
diseases, monitoring soil and water quality, identifica-
tion and detection of toxic agrochemical, and soil and
water remediation (Prerna et al. 2021; do Espirito Santo
Pereira et al. 2021; Acharya and Pal 2020). Singh et al.
(2021) referred to the application of nanotechnology to
agriculture production as phytonanotechnology, while
Acharya and Pal (2020) mentioned the use of nanotech-
nology in agriculture in three specific areas: precision
farming (by the application of nanosensors), crop pro-
ductivity, and crop improvement (by the application of
nanoagrochemicals). Furthermore, these authors
discussed several qualities of NMs useful to agriculture:
compact size, easy way to carry and handling, long-term
storage, high effectiveness, and when used rationally,
not toxic. Thus, these nanometric materials may be a
favorite selection for farmers over conventional agro-
chemicals. Moreover, these may improve the efficiency
of agricultural inputs, and achieve sustainable
agroecosystems at a lower cost, energy, and waste
production.

Nanoagrochemicals can improve the efficiency of
applications, while reducing the loss of both nutrients
and pesticides through the smart delivery and controlled
release of an active ingredient (Seleiman et al. 2021). In
this regard, tailored delivery systems can be designed
based on the release time or environmental conditions
(humidity, heat, light, pH, enzyme, redox state, and
magnetic release) (Grillo et al. 2021; Huang et al.
2018). It will depend on the NMs properties and their
interaction with the surrounding media. Moreover,
nanoformulations may function in relation to not only
time-control or spatial-target release, but also self or
remote-regulation delivery to guarantee effective
targeting (Kumar et al. 2019). In the case of fertilizers
with high solubility and fixation in the soil, such as urea
or iron, slow-release is desirable to avoid losses.
Kottegoda et al. (2017) evaluated the slow release of N
from urea-hydroxyapatite nanocomposites (6:1) in wa-
ter. They found that the N release rate was approximate-
ly 12 times slower compared to pure urea. The urea
released 99% of the nitrogen content in 5.3 min, where-
as the nanocomposite released 86% of the nitrogen after
1.06 h. In this case, urea-hydroxyapatite nanocompos-
ites may be an option to increase the efficiency of N

application and to reduce the N volatilization as N2O
emissions. In contrast, when the effectiveness of a fer-
tilizer mainly depends on the solubility of the nutrient
source, nano-sized materials can improve their dissolu-
tion, because, in theory, the solubility of solids depends
on the excess surface energy, which is correlated with
the specific surface area and the particle size
(Avramescu et al. 2017; Milani et al. 2012). To avoid
undesirable effects or losses by the fast solubility of a
NM, their release pattern can be improved through
surface modification (by the addition of coating mate-
rials or nanoencapsulation) or by NMs coated onto
granular macronutrient fertilizers (Milani et al. 2012).
Under this point of view, Milani et al. (2012) synthe-
sized urea and monoammonium phosphate-coated ZnO
NPs, which had a higher fast dissolution degree and Zn
solubility than bulk ZnO.

In the case of nanopesticides, the slow release may
minimize crops’ demand for pesticides (then, reduction
of residues and environmental pollution), and achieve
more effective, safe pesticide usage (Huang et al. 2018).
Also, the controlled and slow release of an active ingre-
dient is advantageous to treat specific pests or insects for
longer duration without harm to non-specific targets
(Nehra et al. 2021). The use of nanopesticides is in the
early stage of development with safe environmental
applications (Kumar et al. 2019). Gradually, the kinds
of pesticide presentations are increasing, and new pro-
visions are available: nanosuspensions, nanoemulsions,
nanocapsules, nanospheres, nanogels, nanoliposomes,
micelles, clay-based nanoformulations, and their func-
tion is the result of the physical and chemical properties
at the nanoscale level (Table 1).

In synthesis, it is expected to maximize the crop yield
with the minimum amount of fertilizers and pesticides,
and to reduce the accumulation of organic and inorganic
compounds in soils, as well as a decrement in green-
house gas emissions (Raliya et al. 2018; Kah et al. 2018)
by using nano-agrochemicals. It is expected that the
action of external factors that cause the loss of agro-
chemicals will be reduced due to the properties of nano-
formulations (Qureshi et al. 2018). Recently, the use of
NPs as a tool for the fortification of plants was suggested
(Elemike et al. 2019). In consequence, the use of nano-
agrochemicals will improve crop yields, the nutrient
value of crops, and may reduce the costs of production
(Pestovsky and Martínez-Antonio 2017).
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Nanofertilizers

Nanofertilizers are NMs or nano-enabled bulk materials
used to improve plant nutrition (Raliya et al. 2018).
Moreover, they have been mentioned as next generation
fertilizers (Palchoudhury et al. 2018) that may help us to
guarantee the world’s food security (Usman et al. 2020),
improve the nutritional value of food by Fe and Zn
agronomic fortification (ZnO, Fe3O4) (Elemike et al.
2019), keep balanced nutrition to ameliorate biotic and
abiotic stresses (Zulfiqar et al. 2019; Cai et al. 2020),
reduce the ecological footprint due to lower amount of
agrochemical used and low nutrient losses (Lal 2020).
Regarding agricultural management, nanofertilizers of-
fer some advantages: reduced transportation and appli-
cation cost; the soil is not overloaded with salts;
nutrient-delivered control may be synchronized to soil
nutrient status, plant growth stage, and environmental
conditions by using nanosensors (Zulfiqar et al. 2019;
Cai et al. 2020).

Nanofertilizers currently available in the market are
usually reformulations of active ingredients that al-
ready have a registration (Table 2, Fig. 2). There are
several examples of nanofertilizers containing macro
(N, P, K) or micronutrients (Cu, Fe, Mn, Mo, and Zn);
however, some metal NPs such as Al, Zn, Ti, Ce, Cu,
Ni, Ag, ZnO, AgO, MgO, TiO2 and magnetic NPs as
Fe3O4, Fe2O3, already used in the industry, also have
versatile effects (Table 2) with potential use in agricul-
ture (Rastogi et al. 2017). Also, carbon nanotubes and
other NMs such as urea andmonoamonniun phosphate
coated ZnO NPs, Fe-pyrite, and nanocomposites of
humic substances with Fe2O3 have shown their action
also as fertilizers (Mastronardi et al. 2015; Lin et al.
2009).

One main advantage of nanofertilizers over bulk
materials is boosting the crop yield (Kottegoda et al.
2017) even by applying lower amounts of the suggested
nutrient dose. For example, P-nanofertilizers in Glycine
max produced a 32% higher growth rate and 20% higher
seed yield compared to plants treated with bulk P fertil-
izer (Liu and Lal 2014). In field experiments, the yield
of rice after the application of urea-hydroxyapatite com-
posites at 50% of the suggested dose (50 kg of N ha−1)
was 7.9 tons ha−1, while applying 100 kg of N ha−1 as
bulk urea, the yield was 7.3 tons ha−1, and the nutrient
absorption efficiency was 48% and 18% for urea-
hydroxyapatite composites and pure urea, respectively
(Kottegoda et al. 2017).

Micronutrient deficiencies in plants can result in a
significant reduction of their yield attributes (Rahi et al.
2021) because micronutrients are essential to proper
functioning in several processes such as plant growth
regulation, chlorophyll formation, seed production, and
regulation of enzyme systems. Moreover, there are im-
portant crops sensitive to micronutrient deficiency. In
this regard, NPs also fix the micronutrient deficiencies
and increase the crop yield. For instance, foliar applica-
tion of Fe3O4- NPs was efficient to increase plant
growth and improve Fe uptake in the order
leaves>stem>roots in plants of Nicotiana benthamiana.
Magnetita-NPs were an exceptional Fe supplement (Cai
et al. 2020). Iron deficiencies in soils are a common
problem that is difficult to fix due to the insolubility of
Fe3+ in the soil and their quick fixation in soils after the
application of iron-soluble fertilizers (Abbaspour et al.
2014). However, several types of Fe NMs as fertilizers
and encapsulation methods have been tested. Khosroyar
et al . (Khosroyar 2012) used Fe-saccharate

Table 1 Types of nano-agrochemical formulations and their
functions

Type of formulation Function

Nanoemulsions,
microemulsions of an active
ingredient

Increase solubility in water of
hydrophobic cargo, increase
the absorption efficiency

Nanocatalyst-active ingredient
conjugated in microcapsules

Rapid separation of the active
ingredient in soil or plant

Nanocapsules with a conjugated
catalyst with the active
ingredient

Protection against premature
degradation

Nanocapsules and nanospheres Controlled release, guided
delivery, protection against
premature degradation, as
carriers

Nanodispersions and
nanosuspensions

Increase toxicity of an active
ingredient in the target
organism at low doses

Nanocrystals Improve the bioavailability of
water-insoluble compounds,
and drug adhesiveness to
surface cell membranes, en-
hance particle stability in
suspension, and as a carrier

Dendrimers Improve delivery, carriers for
the active ingredient

Metal-nanoparticles and
nano-clays

Active substance as NPs

Modified from Kookana et al. (2014)
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encapsulation with alginate coating and observed that
the size of capsules influenced the Fe release time more
than the doses inside of these, and the loading efficiency
was higher than 90%. Iron released from these
nanofertilizers is a key prospective Fe plant source.
Rui et al. (2016) tested Fe2O3 NPs (20 nm) as iron
fertilizer for peanut variety Kainong 15, a highly sensi-
tive Fe deficiency crop. They observed increased iron
shoot and root concentrations when using between 10
and 1000 mg kg−1 and comparable concentrations to the
use of EDTA (45.8 mg kg−1). The authors suggested
that NPs are adsorbed on sandy soil, and are slowly
dissolved, so the Fe availability increases. Also, humic
substances may improve Fe solubility, plant uptake, Fe
translocation, and corrected Fe deficiency in cucumber
plants. The use of humic substances with nanofertilizer
was considered an ecologically safe NM (Sorkina et al.
2014).

Nanofertilizers can also increase nutrient availability
and absorption efficiency (between 18% to 29%) over
traditional fertilizers (Usman et al. 2020), and thus in-
crease the plant yield and nutrient value of some crops
(Kah et al. 2018). Monreal et al. (2016) defined micro-
nutrient use efficiency (MUE), according to soil fertility,
as the quantity of added fertilizer-micronutrient that
integrates into the crop (less than 5%). This term is
related to transport, use, plant storage, and fate in the
environment. To enhance MUE, foliar applications and
protection of conventional micronutrients are suggested;
however, the information regarding these approaches is
still sparse. Interestingly, NMs can be an option to
improve MUE because the small size of NMs allows
them to cross biological barriers and diffuse into the
vascular system of plants. Furthermore, the surface
chemistry of NMs can be modified by coatings to pro-
vide new properties and functionalities to carry a target
nutrient in the right place (Lowry et al. 2019). Examples
of protected NM-micronutrients to improve the MUE
are CuO NPs carried into mesoporous aluminosilicates
with 1–10% of loading efficiency (Huo et al. 2014). Zn
was nanoencapsulated on Mn carbonate-hollow core-
shell with reduction of loss nutrient and improved rice
Zn use efficiency (Yuvaraj and Subramanian 2015).

Similar to conventional fertilizers, nanofertilizers can
be applied to roots or leaves, which influences their
performance on these plant organs, bioavailability, and
plant uptake. Nanofertilizers have longer and regulated
nutrient release (40 to 50 days) compared to the short
time availability (4 to 10 days) and less uptake

efficiency (between 40% and 75%) of traditional fertil-
izers. For example, the concentration of Zn in leaves,
fruit quality, and yield was increased 30% (number of
fruits) by foliar application of commercial Zn-NM
(636 mg tree−1) in Punica granatum cv. Ardestani trees
(Davarpanah et al. 2016). The tomato yield increased, in
field and greenhouse experiments, by foliar application
of CuO and MnO NPs (1000 mg L−1) due to the better
micronutrient plant absorption (Elmer and White 2016).
Nanofertilizers obtained from green synthesis also have
favorable results. Biosynthesized (Rhizoctonia
bataticola TFR-6)-Zn NPs, size between 15 and
25 nm, were applied at 10 mg L−1 concentration at
germination and 16 L ha−1 two weeks later in the field
to pear millet plants (Pennisetum americanum). Plants
treated with Zn NPs showed higher (37%) grain yield
and (10%) plant Zn concentrations (Tarafdar et al.
2014).

NMs and plant diseases control

Nano-agrochemicals can be sorted as nanofertilizers and
nanopesticides; however, some metal NPs have a dual
function. Metal and metal oxides NMs have a role in
plant protection, which has been tested under in vitro
and in vivo experiments (Table 3). The foliar application
of CuO and MnO NPs (1000 mg L−1) reduced diseases
caused by Verticillium and Fusarium in tomato and
eggplants by 31% and 28%, respectively, compared to
untreated plants (Elmer and White 2016). Similarly, Cu
NPs were effective against Curvularia lunata, Phoma
destructiva, and Alternaria alternata, and CuO NPs
against Saccharomyces cerevisiae (Kanhed et al.
2014). Giannousi et al. (2013) tested diverse Cu-NPs
(Cu/Cu2O, Cu2O, or CuO), which effectively controlled
against Phytophthora infestans in field plants of tomato.
Foliar application at low concentrations (150–
340 mg L−1 of active ingredient) of NPs was more
effective than four commercial products (540–
2240 mg L−1 of active ingredient). Ag NPs exhibited
antimicrobial activity against Escherichia coli and
Aeromonas hydrophila (Aziz et al. 2016). Several ex-
amples presented before showed that different single
metal NPs are useful to control phytopathogenic micro-
organisms; however, more complex NMs can protect
from persistent organisms. Graphene oxide-Ag NPs
were useful for crop disease prevention (Fusarium
graminearum) in vitro and in vivo experiments (Chen
et al. 2016), and Cu-chitosan NPs at low concentrations
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(0.1%) against A. alternata,Macrophomina phaseolina,
Rhizoctonia solani (Saharan et al. 2013). ZnO and
nanocopper-loaded silica gel with antimicrobial activity
were effective against plant fungal pathogens producing
citrus canker disease and damage in grapefruit
trees (Young et al. 2018). In comparison to the use of
the standard fungicide captan at doses between 200 to
500 μg mL−1, Sidhu et al. (2017) observed stronger
antifungal in vitro activity against A. alternata,
Drechslera oryzae, and Curvularia lunata in the range
from 3 to 15 μg mL−1 of copper nitrate sodium sulfide
(NCuS) NP aqua formulations. These authors tested
naked CuS NPs and protected CuS NPs with three
capping agents (polyvinyl pyrollidone, 4-aminobutyric
acid, and tri-sodium citrate); the last one having the
highest antifungal activity. Additionally, these authors
observed enhanced rice seed germination, shoot and
root length, and vigor index of seedlings at low concen-
trations (7 μg mL−1). These Cu-derived NPs come from
natural CuS, which is non-toxic and is used for human
illnesses. CuS NPs have low production costs, and their
synthesis is easy; therefore, their use should be further
explored in agriculture.

Shenashen et al. (2017) also used cylindrically cubic
mesoporous alumina NPs to control Fusarium root in
tomato plants in in vitro and greenhouse experiments.
Nano-sized ZnO also has antibacterial activity, Graham
et al. (2016) observed an inhibitory effect of ZnO NPs
on Xanthomonas citri subsp. citri, the cause of citrus
canker. Additionally, ZnO was an effective bactericide
against E. coli and X. alfafae subsp. citrumelonis at
sevenfold less concentration than commercial Cu
sources. Similarly, it also was an effective fungicide
against Elsinoe fawcetti and Diaporthe citri, two fungal
diseases causing citrus scab and melanoses on grape-
fruit, respectively. A commercial product with Ag NPs
was highly effective in the field against Huanglongbing
(yellow dragon) disease in Citrus aurantifolia, a devas-
tating agro-industrial bacterial problem. When applied
by foliar sprinkling or trunk-injection, this product was
from 3 to 60 times and 75 to 750-fold more effective,
respectively, than current antibiotic non-recommended
for protection but used to control this disease (Stephano-
Hornedo et al. 2020). Ag-doped TiO2 NPs were also
effective against Fusarium solani and Venturia
inaequalis isolated from potato plants (Boxi et al.
2016). Foliar spray of CeO2 NPs at 250 mg L−1 sup-
pressed the symptoms of Fusarium disease and in-
creased the fruit dry weight and lycopene content by

67% and 9%, respectively, compared to infested untreat-
ed plants. Plants growing in infested soil with
F. oxysporum and treated with CeO2 increased total
sugar and Ca content by 60% and 140%, respectively,
compared to plants growing in noninfested soil (Adisa
et al. 2020). Satti et al. (2021) used Moringa oleifera
leaf aqueous extract to synthesize TiO2 NPs, which were
effective at 40mg L−1 against Bipolaris sorokiniana, the
causal fungal agent of spot blotch of wheat plants. These
authors observed increased water content, membrane
stability, total chlorophyll concentration in fungal
stressed wheat plants, higher spikes per plant, grains
per spike, 100 g grain weight number. In contrast, less
soluble sugar, proline, phenolic, and flavonoids concen-
trations were observed in fungal stressed plants. These
stabilized physiological plant parameters develop wheat
resistance to B. sorokiniana. Zn NPs (225 mg L−1), after
96 h of plant treatment, also control (100%) the nema-
todeMeloidogyne incognita (Kaushik and Dutta 2017).
Similar effects were observed by Ag NPs, produced by
green synthesis with Cladophora glomerata, a green
macroalga, to controlM. javanica in laboratory bioassay
and when inoculated into tomato plants. These NPs had
high negative impact on egg hatchability and juvenile
mortality and were a potent nematicide that induced
immune defense in tomato plants with significantly less
galls number, egg males and females per root (Ghareeb
et al. 2020). Recently, Cai et al. (2020) analyzed the
influence of foliar spraying of Fe3O4 NPs in the Nicoti-
ana benthamiana plants against Tobacco mosaic virus
(TMV); regarded as a plant cancer and one of the most
damaging plant viruses. These authors found that these
NPs controlled virus spread and its proliferation due to
enhanced reactive oxygen species in tobacco leaves,
increased antioxidant enzymes participation against
TMV (peroxidase and catalase), upregulation of
salicylic acid, and expression of salicylic acid-
responsive pathogenesis-related protein genes. Biogenic
Ag NPs produced by F. chlamydosporum and Penicil-
lium chrysogenum were effective to control fungal
growth of Aspergillus flavus and A. ochraceous; and
production of their mycotoxins, such as aflatoxin and
ochratoxin A, respectively. Cytotoxic effects of Ag NPs
on human melanocytes were not observed. This is an
important application as mycotoxin contaminates di-
verse crops and is toxic at low concentrations to animals
a nd human s c a u s i n g h ep a t o c a r c i n ogen i c
diseases (Khalid et al. 2021). All these examples estab-
lish the basis of the use of NMs to control plant biotic

Page 9 of 48    206



J Nanopart Res (2021) 23: 206

Table 3 Positive effects of metal NPs with potential use in agriculture

NPs Concentration Organism Effect Reference

Plant physiology

α-Fe2O3 5.5×10−3 mg Fe
L−1

Pisum sativum
Vigna radiata
Cicer arietinum

The root growth increased from 88% to 366% in
seedlings.

(Palchoudhury
et al. 2018)

CoFe2O4 0–1000 mg L−1 Solanum Lycopersicon The absorption of Fe and Co improved as doses
increase, but Mn and Ca absorption decreased
by the presence of NPs.

No negative effect on plant germination and
development. Root length was greater at the
1000 mg L−1 dose.

(López-Moreno
et al. 2016)

Fe3O4 20 mg L−1 Vigna radiata The germination percentage and bud growth
improved.

(Ren et al. 2011)

2–1000 mg kg−1 Arachis hypogaea The root length, biomass, and chlorophyll
content augmented.

(Rui et al. 2016)

CuO 200 and 400 mg
Cu kg−1

Lettuce (var. ramosa Hort.) The shoot biomass increased by 16% and 19%.
Changes in the transpiration rate and stomatal
conductance were observed.

(Wang et al.
2019)

ZnO 50–1000 mg kg−1 Triticum aestivum Biomass (63%), grain yield (53%), and Zn
concentration in grain increased in comparison
with plants treated with bulk ZnSO4.

(Du et al. 2019)

800 mg kg−1 Cucumis sativus The concentration of sugars and gluteine in the
fruit was bigger than these in the control
treatment.

(Zhao et al. 2014)

1 mg kg−1 (foliar
application)

Cicer arietinum The aerial biomass, radical and root length
increased 27%, 37%, and 53% respectively,
compared to the control treatment.

(Mahajan et al.
2011)

1.5 mg kg−1

(foliar
application)

The dry weight of leaves increased. (Burman et al.
2013)

>10 mg kg−1 Cyamopsis tetragonoloba Leaves and roots growth stimulated.
Photosynthetic pigments, proteins soluble in
leaves, rhizospheric microbial population, and
enzymatic activity of acid and alkaline
phosphatase increased.

(Raliya and
Tarafdar 2013)

> 1000 mg kg−1 Arachis hypogaea The germination, seedling vigor, stem and root
growth, as well as pod yield, were elevated
comparing to the control treatment and the
treatment with bulk ZnSO4.

(Prasad et al.
2012)

1.2 mM y 3 mM Solanum lycopersicum The germination rate, seedling vigor, the
concentration of pigments, proteins, and sugar
increased. The concentration of
malondialdehyde and superoxide dismutase
decreased.

(Singh et al.
2016)

TiO2 2000 mg kg−1 Brassica napus The germination and seedling index increased,
75% and 1.6, respectively, in comparison with
plants without the addition of NPs.

(Mahmoodzadeh
2013)

ZnO, CuSi
dispersed in
a silica gel
matrix

0.22 kg ha−1

(foliar
application)

Citrus × paradise Antimicrobial in vitro activity against several
model phytopathogenic bacteria.

Control of citrus canker for two consecutive
years in the field.

(Young et al.
2018)

Plant protection application

Ag NPs 50 and
100 mg L−1

(Petri dish
essay)

Xanthomonas axonopodis pv.
malvacearum, and
Xanthomonas campestris pv.
campestri

Both concentrations showed antibacterial activity
with zone diameters of 11 and 12 mm,
respectively, for X. axonopodis pv.
malvacearum and antibacterial activity zone
diameters of 15 mm at 100 mg Ag NPs L−1

(Vanti et al.
2019)
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stress; they function as new weapons helping in plant
protection (Cai et al. 2020). Future research should
comprehensively analyze the molecular mechanisms
and the toxicity of these materials.

NMs in plant pest control

Several metal NMs based on Ag, CuO, MnO, ZnO,
CuSi, CeO2, and CeAc NPs are also suitable for pest
control (Kah et al. 2019; Du et al. 2019; Singh et al.
2018; Singla et al. 2019; Sun et al. 2021; Wang et al.
2019; Adisa et al. 2020). Awasthi et al. (2020) men-
tioned that common agricultural insect control alterna-
tives have some constraints; such as, low efficiency,
high input costs, not insect-specific, and cause environ-
mental imbalance and negative effects to animals and
humans. Therefore, NMs may provide healthy and re-
sourceful alternatives and be environmental-friendly.
Stadler et al. (2010) mentioned that nanostructured alu-
mina is a cheap, reliable, and safe alternative in insect
pest control. It was effective (95% mortality) and had
quick action (3 days) against Sitophilus oryzae and
Rhyzopertha domina, major insect pests in stored food
supplies of wheat grains. Moreover, it was also effective
in all concentrations tested (80, 125, 250, and
500 mg kg−1) against Acromyrmex lobicornis; leaf-
cutting ants affecting cacao, cassava, citrus, coffee, cot-
ton, and corn crops (Buteler et al. 2018). Because of the
strong adhesion of the nanostructured alumina to the
insect’s body surface, these authors suggested this NM
as a particle carrier in insect control systems (insecti-
cides, entomopathogens, or pheromones). Ag NPs have
been tested for their toxicity against phytophagous

mites; Pavela et al. (2017) used Ag nanocrystals synthe-
sized with root extracts of Saponaria officinalis to con-
trol eggs, larvae, and adults of Tetranychus urticae.
These authors suggested that demonstration of no phy-
totoxic effects of these NPs is needed for their safe use in
integrated pest management strategies. Low concentra-
tions of CuO NPs (10 mg L−1) enhanced the expression
of the Bacillus thuringiensis (Bt) toxin protein in trans-
genic cotton plants; however, at higher concentration
(1000 mg L−1) the expression was inhibited (Le van
et al. 2016). These authors suggested the use of CuO
NPs at low concentrations as a promising technology to
improve the pest resistance of transgenic insecticide
crops.

As observed, a diverse kind of NMs has potential for
direct crop protection as active ingredients; however, they
can also be nanocarriers of formulations. In most cases,
NMs such as silica NPs, carbon nanotubes, and graphene
oxides are vehicles to pesticide active ingredient to deliver
in a controlled and intelligent form (Grieger et al. 2015;
Pérez-de-Luque 2017; Qureshi et al. 2018; Wani et al.
2019). Nanocomposites, as plasmonically active nanorods
of gold with Ag core-shell, were used as carriers of nutri-
ents in tomato plants; moreover, to deliver bioactive agents
such as the auxin growth regulator 2,4-D (Nima et al.
2014). Nano-materials may also be used to protect active
compounds of biopesticides from plant ormicrobial origin,
which have a short time span, suffer degradation by UV-
rays, microbial activity, or other influencing factors (Khot
et al. 2012). This protection occurs by nanoencapsulation
that allows controlled dissolution kinetics as well as stabil-
ity and solubility of active product. The thickness of
encapsulation-wall material shells, composition, physical

Table 3 (continued)

NPs Concentration Organism Effect Reference

were observed for X. campestris pv.
campestris.

ZnO 3–12 mM (Petri
dish essay)

Botrytis cinerea and
Penicillium expansum

Fungal growth inhibition (63% to 80%) and
hyphal malformations.

(He et al. 2011a)

100 nM (Petri
dish essay)

Fusarium oxysporum Fungal growth inhibition. (Rispail et al.
2014)

Soil effects

nZVI 2–6 g kg−1 – The concentration of dissolved organic carbon
and available NH4

+ increased.
(Zhou et al.

2012)

SiO2 100 mg of Si – The concentration of available P increased. (Karunakaran
et al. 2013)

nZVI, zero-valent iron nanoparticles
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and chemical properties are factors to produce environ-
mentally friendlier nanomaterials (Kumar et al. 2019). As
the time of release from the nanocarrier can be modulated,
the effectiveness of the biopesticide activity may be in-
creased and prolonged for a longer time. For instance, zinc
hydroxide nitrate at nanosize scale has high compatibility
with anionic pesticides, and its surface functionalization is
easy, which strongly influences the rate and equilibrium
pesticide release (Kumar et al. 2019). Layered metal hy-
droxides, with magnetic and catalytic properties, offer a
novel alternative as pesticide carriers (Rives et al. 2013).
Kumar et al. (2019) mentioned that cyanobacteria powder
may function as carriers of nanopesticides. The advantages
to using these microorganisms are based on their cosmo-
politan abundance, biocompatibility, and heterogeneous
cell wall-functional groups able to load pesticides.
Cyanobacteria powder and Carbopol coating functioned
as an avermectin-nanocarrier under stimuli-controlled de-
livery; which was low and slow, and the photostability to
UV radiations was enhanced compared to the use of free
avermectin (Yang et al. 2013).

Nanosensors in agriculture

Nanosensors are next-generation sensors in a more com-
pact presentation than traditional sensors (Usman et al.
2020). Nanosensors help improve agricultural practices:
to identify soil contaminants and residues of their trans-
formation, to detect nutrient soil deficiency and early
plant diseases, to monitor soil temperature and humidi-
ty, and other environmental stressors (Baruah and Dutta
2009). Therefore, opportune corrections may be done
and consequently positive effects on crop yield, plant
health, and use inputs. Nanosensors are long-desired
tools for precision farming (Acharya and Pal 2020);
which may enhance productivity in agricultural systems
maximizing output from plants while reducing the in-
puts (fertilizers, pesticides) with environmental moni-
toring and wise actions.

Any sensor used to bring information, combining
biological and physical-chemical aspects, from nano to
macroscopic scale is a nanosensor. The principle of
operation of nanosensors is that they are based on the
interaction of a particular characteristic of a NMwith the
s u r r o u n d i n g e n v i r o nm e n t a t n a n o s c a l e
level (Chakraborty et al. 2021). These smart devices
are small, controllable, sensitive, accurate, and
reproducible (Awasthi et al. 2020). Gold NPs, silica
NPs, carbon nanotubes, graphene, quantum dots, and

polymer nanocomposites have been used in the
nanosensor production (Kwak et al. 2017). Developing
simple methods to detect chemicals, indicators of organ-
ism, or process is a challenge due to the constraints.
Organic dyes used for optical sensors may have poor
photostability, easy photobleaching, small Stokes shifts,
and short lifetimes. However, metal-NPs may be useful
for this goal, semiconductor quantum dots, noble metals
NPs can have the advantages of biocompatibility, low
toxicity, resistance to photobleaching, and stable
emission (Qian et al. 2014). Aptamers, short single-
stranded DNA, or RNA are useful due to their ability
to specifically bind the target (Taghdisi et al. 2015).
Fluorescent nanoprobes of silica NPs were used for
detecting Xanthamonas axonopdis that causes bacterial
spot disease in Solanaceae plants (Yao et al. 2009). CuO
NPs and nanolayers have been tested as a gas sensor to
detect A. niger in bread (Etefagh et al. 2013). Alterna-
tives such as this may be useful for detecting other
phytopathogens in seeds or plants of agronomical inter-
est. These nanodevices have high sensitivity for on-site
detection at low concentrations such as parts per billion
(ppb). P. e. Au NPs were used for simple, rapid, reliable,
real-time, and highly sensible colorimetrically detection
of organophosphorus pesticides such as diazinon (at
54 ppb), iprobenfos (54 ppb), and edifenphos
(28 ppb), commonly used in agricultural production
and highly toxic to human health (Kim et al. 2015).

Monreal et al. (2016) defined a nanodevice as a
manufactured appliance to control and manipulate bio-
molecular constructs and assemblies such as proteins,
cellular lipid layers, viruses, or nucleic acids. They
suggested that these nanodevices may be useful to im-
prove MUE and crops nutritional quality by controlling
nanofertilizer delivery. Some examples are the incorpo-
ration of a fluorescent protein reporter gene (egfp) in a
P. putida-genetically modified (GM) that detected 90%
Zn content in soil:water extracts of Zn-amended soils.
Similar results were observed with the E. coli-GM and
the reporter gen pZNT-lux to quantification of soil bio-
available Zn concentration. Synthetic nucleic acids
function to provide highly specific and sensitive detec-
tion of different chemical species in fluids or single
living cells. These authors proposed that aptamer
nanodevices may help to study metabolites in the alive
cells involved in the rhizosphere and their interaction to
nutrients cycling, control temporal and spatial
nanofertilizers, identify and treat plant and soil nutrient
deficiency. Therefore, a more complete understanding
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of in vivo plant–soil–microorganism systems and their
influence on global crop production may be obtained.

NMs in seeds quality and protection

Seed priming is a traditional method practiced in agri-
culture to induce seed germination and seedling estab-
lishment that usually uses water or solutions with nutri-
ents, hormones, plant regulators, or biopolymers. Seed
priming using NMs is an innovative, easy, efficient
process and convenient agricultural technique mainly
for micronutrient application. Research shows that seed
nano-priming not only improves seed germination and
synchronization, vigor, and establishment of seedlings
but also has a significant influence on the overall
lifecycle of plants (crop resistance to biotic and abiotic
stresses, storage, fortification). However, time imbibi-
tion and kind of NPs should be considered as effect on
plant growth and yield may change (Rahman et al.
2020). Hence, it has important potential on food quality
and production for agricultural applications (do Espirito
Santo Pereira et al. 2021). Palchoudhury et al. (2018)
suggested that seed priming with NMs functions as
fertilization with lower amounts and avoids the need
for soil fertilization. This represents a more
environment-friendly fertilization alternative. These au-
thors analyzed the use of low and high concentrations of
two Fe NMs (Fe2O3 and Pt-decorated Fe2O3) on prim-
ing seeds of five legumes. Seedlings of green pea
(Pisum sativum), chick pea (Cicer arientinum), and
green gram (Vigna radiate) had better growth with low
concentrations (5.54 × 10−3 mg Fe L−1) of Fe2O3 NPs.
The improvement growth rate of embryonic roots was
also detected in these legume plants (88–366%). ZnO
NPs applied to seeds of peanut (1000 mg kg−1) also
enhanced germination and vigor of seedlings (Prasad
et al. 2012). Nano-iron pyrite (FeS2) was used as seed
priming from diverse vegetables, spice, fodder, and
oilseed crops. Yield increment 47% in beetroot, 19%
in carrot, 65% in mustard, 66% in sesame, and 217% in
alfalfa (Das et al. 2016). Prerna et al. (2021) used α-
Fe2O3 NPs on rice (Oryza sativa) and maize (Zea mays)
seeds that were primed from 20 to 200 mg L−1. These
authors found that 25 mg L−1 enhanced germination and
seedlings dry matter production of both plants in com-
parison to conventional hydro-priming. NPs also en-
hanced the levels of superoxide anions and hydrogen
peroxide in seeds of rice and maize, and consequently
higher concentrations of antioxidant enzymes

(superoxide dismutase, catalase, and malondialdehyde)
were observed in seeds of both plants imbibed for 24 h
in NPs solution. They also found that foliar application
of these NPs improved the yield of rice and maize
measured by grain weight, and length, thickness, and
width of seeds. Green synthesized FeO NPs (by Cassia
occidentalis L. flower extract) at two concentrations (20
and 40 mg L−1) were the priming treatment of Pusa
basmati rice seeds. At both NP concentrations, seeds
had higher germination and vigor than treatments with
FeSO4 and water. At lower NP concentrations, seed-
lings presented 50% induction of root length, dry weight
and sugar, and amylase concentrations. Moreover, Fe
uptake and reactive oxygen species (ROS) production
also were stimulated (Afzal et al. 2021). Seed priming
with metal NPs is a promising biotechnological alterna-
tive for saline conditions. Examples of Mn, Zn, and Fe
NPs in pepper (Capsicum annuum), lupin (Lupinus
termis), and sorghum (Sorghum vulgare) seeds, respec-
tively, also showed improvement in germination, seed-
ling and plant growth, photosynthetic pigments, phe-
nols, organic molecules, antioxidant enzymes, and root
and shoot distribution of Na (reviewed by Do Espiritu
Santo Pereira et al. 2021).

The use of Cu0 NPs (65 μm) in seed priming resulted
in developed drought resistance in corn plants. Higher
chlorophyll and carotenoid concentrations were ob-
served, and regulation of protective mechanisms as en-
zymes scavenging ROS and antioxidants (Van Nguyen
et al. 2021). Similarly, Cu2+-loaded chitosan NPs at
0.0625 mmol L−1 favorably activated enzymes related
to antioxidant response in corn seeds under high tem-
perature (42 °C) and relative air humidity, near
100% (Gomes et al. 2021).

Materials at nanoscale size are also useful to protect
seeds from seed-borne diseases (Acharya and Pal 2020),
which may be a valuable alternative in agriculture as
crop productivity depends on seed quality. Arumugam
et al. (2016) observed no effect on seed germination, the
growth rate of root and shoots when using hydrophobic
silica NPs in several seeds (Vigna ungiculata, V. mungo,
V. radiata, Cajanus cajan,Macrotyloma uniflorum, and
Cicer arietinum). However, these authors found a pro-
tective effect of seeds of these plants against beetle
infestation (Callosobruchus maculatus) by significant
oviposition reduction, emergence of adults, and seed
damage. The physical seed characteristics influenced
maximum surface area covering or not by NPs. These
results show the use of NMs in postharvest
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management. Another example in this aspect is the use
of plant-extract biosynthesized Ag NPs (2000 μg mL−1)
to effect ively protect banana frui ts against
Colletotrichum musae. Jagana et al. (2017) observed
6% of disease severity in comparison to 76% in non-
treated fruits.

Choudhary et al. (2019) tested Zn-coating chitosan
NPs in maize seeds priming and observed increased
antioxidant enzymes and lignin concentrations, which
was related to increased resistance to pathogens. Simi-
larly, low concentrations of mesoporous Si NPs loaded
with cinnamon essential oil in pea (Pisum sativum)
primed seeds increased 90,000 times the bactericide
action against P. syringae (Li et al. 2021). Moreover,
the effects observed in NMs-primed seed were not only
on seed growth and biotic stresses but also had a positive
influence on abiotic plant stress. Li et al. (2021), under
Cd stress (0 and 100 mg L−1), observed significant plant
growth improvement and a modified metabolomics
analysis in two fragrant rice varieties treated with ZnO
NPs (0, 25, 50, and 100 mg L−1). The concentration of
Zn in seedlings increased by ZnO NPs, but seedlings
had significantly fewer Cd concentrations. As seed
priming using NMs is a novel agronomical tool, more
benefits by their use are expected.

Other benefits of metal NPs in agricultural soils

Scarce information is available on NMs influence in
agricultural soils, especially on their physical and chem-
ical properties (Table 3), and their use to solve other soil
limitations besides soil remediation (Zhuo et al. 2012).
There are several soil constraints strongly influenced by
global climate change that threaten sustainable agricul-
ture by decreasing crop productivity. For example, soil
salinity is a major world environmental concern, involv-
ing nearly 800 million hectares of arable land world-
wide. Some authors have demonstrated that TiO2 NPs
ameliorate negative effects of soil salinity on agricultur-
al or medicinal crops such as broad bean (Vicia faba),
tomato (Solanum lycopersicum), or Moldavian balm
(Dracocephalum moldavica) (Khan 2016; Abdel Latef
et al. 2018; Gohari et al. 2020). Abdel Latef et al. (2018)-
observed that the application of 0.01% TiO2 NPs influ-
enced plant growth and reduced soil salinity stress in
broad bean, a widely growing leguminous crop. Proline,
soluble sugars, amino acid concentrations, and
antioxidant enzyme activity were increased. Gohari
et al. (2020) showed that 100 mg L−1 of TiO2 NPs under

saline conditions (50 mM NaCl) enhanced agronomic
traits (plant height, fresh and dry shoot weight, leaf
number, and fresh and dry leaf weight) and antioxidant
enzyme (catalase, ascorbate peroxidase, superoxide dis-
mutase, and guaiacol peroxidase), and lowered hydro-
gen peroxide concentration. The amounts of geranial,
geraniol, and z-citral, the dominant essential oil compo-
nents of the medicinal plant D. moldavica, used as a
painkiller for kidney complaints, toothache, and colds,
increased by application of TiO2 NPs in the control
treatments but decreased under salinity conditions.

Nanomaterials have applications for soil improve-
ment from geotechnical and geological engineering
and design point of view. For example, low concentra-
tions (0.2%) of multiwall carbon nanotubes and carbon
nanofiber enhanced hydraulic conductivity and reduced
soil cracks of clayey sand soils. Similarly, mixtures of
nanoalumina positively influenced compaction, crack
intensity, and particle arrangement of soils (Alsharef
et al. 2016). Metallic NPs used as soil amendments
may improve soil properties. Iron oxides NPs can in-
duce changes in the physical and chemical soil
properties (Mukhopadhyay 2014), bulk density, and
porosity (Bayat et al. 2018); Sun et al. 2021; Pérez-
Hernández et al. 2020; Zhang and Zhang 2020). The
bulk density of agricultural soil, classified as Hypocalcic
Cambisols, increased from 1.05 to 1.1 g cm−3 with the
addition of Fe3O4 NPs at 3% (w/w). In contrast, MgO
NPs at 3% (w/w) decreased soil bulk density from 1.05
to 0.97 g cm−3. Moreover, Fe3O4 increased the tensile
strength of the soil aggregates by the establishment of
bonds between Fe and soil particles (Bayat et al. 2018).
Interestingly, alfalfa seed priming FeS2 treatment not
only influenced plant growth and yield but also had an
influence on the soil. This treatment resulted in plants
that increased soil cover, anchorage of the soil, and
consequently reduced soil erosion (Das et al. 2016).
These authors suggested this approach as sustainable
in a fragile ecosystem to decrease soil erosion. Zhou
et al. (2012) studied the influence of different doses (2 to
6 g kg−1) of three iron-based NPs such as Fe0, Fe3O4,
and Fe2O3 on pH, dissolved organic carbon (DOC),
NH4

+ and P availability, and enzymatic activities (key
components of biogeochemical cycles and soil quality)
in two soils. Responses were dependent on soil type and
kind and doses of NPs. Fe0 increased DOC and NH4

+

availability but decreased P availability. Both NP,
Fe3O4 and Fe2O3 lowered pH and nutrient availabilities.
Summarizing, the information shows that NMs may
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influence soil quality; however, more research is needed
to apply this knowledge in agricultural soils to improve
their quality, physical and chemical properties, and
sustainability.

Interaction NMs and plants

There are several examples of the beneficial impacts of
metal NPs on plants (Table 3); however, undesirable
effects on plants have also been described (Table 4).
This intricate impact is due to the fact the effects of
metal NMs on plant morphology, physiology, and bio-
chemistry depend on several interacting factors: shape,
type, and size of NPs, concentration, agglomeration,
application form, kind of metal, and their properties,
etc. (Batsmanova et al. 2020). Plant species (Elemike
et al. 2019), environmental conditions (Morales-Díaz
et al. 2017), and nature of growth media (soil, hydro-
ponics, in vitro conditions, etc.) are also key elements
influencing the result of this interaction (Singla et al.
2019). Although these factors are key aspects to assess
the plant response, and their analysis is partial, the type,
size, and concentration are the NMs features more often
studied. More information is also available in less natu-
ral experimental conditions such as laboratory tests and
soilless experiments. Therefore, generalization on the
interaction NMs-plant is not possible and proper com-
parison from results obtained is difficult.

On the one hand, the positive effects of metal NPs on
plants may be observable at different plant stages and
growth conditions (Table 3). Metal NPs can accelerate
germination (Ag NPs, nZVI, ZnO, TiO2, nSiO2), stim-
ulate aerial and radical biomass (Ag NPs, Al NPs, CeO2,
ZnO, Fe2O3, CoFe2O4, CuO), and increase crop yield
(Fe, Co, Cu, Au NPs). In regenerated shoots of Vanilla
planifolia obtained by a temporary immersion bioreac-
tor system, Ag NPs stimulated shoot multiplication and
elongation; however, at high concentrations, there was
inhibition of these two processes (Spinoso-Castillo et al.
2017). In a greenhouse experiment, Antisari et al. (2015)
evaluated the effect of CeO2, Fe3O4, SnO2, TiO2, Ag,
Co, and Ni NPs at 20 mg L−1 on the morphology and
nutrition of tomato plants growing in soil. The authors
found that plant yield and nutrient content depended on
the type of NP. For instance, SnO2 NPs reduced root
biomass by 63% compared to control plants (without the
addition of NPs). While Fe3O4 NPs increased root bio-
mass by 153%. Palchoudhury et al. (2018) observed a
positive effect on the plant growth of three legumes

when low iron oxide NPs concentration (5.54 ×
10−3 mg L−1 Fe) was used; however, these authors
found contrary effects at high NPs concentrations
(27.7 mg L−1 Fe). Jahani et al. (2019) assessed the effect
of different concentrations, from 0 to 4000 mg L−1, of
Co3O4 NPs foliar sprayed in Brassica napus L. The
results showed that at concentrations of 50 and
100 mg L−1 stimulated plant height, biomass, and chlo-
rophyll concentration. Doses of 250 to 4000 mg L−1

increased plant height, fresh and dry weight, leaf area,
but the membrane stability index decreased due to the
high concentration of oxidative stress markers such as
peroxide, malonaldehyde, and other aldehydes. Similar
results have been observed in Calendula officinalis L.
treated with CeO2 NPs (Jahani et al. 2018). Askary et al.
(2017) applied Fe2O3 NPs (0 to 40 mM) to
Catharanthus roseus, which resulted in increased plant
growth variables, photosynthetic pigments, and
concentration of proteins. Prerna et al. (2021) using α-
Fe2O3 NPs found significant yield increase in wheat and
corn under field conditions; similarly, in wheat with
ZnO NPs (Kah et al. 2019) and in Arachis hypogaea
(Das et al. 2016). More examples of the positive effect
of NMs in agricultural plants were presented previously,
in the “Nanofertilizer” section. Furthermore, several
specific reviews have been published recently (Usman
et al. 2020; do Espirito Santo Pereira et al. 2021;
Acharya and Pal 2020; Singh et al. 2021; Awasthi
et al. 2020).

On the other hand, metal NPs in plants can inhibit
several plant processes and several factors as mentioned
before may be involved (Table 4). For example, root
length (Ag NPs, Al2O3, CuO, ZnO), leaf expansion (Ag
NPs and TiO2, ZnO), growth (Ag NPs, CuO, TiO2,

ZnO), and nutrient uptake (Ag NPs); in addition to
reduction of biomass (Ag NPs, Ag2S, CuO, SiO2),
photosynthetic rate (CeO2, Co3O4, ZnO, TiO2), chloro-
phyll content (CuO, ZnO, Ag NPs), and germination
rate (Si, Pd, Au, Cu, Ag NPs, ZnO, CuO, Al2O3). High
concentration of NPs may damage vacuoles (Ag NPs),
induce cell wall rupture (Ag NPs, CeO2), lipid peroxi-
dation (ZnO, CuO, NiO, CeO2), and increase the con-
centration of ROS (CuO, ZnO, Fe3O4, TiO2, CeO2),
abscisic and jasmonic acid (TiO2). Even DNA damage
(Al2O3), chromosomal aberrations (ZnO, NiO), and dif-
ferent pattern expression of some proteins involved in
cell defense (Ag NPs) have been observed (Zuverza-
Mena et al. 2016; Singla et al. 2019; Youssef and
Elamawi 2020; Liu et al. 2020; Raffi and Husen 2019;
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Table 4 Some negative effects of metal NPs on plants and soil microorganisms

NP Effect NP
size
(nm)

Concentration
(mg L−1 or mg
kg-1)

Medium Organisms Reference

Plants

Ag Oxidative stress and DNA
damage.

<100 Effect
dose-depend
(5–80)

Solution Allium cepa (Pand et al.
2011)

Ag Low biomass and chlorophyll
content.

10–15 50–5000 Solution Lycopersicon
esculentum

(Song et al.
2013)

Ag Low water content, the root,
and shoot length were
reduced by 48%, and 40%
compared without NP
addition. Less concentration
of Ca, Mg, B, Cu, Mn, and
Zn compared to the control
plants.

2 500 Solution Raphanus sativus (Zuverza-Mena
et al. 2016)

ZnO Low biomass and root length. 20±5 > 1000 Hoagland nutrient
solution

Lolium perenne (Lin and Xing
2008)

ZnO Reduced germination rate.
Root cells denoted
chromosomal aberrations
and alterations in the cell
cycle were observed.
Enzyme systems showed an
altered expressed pattern.

80 100–200 Solution Vicia faba (Youssef and
Elamawi
2020)

Al2O3, TiO2,
ZnO

TiO2 reduced the mitotic index
by 60% at 0.1 mg L−1.
Disturbed metaphase was
observed in roots treated
with Al2O3 at 10 and
100 mg L−1. Oxidative
stress increased with the
increasing concentration of
NPs.

>50 0.1, 10 and 100 Solution Allium cepa (Debnath et al.
2020)

ZnO At low NPs concentration
higher nitrogenase activity
in the four legumes tested.
At 10 mg kg−1 negative
effects were observed.

16–30 1.5–10 mg L−1 Hogland Nutrient
solution

Vigna unguiculata,
V. radiata,
V. aconitifolia
and

Cyamopsis
tetragonoloba

(Kumar et al.
2015)

CuO Reduced percentage of
germination, loss of
viability of root cells,
oxidative stress.

<50 0.080 and 0.12 Solution Oryza sativa (Shaw and
Hossain
2013)

ZnO Growth inhibition, low
chlorophyll content,
reduction of photosynthetic
rate, stomatal conductance,
and intracellular CO2.

<50 200–300 Soil Arabidopsis
thaliana

(Wang et al.
2016a)

TiO2,
ZnO

Both NPs reduced the biomass
of wheat plants. Soil
protease, catalase, and
peroxidase activities were
inhibited.

<100 10
5

Soil Triticum aestivum
L.

(Du et al. 2011)
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Table 4 (continued)

NP Effect NP
size
(nm)

Concentration
(mg L−1 or mg
kg-1)

Medium Organisms Reference

Soil microorganisms

Carbon-coated
Ag

Concentrations
>0.25 mg kg−1 had
negative effect on several
genes involved in
denitrification (DN),
nitrogen fixation (NF) and
nitrification (N). Concentra-
tions between 0.025 to
0.05 mg kg−1 the genes in-
volved in DN and NF were
not affected, but the genes
expression in N (amoA1 and
amoC2) was upregulated
between 2 to 3 times.

35 Several
concentrations
according to
their minimal
inhibitory
concentration to
Ag NPs

Pure culture Azotobacter
vinelandii (NF)
Nitrosomonas
europaea (N)

Pseudomonas
stutzeri (DN)

(Yang et al.
2013)

Ag Inhibition of microorganisms
involved in nitrogen cycle
(nitrite and
ammonia-oxidizers).

27 5, 50 mg L−1 Pure culture Nitrospira
multiformis,
Nitrosomonas
europea and
Nitrosococcus
oceani

(Beddow et al.
2014)

ZnO Modified morphology of
R. leguminosarum,
diminished root nodulation
and biological nitrogen
fixation.

250–750 mg L−1 Liquid medium Vicia
faba/Rhizobium
leguminosarum

(Huang et al.
2014)

Ag The abundance of
Acidobacteria,
Actinobacteria,
Cyanobacteria, Nitrospirae,
and Firmicutes decreased
significantly in comparison
with control treatment. Cell
damage in the cell wall of
Nitrosomonas europaea
was observed.

50 50, 100 Soil Soil
microorganisms

(Wang et al.
2017)

Ag The number of nodules and
spores, nitrogenase activity,
rate of mycorrhizal
colonization, plant dry
weight, and plant height
decreased in comparison to
control treatment. Delayed
nodulation processes and
alterations in the number of
bacteroids.

5–50 0.8 Soil Rhizobium
leguminosarum
bv. viciae ASU
(KF670819),
Glomus
aggregatum,
Vicia faba

(Abd-alla et al.
2016)

ZnO Inhibition of root elongation.
Two hours after NPs
exposure the activity of
glucosidasewas reduced. 30
d after NPs exposure the
abundance of
Actinobacteria,
Proteobacteria, and

50 200–1000 Soil Soil
microorganisms
and Phytolacca
americana

(Shi et al. 2020)
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Table 4 (continued)

NP Effect NP
size
(nm)

Concentration
(mg L−1 or mg
kg-1)

Medium Organisms Reference

Acidobacteria decreased by
76%, 40%, and 11%,
respectively.

ZnO The number of nodules and
plant biomass was reduced
in non-inoculated plants
(AMF) and treated with
NPs. While in plants inocu-
lated with AMF, the colo-
nization rate decreased in
comparison to control
plants.

18 375 and 500 Sand:Perlite (1:1) Trigonella
foenumgraecum,
Rhizobium
melliloti,Glomus
intraradices

(Siani et al.
2017)

ZnO Plant growth and soil enzyme
activity were inhibited.

30 250–500 Soil Sorghum bicolor
L.,
Funneliformis
caledonium
(Glomus
caledonium)

(Wang et al.
2018a)

ZnO The rate of root colonization
was inhibited.

30 500 Soil: Sand (3:2) Zea mays L. var.
Zhengdan958,
Funneliformis
mosseae

(Wang et al.
2018b)

ZnO The plant growth and the rate
of AMF colonization were
inhibited.

90 >800 Soil Zea mays L. var.
Zhengdan958,
Glomus
versiforme,
Glomus
caledonium,

(Wang et al.
2016b)

ZnO
s-ZnO

After 90 d, the richness and
alpha diversity of the
bacterial community was
significantly reduced
compared to the control
treatment.

25 500 Soil Soil
microorganisms

(Chen et al.
2020)

Ag,
Ti

The colonization of AMF
decreased, as well as the
uptake of 134Cs by
mycorrhizal plants.

154 Soil Helianthus annus,
Glomus
intraradices

(Dubchak et al.
2010)

CuO Inhibitory effects on the
dehydrogenase and
phosphatase enzyme
activity.

<50 68 and 332 Biosolids-amended
soil

Soil
microorganisms

(Samarajeewa
et al. 2020)

CuO A decreased abundance of the
denitrification genes nirS
and narG was observed.

28 0.63 and 63 Soil Triticum aestivum
cv. Cumberland
and rhizospheric
bacteria

(Guan et al.
2020)

FeO Glomalin content was
reduced. An inhibitory
effect on the plant uptake
nutrients.

10 3 Sand: Perlite (1:1) Trifolium repens,
Glomus
caledonium

(Feng et al.
2013)

Fe3O4 The decrease in bacterial
abundance and AMF
diversity of corn plant
rhizosphere.

10 10 Soil Zea mays (Cao et al.
2016)
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Rasouli et al. 2020; Zuverza-Mena et al. 2017). How-
ever, the effect of NP depends on the doses and type of
particle and plant species.

Nano-biotechnology is an interesting research field
in which some authors have analyzed the use of NMs in
transgenic plants. Le Van et al. (2016) investigated the
effect of CuO NPs on conventional and transgenic cot-
ton plants. These authors observed that at low concen-
trations (10 mg L−1), CuO NPs did not influence plant
height, root length, root hairs, shoot, and root biomasses
in both cotton genotypes; however, at higher concentra-
tions (200 or 1000 mg L−1) both genotypes were nega-
tively affected. They also observed modifications in
hormone (IAA and ABA) and nutrients concentrations
by adding CuO NPs. The responses were dependent on
NPs concentration, part of the plant (root or shoots), and
cotton genotype. Li et al. (2014) concluded that trans-
genic cotton plants are less tolerant than conventional
cotton plants to CeO2 NPs. Shoot biomass, Zn shoot,
and Fe root concentrations significantly decreased at
500 and 1000 mg L−1 of CeO2 NPs in Bt-transgenic
cotton plants. These authors observed significantly low-
er Ce shoot and root concentrations in transgenic cotton
plants than the conventional ones at the three Ce NPs
concentrations tested (100, 500, and 2000 mg L−1). Bt-
transgenic cotton plants have low transportation ability
due to the consumption of energy to produce the toxic
protein Lepidoptera larvae species.

Interaction metal NMs and soil

The interactions between NPs and soil control the fate
and behavior of NPs. Thus, these interactions and the
variables involved are relevant to make sure that NMs
fulfill their function. Similar to the bulk metallic com-
pounds transport, it is recognized that soil properties

affect the mobility, size, dissolution, and toxicity of
metal NPs, in addition to the NPs properties
(Bruemmer et al. 1986; Dimkpa and Bindraban 2018).
The interactions between metal NPs and soil are com-
plex, due to the effects on the organisms living in the
site, chemical reactions, transport, and the soil variables
involved in these reactions (Fig. 4).

The mobility of NPs in soil determines their bioavail-
ability to the plants and their fate (Singh and Kumar
2020). Some studies highlighted that ionic strength, soil
humic acids, organic matter, soil texture, and pH may
influence the mobility of Fe3O4, TiO2, CuO, and ZnO
NPs (Belal and El-Ramady 2016; Singh and Kumar
2020; Ermolin et al. 2019). Soil column experiments
showed that ionic strength affects the mobility of NPs in
soil and porous media (Singh and Kumar 2020). Be-
cause ionic strength affects different forces acting on
NPs, such as the van der Waals, electrical double layer,
and electrostatic forces potential differences, a high
ionic strength limits the mobility of NPs by promoting
the agglomeration (reversible) and aggregation
(irreversible) of NPs and their deposition on the surface
of soil colloids (Mondal et al. 2021; Ben-Moshe et al.
2010), linking ions are relevant in these changes.

Some NPs properties influence the behavior and
mobility in soil, including changes in particle aggrega-
tion or disaggregation, the surface structure, and charge.
The NPs can move in porous material as individual
particles, agglomerates, or micro-aggregates. As indi-
vidual particles, NPs move in soils by diffusion, and
mass flow, particle transport is controlled by the NPs
filtration rate by the porous media (Chen 2018). In
contrast, when agglomeration or aggregation occurs,
NPs can be immobilized by physical straining
(Conway and Keller 2016). The physical straining
means that NP aggregates are retained in a soil pore that

Table 4 (continued)

NP Effect NP
size
(nm)

Concentration
(mg L−1 or mg
kg-1)

Medium Organisms Reference

Feo Adsorption of nZVi onto outer
cell membranes may affect
membrane permeability or
to disruption of the
membrane lipid bilayer. It
may increase the generation
of the free radicals.

320 70–700 Ultra-pure water pH
adjusted at 5–5.5

Escherichia coli (Auffan et al.
2008)
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is smaller than them (Díaz et al. 2010). Results show
that after 72 h of application of TiO2, CeO2, and
Cu(OH)2 NPs, their mobility in agricultural and grass-
land soils was limited to the upper 3 cm soil depth. The
formation of micro-aggregates with the organic matter
was the cause of the immobilization of these NPs, and
the higher retention occurred in less porous soil col-
umns. Therefore, physical straining was the primary
mechanism of retention (Conway and Keller 2016). Soil
minerals can enhance or inhibit the mobility of NPs
aggregates. It depends on the NPs adsorption on mobile
colloids or non-mobile soil particles (Belal and El-
Ramady 2016; Ermolin et al. 2019). Ermolin et al.
(2019) measured the mobility of CeO2 NPs in agricul-
tural soil under wetting–drying cycles. The mobility of
CeO2 NPs decreased from 0.11% to 0.07% by water-
stable soil aggregates formed between the NPs and soil
particles. However, the authors also observed through
micrographs, ensembles of CeO2 NPs with soil minerals
in the soil leachate. Soil mineralogy affects the transport
of aggregates because clay minerals can serve as a
carrier of NPs.

The NPs agglomeration depends on both NPs and
soil properties (Singh and Kumar 2020). Some authors
pointed out that NPs concentration in a liquid medium is
a critical variable in the NPs agglomeration (Singh and
Kumar 2020; Shrestha et al. 2020; Wang et al. 2020)
because NPs concentration determines the interparticle

distance and the collision frequency between particles.
If the interparticle separation is lower than the maximum
repulsive potential, the agglomeration of NPs occurs.
NPs remain in suspension if the interparticle gap ex-
ceeds the maximum repulsive potential (Shrestha et al.
2020). This point is relevant in the formulation of stable
suspensions of nano-agrochemicals and their
application.

The particle size and surface charge are other NP
features that play a role in the interaction of NPs with
their medium and their agglomeration or aggregation
(Singh and Kumar 2020; Chen 2018; Gatoo et al. 2014).
From the kinetic stability studies with NPs, it has been
observed that NPs smaller than 50 nm agglomerate and
form aggregates bigger than those formed by large size
NPs (Ben-Moshe et al. 2010; Chen 2018). In this case,
the size of agglomerates in an aqueous solution of TiO2

NPs with a size smaller than 100 nm and zeta potential
−33.53 mV was 190 nm. The NPs of Fe3O4 and CuO
smaller than 50 nm and zeta potential of −8.51 and
17.13 mV formed agglomerates of 1281 nm and
342 nm, respectively. This behavior is related to the
surface charge of NPs, which determinates the type of
forces (attractive or repulsive) between particles (Chen
2018; Shrestha et al. 2020). NPs size and surface charge
are related to each other by a fixed background (ionic
strength and pH), the magnitude of the surface charge of
a NP decreases with an increase in the particle size and

Fig. 4 Main interactions between metal NPs and soil and their effects

206   Page 20 of 48



J Nanopart Res (2021) 23: 206

reaches a constant when the particle exceeds a critical
value (Barisik et al. 2014). According to DLVO theory,
the van der Waals and electrical double layer interac-
tions depend on particle diameter (Zehlike et al. 2019).
Moreover, in the case of bare metal NPs and given the
same solution chemistry, NPs with a high absolute value
of zeta potential have a lower agglomeration tendency
compared with NPs with a low absolute value of zeta
potential because electrostatic repulsive forces between
NPs are dominant at a higher absolute value of zeta
potential (Mondal et al. 2021; Chen 2018).

Considering the soil solution conditions, the NPs
agglomeration is also affected by the presence of organ-
ic matter, pH, and ionic strength (Kookana et al. 2014).
Among environmental conditions, ionic force is the
most relevant variable for NPs agglomeration (Dimkpa
2018). The ionic strength of the soil solution affects the
force of the electrical double layer, which is related to
the repulsive forces between particles. Then, when the
ionic strength increases, the double layer is compressed;
therefore, the attractive forces (van der Waals) will be
dominant and induce NPs agglomeration (Shrestha et al.
2020; Elhaj et al. 2019). High Ca2+ concentration in the
soil solution not only affects the ionic strength but also
plays an important role in the mobility of NPs in porous
media because Ca2+ leads to an increase in the adhesion
of NPs to sediment surfaces (Degenkolb 2021). More-
over, when ions from the soil solution are adsorbed on
the NP surface, the magnitude and sign of the zeta
potential can change (Shrestha et al. 2020).

Dissolved organic matter (DOM) has a dual effect on
NPs mobility. On the one hand, DOM can reduce NPs
mobility. The mechanisms involved in the increment of
NPs agglomeration are the augment of hydrophobicity,
electrostatic forces between particles, or modification of
the charge of the NPs surface. On the other hand, DOM
can promote the stabilization of NPs in soil solution by
steric stabilization. In this case, DOM acts as a coating
(it will be attached to the NP surface), which influences
the van der Waal attraction forces by impending the
approximation of NPs and leads to entropic repulsion
by the overlapping of coating molecules of different
particles (Degenkolb 2021; Worthen et al. 2016;
Hoppe et al. 2014). It has been observed that high
molecular weight organic matter has a stronger stabiliz-
ing effect against NPs aggregation than low molecular
weight organic matter (Degenkolb et al. 2019; Louie
et al. 2015). The effect of DOM onNPs is relevant when
the solution has higher ionic strength and the

electrostatic forces play a minor role in the NPs stabili-
zation (Degenkolb et al. 2019). However, the effect of
DOM on NPs agglomeration and stabilization depends
on its characteristics, its concentration, ionic strength,
and the type of cations present in soil solution, as well as
the NPs features (Chen 2018; Zehlike et al. 2019). Ben-
Moshe et al. (2010) using columns with Fe3O4 NPs
assessed the effect of ionic strength and organic matter
on NPs mobility. The NPs were introduced into the
column as a suspended solution at 1000 mg L−1. The
authors found that increasing the ionic strength from
0.001 to 0.1 M enhanced the deposition of NPs in the
porous medium. The addition of humic acids increased
the stability of the NPs suspension and prevented the
NPs agglomeration. The concentration of eluted NPs
increased from 1.5% to 75% after the addition of humic
acids from 10 to 60 mg L−1. Through batch experiments
with TiO2 (particle size of 79 and 180 nm), citrate-
stabilized Ag NPs (particle size of 73 and 180 nm),
and soil solutions with hydrophobic and hydrophilic
features from farmland and floodplain soils, Zehlike
et al. (2019) found that the composition of DOM affect-
ed the size of NPs aggregates. The AgNPs of 73 nm size
formed larger agglomerates (1179 nm) in the presence
of hydrophilic DOM compared to the hydrophobic one
(832 nm). In contrast, the hydrophilic DOM maintained
in suspension the NPs of 180 nm. Moreover, small
agglomerates (192 nm) were formed compared to those
formed (406 nm) in the presence of hydrophobic DOM.
The authors pointed out that the stabilized effect of
organic matter in Ag NPs was due to sterical hindrance
rather than electrostatic stabilization because of the zeta
potential of NPs in soil solutions and their control
(2 mM Ca2+ solution) was similar. In the case of TiO2

NPs in both soil solutions, the NPs remain stabilized and
formed small agglomerates, but the stabilization of NPs
in the soil solution was due to a change in their zeta
potential from 0 until −25 mV.

The soil pH can regulate the surface charge of NPs,
and therefore the value of their zeta potential, through
surface de-protonation or protonation (Wang et al.
2020). When approaching the zero charge point, the
particles can agglomerate because the NPs surface is
neutral (Shrestha et al. 2020). On the other hand, soil pH
influences the rate at which NPs are dissolved into their
constituent metal and dictates the speciation of released
metals within the soil (Cartwright et al. 2020). Further-
more, the NPs dissolution rate increases as the particle
size decreases in the same solution matrix (Chen 2018).

Page 21 of 48    206



J Nanopart Res (2021) 23: 206

In contrast, it can be slowed by the agglomeration of
NPs due to a reduction in the exposed surface. Conse-
quently, the delivery and bioavailability of a target
nutrient or active ingredient are reduced (Cartwright
et al. 2020). Sekine et al. (2017) analyzed the dissolution
of CuO NPs in five types of soils with pH from 5 to 8.
Their results showed that pH affected the NPs dissolu-
tion in the short term. After 3 d of NPs addition, a rapid
dissolution occurred in acidic soils, whereas the oppo-
site effect occurred in alkaline soils. After 5 d, the Cu
released from the NPs was redistributed to the iron
oxyhydroxides and soil organic matter, and Cu chemical
species remained after 135 d of application.

One form to overcome the problems related to the
NPs agglomeration and aggregation is through their
surface functionalization. Coatings can alter the NPs
surface charge, reduce the particle attraction by steric
stabilization, preserve smaller agglomerates, regulate
the NPs dissolution, mitigate NPs runoff into the soil,
enhance the particle binding to plants and soil minerals,
and provide an additional source of nutrients for plants
and microorganisms (Shrestha et al. 2020; Cartwright
et al. 2020; Kim et al. 2020). To avoid the agglomera-
tion of nZVI and increase their dispersion, Xue et al.
(2018) coated the nZVI with rhamnolipid. Moreover,
the authors assessed changes in the Cd and Pb distribu-
tion in contaminated sediment after the application of
nZVI or rhamnolipid-coated nZVI. After the application
of 0.05% (w/w), rhamnolipid coated nZVI, and nZVI,
the acid-soluble Cd fraction reduced by 47% and 26%
after 42 d, respectively. The rhamnolipid application
increased the residual fractions of Cd and Pb increased
by 56% and 43% after 42 d. In addition, the urease and
catalase activities were enhanced. These authors sug-
gested that coated nZVI contributed to recover sediment
metabolic function.

On the other hand, some organic coatings for NMs
may have a low toxic impact on soil microorganisms
due to their biocompatibility (de Oliveira Pereira et al.
2020). However, soil properties such as pH, organic
matter, and clay content influence the toxicity of NPs
(Raffi and Husen 2019). Simonin et al. (2015) assessed
the influence of soil properties on the toxicity of TiO2

NPs. For this purpose, the authors used six soils with
three textural classes: a sandy-loam, a loam, and a silty-
clay, with high or low organic matter content (2% to
8%) and different pH (6.3 to 7.7). They evaluated two
scenarios: a low concentration of NPs, 1 mg TiO2 kg

−1;
and a high concentration of NPs, 500 mg TiO2 kg

−1. In

the silty-clay soil with 8% of organic matter and treated
with 500 mg TiO2 NPs kg

−1, a decrease in the C min-
eralization over the monitored time was observed. After
90 d of NPs application, the C mineralization decreased
16% compared with control treatment. In contrast, a low
concentration of TiO2 NPs applied in loam soil with
poor organic matter decreased 23% C mineralization
after 7 d, but the effect seemed to be transitory over
time. Similarly, in the silty-clay soil with a high organic
matter content, the abundance of microbial communities
decreased by 24% and 37% with doses of 1 and
500 mg kg−1, respectively. The authors found a signif-
icant relationship between NPs effects, pH, and organic
matter content; both factors might be related to the NPs
toxicity in soil. García-Gómez et al. (2018) assessed the
toxicity of aged ZnO NPs at 3, 20, and 225 mg kg−1 on
Pisum sativum growth in acidic or calcareous soil. The
authors found that the concentration of ROS increased
from 47% to 130% in plants grown in acidic soils with
doses of 3 and 20 mg kg−1 of NPs after 30 d exposure,
compared with control plants. In contrast, no significant
changes were observed in the plants from the calcareous
soil regarding the control. The concentration of photo-
synthetic pigments decreased by 20% to 42% in the
plants that grew in the acidic soil after 30 d. Meanwhile,
plants that grew in acidic soil treated with 225 mg kg−1

of NPs did not survive. The authors related the toxic
effects to the available Zn concentration because, in acid
soil, the available Zn fraction increased from 2 to
64 mg kg−1 and from 0.10 to 0.70 mg kg−1 in calcareous
soil. The soil pH had an impact on Zn availability.
Moreover, the authors highlight that the clay content in
calcareous soil was higher than in acidic soil, which can
contribute to the immobilization of Zn released from the
NPs.

Interaction metal NMs, plants, and soil microorganisms

Exposure models suggest that NMs concentrations are
higher in soil than in other systems as water or air.
Therefore, the soil becomes the main sink of NMs in
the environment (Bundschuh et al. 2018). Plants and
microorganisms are the major co-receptors of NPs in-
troduced to the environment by agricultural use or un-
intentional release (García-Gómez et al. 2018). There-
fore, to lead sustainable and environmentally safe agri-
culture taking into account the many potential benefits
of metal NMs, it is important to understand the influence
of NMs applied to soil and their effect on microbial
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structure, diversity, and activity (Usman et al. 2020).
The interaction of plant–microorganism is fundamental
for agriculture as soil microbial communities maintain a
balanced process in the soil–plant system and provide
ecosystemic services, especially the microorganisms es-
tablishing beneficial associations with plants, such as
nitrogen-fixing bacteria, plant growth-promoting bacte-
ria, and arbuscular mycorrhizal (AM) fungi (with more
than 400 million years of evolution with plants), are
important for efficient absorption of macro and
micronutrients, plant nutrition and growth. Moreover,
they are involved in carbon sequestration, effective plant
protection against pests and pathogens, plant quality and
productivity, plant tolerance against abiotic stresses as
well as soil quality and health (Jacoby et al. 2017;
Hedge and Wilson 2016; Compant et al. 2019). Soil
microbial communities also participate in the degrada-
tion of soil organic matter, improvement on soil fertility
through nutrient bioavailability and soil biodiversity,
and bioremediation of different pollutants (Jacoby
et al. 2017; Mahawar and Prasanna 2018; Thijs et al.
2016; Sánchez-López et al. 2018a). However, the deep
analysis of the complex interactions between NPs and
soil microorganisms (Fig. 5), the methodology to iden-
tify the influence of NMs, and the molecular and cellular
mechanisms of these interactions are largely ignored
(Hedge and Wilson 2016).

There is an extensive toxicology analysis of metal
NMs on soil microorganisms. Resumed from several
authors, the negative observed effects, of metal NMs
on soil microorganisms (Table 4) are antimicrobial ac-
tivity (AlO3, CuO, Ag NPs); alteration of the microbial
community (TiO2, CuO, Fe3O4, Cu NPs); reduction of
soil enzymatic activity (CuO); soil microbial biomass
(CuO, TiO2); N-fixation (Ag NPs, WO3); alterations in
gene expression (Ag NPs); inhibition of plant growth-
promoting rhizobacteria (TiO2, AlO3); and induction of
morphological changes (TiO2). On the other hand, pos-
itive effects of NMs on soil microorganisms (Table 5)
may be observed. These are an enhancement of soil
enzymatic activity (ZnO, Fe3O4, Fe2O3, CuO, ZnO);
microbial population (ZnO, Ag, Fe3O4, and γ-Fe2O3);
bacterial growth (Fe3O4, Fe2O3); microbial diversity
and richness (Ag); AM fungal metabolites and mycor-
rhizal colonization (Ag, Feo); denitrification (PVP-coat-
ed Ag NP); genes involved in N cycling (CuO). The
stimulating effect of NPs comes from the role of metal
ions in the structure and function of microbial enzymes
(Jośko et al. 2019).

Similar to the plants, results on the effect of NMs on
microorganisms range from biostimulation to toxicity
(Juárez-Maldonado et al. 2021). Traits of NPs (nature,
exposure time, concentration, type, form, and size),
plants (presence or not, type, age), soil (type, chemical,
and physical characteristics), microorganisms (type and
function), and environmental conditions (biotic stress
conditions) determine the response to NMs (Usman
et al. 2020; Kumar et al. 2015; Juárez-Maldonado
et al. 2021). For example, numerous studies mentioning
the high toxicity of NMs to soil microorganisms were
conducted under pure culture media; however, extrapo-
lation to natural environments such as soil is difficult.

Figure 5 resumes the interactions between NMs, soil
microorganisms, and plants, where soils may regulate
the effect of NPs on these two organisms. Complex
interactions between NPs and soil surfaces are intracta-
bly involved and result in less microbial toxicity caused
by NPs (as mentioned in the previous section and shown
in Fig. 4). Moll et al. (2016) observed no effect of TiO2

NPs (10–1000 mg kg−1) on nutrient uptake and biolog-
ical nitrogen fixation on red clover inoculated plants and
grown in soil. In contrast, under hydroponic conditions,
TiO NPs (250, 500, and 750 mg L−1) caused a delay in
the root nodule development and biological nitrogen
fixation in peas (Fan et al. 2014). Masrahi et al. (2014)
also detected much lower microbial toxicity of Ag+ and
Ag NPs in soil than trials performed in pure culture
media.

Concerning NPs concentrations, Juárez-Maldonado
et al. (2021) and Iavicoli et al. (2018) explained that
while an initial stimulus can result in a positive reaction
and gene expression in microbial or plant metabolism
(biostimulation), the contrary effect can occur and cause
toxicity. Therefore, response to concentration is of a
biphasic or hormetic nature. This boundary between
biostimulation–toxicity is variable, even for NMs with
similar composition, but highly dependent on several
already mentioned NMs characteristic as well as surface
energy, surface charge, hydrophobicity, roughness, sur-
face functionalization, and components of the corona
(organic molecules or biomolecules adsorbed to the
NMs surface from the media where NM is found). High
consideration of this hormetic dose-response should
help for a safe application of innovative materials
(Iavicoli et al. 2018). Kumar et al. (2015) observed less
nitrogen fixation in Rhizobium strains when Ag NPs
concentration was between 0.6 to 6.6%; however, at a
low concentration, no effect was found. Judy et al.
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(2016) did not observe the negative effect of Ag NPs (1,
10, and 100 mg kg−1) on Sinorhizobium meliloti asso-
ciated withMedicago truncatula. These authors empha-
sized that the highest Ag NPs concentration was analo-
gous to a worst-case scenario; moreover, tested as long-
term repeated soil addition with biosolids amendments.

The response of NMs to the microbial community is
also dependent on the presence or not of plants and type
of soil microorganisms. Ge et al. (2014) observed that
plants and kind of NP alter the response of NMs on soil
bac te r i a l communi t i es . CeO2 NPs (100 to
1000 mg kg−1) did not affect soil bacterial communities
in unplanted soils. However, 100 mg kg−1 enhanced soil
bacterial communities in soil with soybean. While
500 mg kg−1 of ZnO increased Rhizobium and
Sphingomonas communities, but decreased Enfiser,
Rhodospirillaceae, Clostridium, and Azotobacter. A
higher decrement of bacterial communities was ob-
served in unplanted than in planted soils, which indicat-
ed that soybean plants reduced the negative effects of
ZnO on bacterial soil communities.

Toxicity response to NPs is also dependent on soil
microbial species. The minimum inhibitory concentra-
tion of coated Ag NPs was different in three bacteria
involved in the N cycle; for Nitrosomonas europaea
(involved in nitrification) it was 500 μg L−1, for
P. stutzeri (a denit r i f icant-bacter ia) i t was
4000 μg L−1, and for Azotobacter vinelandii (a nitrogen
fixing bacteria) it was 12,000 μg L−1. In all bacteria,
ionic Ag was more toxic than Ag NPs (25, 200, and
250 μg L−1, respectively). Judy et al. (2015) observed
that Ag2S NPs were less toxic to plants, AM symbiosis
and soil microbial community than polyvinylpyrroli-
done (PVP) coated Ag NPs and Ag+. However, low
concentration of Ag2S NPs (1 mg kg−1) still negatively
influenced the soil microbial community, but higher
concentrations (100 mg kg−1) did not influence the
colonization by AM fungi. Differences in toxicity to
metal NPs were observed in plant growth promoting
bacteria (Bacillus thuringiensis, P. mosselii, Azotobac-
ter chroococcum, and Sinorhizobium meliloti). Concen-
tration up to 3000mg L−1 of CuO, TiO2, and Al2O3 NPs
did not inhibit bacterial growth. In contrast, these

Fig. 5 Interactions and effects of metallic NPs with plants and soil microorganisms
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bacteria were sensitive to concentrations less than
1500 mg L−1 of Ag and ZnO NPs (Ahmed et al.
2020). A high concentration of Ag NPs (800 μg kg−1)
significantly decreased the structure, nitrogen fixation,
number, and dry weight of nodules produced in faba

plants inoculated with Rhizobium leguminosarum bv.
viciae. Therefore, root nodules showed autophagy (in-
ternal degradation of bacilli) as an Ag detoxification
mechanism (Abd-alla et al. 2016).

Table 5 Some positive effects of metal NPs soil microorganisms

NP Effect NP
size
(nm)

Concentration
(mg L−1 or mg
kg-1)

Medium Exposure
duration
(d)

Reference

ZnO Phosphatase and phytase enzyme activity increased
(84%–108%)

1–7 0.025 Soil 28 (Raliya et al.
2016)

Fe3O4,

γ-Fe2-
O

3

NPs stimulate the growth of Streptomyces,
Duganella, and Nocardioides bacteria; and soil
activity of invertase and urease

10
10

840, 1260 Soil 30 (He et al. 2011b)

CuO,
ZnO

NPs enhance the dehydrogenase activity 1 d after
NPs application. Cu NPs increase the
dehydrogenase activity in silt-loam soil after 90
and 730 d exposure compared to the control soil.
No changes in the number of bacteria were ob-
served after 730 d

50 10 Soil 1–730 (Jośko et al.
2019)

Ag The alpha diversity estimates of operational
taxonomic unit abundance (5286 to 6077), the
Chao richness (6153 to 6667), and the
phylogenetic diversity (133 to 149) increased
compared to control soil. The abundance of
sequences of Proteobacteria increased from 44%
to 62%

12 15 Soil 4 (Chavan and
Nadanathang-
am 2019)

Ag Increment of total and easily extractable glomalin.
Less Ag shoot and root content (%) in faba bean
plants inoculated with Glomus aggregatum.

5–50 800 Autoclaved
loam and
sandy soil
(21 w/w)

35 (Abd-alla et al.
2016)

Ag Biomass, P plant uptake and mycorhizal
colonization by G. caledonium was increased.
Less Ag uptake and soil soluble Ag concentration
in maize-mycorrhizal plants

20 0.025 soil 20 (Cao et al. 2020)

Ag Higher root colonization byG. caledonium in clover
plants as dose increased. AM fungi alleviate Ag
NPs stress in its host plant. At high Ag
concentration, extractable glomalin content and
root P uptake increased at high Ag NPs
concentration

21 0.01, 0.1, 1 Sand:perlite 80 (Feng et al.
2013)

FeO Increased root colonization by G. caledonium 10 0.032 Sand:perlite 80 (Feng et al.
2013)

CuO The gene nifHwas significantly more abundant than
the control treatment, then the fixation capacities
were increased by the addition of NPs. Also, the
abundance of gene amoA (involved in
nitrification) increased in treatments with NPs
compared to the control treatment.

28 0.63 and 63 Soil 28 (Guan et al.
2020)

Au:PVP,
Ag:P-
VP

Poly(vinylpyrrolidone) stabilized Au and Ag NPs
did not decrease colonization by AM fungi and
Rhizobium.

2.6
a-
nd
3-
.6

1 mM Seed priming 0.04–0.081
(1–3 h)

(Rahman et al.
2020)
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Most of the studies related to the interaction between
metal NPs and agricultural soil beneficial microorgan-
isms show negative effects of NPs because of their
antimicrobial effect (Table 4). Metal and metal oxide
appears to have higher toxicity than organic NPs such as
fullerenes and carbon nanotubes (Rajput et al. 2018;
Rajput et al. 2020). Michels et al. (2017) showed Ag
and magnetite NPs were attached to the bacterial surface
and reduced membrane permeability; however, Ag NPs
were 45-fold more toxic than magnetite NPs. The EC50

to decrease ammonia oxidizing bacteria for Ag NPs was
10.75 mg L−1 , whi le for magnet i te i t was
483.01 mg L−1. The highest doses on Ag NPs
(30 mg L−1) and magnetite (1000 mg L−1) decreased
90% and 71% the nitrite production of this kind of
bacteria, respectively. Ti2O and ZnO NPs decreased
microbial biomass carbon and the Gram-negative bac-
terial community (Rashid et al. 2017).

Hedge and Wilson (2016) resumed that NMs may
influence soil microbial communities through four
mechanisms: (a) direct particle-cell interaction, (b) indi-
rectly by NMs interaction with natural organic com-
pounds, (c) interaction with recalcitrant organic pollut-
ants and enhancing toxicity, and (d) modifying toxin or
nutrients bioavailability. Similar to in plants and with
metal bulk-size compounds, the general toxicity mech-
anisms to NMs known in microorganisms are related to
cellular level response: cell membrane damage, proteins
denaturalization, respiratory chain alteration, oxidative
damage, and genotoxicity (Wang et al. 2017; Jośko et al.
2019; Ševců et al. 2011; Dinesh et al. 2012). However,
scarce information is available related to molecular
mechanisms to deal NMs in soil microorganisms.

Noori et al. (2017) analyzed the impact of Ag NPs (2
and 15 nm) in concentrations 0, 12, 24, and 36 mg kg−1

on colonization by the AM fungus (Rhizophagus
intraradices) on the growth and accumulation of Ag in
tomato plants, and the expression of gene-related with
uptake pathways (potassium channel proteins: KC;
aquaporins proteins such as plasma membrane intrinsic
protein: PIP and tonoplast membrane intrinsic protein:
TIP). These authors observed that mycorrhizal coloni-
zation was reduced at the higher Ag NPs concentration
and that smaller-sized NPs had not only the highest
impact on colonization but also on plant biomass. More-
over, mycorrhizal colonization moderates plant Ag up-
take (14% less accumulation) and changes in the ex-
pression level of membrane transport proteins. The ex-
pression of KC, PIP, and TIP in mycorrhizal tomato

plants was 5.8, 3.5, and 2 higher than in control plants
(without the addition of NPs), respectively. In contrast,
the expression in non-mycorrhizal plants the expression
was 8, 5 and 9 times higher than in control plants. Cao
et al. (2020) also observed modification of genes puta-
tively related to Ag/Ag NPs transport in maize-
mycorrhizal plants inoculated with Glomus caledonium
(current name Funneliformis caledonium), which were
involved in the mitigation of Ag NPs phytotoxicity. At
high Ag NPs concentration (2.5 mg kg−1), the expres-
sion of Pht1;6 (related to P uptake) was higher in
mycorrhizal plants but lower in the expression of
PIP1;2, TIP2;1, and Mt2 (related to metal homeostasis
and cell detoxification). Furthermore, these fungi ame-
liorated the negative effects of Ag NPs on the metabolic
activity of other soil microorganisms, enhanced soil
bacterial diversity, and altered the bacterial community
composition at the mycorrhizosphere/rhizosphere of
corn plants.

Fajardo et al. (2014) analyzed the cellular response of
P. stutzeri and Bacillus cereus to two types of NPs.
These authors tested Al2O3 NPs (50 nm) in concentra-
tions 1, 5, and 10 g L−1, and Ag NPs (40 nm) in
concentrations 0.5, 1, and 5 mg L−1. These bacteria
responded differently to NPs exposure. While no mod-
ification was observed of the transcriptional response of
four genes involved with cellular activity in B. cereus, in
P. stutzeri exposed to Al2O3 NPs, the gene related to
catalase enzyme (KatB) was overexpressed, resulting in
less cellular oxidative stress. Ag NPs (35 nm) did not
modify the expression of denitrifying genes or nitrogen-
fixing genes of P. stutzeri (20 μg L−1) and A. vinelandii
(25 μg L−1). In N. europaea, up-regulation of ammonia
mono-oxygenase genes at low concentrations of
2.5 μg L−1 occurred (Yang et al. 2013). ZnO NPs
applied at high concentrations (500 mg kg−1) negatively
influenced AM fungi species diversity, and altered their
community composition. Ambispora genus was de-
creased, but Paraglomus increased (Yang et al. 2021).

Iavicoli et al. (2018) concluded that suitable assess-
ment of NMs, in vitro or in vivo conditions, should be
done in long-term experimental studies and with low-
dose realistic environmental exposure scenarios; more-
over, in the presence of other co-exposed substances.
These authors showed hormetic dose-response in sever-
al biological models: microorganisms, algae, nema-
todes, plants, and superior aquatic organisms. It is also
suggested that a low concentration of NPs induces a
beneficial defense response in organisms (Juárez-
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Maldonado et al. 2021). Wheat plants exposed to TiO2

NPs enhanced their growth when inoculated with
Paenibacillus polymyxa, Alcaligenes faecalis, Bacillus
thuringiensis, and a mutant strain of P. polymixa
A26Dsfp (Timmusk et al. 2018).

Wang et al. (2016a) observed that ZnO NPs did not
have negative effects on maize mycorrhizal plants at
400 mg kg−1; however, when NPs concentration was
higher (800 mg kg−1), inhibition of plant growth and
mycorrhizal colonization were found. AM fungi puta-
tively mitigate the negative effects of ZnO NPs in plants
as increased growth, nutrients absorption, photosynthet-
ic pigment concentration, and leaves SOD activity. The
mycorrhizal plants also presented less ROS accumula-
tion, Zn shoot concentrations, and DTPA-extractable Zn
concentrations. Similar results have been observed by
other authors (Abd-alla et al. 2016; Wang et al. 2018b;
Noori et al. 2017; Cao et al. 2017). Joseph et al. (2015)
used biochar rich in magnetic Fe NPs during the growth
of wheat. These authors concluded that the use of bio-
char (100 kg ha−1) increased P and N plant nutrition,
mycorrhizal colonization, and soil microorganisms.
This is because of high concentrations of Fe NPs
within the biochar that are involved in nutrient
availability due to acidic functional groups and soil
organic matter decomposition, and labile organic
molecules stimulating soil microorganisms.

The effect of NPs used in seed priming on soil
microorganisms is a novel area demanding more efforts
to avoid negative effects on soil, but more specifically
on benef ic ia l microorganisms. The effec ts
are depend on type, size, and concentration of NPs,
and the time of imbibition among other factors. Rahman
et al. (2020) observed that seed priming (1–2 h) with
1 mM Pt NPs stabilized with poly(vinylpyrrolidone)
(PVP) hurt colonization by AM fungi and Rhizobium
in Pisum sativum plants. After 3 h imbibition, microbial
colonization was absent. However, with Au- and Ag-
PVP NPs the effect was negligent, independently of
imbibition time.

Information already presented showed research on
the effect of NMs on soil microorganisms, but still
unexplored is the interaction of NMs with microorgan-
isms associated with other plant niches, which may
influence response to next generation fertilizers, pesti-
cides, and other products at nanometric scale, useful for
agriculture and phytoremediation. Currently, plants are
recognized as meta-organisms. This refers to plants by
themselves and their associated microorganisms from

roots, leaves, seeds, fruits, flowers, etc. Hence forming
specific microbial-plant interactions located at the rhi-
zosphere, phyllosphere, spermosphere, anthosphera,
and carphosphere, respectively; all of them influencing
plant performance in agricultural and natural ecosys-
tems (Compant et al. 2019; Mendes et al. 2013;
Vryzas 2016; Jaspers et al. 2019). In consequence, in-
depth research is urgent to explore the risk assessment of
NMs on non-target toxicity of beneficial microbe com-
munities from several plant niches that are key actors
directing health, quality and productivity.

Metal NPs for remediation of polluted soils
with potentially toxic elements

Raj and Maiti (2020) reviewed that potential toxic ele-
ments (PTE) such as As, Cd, Cr, Pb, Ni, Zn, and Hg are
recognized as the utmost hazardous and persistent ele-
ments in the environment. Several agrochemicals con-
tain PTE in their formulations. Continued use for long
periods enrich soil and water. These elements also ac-
cumulate in the tissues of organisms and increase their
c o n c e n t r a t i o n t h r o u g h t h e f o o d c h a i n
(biomagnification). Thus, PTE contamination is a seri-
ous concern to human health, and in the case of agricul-
tural, lands may be in jeopardy regarding productivity
and the living soil organisms. Therefore, diverse reme-
diation alternatives have been developed to remediate
contamination by PTE, and one of them is the applica-
tion of nanotechnology.

Nanotechnology for soil remediation, also called nano-
remediation, nano-enabled remediation, or NMs-assisted
remediation, uses NMs to detect, degrade, or stabilize
contaminants (Pulimi and Subramanian 2016). In the case
of soils polluted with PTE, NMs are used as amendments
to immobilize or stabilize PTE by some of the processes
shown in Fig. 6 (Souza et al. 2020; Bardos et al. 2018).
The application of NMs aims to reduce the ability of PTE
to partition to water or biota, potential transport, and tox-
icity (O’Day and Vlassopoulos 2010), by forming less
toxic chemical species. Moreover, when soil pollution is
due to organic compounds, several NMs (TiO2, ZnO,
Fe2O3, ZnS, and CdS) are useful as semiconductors to
photocatalysis. TheNPs absorb light energy to break down
organic molecules into smaller fragments and turn them
into minerals; acids, CO2, N2, H2O (Baruah and Dutta
2009). Mourão et al. (2010) evaluated the photocatalytic
potential of TiO2 coatedwith CoFe2O4NPs. These authors
observed that TiO2/CoFe2O4 nanocomposites were more
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effective than pure TiO2 for atrazine degradation. The
application of nanocomposites of TiO2/CoFe2O4 can be
an alternative for pesticide degradation in soil. Further-
more, the recovery and reuse of magnetic nanocomposites
are possible due to their magnetic features (Zuverza-Mena
et al. 2017). More recently, Mazarji et al. (2021) reviewed
the use of nZVi (single or in combination with biochar),
metal oxides (TiO2, Fe2O3, green synthetized-potassium
zinc hexacyanoferrate nanocubes or NPs, magnetite NPs
modified graphite), and several carbon- and polymer-
based NMs for remediation of toxic polycyclic aromatic
hydrocarbons. Nehra et al. (2021) provide a comprehen-
sive review on the management of pesticide residues in
soils that can be consulted, while this paper focuses on the
applications of nanotechnology for the remediation of soils
polluted with PTE.

The use of NMs as amendments has an advantage
over bulk materials because they have a higher reactive
surface and area/volume ratio than bulk materials. These
properties enhance the NMs’ capacity to adsorb, reduce,
or oxidize PTE (Bardos et al. 2018; Pulimi and
Subramanian 2016; Guerra et al. 2018). For instance,
zero-valent iron (Feo) and CoFe2O4 NPs have a total
specific surface area of 20–40 m2 g−1 and 1243 m2 g−1,
respectively. In contrast, the total specific surface area
for granular Fe is <1 m2 g−1. Reactivity is also from 10
to 1000 times more in NPs of these compounds (Karn
et al. 2009; Qiu et al. 2016).

Many of the NMs recommended for soil remediation
(Table 6) have been adapted from technologies for water
treatment, and the results were observed in sorption
kinetic assays in aqueous media (Kefeni et al. 2017;
Zhang et al. 2010; Zhao et al. 2016). Nevertheless, Fe
NPs seem to be the best material (Souza et al. 2020;
Kefeni et al. 2017; Caroline and Antônio 2019) due to
their magnetic properties. This feature facilitates their
recovery (Zuverza-Mena et al. 2017; Martinez-Vargas
et al. 2017). The high chemical reactivity (Kefeni et al.
2017) increases the efficiency and fast kinetic adsorp-
tion of ions such as Ni2+, Cu2+, Co2+ Cd2+, and Cr (IV)
(Guerra et al. 2018). Moreover, iron NPs are considered
non-toxic for the environment or plants (Zuverza-Mena
et al. 2017). These particles can be modified to improve
their performance by including a catalytic element such
as Ti or Pd, using coatings such as citrate or polymers, or
soaking other materials such as active carbon or zeolites
with NPs (Gens et al. 2016).

Zero-valent iron is one of the iron-NPs most studied
for in situ soil remediation because it can reach sites that

are inaccessible by other methods in a less destructive
form and less time-consuming. Additionally, they can
reduce and immobilize several redox-active PTE (Zhao
et al. 2016). For instance, Gil-Díaz et al. (2016) evalu-
ated the immobilizing effect of nZVI NPs to assist the
phytoremediation of As polluted soils, from a metallur-
gical industrial site at Asturias, Spain. The authors car-
ried out a growth chamber experiment with barley plants
and nZVI at 1% and 10% (w/w). The results showed that
the available As concentration decreased from 83 to
12 mg kg−1 with 10% nZVI treatment compared to the
untreated soil. While the concentration in the residual
fraction increased from 4139 to 5321 mg kg−1, the
leaching of As was significantly reduced. Posteriorly,
Gil-Díaz et al. (2019) in field experiments tested the
application of 2.5% of nZVI to a highly polluted soil
with As (43,300 mg kg−1) and Hg (2200 mg kg−1).

These authors found that 72 h after nZVI application,
the exchangeable As fraction decreased by 40% and in
the leaching extract by 54%. Similarly, the Hg concen-
tration in the leaching extract decreased by 39% regard-
ing the Hg initial concentration. The immobilization of
As and Hg remained stable after 24 months. A second
application was required eight months after the first one.
These authors also tested the application of nZVI in soils
containing 7280 mg kg−1 of As and 1300 mg kg−1 of
Hg. In this case, the As and Hg concentrations in the
leachable extract were 70% and 80%, respectively, low-
er than the initial concentrations; conditions that
remained stable 24 months after the nZVI application.

NMs-assisted phytoremediation

Phytoremediation is one of the cheap soil recovery
technologies and is non-intrusive compared with the
physical and chemical methods (Thijs et al. 2017;
González-Chávez et al. 2017). Plants useful for
phytoremediation encourage fixation of atmospheric
CO2, increase soil biodiversity, and their biomass may
have application in bioenergy production. Moreover,
plant surfaces avoid the air dispersion of soil particles
containing PTE (Thijs et al. 2017; González-Chávez
et al. 2017; Sánchez-López et al. 2018b). However, their
efficiency and success depend on the plants’ ability to
take up, tolerate, and accumulate PTE (Thijs et al.
2 0 1 7 ) . T o o v e r c ome t h e l im i t a t i o n s o f
phytoremediation, biotechnology can be combined with
other approaches as the use of NMs as soil amendments
or soil pretreatment (Zhu et al. 2019).
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Metal NPsmay enhance phytoremediation efficien-
cy (Zhu et al. 2019; Gong et al. 2018) by reducing the
availability of PTE (Fig. 6). However, the excessive
use of NMs may also produce contamination of soil
and water resources. The addition of NMs to PTE-
contaminated soil may be insufficient to help plant
establishment because these altered soils often lack
nutrients, organic matter, and have a poor structure
(Th i j s e t a l . 2017 ) . Hence , NMs a s s i s t ed
phytoremediation can be combined with organic
amendments to provide nutrients for plants and stimu-
late soil microbial communities, or with beneficial soil
microorganisms to promote plant growth (Mokarram-
Kashtiban et al. 2019; Baragaño et al. 2020b; Lacalle
et al. 2020). For instance, mature compost, from olive
mill waste and cow manure, at a rate of 14 g kg−1

combined with 1% of ϒ-Fe2O3 NPs assisted
phytoremediation with Helianthus annuus plants of a
mine tailing fromMurcia, Spain. After 50 d, the reduc-
tion of the Zn concentration in soil solutionwas 22% in
comparison to the treatmentwithout compost andNPs.
Moreover, the foliar concentration of Zn, Cd, Cu, and
Co significantly decreased, while the root concentra-
tion of Al, Cu, and Pb were lower than this in the

control plants. The plant dry aerial biomass increased
due to the synergistic effect of compost and NPs
(Martínez-Fernández et al. 2015).

Biochar is another organic amendment that may be
mixed with NMs. For example, through a greenhouse
experiment, Baragaño et al. (2020b) assessed the effect
of nZVI, compost-biochar, or a combination of these
amendments to assist the phytoremediation with Bras-
sica juncea L. of a PTE polluted soil. After 75 d of
amendments application, the mix of compost-biochar-
nZVI, at a proportion of 15%, 5%, and 2% (w/w),
respectively, lowered significantly the Cu, Pb, and Zn
available concentrations compared with soil treated with
nZVI and the control (without amendments).

Foliar spray of NMs may be used to promote struc-
tural stability, improve yield, and enhance the resistance
of plants under PTE stress (Cui et al. 2020). Foliar spray
of Si NPs in plants as Brassica chinensis L.,
Coriandrum sativum L., and Oryza sativa L. reduced
the accumulation of Pb and As in the aerial biomass of
plants, stimulated the production of antioxidant en-
zymes in the plant, and also the soil microbial activity
(Cui et al. 2020; Fatemi et al. 2020; Tian et al. 2020; Liu
et al. 2015b). The reduced As rice plant accumulation

Fig. 6 Pathways in which nanoparticles can assist soil remediation and phytoremediation
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Table 6 Nanoparticles tested for soil remediation under different conditions

NP PTE Action mode Effect Reference

Apatite with
carboxymethyl
cellulose
stabilizer

Pb Immobilization Ratio 2:1 NPs: soil reduced the leachable Pb
fraction from 66% to 10% after one month of
NPs application.

(Liu and Zhao 2013)

Hydroxyapatite Pb Immobilization 2 g kg−1 reduced the accumulation of Pb in
Brassica napus.

(Shaheen and Rinklebe
2015)

Cd, Zn,
Pb,
Cu

Adsorption 0.2 g of NPs inhibited soil PTE desorption. (Chen et al. 2010)

Nano silicone Pb Stabilization 2.5 mmol L−1 increased the biomass of two rice
cultivars and decreased foliar and grain Pb
concentration.

(Liu et al. 2015a)

Carbon Black Cu, Zn Immobilization Soil Cu and Zn availability decreased between 47%
to 80% and 17% to 43%, respectively when using
1, 3, and 5% NPs compared with no NPs
addition. Zn and Cu proportion in the organic and
sulfide soil fraction increased. Higher biomass of
Lolium multiflorum and less plant Cu and Zn
accumulation.

(Wang et al. 2009)

Ca/CaO and Ca/PO4
137Cs Immobilization 96% 137Cs was immobilized. (Mallampati et al.

2012)

nZVI Cr(VI) Reagent material in a
permeable reactive
barrier for electro
remediation

It was achieved to reduce 75–90% of the Cr(VI) in
the soil. The total Cr removal efficiency rose to
42% compared with conventional electrokinetic
treatment.

(Shariatmadari et al.
2009)

As, Hg Immobilization 5% nZVI dose decreased 70% exchangeable As
concentration. 10% nZVI dose reduced the
exchangeable Hg between 635 to 90%.

(Gil-Díaz et al. 2017)

Cd Immobilization 150 mg nZVI kg−1, Salix alba, and inoculation with
Pseudomonas fluorescens and Rhizophagus
irregularis increased the bioconcentration factor
of Cd. 300 mg nZVI kg−1 inhibited Salix alba
growth.

(Mokarram-Kashtiban
et al. 2019)

The Cd concentration in the residual fraction
increased from 15% to 57% after 30 d incubation
of river sediments with sodium alginate modified
nZVI at 0.1% (w/w).

(Huang et al. 2016)

Zn Sorption Extractable Zn concentration reduced when
used from 0.5 to 4 mg kg−1. No negative effects
on soil microorganisms were found.

(Anza et al. 2019)

Pb, Zn,
Cd

Immobilization 120 d after NPs application, 20% of Pb, and 8% of
Zn were immobilized. The maximum
immobilization reached was 15 d after NPs
application.

(Fajardo et al. 2020)

nZVI, FeS Fe3O4 As Immobilization The soil bioaccessible concentration of As
decreased from 71% to 31%, 37%, 30%when the
soil was treated with nZVI, FeS, and Fe3O4 at a
Fe/As molar ratio of 100:1, respectively.

(Zhang et al. 2010)

nZVI, goethite As Immobilization and
reduction

nZVI at dose 2% decreased 90% the As availability,
while nGeothite at 0.2% dose decreased 83% the
As available

nZVI at dose 10% increased 1.4% the As3+

concentration.

(Baragaño et al.
2020a)

ϒ-Fe2O3 Zn Immobilization NPs and compost decreased 22% of the soluble Zn
concentration and Zn accumulation inHelianthus
annuus. Higher plant biomass was observed.

(Martínez-Fernández
et al. 2015)
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was due to improvement of pectin synthesis that chelat-
ed As and the mechanical force of the cell walls en-
hanced by a higher thickness that maintained the integ-
rity of the cell and then ameliorated oxidative stress
upon As exposure (Cui et al. 2020). While less Pb
concentration by Si NPs was explained because Si in-
duces root exudates that chelate metals and also due to
silicates Pb complexes formation; therefore, reduced
metal uptake was observed in coriander plants (Fatemi
et al. 2020).

NMs and electrokinetic remediation

Another form to use NMs for soil treatment is to man-
ufacture permeable reactive barriers (PRB) for electro-
kinetic remediation (EKR). The EKR-PRB is an attrac-
tive technique because it avoids the secondary contam-
inants synthesis, in contrast with conventional EKR
(Wang et al. 2021). It is also potentially applicable to
several organic and inorganic pollutants. Moreover, it
has a high removal efficiency and time-effectiveness in
soils with low permeability (Souza et al. 2020). Figure 7
shows the mode of action of EKR-PBR.

Permeable reactive barriers aim to intercept a con-
taminant plume and transform it into environmentally

acceptable forms to attain the concentrations of chemi-
cal species safe for both environment and organisms
(Andrade and dos Santos 2020). The PRB can be filled
with NPs as reactive material (Souza et al. 2020; Wang
et al. 2021) or manufactured with nanofibers (Wang
et al. 2021). Iron NPs such as nZVI have been used in
the EKR-PRB to remove Cr(VI). Shariatmadari et al.
(2009) found that EKR-PRB can increase the removal
efficiency of total Cr from 15% to 42% compared with
EKR application in clayey soil. Nasiri et al. (2020) used
Fe3O4 NPs as reactive material in PRB and assessed the
use of chelating agents to remediate a Cr contaminated
soil by EKR. The combination of EDTA and placing the
PRB in the middle of the ER reactor removed approx-
imately 70% of the initial Cr concentration
(150 mg kg−1). These authors found that Cr(VI) ions
were reduced to Cr(III) when they passed through the
PRB, and therefore the NPs play a role in the Cr reduc-
tion. The Cr accumulation observed near the cathode
section suggested that the mechanism of Cr removal was
electromigration. Despite the high rate of Cr removal of
EKR-PRB compared with EKR, the authors concluded
that EKR-PRB may consume more energy than the
traditional EKR process. Therefore, more experimental

Table 6 (continued)

NP PTE Action mode Effect Reference

Fe3O4 coated with
polyethyleneimi-
ne

Cs Adsorption Coated magnetic NPs at a dose of 0.05 g g−1

removed 82% of Cs.
(Kim et al. 2020)

WO3 coated with
EDTA

Cd, Pb Complexation The dose of 10 mg NPs g−1 soil removed from 60%
to 80% of Cd and Pb in two different soil
matrices.

(Huang and Keller
2020)

TiO2, CeO2 Cu (II) Adsorption Soluble Cu soil concentration and toxic effects on
rice plants decreased.

(Wang et al. 2015)

Amorphous
manganese oxide

Cd, Cu,
Pb

Stabilization Exchangeable soil fraction of Cd, Cu, and Pb
decreased around 92%.

(Michálková et al.
2014)

Fe, Al,
Pb,
Zn,
Cu, y
Cd

Immobilization Soil neutralization reactions accelerated. Fe, Mn,
and Al precipitated as secondary oxyhydroxides.

(Vítková et al. 2015)

ZnO, Al2O3 (bare
and modified
with humic acids
NPs)

Cd, Cu,
Ni

Sorption Leaching and bioavailability decreased after 56 d
NPs addition. Order of metal removal Cu>Cd>
Ni.

(Mahdavi et al. 2015)

Hydroxyapatite,
hematite, and
magnetite

As, Pb,
Sb

Sorption Available As, Pb, and Sb soil concentrations
decreased.

(Arenas-Lago et al.
2019)

Modified from Pulimi and Subramanian (2016)
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evidence to determine its cost-effectiveness in the long-
term is necessary.

NMs for acid mine drainage treatment

In mining areas, both active or abandoned, the acid mine
drainage (AMD) is a source of PTE-soil and water
pollution in addition to the mining wastes (Atrei et al.
2019). Sulfide minerals oxidize when exposed to envi-
ronmental conditions, particularly rain and atmospheric
oxygen. As a result, protons are released, and AMD
occurs. When sulfide minerals are oxidized, they pro-
duce acid iron and sulfate-rich waters that can dissolve
other minerals that contain PTE, and release them to the
environment (Kefeni et al. 2017; Atrei et al. 2019).

Once AMD occurs, its treatment can be expensive.
To treat one ton of AMD with limestone can cost 60
dollars, while the treatment with caustic soda costs 1240
dollars (Skousen 2014). The neutralization treatments of
AMD are useful to remove PTE; however, they need to
reach a pH above 10, and the proper disposal of the
sludge that is generated after ADM neutralization
(Kefeni et al. 2018). In contrast, treatments with NPs
offer the opportunity to recover valuable resources that
are impossible to recuperate with conventional treat-
ments. Furthermore, treatment with NMs reduces sec-
ondary waste products as part of the AMD treatment
process (Kefeni et al. 2018; Wei and Viadero 2007). For
instance, CoFe2O4 and Fe3O4 NPs can remove 100% of
Al, Mg, and Mn; and up to 90% of Fe, Ni, and Zn from
samples of AMD (pH adjusted to 7.05 ± 0.35) from coal
mines of Emalahleni and Randfontein in South Africa
(Kefeni et al. 2017). α-Fe2O3 NPs can completely re-
move Al, Mg, and Mn; up to 80% of Zn and Ni; and
between 47% and 72% of Ca and Na (Kefeni et al.
2018). nZVI was used for the treatment of AMD from
a uranium gold mine in Gauteng, South Africa. AMD-
pH increased from 3.49 to 6.01, diminished the electri-
cal conductivity from 0.59 Ohm m−1 to 0.13 Ohm m−1,
and decreased the total dissolved solids from
1683 mg L−1 to 384 mg L−1. The removal capacity of
PTE of nZVI followed this trend: Li, Sr, Ba, B, Al, Na,
and Co (Gilbert et al. 2019).

Some considerations for nanoremediation

Previous information resumes that NMs are a useful and
effective alternative for the remediation of soils polluted
with PTE. However, similar to the use of other soil

amendments recommended for soil remediation
(Carrillo-González et al. 2017), it is suggested that be-
fore the use of metal NPs, it is desirable to make an
adequate characterization of the site. This includes geo-
logical conditions, types of contaminants and concen-
tration, hydrology, soil composition, porosity, hydraulic
conductivity, groundwater gradient, flow velocity,
depth of the water table, and geochemical properties.
All this information aims to make the action of the NPs
efficient and prevent undesired effects after their appli-
cation (Karn et al. 2009). For a successful application in
the field, particulate agglomeration control, mobility in
porous environments, reactivity, and longevity in the
subsurface environment are all major controlling factors
for the efficient remediation of contaminated sites under
field conditions (Cecchin et al. 2017). Fulling mixing
between NPs and soil is an important management step
to guarantee successful remediation. In greenhouse
experiments, Fajardo et al. (2020) and Gil-Diaz et al.
(2016) used a commercial 5% nZVI w/w suspension
applied to the soil, and mixed carefully obtained metal
immobilization, which was dependent on soil properties
and level of soil contamination. In a field experiment,
Gil-Diaz et al. (2019) referred to the use of a commercial
2.5% nZVI suspension, which was diluted with water in
equal proportions and uniformly dispersed on the soil
surface. Then, NPs were incorporated with the topsoil
surface layer to guaranty the depletion of As and Hg
availability after only 72 h, which was stable during
32 months of monitoring. Liu et al. (2015a) concluded
that stabilized NPs with low-cost materials, such as
starch, chitosan and carboxymethyl cellulose improves
the dispersion in soils. Moreover, affinity, reactivity,
and sorption capacity to target metals are improved for
soil metal immobilization. To improve the combination
of NP with soil, Moll et al. (2016) combined 300 g of
soil–sand mixture (1:1 w/w) with NPs on an overhead
mixer in Schott bottles. Then, each pre-mixture was
diluted with the mixture to a final volume of 30 kg and
homogenized in a cement mixer for 6 h. This mixture
with NPs was used for greenhouse experiments testing
three types of NPs in pots.

Interaction metal NMs, plant and soil beneficial
microorganism in remediation

Beneficial soil microorganisms improve several func-
tions in the plant–soil system, such as plant protection,
s t a b i l i t y , p r o d u c t i v i t y , g r o w t h , a n d
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phytoremediation (Khalid et al. 2021). Understanding
the interactions between NPs, plants, and soil microor-
ganisms are key to designing efficient NPs application
methods for plant nutrition, soil remediation, and
predicting the effect of NPs on ecosystems (Ma et al.
2010). Figure 5 summarizes the possible NPs interac-
tions with microbial components of the plant–soil sys-
tem and effects for which there is evidence so far. The
irrational use of NMs and their potential negative impact
make them emergent contaminants, which may affect
different organization levels in the environment.

Owing to the widespread and ecologically relevance
of AM fungi as plant symbionts and key participants in
the global plant diversity, there is a significant interest to
analyze their interaction with metal NMs. Results dem-
onstrate that these fungi have an intricate interaction
with bulk-sized metals and alleviate phytotoxicity in
their host plant. Therefore, they may influence the fate,
transformation, accumulation, and toxicity of NMs.
Feng et al. (2013) observed that G. caledonium
(F. caledonium) effectively ameliorated the effect of
Ag NPs (20 nm) in a concentration-dependent manner.
This is as Ag NP concentration enhanced (0.01, 0.1 and
1 mg kg−1). Similarly, plants had higher root fungal
colonization and P root absorption, but lower Ag

shoots concentration. Siani et al. (2017) evaluated the
effect of inoculation of R. irregularis on Trigonella
foenumgrecum plants when exposed to increasing con-
centrations of ZnO NPs (0, 125, 250, 375, and
500 mg kg−1). The results showed that R. irregularis
protected its host plant from the toxic effects of ZnO
NPs at the dose of 500 mg kg−1. The authors suggested
that plant protection was due to the secretion of
glomalin, a glycoprotein producedmainly by AM fungi.
Glomalin increased 15% in comparison to the control
treatment (without inoculation of R. irregularis). Simi-
lar results were found in Zea mays plants inoculated
with F. mosseae and the addition of ZnO-NPs at
500 mg kg−1. F. mosseae inoculation reduced the Zn
bioavailability released from NPs, but increased avail-
able P, which depleted the toxic effect of the NPs (Wang
et al. 2018b). Jing et al. (2016) also found the proper
combination of P with AM fungi may lessen the effect
of high NP toxicity.

Abundant information is available about the influ-
ence of beneficial soil microorganisms ameliorating
toxic effects of bulk metals, and their relevance on
phytoremediation, one of the utmost cost and environ-
mentally friendly strategies, is now highly recognized.
However, the interaction between these soil

Fig. 7 Fundamental mechanisms of permeable reactive barriers for electrokinetic remediation
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microorganisms and metal NMs and their participation
in soil remediation remains very limited (Khalid et al.
2021; Feng et al. 2013; Cao et al. 2020; Ogunkunle et al.
2020). Research suggests that these microorganisms can
protect plants from metallic NPs toxicity through regu-
lation of NPs absorption, secretion of substances that act
as chelating agents, providing nutrients to the plant, and
protecting plants against toxicity and stress caused by
metals.

Metal soil contamination, caused by common
sources (fertilizers, pesticides, mining, etc.), may be
solved by using NMs and beneficial soil microorgan-
isms as a sophisticated assisted phytoremediation strat-
egy. A cellular metal tolerance mechanism in plants and
microorganisms may be convenient to deal with metal
soil contamination, for example, structural-functional
cell wall compounds, intercellular metal accumulation
as electron-dense particles or granules, efflux pumps of
metal ions. In the case of plant growth-promoting bac-
teria, some microbial products (extracellular polymeric
substances, hormones, organic acids, and enzymes) may
interact with NMs modifying surface, bioavailability,
and speciation (Ameen et al. 2021). Similarly, the fungal
structures and glomalin (a glycoprotein produced by
hypha under active growth) from AM fungi can seques-
ter significant concentrations of metals, such as Cu, Cd,
Pb, Mn, etc. (González-Chávez et al. 2004).

Ogunkunle et al. (2020) studied the interaction of an
unidentified native fungal consortium of AM fungi with
TiO2 NPs, with particle size between 43 to 55 nm and
200 mg kg−1 of concentration, in a soil spiked with
CdCl2 (10 mg kg−1) in the remediation of cowpea plants
(Vigna unguiculata). These authors concluded that AM
colonization promoted plant growth, chlorophyll pig-
ments, antioxidative defense to plants stressed by Cd
contamination, and lower Cd plant uptake (roots and
shoots). TiO2 NPs synergistically potentiated these ef-
fects; therefore, both alternatives may ameliorate the
negative effects of Cd toxicity and improve plant
fitness in contaminated soils. More efficient
phytoremediation may be obtained when the
synergistic contribution of NMs and AM fungi is
achieved. Low NPs concentrations and a metal tolerant
fungal inoculum can facilitate phytoremediation and
have prospective application. Cheng et al. (2021) ob-
served that the use of 100 mg kg−1 of nZVI (bare = B-
nZVI or starch-stabilized = S-nZVI) and inoculation of
sweet sorghum (Sorghum bicolor) with Acaulospora
melleawas efficient in the nanoremediation of an acidic

(pH = 5) and multipollutant soil (DTPA-Cd = 1.9, -Pb =
413 and -Zn = 239 mg kg−1). Both types of NMs were
not phytotoxic to sweet sorghum although decreased
fungal root colonization; however, A. mellea still re-
duced soil Cd-, Pb-, and Zn-availability, their accumu-
lation in plants, and contributed to phytostabilization of
these elements. These NMs immobilized Pb on their
surface as well as Cd and Zn, especially when using S-
nZVI there were several Pb minerals (PbZnP2O4,
PbFe3(P2O7)2 explaining soil precipitation of this ele-
ment; however, with B-nZVI these compounds were not
observed. Moreover, A. mellea modified speciation of
Fe, decreased occurrence of Pb, Cd, and Zn on the
surface of S-nZVI, but a contrary effect with Cd and
Pb was observed on B-nZVI.

Plant growth-promoting bacteria under metal pollut-
ed soil conditions may improve growth and metal stress
tolerance in plants. Shah et al. (2021) analyzed the
mitigation effect of Bacillus fortis and ZnO NPs
(20 mg kg−1), single or combined application, on Cd
toxicity (75 mg kg−1) in Cucumis melo. These authors
found that the independent use of B. fortis or ZnO NPs
improves antioxidant enzyme activity (catalase, super-
oxide dismutase, and peroxidase). However, the com-
bined application was more effective to enhance plant
growth and decrease Cd plant concentration.
Mokarram-Kashtiban et al. (2019) tested the white wil-
low (Salix alba) assisted by P. fluorescens ,
R. irregularis, and nZVI at doses of 0, 150, and
300 mg kg−1. The results showed that the treatment of
150 mg kg−1 of nZVI in combination with the inocula-
tion of microorganisms increased root length, leaf area,
and root Cd concentration of white willow seedlings
compared to plants without inoculation or addition of
NPs. Although molecular mechanisms involved in met-
al tolerance were not analyzed and need to be under-
stood, the synergistic use of NMs and beneficial soil
microorganisms in phytoremediation of metal-polluted
soils is an unexplored research topic that promises to
encourage environmental applications.

Currently, the potential co-occurrence of NPs and
microplastics is another environmental concern. Yang
et al. (2021) analyzed the effect of two kinds of
microplastics (HDPE and PLA) and ZnO NPs
(500 mg kg−1) on AM fungi population and maize plant
growth. Both contaminants greatly influenced the com-
munity composition and relative abundance of AM
fungi and the effects were type and dose-dependent.
Microplastics exerted a protective effect against ZnO
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NPs plant growth. These authors suggested that these
contaminants have an intense ecological influence with
undefined significance for agroecosystems.

Applications and challenges of nanotechnology
in agriculture and soil remediation

Applications of NMs in agriculture and NMs-assisted
phytoremediation soil are illustrated in Fig. 3. In sum-
mary, NMs can release nutrients for plants, carry pesti-
cides, be amendments to improve soil quality and de-
grade or stabilize soil pollutants. Despite the potential
benefit of NPs application in agriculture and soil reme-
diation, the NMs are not used on a large scale. There are
no clear reasons for the slow development and use of
NMs in agriculture. We need to find the limiting factor
for technology transference from the laboratory to the
field. The identification of restrictive factors is difficult
due to myriad aspects that must be considered (Fig. 8),
from different focuses: technological, environmental,
economic, social, and political (Kah 2015; Dimkpa
et al. 2018).

Essentially, to scale laboratory results to widespread
field applications requires the design of processes and
policies to transfer technology (Kim et al. 2018), safely
and cheaply; p.e. to develop analytical methods to val-
idate the chemical quality of nano-agrochemicals. Mon-
itoring transformation and quantifying their concentra-
tions in the environment is relevant (Dimkpa and
Bindraban 2018), and to ensure that NMs do not repre-
sent a danger to environmental and human health.

Hence, one of the technical challenges is related to
experimentation (Sharma et al. 2020).

There is a need to carry out field and laboratory
experiments to find safe NMs doses to reach sustainable
crop production, to mitigate soil pollution without dam-
aging the soil quality and users’ health (Sharma et al.
2020). Many of the reported studies were designed
using high doses of NPs, short exposure times, and
different media; therefore, the results may not be com-
parable. Moreover, experimental conditions do not re-
flect agricultural soil reality and complexity (Dimkpa
and Bindraban 2018; Cao et al. 2017). Field-based
studies to understand the life of NMs in agriculture
systems are a critical requirement (Chen 2018).

To apply NMs at a wider scale and the transfer of
nanotechnology, we should address social concerns,
regulation, and legislative support (Corsi et al. 2018).
There is an urgent need for policies for production and
use to guaranty a low impact on the environment and
safety to human health. Acceptation of the NMs by the
potential consumers is transcendent. The NP interaction
and transformation in the environment should be under-
stood. Nanotechnology may have outstanding implica-
tions for sustainable development.

Conclusions

The metal NPs application for food production and soil
remediation offers technological advantages. In the case
of agriculture, MNs through precision farming
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Pollution prevention, 
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Fig. 8 Concern related to the use
and commercialization of
nanoagrochemicals on a large-
scale

Page 35 of 48    206



J Nanopart Res (2021) 23: 206

techniques may promote efficiency in nutrients absorp-
tion, enhance crop yields, and pest control avoiding
environmental impact to soil and water resources. Fur-
thermore, the agro-chemicals losses would decrease due
to the properties of NMs and the slow release of an
active ingredient. For soil remediation, metallic NPs
act positively in combination with microorganisms and
plants for immobilization or stabilization of PTE. More-
over, these particles may solve the problems of both
organic and inorganic pollutants. There are applications
of nanotechnology to face agriculture and environmen-
tal issues. Nevertheless, it remains to select safe nano-
technologies for the environment and living organisms.
In this regard, it is required to do convincing studies,
using concentrations and conditions as realistic as pos-
sible, and evaluate long-term effects. The goal is to
understand the complex networks of interactions be-
tween plants, soil microorganisms, the soil, and the
NMs. Thus, we determine the variables that influence
the toxicity of NMs, predict their fate after application,
and design methods for their correct use.
Abbreviations AM, arbuscular mycorrhizal; DOM, dis-
solved organic matter; NMs, nanomaterials; NP, nanoparti-
cle; NPs, nanoparticles; GDP, gross domestic product;MUE,
micronutrient efficiency; TMV, Tobacco mosaic virus;
DOC, dissolved organic carbon; PTE, potentially toxic ele-
ments; nZVI, zero-valent iron nanoparticles; PRB, permeable
reactive barrier; EKR, electrokinetic remediation; EKR-PRB,
electrokinetic remediation with permeable reactive barriers;
AMD, acid mining drainage

Acknowledgements Figures were created with Biorender.com
tool.
Financial interest The authors declare they have no financial
interest.

Author’s contribution YSPV writing the original draft and
creation the visualization, RCG writing and reviewing several
manuscript versions, MCAGC conceptualizing the topic, super-
vising the manuscript, and editing several versions. All authors
read and approved the final manuscript.Availability of data and
materialAll information generated or analyzed is included in the
published article.

Declarations

Conflict of interest The authors declare that they have no con-
flict of interest.

Ethics approval Not applicable.

Consent to participate All the authors consent to participate in
this publication.

Consent for publication All the authors consent to publication
of this manuscript.

References

Abbaspour N, Hurrell R, Kelishadi R (2014) Review on iron and
its importance for human health. J Res Med Sci 19:164–174
https://pubmed.ncbi.nlm.nih.gov/24778671

Abd-alla MH, Nafady NA, Khalaf DM (2016) Agriculture, eco-
systems and environment assessment of silver nanoparticles
contamination on faba bean- Rhizobium leguminosarum bv.
Viciae-Glomus aggregatum symbiosis: implications for in-
duction of autophagy process in root nodule. Agric Ecosyst
Environ 218:163–177. https: //doi .org/10.1016/j.
agee.2015.11.022

Abdel Latef AAH, Srivastava AK, El-sadek MSA, Kordrostami
M, Tran L-SP (2018) Titanium dioxide nanoparticles im-
prove growth and enhance tolerance of broad bean plants
under saline soil conditions. L. Degrad Dev 29:1065–1073.
https://doi.org/10.1002/ldr.2780

Acharya A, Pal PK (2020) Agriculture nanotechnology: translat-
ing research outcome to field applications by influencing
environmental sustainability. NanoImpact 19:100232.
https://doi.org/10.1016/j.impact.2020.100232

Adisa IO, Rawat S, Pullagurala VLR, Dimkpa CO, Elmer WH,
White JC, Hernandez-Viezcas JA, Peralta-Videa JR, Gardea-
Torresdey JL (2020) Nutritional status of tomato (Solanum
lycopersicum) fruit grown in Fusarium-infested soil: impact
of cerium oxide nanoparticles. J Agric Food Chem 68:1986–
1997. https://doi.org/10.1021/acs.jafc.9b06840

Afzal S, Sharma D, Singh NK (2021) Eco-friendly synthesis of
phytochemical-capped iron oxide nanoparticles as nano-
priming agent for boosting seed germination in rice (Oryza
sativa L.). Environ Sci Pollut Res. https://doi.org/10.1007
/s11356-020-12056-5

Ahmed B, Ameen F, Rizvi A, Ali K, Sonbol H, Zaidi A, Khan
MS, Musarrat J (2020) Destruction of cell topography, mor-
phology, membrane, inhibition of respiration, biofilm forma-
tion, and bioactive molecule production by nanoparticles of
ag, ZnO, CuO, TiO2, and Al2O3 toward beneficial soil bac-
teria. ACS Omega 5:7861–7876. https://doi.org/10.1021
/acsomega.9b04084

Aler t Bio tech (n.d . ) . h t tp : / /www.aler tb ioorganics .
com/micronutrient-fertilizers.html Accessed 13 January
2021

Alsharef JMA, Taha MR, Firoozi AA, Govindasamy P (2016)
Potential of using nanocarbons to stabilize weak soils. Appl
Environ Soil Sci 2016:5060531. https://doi.org/10.1155
/2016/5060531

Alston JM, Pardey PG (2014) Agriculture in the global economy. J
Econ Pe r spec t 28 :121–146 h t t p : / /www. j s t o r .
org/stable/43193719

Ameen F, Alsamhary K, Alabdullatif JA, Alnadhari S (2021) A
review on metal-based nanoparticles and their toxicity to
beneficial soil bacteria and fungi. Ecotoxicol Environ Saf
213:112027. https://doi.org/10.1016/j.ecoenv.2021.112027

206   Page 36 of 48

http://biorender.com
https://pubmed.ncbi.nlm.nih.gov/24778671
https://doi.org/10.1016/j.agee.2015.11.022
https://doi.org/10.1016/j.agee.2015.11.022
https://doi.org/10.1002/ldr.2780
https://doi.org/10.1016/j.impact.2020.100232
https://doi.org/10.1021/acs.jafc.9b06840
https://doi.org/10.1007/s11356-020-12056-5
https://doi.org/10.1007/s11356-020-12056-5
https://doi.org/10.1021/acsomega.9b04084
https://doi.org/10.1021/acsomega.9b04084
http://www.alertbioorganics.com/micronutrient--fertilizers.html
http://www.alertbioorganics.com/micronutrient--fertilizers.html
https://doi.org/10.1155/2016/5060531
https://doi.org/10.1155/2016/5060531
http://www.jstor.org/stable/43193719
http://www.jstor.org/stable/43193719
https://doi.org/10.1016/j.ecoenv.2021.112027


J Nanopart Res (2021) 23: 206

Andrade DC, dos Santos EV (2020) Combination of electrokinetic
remediation with permeable reactive barriers to remove or-
ganic compounds from soils. Curr Opin Electrochem 22:
136–144. https://doi.org/10.1016/j.coelec.2020.06.002

Antisari LV, Carbone S, Gatti A, Vianello G, Nannipieri P (2015)
Uptake and translocation of metals and nutrients in tomato
grown in soil polluted with metal oxide (CeO2, Fe3O4, SnO2,
TiO2) or metallic (ag, Co, Ni) engineered nanoparticles.
Environ Sci Pollut Res 22:1841–1853. https://doi.
org/10.1007/s11356-014-3509-0

Anza M, Salazar O, Epelde L, Alkorta I, Garbisu C (2019) The
application of nanoscale zero-valent iron promotes soil reme-
diation while negatively affecting soil microbial biomass and
activity. Front Environ Sci 7:19. https://doi.org/10.3389
/fenvs.2019.00019

Aqua-Yield® (2021) NanoShield® Technology. https://www.
aquayield.com Accessed 5 January 2021

Arenas-Lago D, Abreu MM, Andrade CL, Vega FA (2019) Is
nanoremediation an effective tool to reduce the bioavailable
as, Pb and Sb contents in mine soils from Iberian Pyrite Belt?
CATENA. 176:362–371. https://doi.org/10.1016/j.
catena.2019.01.038

Arumugam G, Velayutham V, Shanmugavel S, Sundaram J
(2016) Efficacy of nanostructured silica as a stored pulse
protector against the infestation of bruchid beetle,
Callosobruchus maculatus (Coleoptera: Bruchidae). Appl
Nanosci 6:445–450. https://doi.org/10.1007/s13204-015-
0446-2

Askary M, Amirjani MR, Saberi T (2017) Comparison of the
effects of nano-iron fertilizer with iron-chelate on growth
parameters and some biochemical properties of
Catharanthus roseus. J Plant Nutr 40:974–982. https://doi.
org/10.1080/01904167.2016.1262399

Atrei A, Fiorani M, Bellingeri A, Protano G, Corsi I (2019)
Remediation of acid mine drainage-affected stream waters
by means of eco-friendly magnetic hydrogels crosslinked
with functionalized magnetite nanoparticles. Environ
Nanotech Monit Manag 12:100263. https://doi.org/10.1016
/j.enmm.2019.100263

Auffan M, Achouak W, Rose J, Roncato M-A, Chanéac C, Waite
DT, Masion A, Woicik JC, Wiesner MR, Bottero J-Y (2008)
Relation between the redox state of iron-based nanoparticles
and their cytotoxicity toward Escherichia coli. Environ Sci
Technol 42:6730–6735. https://doi.org/10.1021/es800086f

Avramescu M-L, Rasmussen PE, Chénier M, Gardner HD (2017)
Influence of pH, particle size and crystal form on dissolution
behaviour of engineered nanomaterials. Environ Sci Pollut
Res 24:1553–1564. https://doi.org/10.1007/s11356-016-
7932-2

Awasthi G, Singh T, Tiwari Y, Awasthi A, Tripathi RD,
Shrivastava S, Vajpayee P, Kumar A, Awasthi KK (2020)
A review on nanotechnological interventions for plant
growth and production. Mater Today Proc 31:685–693.
https://doi.org/10.1016/j.matpr.2020.07.255

Aziz N, Pandey R, Barman I, Prasad R (2016) Leveraging the
attributes of Mucor hiemalis-derived silver nanoparticles for
a synergistic broad-spectrum antimicrobial platform. Front
M i c r o b i o l 7 : 1 9 8 4 h t t p s : / / www . f r o n t i e r s i n .
org/article/10.3389/fmicb.2016.01984

Baragaño D, Alonso J, Gallego JR, LoboMC,Gil-DíazM (2020a)
Zero valent iron and goethite nanoparticles as new promising

remediation techniques for as-polluted soils. Chemosphere
2 3 8 : 1 2 4 6 2 4 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
chemosphere.2019.124624

Baragaño D, Forján R, Fernández B, Ayala J, Afif E, Gallego JLR
(2020b) Application of biochar, compost and ZVI nanopar-
ticles for the remediation of as, cu, Pb and Zn polluted soil.
Environ Sci Pollut Res 27:33681–33691. https://doi.
org/10.1007/s11356-020-09586-3

Bardos P, Merly C, Kvapil P, Koschitzky H-P (2018) Status of
nanoremediation and its potential for future deployment: risk-
benefit and benchmarking appraisals. Remediat J 28:43–56.
https://doi.org/10.1002/rem.21559

Barisik M, Atalay S, Beskok A, Qian S (2014) Size dependent
surface charge properties of silica nanoparticles. J Phys
Chem C 118:1836–1842. https://doi.org/10.1021/jp410536n

Baruah S, Dutta J (2009) Nanotechnology applications in pollu-
tion sensing and degradation in agriculture. Environ Chem
Lett 7:191–204. https://doi.org/10.1007/s10311-009-0228-8

Batsmanova L, Taran N, Konotop Y, Kalenska S, Novytska N
(2020) Use of a colloidal solution of metal and metal oxide-
containing nanoparticles as fertilizer for increasing soybean
productivity. J Cent Eur Agric 21:311–319. https://doi.
org/10.5513/jcea01/21.2.2414

Bayat H, Kolahchi Z, Valaey S, Rastgou M, Mahdavi S (2018)
Novel impacts of nanoparticles on soil properties: tensile
strength of aggregates and compression characteristics of
soil. Arch Agron Soil Sci 64:776–789. https://doi.
org/10.1080/03650340.2017.1393527

Beddow J, Stolpe B, Cole P, Lead JR, Sapp M, Lyons BP,
Colbeck I, Whitby C (2014) Effects of engineered silver
nanoparticles on the growth and activity of ecologically
important microbes. Environ Microbiol Rep 6:448–458.
https://doi.org/10.1111/1758-2229.12147

Belal E, El-Ramady H (2016) Nanoparticles in water, soils and
agriculture. In: Rajan S, Dasgupta N, Lichtfouse E (eds)
Nanoscience in food and agriculture 2. Sustainable agricul-
ture reviews. Springer, Cham, pp 311–358. https://doi.
org/10.1007/978-3-319-39306-3_10

Ben-Moshe T, Dror I, Berkowitz B (2010) Transport of metal
oxide nanoparticles in saturated porous media.
Chemosphere 81:387–393. https://doi.org/10.1016/j.
chemosphere.2010.07.007

Bio Nano (2021) https://bionano-egy.com/works/nano-cu/
Accessed 5 January 2021

Boehlje M, Broring S (2011) The increasing multifunctionality of
agricultural rawmaterials: three dilemmas for innovation and
adoption. IFAMR 14:1–16

Boxi SS, Mukherjee K, Paria S (2016) Ag doped hollow TiO2

nanoparticles as an effective green fungicide against
Fusarium solani and Venturia inaequalis phytopathogens.
Nanotechnology 27:85103. https://doi.org/10.1088/0957-
4484/27/8/085103

Bratovcic A, Hikal WM, Said-Al Ahl HAH, Tkachenko KG,
Baeshen RS, Sabra AS, Sany H (2021) Nanopesticides and
nanofertilizers and agricultural development: scopes, ad-
vances and applications. Open J Ecol 11:301–316.
https://doi.org/10.4236/oje.2021.114022

Bravo CM, Preston GM, Van der Hoorn RAL, Flanagan NA,
Townley HE, Thompson IP (2018) Enhancing cinnamon
essential oil activity by nanoparticle encapsulation to control

Page 37 of 48    206

https://doi.org/10.1016/j.coelec.2020.06.002
https://doi.org/10.1007/s11356-014-3509-0
https://doi.org/10.1007/s11356-014-3509-0
https://doi.org/10.3389/fenvs.2019.00019
https://doi.org/10.3389/fenvs.2019.00019
https://www.aquayield.com
https://www.aquayield.com
https://doi.org/10.1016/j.catena.2019.01.038
https://doi.org/10.1016/j.catena.2019.01.038
https://doi.org/10.1007/s13204-015-0446-2
https://doi.org/10.1007/s13204-015-0446-2
https://doi.org/10.1080/01904167.2016.1262399
https://doi.org/10.1080/01904167.2016.1262399
https://doi.org/10.1016/j.enmm.2019.100263
https://doi.org/10.1016/j.enmm.2019.100263
https://doi.org/10.1021/es800086f
https://doi.org/10.1007/s11356-016-7932-2
https://doi.org/10.1007/s11356-016-7932-2
https://doi.org/10.1016/j.matpr.2020.07.255
http://dx.doi.org/10.3389/fmicb.2016.01984
http://dx.doi.org/10.3389/fmicb.2016.01984
https://doi.org/10.1016/j.chemosphere.2019.124624
https://doi.org/10.1016/j.chemosphere.2019.124624
https://doi.org/10.1007/s11356-020-09586-3
https://doi.org/10.1007/s11356-020-09586-3
https://doi.org/10.1002/rem.21559
https://doi.org/10.1021/jp410536n
https://doi.org/10.1007/s10311-009-0228-8
https://doi.org/10.5513/jcea01/21.2.2414
https://doi.org/10.5513/jcea01/21.2.2414
https://doi.org/10.1080/03650340.2017.1393527
https://doi.org/10.1080/03650340.2017.1393527
https://doi.org/10.1111/1758-2229.12147
https://doi.org/10.1007/978-3-319-39306-3_10
https://doi.org/10.1007/978-3-319-39306-3_10
https://doi.org/10.1016/j.chemosphere.2010.07.007
https://doi.org/10.1016/j.chemosphere.2010.07.007
https://bionano--egy.com/works/nano--cu/
https://doi.org/10.1088/0957-4484/27/8/085103
https://doi.org/10.1088/0957-4484/27/8/085103
https://doi.org/10.4236/oje.2021.114022


J Nanopart Res (2021) 23: 206

seed pathogens. Ind Crop Prod 124:755–764. https://doi.
org/10.1016/j.indcrop.2018.08.043

Bruemmer GW, Gerth J, Herms U (1986) Heavy metal species,
mobility and availability in soils. Zeitschrift Für
Pflanzenernährung Und Bodenkd 149:382–398. https://doi.
org/10.1002/jpln.19861490404

Bundschuh M, Filser J, Lüderwald S, McKee MS, Metreveli G,
SchaumannGE, Schulz R,Wagner S (2018) Nanoparticles in
the environment: where do we come from, where do we go
to? Environ Sci Eur 30:1–17. https://doi.org/10.1186
/s12302-018-0132-6

Burman U, Saini M, Kumar P (2013) Effect of zinc oxide nano-
particles on growth and antioxidant system of chickpea seed-
lings. Toxicol Environ Chem 95:605–612. https://doi.
org/10.1080/02772248.2013.803796

Buteler M, Lopez GG, Stadler T (2018) Potential of nanostruc-
tured alumina for leaf-cutting ants Acromyrmex lobicornis
(Hymenoptera: Formicidae) management. Austral Entomol
57:292–296. https://doi.org/10.1111/aen.12277

Cai L, Cai L, Jia H, Liu C,Wang D, Sun X (2020) Foliar exposure
of Fe3O4 nanoparticles on Nicotiana benthamiana: evidence
for nanoparticles uptake, plant growth promoter and defense
response elicitor against plant virus. J Hazard Mater 393:
122415. https://doi.org/10.1016/j.jhazmat.2020.122415

Cao J, Feng Y, Lin X, Wang J, Xie X (2016) Iron oxide magnetic
nanoparticles deteriorate the mutual interaction between
arbuscular mycorrhizal fungi and plant. J Soils Sediments
17:841–851. https://doi.org/10.1007/s11368-016-1561-8

Cao J, Feng Y, He S, Lin X (2017) Silver nanoparticles deteriorate
the mutual interaction between maize (Zea mays L.) and
arbuscular mycorrhizal fungi: a soil microcosm study. Appl
Soil Ecol 119:307–316. https://doi.org/10.1016/j.
apsoil.2017.04.011

Cao J, Feng Y, Lin X, Wang J (2020) A beneficial role of
arbuscular mycorrhizal fungi in influencing the effects of
silver nanoparticles on plant-microbe systems in a soil ma-
trix. Environ Sci Pollut Res 27:11782–11796. https://doi.
org/10.1007/s11356-020-07781-w

Caroline V, Antônio T (2019) Sustainability in life cycle analysis
of nanomaterials applied in soil remediation. In: Zhan L,
ChenY, Bouazza A (eds) Proceedings of the 8th international
congress on environmental geotechnics, vol 3. Springer,
Singapore, pp 537–543

Carrillo-González R, Perea-Vélez YS, González-Chávez MCA
(2017) Fitoremediación asistida con enmiendas y
fitoestabilización de elementos potencialmente tóxicos.
Agroproductividad 10:15–20

Cartwright A, Jackson K, Morgan C, Anderson A, Britt DW
(2020) A review of metal and metal-oxide nanoparticle coat-
ing technologies to inhibit agglomeration and increase bio-
activity for agricultural applications. Agronomy 10:1018.
https://doi.org/10.3390/agronomy10071018

Cecchin I, Reddy KR, Thomé A, Tessaro EF, Schnaid F (2017)
Nanobioremediation: integration of nanoparticles and biore-
mediation for sustainable remediation of chlorinated organic
contaminants in soils. Int Biodeterior Biodegradation 119:
419–428. https://doi.org/10.1016/j.ibiod.2016.09.027

Chakraborty U, Kaur G, Chaudhary G (2021) Development of
environmental nanosensors for detection monitoring and as-
sessment. In: Kumar R, Kumar R, Kaur G (eds) New fron-
tiers of nanomaterials in environmental science. Springer,

Singapore, pp 91–143. https://doi.org/10.1007/978-981-15-
9239-3_5

Chavan S, Nadanathangam V (2019) Effects of nanoparticles on
plant growth-promoting bacteria in Indian agricultural soil.
Agron 9:140. https://doi.org/10.3390/agronomy9030140

Chen H (2018) Metal based nanoparticles in agricultural system:
behavior, transport, and interaction with plants. Chem
Speciat Bioavailab 30:123–134. https://doi.org/10.1080
/09542299.2018.1520050

Chen J, Wang Y, Zhou D, Cui Y, Wang S, Chen Y (2010)
Adsorption and desorption of cu(II), Zn(II), Pb(II), and
cd(II) on the soils amended with nanoscale hydroxyapatite.
Environ Prog Sustain Energy 29:233–241. https://doi.
org/10.1002/ep.10371

Chen J, Sun L, Cheng Y, Lu Z, Shao K, Li T, Hu C, Han H (2016)
Graphene oxide-silver nanocomposite: novel agricultural an-
tifungal agent against Fusarium graminearum for crop dis-
ease prevention. ACSApplMater Interfaces 8:24057–24070.
https://doi.org/10.1021/acsami.6b05730

Chen C,Unrine JM, HuY,Guo L, Tsyusko OV, Fan Z, Liu S,Wei
G (2020) Responses of soil bacterial and fungal communities
to pristine and sulfidized zinc oxide nanoparticles relative to
Zn ions. J Hazard Mater 405:124258. https://doi.org/10.1016
/j.jhazmat.2020.124258

Cheng P, Zhang S, Wang Q, Feng X, Zhang S, Sun Y, Wang F
(2021) Contribution of nano-zero-valent iron and arbuscular
mycorrhizal fungi to phytoremediation of heavy metal-
contaminated soil. Nanomater 11:1264. https://doi.
org/10.3390/nano11051264

Choudhary RC, Kumaraswamy RV, Kumari S, Sharma SS, Pal A,
Raliya R, Biswas P, Saharan V (2019) Zinc encapsulated
chitosan nanoparticle to promote maize crop yield. Int J Biol
Macromol 127:126–135. https://doi.org/10.1016/j.
ijbiomac.2018.12.274

Compant S, Samad A, Faist H, Sessitsch A (2019) A review on the
plant microbiome: ecology, functions, and emerging trends
in microbial application. J Adv Res 19:29–37. https://doi.
org/10.1016/j.jare.2019.03.004

Conway JR, Keller AA (2016) Gravity-driven transport of three
engineered nanomaterials in unsaturated soils and their ef-
fects on soil pH and nutrient release. Water Res 98:250–260.
https://doi.org/10.1016/j.watres.2016.04.021

Corsi I, Winther-Nielsen M, Sethi R, Punta C, Della TC, Libralato
G, Lofrano G, Sabatini L, Aiello M, Fiordi L, Cinuzzi F,
Caneschi A, Pellegrini D, Buttino I (2018) Ecofriendly nano-
technologies and nanomaterials for environmental applica-
tions: key issue and consensus recommendations for sustain-
able and ecosafe nanoremediation. Ecotoxicol Environ Saf
154:237–244. https://doi.org/10.1016/j.ecoenv.2018.02.037

Cui J, Li Y, Jin Q, Li F (2020) Silica nanoparticles inhibit arsenic
uptake into rice suspension cells via improving pectin syn-
thesis and the mechanical force of the cell wall. Environ Sci
Nano 7:162–171. https://doi.org/10.1039/C9EN01035A

Das CK, Srivastava G, Dubey A, Roy M, Jain S, Sethy NK,
Saxena M, Harke S, Sarkar S, Misra K, Singh SK,
Bhargava K, Philip D, Das M (2016) Nano-iron pyrite seed
dressing: a sustainable intervention to reduce fertilizer con-
sumption in vegetable (beetroot, carrot), spice (fenugreek),
fodder (alfalfa), and oilseed (mustard, sesamum) crops.
Nanotechnol Environ Eng 1:2. https://doi.org/10.1007
/s41204-016-0002-7

206   Page 38 of 48

https://doi.org/10.1016/j.indcrop.2018.08.043
https://doi.org/10.1016/j.indcrop.2018.08.043
https://doi.org/10.1002/jpln.19861490404
https://doi.org/10.1002/jpln.19861490404
https://doi.org/10.1186/s12302-018-0132-6
https://doi.org/10.1186/s12302-018-0132-6
https://doi.org/10.1080/02772248.2013.803796
https://doi.org/10.1080/02772248.2013.803796
https://doi.org/10.1111/aen.12277
https://doi.org/10.1016/j.jhazmat.2020.122415
https://doi.org/10.1007/s11368-016-1561-8
https://doi.org/10.1016/j.apsoil.2017.04.011
https://doi.org/10.1016/j.apsoil.2017.04.011
https://doi.org/10.1007/s11356-020-07781-w
https://doi.org/10.1007/s11356-020-07781-w
https://doi.org/10.3390/agronomy10071018
https://doi.org/10.1016/j.ibiod.2016.09.027
https://doi.org/10.1007/978-981-15-9239-3_5
https://doi.org/10.1007/978-981-15-9239-3_5
https://doi.org/10.3390/agronomy9030140
https://doi.org/10.1080/09542299.2018.1520050
https://doi.org/10.1080/09542299.2018.1520050
https://doi.org/10.1002/ep.10371
https://doi.org/10.1002/ep.10371
https://doi.org/10.1021/acsami.6b05730
https://doi.org/10.1016/j.jhazmat.2020.124258
https://doi.org/10.1016/j.jhazmat.2020.124258
https://doi.org/10.3390/nano11051264
https://doi.org/10.3390/nano11051264
https://doi.org/10.1016/j.ijbiomac.2018.12.274
https://doi.org/10.1016/j.ijbiomac.2018.12.274
https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.1016/j.jare.2019.03.004
https://doi.org/10.1016/j.watres.2016.04.021
https://doi.org/10.1016/j.ecoenv.2018.02.037
https://doi.org/10.1039/C9EN01035A
https://doi.org/10.1007/s41204-016-0002-7
https://doi.org/10.1007/s41204-016-0002-7


J Nanopart Res (2021) 23: 206

Davarpanah S, Tehranifar A, Davarynejad G, Abadía J, Khorasani
R (2016) Effects of foliar applications of zinc and boron
nano-fertilizers on pomegranate (Punica granatum cv.
Ardestani) fruit yield and quality. Sci Hortic (Amsterdam)
210:57–64. https://doi.org/10.1016/j.scienta.2016.07.003

deOliveira Pereira FS, AgarrayuaDA, Quines CB, Ávila D (2020)
Risk assessment of nanofertilizers and nanopesticides. In:
Fraceto LF, de Castro SS, Grillo R, Ávila D, Caixeta OH,
Lima R (eds) Nanopesticides. Springer, Cham, pp 299–316.
https://doi.org/10.1007/978-3-030-44873-8_10

Debnath P, Mondal A, Sen K, Mishra D, Mondal NK (2020)
Genotoxicity study of nano Al2O3, TiO2 and ZnO along with
UV-B exposure: an Allium cepa root tip assay. Sci Total
Environ 713:136592. ht tps: / /doi .org/10.1016/ j .
scitotenv.2020.136592

Degenkolb L (2021) Mobility and transport mechanisms of
engineered nanoparticles in soils and water-saturated sedi-
ments. Dissertation, Technische Universität Berlin.
https://doi.org/10.14279/depositonce-10833

Degenkolb L, Kaupenjohann M, Klitzke S (2019) The variable
fate of ag and TiO2 nanoparticles in natural soil solutions—
sorption of organic matter and nanoparticle stability. Water
Air Soil Pollut 230:62. https://doi.org/10.1007/s11270-019-
4123-z

Delfani M, Baradarn FM, Farrokhi N, Makarian H (2014) Some
physiological responses of black-eyed pea to iron and mag-
nesium nanofertilizers. Commun Soil Sci Plant Anal 45:530–
540. https://doi.org/10.1080/00103624.2013.863911

Díaz J, Rendueles M, Díaz M (2010) Straining phenomena in
bacteria transport through natural porous media. Environ
Sci Pollut Res 17:400–409. https://doi.org/10.1007/s11356-
009-0160-2

Dimkpa CO (2018) Soil properties influence the response of
terrestrial plants to metallic nanoparticles exposure. Curr
Opin Environ Sci Heal 6:1–8. https://doi.org/10.1016/j.
coesh.2018.06.007

Dimkpa CO, Bindraban PS (2018) Nanofertilizers: new products
for the industry? J Agric Food Chem 66:6462–6473.
https://doi.org/10.1021/acs.jafc.7b02150

Dimkpa CO, Singh U, Bindraban PS, Elmer WH, Gardea-
torresdey JL, White JC (2018) Exposure to weathered and
fresh nanoparticle and ionic zn in soil promotes grain yield
and modulates nutrient acquisition in wheat (Triticum
aestivum L.). J Agric Food Chem 66:9645–9656.
https://doi.org/10.1021/acs.jafc.8b03840

Dimkpa CO, Fugice J, Singh U, Lewis TD (2020) Development of
fertilizers for enhanced nitrogen use efficiency–trends and
perspectives. Sci Total Environ 731:139113. https://doi.
org/10.1016/j.scitotenv.2020.139113

Dinesh R, Anandaraj M, Srinivasan V, Hamza S (2012)
Engineered nanoparticles in the soil and their potential im-
plications to microbial activity. Geoderma 173–174:19–27.
https://doi.org/10.1016/j.geoderma.2011.12.018

do Espirito Santo Pereira A, Caixeta Oliveira H, Fernandes
Fraceto L, Santaella C (2021) Nanotechnology potential in
seed priming for sustainable agriculture. Nanomater 11:267.
https://doi.org/10.3390/nano11020267

Du W, Sun Y, Ji R, Zhu J, Wu J, Guo H (2011) TiO2 and ZnO
nanoparticles negatively affect wheat growth and soil en-
zyme activities in agricultural soil. J Environ Monit 13:
822–828. https://doi.org/10.1039/C0EM00611D

DuW, Yang J, PengQ, Liang X,MaoH (2019) Comparison study
of zinc nanoparticles and zinc sulphate on wheat growth:
from toxicity and zinc biofortification. Chemosphere 227:
1 0 9 – 1 1 6 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
chemosphere.2019.03.168

Dubchak S, Ogar A, Mietelski JW, Turnau K (2010) Influence of
silver and titanium nanoparticles on arbuscular mycorrhiza
colonization and accumulation of radiocaesium inHelianthus
annuus. Span J Agric Res 8:103–108

Elemike EE, Uzoh IM, Onwudiwe DC, Babalola OO (2019) The
role of nanotechnology in the fortification of plant nutrients
and improvement of crop production. Appl Sci 9:1–32.
https://doi.org/10.3390/app9030499

Elhaj BZ, Matocha CJ, Unrine JM (2019) Surface coating effects
on the sorption and dissolution of ZnO nanoparticles in soil.
Environ Sci Nano 6:2495–2507. https://doi.org/10.1039/C9
EN00348G

Elmer WH, White JC (2016) The use of metallic oxide nanopar-
ticles to enhance growth of tomatoes and eggplants in disease
infested soil or soilless medium. Environ Sci Nano 3:1072–
1079. https://doi.org/10.1039/c6en00146g

Ermolin M, Fedyunina N, Katasonova O (2019) Mobility and fate
of cerium dioxide, zinc oxide, and copper nanoparticles in
agricultural soil at sequential wetting-drying cycles. Mater
12:1270. https://doi.org/10.3390/ma12081270

Etefagh R, Azhir E, Shahtahmasebi N (2013) Synthesis of CuO
nanoparticles and fabrication of nanostructural layer biosen-
sors for detecting Aspergillus niger fungi. Sci Iran 20:1055–
1058. https://doi.org/10.1016/j.scient.2013.05.015

Fajardo C, SaccàML, Costa G, NandeM,MartinM (2014) Impact
of Ag andAl2O3 nanoparticles on soil organisms: in vitro and
soil experiments. Sci Total Environ 473–474:254–261.
https://doi.org/10.1016/j.scitotenv.2013.12.043

Fajardo C, Sánchez-Fortún S, Costa G, Nande M, Botías P,
García-Cantalejo J, Mengs G, Martín M (2020) Evaluation
of nanoremediation strategy in a Pb, Zn and cd contaminated
soil. Sci Total Environ 706:136041. https://doi.org/10.1016/j.
scitotenv.2019.136041

Fan R, Huang YC, Grusak MA, Huang CP, Sherrier DJ (2014)
Effects of nano-TiO2 on the agronomically-relevant
Rhizobium–legume symbiosis. Sci Total Environ 466–467:
503–512. https://doi.org/10.1016/j.scitotenv.2013.07.032

Fatemi H, Esmaiel PB, Rizwan M (2020) Foliar application of
silicon nanoparticles affected the growth, vitamin C, flavo-
noid, and antioxidant enzyme activities of coriander
(Coriandrum sativum L.) plants grown in lead (Pb)-spiked
soil. Environ Sci Pollut Res 28:1417–1425. https://doi.
org/10.1007/s11356-020-10549-x

FengY, Cui X, He S, DongG, ChenM,Wang J, Lin X (2013) The
role of metal nanoparticles in influencing arbuscular mycor-
rhizal fungi effects on plant growth. Environ Sci Technol 47:
9496–9504. https://doi.org/10.1021/es402109n

García-Gómez C, García S, Obrador AF, González D, Babín M,
FernándezMD (2018) Effects of aged ZnONPs and soil type
on Zn availability, accumulation and toxicity to pea and beet
in a greenhouse experiment. Ecotoxicol Environ Saf 160:
222–230. https://doi.org/10.1016/j.ecoenv.2018.05.019

Gatoo MA, Naseem S, Arfat MY, Mahmood DA, Qasim K,
Zubair S (2014) Physicochemical propert ies of
nanomaterials: implication in associated toxic manifestations.

Page 39 of 48    206

https://doi.org/10.1016/j.scienta.2016.07.003
https://doi.org/10.1007/978-3-030-44873-8_10
https://doi.org/10.1016/j.scitotenv.2020.136592
https://doi.org/10.1016/j.scitotenv.2020.136592
https://doi.org/10.14279/depositonce-10833
https://doi.org/10.1007/s11270-019-4123-z
https://doi.org/10.1007/s11270-019-4123-z
https://doi.org/10.1080/00103624.2013.863911
https://doi.org/10.1007/s11356-009-0160-2
https://doi.org/10.1007/s11356-009-0160-2
https://doi.org/10.1016/j.coesh.2018.06.007
https://doi.org/10.1016/j.coesh.2018.06.007
https://doi.org/10.1021/acs.jafc.7b02150
https://doi.org/10.1021/acs.jafc.8b03840
https://doi.org/10.1016/j.scitotenv.2020.139113
https://doi.org/10.1016/j.scitotenv.2020.139113
https://doi.org/10.1016/j.geoderma.2011.12.018
https://doi.org/10.3390/nano11020267
https://doi.org/10.1039/C0EM00611D
https://doi.org/10.1016/j.chemosphere.2019.03.168
https://doi.org/10.1016/j.chemosphere.2019.03.168
https://doi.org/10.3390/app9030499
https://doi.org/10.1039/C9EN00348G
https://doi.org/10.1039/C9EN00348G
https://doi.org/10.1039/c6en00146g
https://doi.org/10.3390/ma12081270
https://doi.org/10.1016/j.scient.2013.05.015
https://doi.org/10.1016/j.scitotenv.2013.12.043
https://doi.org/10.1016/j.scitotenv.2019.136041
https://doi.org/10.1016/j.scitotenv.2019.136041
https://doi.org/10.1016/j.scitotenv.2013.07.032
https://doi.org/10.1007/s11356-020-10549-x
https://doi.org/10.1007/s11356-020-10549-x
https://doi.org/10.1021/es402109n
https://doi.org/10.1016/j.ecoenv.2018.05.019


J Nanopart Res (2021) 23: 206

Biomed Res Int 2014:498420. https://doi.org/10.1155/2014
/498420

Ge Y, Priester JH, Van De Werfhorst LC, Walker SL, Nisbet RM,
An Y-J, Schimel JP, Gardea-Torresdey JL, Holden PA
(2014) Soybean plants modify metal oxide nanoparticle ef-
fects on soil bacterial communities. Environ Sci Technol 48:
13489–13496. https://doi.org/10.1021/es5031646

Gens A, Roos J, Koschitzky H-P, Joner E, Coutris C, Bardos P,
Braun J, van Gaans P, Oughton D, Nathanail P, Limasse E
(2016) NanoRem 1: nanotechnology for contaminated land
remediation – possibilities and future trends resulting from
the nanorem project. CL:AIRE NanoRem 4:1–6

Ghareeb RY, Alfy H, Fahmy AA, Ali HM, Abdelsalam NR
(2020) Utilization ofCladophora glomerata extract nanopar-
ticles as eco-nematicide and enhancing the defense responses
of tomato plants infected by Meloidogyne javanica. Sci Rep
10:19968. https://doi.org/10.1038/s41598-020-77005-1

Ghasemi N, Fallah S, Raj L, Rostamnejadi A (2017) Plant phys-
iology and biochemistry natural amelioration of zinc oxide
nanoparticle toxicity in fenugreek (Trigonella foenum-
gracum) by arbuscular mycorrhizal (Glomus intraradices)
secretion of glomalin. Plant Physiol Biochem 112:227–238.
https://doi.org/10.1016/j.plaphy.2017.01.001

Ghormade V, Deshpande MV, Paknikar KM (2011) Perspectives
for nano-biotechnology enabled protection and nutrition of
plants. Biotechnol Adv 29:792–803. https://doi.org/10.1016
/j.biotechadv.2011.06.007

Giannousi K, Avramidis I, Dendrinou-Samara C (2013) Synthesis,
characterization and evaluation of copper based nanoparticles
as agrochemicals against Phytophthora infestans. RSC Adv
3:21743–21752. https://doi.org/10.1039/C3RA42118J

Gilbert C, Ayanda OS, Fatoba OO, Madzivire G, Petrik LF (2019)
A novel method of using iron nanoparticles from coal fly ash
or ferric chloride for acid mine drainage remediation. Mine
Water Environ 38:617–631. https://doi.org/10.1007/s10230-
019-00605-5

Gil-Díaz M, Diez-Pascual S, González A, Alonso J, Rodríguez-
Valdés E, Gallego JR, Lobo MC (2016) A nanoremediation
strategy for the recovery of anAs-polluted soil. Chemosphere
1 4 9 : 1 3 7 – 1 4 5 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
chemosphere.2016.01.106

Gil-DíazM, Alonso J, Rodríguez-Valdés E, Gallego JR, LoboMC
(2017) Comparing different commercial zero valent iron
nanoparticles to immobilize As and Hg in brownfield soil.
Sci Total Environ 584–585:1324–1332. https://doi.
org/10.1016/j.scitotenv.2017.02.011

Gil-Díaz M, Rodríguez-Valdés E, Alonso J, Baragaño D, Gallego
JR, Lobo MC (2019) Nanoremediation and long-term mon-
itoring of brown field soil highly polluted with as and hg, Sci.
Total Environ 675:165–175. https://doi.org/10.1016/j.
scitotenv.2019.04.183

Gohari G, Mohammadi A, Akbari A, Panahirad S, Dadpour MR,
Fotopoulos V, Kimura S (2020) Titanium dioxide nanopar-
ticles (TiO2 NPs) promote growth and ameliorate salinity
stress effects on essential oil profile and biochemical attri-
butes of Dracocephalum moldavica. Sci Rep 10:912.
https://doi.org/10.1038/s41598-020-57794-1

Gomes DG, Pelegrino MT, Ferreira AS, Bazzo JHB, Zucareli C,
Seabra AB, Oliveira HC (2021) Seed priming with copper-
loaded chitosan nanoparticles promotes early growth and
enzymatic antioxidant defense of maize (Zea mays L.)

seedlings. J Chem Technol Biotechnol. https://doi.
org/10.1002/jctb.6738

GongX, HuangD, Liu Y, Peng Z, ZengG, Xu P, ChengM,Wang
R, Wan J (2018) Critical reviews in biotechnology remedia-
tion of contaminated soils by biotechnology with
nanomaterials: bio-behavior, applications, and perspectives.
Crit Rev Biotechnol 0:455–468. https://doi.org/10.1080
/07388551.2017.1368446

González-ChávezMCA, Carrillo-González R,Wright SF, Nichols
KA (2004) The role of glomalin, a protein produced by
arbuscular mycorrhizal fungi, in sequestering potentially tox-
ic elements. Environ Pollut 130:317–323. https://doi.
org/10.1016/j.envpol.2004.01.004

González-Chávez MCA, Carrillo GR, Sánchez-López AS, Ruiz-
Olivares A (2017) Alternativas de fitorremediación de sitios
contaminados con elementos potencialmente tóxicos.
Agroproductividad 10:8–14

Graham JH, Johnson EG, Myers ME, Young M, Rajasekaran P,
Das S, Santra S (2016) Potential of nano-formulated zinc
oxide for control of citrus canker on grapefruit trees. Plant
Dis 100:2442–2447. https://doi.org/10.1094/PDIS-05-16-
0598-RE

Land Green and Technology Co (2020) Novaland Nano
Fertilizers. https://www.lgt.tw/novaland Accessed 5 January
2021

Grieger KD, Hjorth R, Rice J, Kumar N, Bang J (2015) Nano-
remediation: Tiny particles cleaning up big environmental
p r o b l em s . DTU O r b i t . h t t p : / / cm s d a t a . i u c n .
org/downloads/nanoremediation.pdf. Accessed 23May 2021

Grillo R, Mattos BD, Antunes DR, Forini MML, Monikh FA,
Rojas OJ (2021) Foliage adhesion and interactions with
particulate delivery systems for plant nanobionics and intel-
ligent agriculture. Nano Today 37:101078. https://doi.
org/10.1016/j.nantod.2021.101078

Guan X, Gao X, Avellan A, Spielman-Sun E, Xu J, Laughton S,
Yun J, Zhang Y, Bland GD, Zhang Y, Zhang R, Wang X,
Casman EA, Lowry GV (2020) CuO nanoparticles alter the
rhizospheric bacterial community and local nitrogen cycling
for wheat grown in a calcareous soil. Environ Sci Technol 54:
8699–8709. https://doi.org/10.1021/acs.est.0c00036

Guerra FD, Attia MF, Whitehead DC, Alexis F (2018)
Nanotechnology for environmental remediation: materials
and applications. Molecules 23:1–23. https://doi.
org/10.3390/molecules23071760

He L, Liu Y, Mustapha A, Lin M (2011a) Antifungal activity of
zinc oxide nanoparticles against Botrytis cinerea and
Penicillium expansum. Microbiol Res 166:207–215.
https://doi.org/10.1016/j.micres.2010.03.003

He S, Feng Y, Ren H, Zhang Y (2011b) The impact of iron oxide
magnetic nanoparticles on the soil bacterial community. J
Soils Sediments 11:1408–1417. https://doi.org/10.1007
/s11368-011-0415-7

Hedge J, Wilson DJ (2016) Practical approaches for detecting
selection in microbial genomes. PLoS Comput Biol 12:
e1004739. https://doi.org/10.1371/journal.pcbi.1004739

Hoppe M, Mikutta R, Utermann J, Duijnisveld W, Guggenberger
G (2014) Retention of sterically and electrosterically stabi-
lized silver nanoparticles in soils. Environ Sci Technol 48:
12628–12635. https://doi.org/10.1021/es5026189

206   Page 40 of 48

https://doi.org/10.1155/2014/498420
https://doi.org/10.1155/2014/498420
https://doi.org/10.1021/es5031646
https://doi.org/10.1038/s41598-020-77005-1
https://doi.org/10.1016/j.plaphy.2017.01.001
https://doi.org/10.1016/j.biotechadv.2011.06.007
https://doi.org/10.1016/j.biotechadv.2011.06.007
https://doi.org/10.1039/C3RA42118J
https://doi.org/10.1007/s10230-019-00605-5
https://doi.org/10.1007/s10230-019-00605-5
https://doi.org/10.1016/j.chemosphere.2016.01.106
https://doi.org/10.1016/j.chemosphere.2016.01.106
https://doi.org/10.1016/j.scitotenv.2017.02.011
https://doi.org/10.1016/j.scitotenv.2017.02.011
https://doi.org/10.1016/j.scitotenv.2019.04.183
https://doi.org/10.1016/j.scitotenv.2019.04.183
https://doi.org/10.1038/s41598-020-57794-1
https://doi.org/10.1002/jctb.6738
https://doi.org/10.1002/jctb.6738
https://doi.org/10.1080/07388551.2017.1368446
https://doi.org/10.1080/07388551.2017.1368446
https://doi.org/10.1016/j.envpol.2004.01.004
https://doi.org/10.1016/j.envpol.2004.01.004
https://doi.org/10.1094/PDIS-05-16-0598-RE
https://doi.org/10.1094/PDIS-05-16-0598-RE
https://www.lgt.tw/novaland
http://cmsdata.iucn.org/downloads/nanoremediation.pdf
http://cmsdata.iucn.org/downloads/nanoremediation.pdf
https://doi.org/10.1016/j.nantod.2021.101078
https://doi.org/10.1016/j.nantod.2021.101078
https://doi.org/10.1021/acs.est.0c00036
https://doi.org/10.3390/molecules23071760
https://doi.org/10.3390/molecules23071760
https://doi.org/10.1016/j.micres.2010.03.003
https://doi.org/10.1007/s11368-011-0415-7
https://doi.org/10.1007/s11368-011-0415-7
https://doi.org/10.1371/journal.pcbi.1004739
https://doi.org/10.1021/es5026189


J Nanopart Res (2021) 23: 206

Huang Y, Keller AA (2020) Remediation of heavy metal contam-
ination of sediments and soils using ligand-coated dense
nanoparticles. PLoS One 15

Huang YC, Fan R, Grusak MA, Sherrier JD, Huang CP (2014)
Effects of nano-ZnO on the agronomically relevant
Rhizobium-legume symbiosis. Sci Total Environ 497–498:
78–90. https://doi.org/10.1016/j.scitotenv.2014.07.100

Huang D, Xue W, Zeng G, Wan J, Chen G, Huang C, Zhang C,
Cheng M, Xu P (2016) Immobilization of cd in river sedi-
ments by sodium alginate modified nanoscale zero-valent
iron: impact on enzyme activities and microbial community
diversity. Water Res 106:15–25. https://doi.org/10.1016/j.
watres.2016.09.050

Huang B, Chen F, Shen Y, Qian K, Wang Y, Sun C, Zhao X, Cui
B, Gao F, Zeng Z, Cui H (2018) Advances in targeted
pesticides with environmentally responsive controlled release
by nanotechnology. Nanomater 8:102. https://doi.
org/10.3390/nano8020102

Huo C, Ouyang J, YangH (2014) CuO nanoparticles encapsulated
inside Al-MCM-41mesoporous materials via direct synthetic
route. Sci Rep 4:3682. https://doi.org/10.1038/srep03682

Iavicoli I, Leso V, Fontana L, Calabrese EJ (2018) Nanoparticle
exposure and hormetic dose–responses: an update. Int J Mol
Sci 19:805. https://doi.org/10.3390/ijms19030805

Jacoby R, Peukert M, Succurro A, Koprivova A, Kopriva S (2017)
The role of soil microorganisms in plant mineral nutrition—
current knowledge and future directions. Front Plant Sci 8:
1617. https://doi.org/10.3389/fpls.2017.01617

Jagana D, Hegde YR, Lella R (2017) Green nanoparticles — a
novel approach for the management of banana anthracnose
caused by Colletotrichum musae. Int J Curr Microbiol Appl
S c i 6 : 1 7 4 9 –1 7 5 6 . h t t p s : / / d o i . o r g / 1 0 . 2 0 5 4 6
/ijcmas.2017.610.211

Jahani S, Saadatmand S, Mahmoodzadeh H, Khavari-Nejad RA
(2018) Effects of cerium oxide nanoparticles on biochemical
and oxidative parameters in marigold leaves. Toxicol
Environ Chem 100:677–692. https://doi.org/10.1080
/02772248.2019.1587443

Jahani M, Khavari-Nejad RA, Mahmoodzadeh H, Saadatmand S
(2019) Effects of foliar application of cobalt oxide nanopar-
ticles on growth, photosynthetic pigments, oxidative indica-
tors, non-enzymatic antioxidants and compatible osmolytes
in canola (Brassica napus L.). Acta Biol Cracoviensia s Bot
61:29–42. https://doi.org/10.24425/abcsb.2019.127736

Jaspers C, Fraune S, Arnold AE, Miller DJ, Bosch TCG, Voolstra
CR (2019) Resolving structure and function of
metaorganisms through a holistic framework combining re-
ductionist and integrative approaches. Zoology 133:81–87.
https://doi.org/10.1016/j.zool.2019.02.007

Jing X-X, Su Z-Z, Xing H-E,Wang F-Y, Shi Z-Y, Liu X-Q (2016)
Biological effects of ZnO nanoparticles as influenced by
arbuscular mycorrhizal inoculation and phosphorus fertiliza-
tion. Huan Jing Ke Xue 37:3208–3215. https://doi.
org/10.13277/j.hjkx.2016.08.049

Joseph S, Anawar HM, Storer P, Blackwell P, Chia C, Lin Y,
Munroe P, Donne S, Horvat J, Wang J, Solaiman ZM (2015)
Effects of enriched biochars containing magnetic iron nano-
particles on mycorrhizal colonization, plant growth, nutrient
uptake, and soil quality improvement. Pedosphere 25:749–
760. https://doi.org/10.1016/S1002-0160(15)30056-4

Jośko I, Oleszczuk P, Dobrzyńska J, Futa B, Joniec J,
Dobrowolski R (2019) Long-term effect of ZnO and CuO
nanoparticles on soil microbial community in different types
of soil. Geoderma 352:204–212. https://doi.org/10.1016/j.
geoderma.2019.06.010

Juárez-Maldonado A, Tortella G, Rubilar O, Fincheira P,
Benavides-Mendoza A (2021) Biostimulation and toxicity:
the magnitude of the impact of nanomaterials in microorgan-
isms and plants. J Adv Res. https://doi.org/10.1016/j.
jare.2020.12.011

Judy JD, Kirby JK, Creamer C, McLaughlin MJ, Fiebiger C,
Wright C, Cavagnaro TR, Bertsch PM (2015) Effects of
silver sulfide nanomaterials on mycorrhizal colonization of
tomato plants and soil microbial communities in biosolid-
amended soil. Environ Pollut 206:256–263. https://doi.
org/10.1016/j.envpol.2015.07.002

Judy JD, Kirby JK, McLaughlin MJ, McNear D, Bertsch PM
(2016) Symbiosis between nitrogen-fixing bacteria and
Medicago truncatula is not significantly affected by silver
and silver sulfide nanomaterials. Environ Pollut 214:731–
736. https://doi.org/10.1016/j.envpol.2016.04.078

Kah M (2015) Nanopesticides and nanofertilizers: emerging con-
taminants or opportunities for risk mitigation? Front Chem 3:
1–6. https://doi.org/10.3389/fchem.2015.00064

Kah M, Kookana RS, Gogos A, Bucheli TD (2018) A critical
evaluation of nanopesticides and nanofertilizers against their
conventional analogues. Nat Nanotechnol 13:677–684.
https://doi.org/10.1038/s41565-018-0131-1

Kah M, Tufenkji N, White JC (2019) Nano-enabled strategies to
enhance crop nutrition and protection. Nat Nanotechnol 14:
532–540. https://doi.org/10.1038/s41565-019-0439-5

Kanhed P, Birla S, Gaikwad S, Gade A, Seabra AB, Rubilar O,
Duran N, Rai M (2014) In vitro antifungal efficacy of copper
nanoparticles against selected crop pathogenic fungi. Mater
Lett 115:13–17. https://doi.org/10.1016/j.matlet.2013.10.011

Karn B, Kuiken T, Otto M (2009) Nanotechnology and in situ
remediation: a review of the benefits and potential risks.
Environ Health Perspect 117:1823–1831. https://doi.
org/10.1289/ehp.0900793

Karunakaran G, Suriyaprabha R, Manivasakan P, Yuvakkumar R,
Rajendran V, Prabu P, Kannan N (2013) Effect of nanosilica
and silicon sources on plant growth promoting rhizobacteria,
soil nutrients and maize seed germination. IET
Nanobiotechnol 7:70–77. https://doi.org/10.1049/iet-
nbt.2012.0048

Kaushik H, Dutta P (2017) Chemical synthesis of zinc oxide
nanoparticle: its application for antimicrobialactivity and
plant health management. In: Paper presented at the 109th
Annual Meeting of the American Phytopathological Society,
San Antonio, TX, August

Kefeni KK, Mamba BB, Msagati TAM (2017) Magnetite and
cobalt ferrite nanoparticles used as seeds for acid mine drain-
age treatment. J Hazard Mater 333:308–318. https://doi.
org/10.1016/j.jhazmat.2017.03.054

Kefeni KK, Msagati TAM, Nkambule TTI, Mamba BB (2018)
Synthesis and application of hematite nanoparticles for acid
mine drainage treatment. J Environ Chem Eng 6:1865–1874.
https://doi.org/10.1016/j.jece.2018.02.037

Khalid M, Ur-Rahman S, Hassani D, Hayat K, Zhou P, Hui N
(2021) Advances in fungal-assisted phytoremediation of

Page 41 of 48    206

https://doi.org/10.1016/j.scitotenv.2014.07.100
https://doi.org/10.1016/j.watres.2016.09.050
https://doi.org/10.1016/j.watres.2016.09.050
https://doi.org/10.3390/nano8020102
https://doi.org/10.3390/nano8020102
https://doi.org/10.1038/srep03682
https://doi.org/10.3390/ijms19030805
https://doi.org/10.3389/fpls.2017.01617
https://doi.org/10.20546/ijcmas.2017.610.211
https://doi.org/10.20546/ijcmas.2017.610.211
https://doi.org/10.1080/02772248.2019.1587443
https://doi.org/10.1080/02772248.2019.1587443
https://doi.org/10.24425/abcsb.2019.127736
https://doi.org/10.1016/j.zool.2019.02.007
https://doi.org/10.13277/j.hjkx.2016.08.049
https://doi.org/10.13277/j.hjkx.2016.08.049
https://doi.org/10.1016/S1002-0160(15)30056-4
https://doi.org/10.1016/j.geoderma.2019.06.010
https://doi.org/10.1016/j.geoderma.2019.06.010
https://doi.org/10.1016/j.jare.2020.12.011
https://doi.org/10.1016/j.jare.2020.12.011
https://doi.org/10.1016/j.envpol.2015.07.002
https://doi.org/10.1016/j.envpol.2015.07.002
https://doi.org/10.1016/j.envpol.2016.04.078
https://doi.org/10.3389/fchem.2015.00064
https://doi.org/10.1038/s41565-018-0131-1
https://doi.org/10.1038/s41565-019-0439-5
https://doi.org/10.1016/j.matlet.2013.10.011
https://doi.org/10.1289/ehp.0900793
https://doi.org/10.1289/ehp.0900793
https://doi.org/10.1049/iet-nbt.2012.0048
https://doi.org/10.1049/iet-nbt.2012.0048
https://doi.org/10.1016/j.jhazmat.2017.03.054
https://doi.org/10.1016/j.jhazmat.2017.03.054
https://doi.org/10.1016/j.jece.2018.02.037


J Nanopart Res (2021) 23: 206

heavy metals: a review. Pedosphere. 31:475–495. https://doi.
org/10.1016/S1002-0160(20)60091-1

Khan MN (2016) Nano-titanium dioxide (Nano-TiO2) mitigates
NaCl stress by enhancing antioxidative enzymes and accu-
mulation of compatible solutes in tomato (Lycopersicon
esculentum mill.). J Plant Sci 11:1–11. https://doi.
org/10.3923/jps.2016.1.11

Khosroyar S (2012) Ferric–saccharate capsulation with alginate
coating using the emulsification method. African J Microbiol
Res 6:2455–2461. https://doi.org/10.5897/ajmr11.1514

Khot LR, Sankaran S, Maja JM, Ehsani R, Schuster EW (2012)
Applications of nanomaterials in agricultural production and
crop protection: a review. Crop Prot 35:64–70. https://doi.
org/10.1016/j.cropro.2012.01.007

Kim MS, Kim GW, Park TJ (2015) A facile and sensitive detec-
tion of organophosphorus chemicals by rapid aggregation of
gold nanoparticles using organic compounds. Biosens
Bioelectron 67:408–412. https://doi.org/10.1016/j.
bios.2014.08.073

Kim D-Y, Kadam A, Shinde S, Saratale RG, Patra J, Ghodake G
(2018) Recent developments in nanotechnology
transforming the agricultural sector: a transition replete with
opportunities. J Sci Food Agric 98:849–864. https://doi.
org/10.1002/jsfa.8749

Kim J-H, Kim S-M, Yoon I-H, Choi S-J, Kim I (2020) Selective
separation of Cs-contaminated clay from soil using
polyethylenimine-coated magnetic nanoparticles. Sci Total
Environ 706:136020. ht tps: / /doi .org/10.1016/ j .
scitotenv.2019.136020

Kookana RS, Boxall ABA, Reeves PT, Ashauer R, Beulke S,
Chaudhry Q, Cornelis G, Fernandes TF, Gan J, Kah M,
Lynch I, Ranville J, Sinclair C, Spurgeon D, Tiede K, Van
Den Brink PJ (2014) Nanopesticides: guiding principles for
regulatory evaluation of environmental risks. J Agric Food
Chem 62:4227–4240. https://doi.org/10.1021/jf500232f

Kothari R,Wani KA (2019) Environmentally friendly slow release
nano-chemicals in agriculture. In: Poonia R, Gao X, Raja L,
Sharma S, Vyas S (eds) Smart farming technologies for
sustainable agricultural development. IGI Global, pp 220–
240. https://doi.org/10.4018/978-1-5225-5909-2.ch010

Kottegoda N, Sandaruwan C, Priyadarshana G, Siriwardhana A,
Rathnayake UA, Berugoda Arachchige DM, Kumarasinghe
AR, Dahanayake D, Karunaratne V, Amaratunga GAJ
(2017) Urea-hydroxyapatite nanohybrids for slow release of
nitrogen. ACS Nano 11:1214–1221. https://doi.org/10.1021
/acsnano.6b07781

Kumar P, Burman U, Santra P (2015) Effect of nano-zinc oxide on
nitrogenase activity in legumes: an interplay of concentration
and exposure time. Int Nano Lett 5:191–198. https://doi.
org/10.1007/s40089-015-0155-6

Kumar S, Nehra M, Dilbaghi N, Marrazza G, Hassan AA, Kim K-
H (2019) Nano-based smart pesticide formulations: emerging
opportunities for agriculture. J Control Release 294:131–153.
https://doi.org/10.1016/j.jconrel.2018.12.012

Kwak S-Y, Wong MH, Lew TTS, Bisker G, Lee MA, Kaplan A,
Dong J, Liu AT, Koman VB, Sinclair R, Hamann C, Strano
MS (2017) Nanosensor technology applied to living plant
systems. Annu Rev Anal Chem 10:113–140. https://doi.
org/10.1146/annurev-anchem-061516-045310

Lacalle RG, Garbisu C, Becerril JM (2020) Effects of the appli-
cation of an organic amendment and nanoscale zero-valent

iron particles on soil Cr(VI) remediation. Environ Sci Pollut
Res 27:31726–31736. https://doi.org/10.1007/s11356-020-
09449-x

Lal R (2020) The role of industry and the private sector in pro-
moting the “4 per 1000” initiative and other negative emis-
sion technologies. Geoderma 378:114613. https://doi.
org/10.1016/j.geoderma.2020.114613

Le Van N, Ma C, Shang J, Rui Y, Liu S, Xing B (2016) Effects of
CuO nanoparticles on insecticidal activity and phytotoxicity
in conventional and transgenic cotton. Chemosphere 144:
6 6 1 – 6 7 0 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
chemosphere.2015.09.028

Li X, Gui X, Rui Y, Ji W, Van Nhan L, Yu Z, Peng S (2014) Bt-
transgenic cotton is more sensitive to CeO2 nanoparticles
than its parental non-transgenic cotton. J Hazard Mater 274:
173–180. https://doi.org/10.1016/j.jhazmat.2014.04.025

Li Y, Liang L, Li W, Ashraf U, Ma L, Tang X, Pan S, Tian H, Mo
Z (2021) ZnO nanoparticle-based seed priming modulates
early growth and enhances physio-biochemical and metabol-
ic profiles of fragrant rice against cadmium toxicity. J
Nanobiotechnol 19:75. https://doi.org/10.1186/s12951-021-
00820-9

Lin D, Xing B (2008) Root uptake and phytotoxicity of ZnO
nanoparticles. Environ Sci Technol 42:5580–5585.
https://doi.org/10.1021/es800422x

Lin S, Reppert J, Hu Q, Hudson JS, Reid ML, Ratnikova TA, Rao
AM, Luo H, Ke PC (2009) Uptake, translocation, and trans-
mission of carbon nanomaterials in Rice plants. Small. 5:
1128–1132. https://doi.org/10.1002/smll.200801556

Liu R, Lal R (2014) Synthetic apatite nanoparticles as a phospho-
rus fertilizer for soybean (Glycine max). Sci Rep 4:5686.
https://doi.org/10.1038/srep05686

Liu R, Zhao D (2013) Synthesis and characterization of a new
class of stabilized apatite nanoparticles and applying the
particles to in situ Pb immobilization in a fire-range soil.
Chemosphere 91:594—601. https://doi.org/10.1016/j.
chemosphere.2012.12.034

Liu J, Cai H, Mei C, Wang M (2015a) Effects of nano-silicon and
common silicon on lead uptake and translocation in two rice
cultivars. Front Environ Sci Eng 9:905–911. https://doi.
org/10.1007/s11783-015-0786-x

Liu J, Cai H, Mei C, Wang M (2015b) Effects of nano-silicon and
common silicon on lead uptake and translocation in two rice
cultivars. Front Environ Sci Eng 9:905–911. https://doi.
org/10.1007/s11783-015-0786-x

Liu W, Zeb A, Lian J, Wu J, Xiong H, Tang J, Zheng S (2020)
Interactions of metal-based nanoparticles (MBNPs) and
metal-oxide nanoparticles (MONPs) with crop plants: a crit-
ical review of research progress and prospects. Environ Rev
28:294–310. https://doi.org/10.1139/er-2019-0085

López-Moreno ML, Avilés LL, Pérez NG, Irizarry BÁ, Perales O,
Cedeno-Mattei Y, Román F (2016) Effect of cobalt ferrite
(CoFe2O4) nanoparticles on the growth and development of
Lycopersicon lycopersicum (tomato plants). Sci Total
Env i ron 550:45–52. h t tps : / / do i .o rg /10 .1016 / j .
scitotenv.2016.01.063

Louie SM, Spielman-Sun ER, Small MJ, Tilton RD, Lowry GV
(2015) Correlation of the physicochemical properties of nat-
ural organic matter samples from different sources to their
effects on gold nanoparticle aggregation in monovalent

206   Page 42 of 48

https://doi.org/10.1016/S1002-0160(20)60091-1
https://doi.org/10.1016/S1002-0160(20)60091-1
https://doi.org/10.3923/jps.2016.1.11
https://doi.org/10.3923/jps.2016.1.11
https://doi.org/10.5897/ajmr11.1514
https://doi.org/10.1016/j.cropro.2012.01.007
https://doi.org/10.1016/j.cropro.2012.01.007
https://doi.org/10.1016/j.bios.2014.08.073
https://doi.org/10.1016/j.bios.2014.08.073
https://doi.org/10.1002/jsfa.8749
https://doi.org/10.1002/jsfa.8749
https://doi.org/10.1016/j.scitotenv.2019.136020
https://doi.org/10.1016/j.scitotenv.2019.136020
https://doi.org/10.1021/jf500232f
https://doi.org/10.4018/978-1-5225-5909-2.ch010
https://doi.org/10.1021/acsnano.6b07781
https://doi.org/10.1021/acsnano.6b07781
https://doi.org/10.1007/s40089-015-0155-6
https://doi.org/10.1007/s40089-015-0155-6
https://doi.org/10.1016/j.jconrel.2018.12.012
https://doi.org/10.1146/annurev-anchem-061516-045310
https://doi.org/10.1146/annurev-anchem-061516-045310
https://doi.org/10.1007/s11356-020-09449-x
https://doi.org/10.1007/s11356-020-09449-x
https://doi.org/10.1016/j.geoderma.2020.114613
https://doi.org/10.1016/j.geoderma.2020.114613
https://doi.org/10.1016/j.chemosphere.2015.09.028
https://doi.org/10.1016/j.chemosphere.2015.09.028
https://doi.org/10.1016/j.jhazmat.2014.04.025
https://doi.org/10.1186/s12951-021-00820-9
https://doi.org/10.1186/s12951-021-00820-9
https://doi.org/10.1021/es800422x
https://doi.org/10.1002/smll.200801556
https://doi.org/10.1038/srep05686
https://doi.org/10.1016/j.chemosphere.2012.12.034
https://doi.org/10.1016/j.chemosphere.2012.12.034
https://doi.org/10.1007/s11783-015-0786-x
https://doi.org/10.1007/s11783-015-0786-x
https://doi.org/10.1007/s11783-015-0786-x
https://doi.org/10.1007/s11783-015-0786-x
https://doi.org/10.1139/er-2019-0085
https://doi.org/10.1016/j.scitotenv.2016.01.063
https://doi.org/10.1016/j.scitotenv.2016.01.063


J Nanopart Res (2021) 23: 206

electrolyte. Environ Sci Technol 49:2188–2198. https://doi.
org/10.1021/es505003d

Lowry GV, Avellan A, Gilbertson LM (2019) Opportunities and
challenges for nanotechnology in the Agri-tech revolution.
Nat Nanotechnol 14:517–522. https://doi.org/10.1038
/s41565-019-0461-7

Ma X, Geiser-lee J, Deng Y, Kolmakov A (2010) Interactions
between engineered nanoparticles (ENPs ) and plants: phy-
totoxicity, uptake and accumulation. Sci Total Environ 408:
3053–3061. https://doi.org/10.1016/j.scitotenv.2010.03.031

Mahajan P, Dhoke SK, Khanna AS (2011) Effect of nano-ZnO
particle suspension on growth of mung (Vigna radiata) and
gram (Cicer arietinum) seedlings using plant agar method. J
Nanotechnol 2011:696535. https://doi.org/10.1155/2011
/696535

Mahawar H, Prasanna R (2018) Prospecting the interactions of
nanoparticles with beneficial microorganisms for developing
green technologies for agriculture. Environ Nanotechnol
Monit Manag 10:477–485. https://doi.org/10.1016/j.
enmm.2018.09.004

Mahdavi S, Afkhami A, JalaliM (2015) Reducing leachability and
bioavailability of soil heavy metals using modified and bare
Al2O3 and ZnO nanoparticles. Environ Earth Sci 73:4347–
4371. https://doi.org/10.1007/s12665-014-3723-6

Mahmoodzadeh H, Nabavi M, Kashefi H (2013) Effect of nano-
scale titanium dioxide particles on the germination and
growth of canola (Brassica napus). J Ornam Hortic 3:25–32

Malhi GS, KaurM, Kaushik P (2021) Impact of climate change on
agriculture and its mitigation strategies: a review. Sustain 13:
1318. https://doi.org/10.3390/su13031318

Mallampati SR, Mitoma Y, Okuda T, Sakita S, Kakeda M (2012)
High immobilization of soil cesium using ball milling with
nano-metallic ca/CaO/NaH2PO4: implications for the reme-
diation of radioactive soils. Environ Chem Lett 10:201–207.
https://doi.org/10.1007/s10311-012-0357-3

Martínez-Fernández D, Vítková M, Bernal MP, Komárek M
(2015) Effects of nano-maghemite on trace element accumu-
lation and drought response of Helianthus annuus L. in a
contaminated mine soil. Water Air Soil Pollut 226:101.
https://doi.org/10.1007/s11270-015-2365-y

Martinez-Vargas S, Martínez AI, Hernández-Beteta EE,
Mijangos-Ricardez OF, Vázquez-Hipólito V, Patiño-
Carachure C, Hernandez-Flores H, López-Luna J (2017)
Arsenic adsorption on cobalt and manganese ferrite nanopar-
ticles. J Mater Sci 52:6205–6215. https://doi.org/10.1007
/s10853-017-0852-9

Masrahi A, VandeVoort AR, Arai Y (2014) Effects of silver
nanoparticle on soil-nitrification processes. Arch Environ
Contam Toxicol 66:504–513. https://doi.org/10.1007
/s00244-013-9994-1

Mastronardi E, Tsae P, Zhang X, Monreal C, Derosa M (2015)
Strategic role of nanotechnology in fertilizers: potential and
limitations. In: Rai M, Ribeiro C, Mattoso L, Duran N (eds)
Nanotechnologies in food and agriculture. Springer, Cham,
pp 25–67. https://doi.org/10.1007/978-3-319-14024-7_2

Mazarji M, Minkina T, Sushkova S,Mandzhieva S, Bidhendi GN,
Barakhov A, Bhatnagar A (2021) Effect of nanomaterials on
remediation of polycyclic aromatic hydrocarbons-
contaminated soils: a review. J Environ Manag 284:
112023. https://doi.org/10.1016/j.jenvman.2021.112023

Mendes R, Garbeva P, Raaijmakers JM (2013) The rhizosphere
microbiome: significance of plant beneficial, plant pathogen-
ic, and human pathogenic microorganisms. FEMSMicrobiol
Rev 37:634–663. https://doi.org/10.1111/1574-6976.12028

Michálková Z, Komárek M, Šillerová H, Della PL, Joussein E,
Bordas F, Vaněk A, Vaněk O, Ettler V (2014) Evaluating the
potential of three Fe- and Mn-(nano)oxides for the stabiliza-
tion of cd, cu and Pb in contaminated soils. J Environ Manag
1 4 6 : 2 2 6 – 2 3 4 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
jenvman.2014.08.004

Michels C, Perazzoli S, Soares HM (2017) Inhibition of an
enriched culture of ammonia oxidizing bacteria by two dif-
ferent nanoparticles: silver and magnetite. Sci Total Environ
5 8 6 : 9 9 5 – 1 0 0 2 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
scitotenv.2017.02.080

Milani N, McLaughlin MJ, Stacey SP, Kirby JK, Hettiarachchi
GM, Beak DG, Cornelis G (2012) Dissolution kinetics of
macronutrient fertilizers coated withmanufactured zinc oxide
nanoparticles. J Agric FoodChem 60:3991–3998. https://doi.
org/10.1021/jf205191y

Mokarram-Kashtiban S, Hosseini SM, Tabari, Kouchaksaraei M,
Younesi H (2019) The impact of nanoparticles zero-valent
iron (nZVI) and rhizosphere microorganisms on the
phytoremediation ability of white willow and its response.
Environ Sci Pollut Res Int 26:10776–10789. https://doi.
org/10.1007/s11356-019-04411-y

Moll J, Gogos A, Bucheli TD, Widmer F, van der Heijden MGA
(2016) Effect of nanoparticles on red clover and its symbiotic
microorganisms. J Nanobiotechnol 14:36. https://doi.
org/10.1186/s12951-016-0188-7

Mondal A, Dubey BK, Arora M, Mumford K (2021) Porous
media transport of iron nanoparticles for site remediation
application: a review of lab scale column study, transport
modelling and field-scale application. J Hazard Mater 403:
123443. https://doi.org/10.1016/j.jhazmat.2020.123443

Monreal CM, DeRosaM,Mallubhotla SC, Bindraban PS, Dimkpa
C (2016) Nanotechnologies for increasing the crop use effi-
ciency of fertilizer-micronutrients. Biol Fertil Soils 52:423–
437. https://doi.org/10.1007/s00374-015-1073-5

Morales-Díaz AB, Ortega-Ortíz H, Juárez-Maldonado A,
Cadenas-Pliego G, González-Morales S, Benavides-
Mendoza A (2017) Application of nanoelements in plant
nutrition and its impact in ecosystems. Adv Nat Sci
Nanosci Nanotechnol 8:013001

Mourão HAJL, Malagutti AR, Ribeiro C (2010) Synthesis of
TiO2-coated CoFe2O4 photocatalysts applied to the
photodegradation of atrazine and rhodamine B in water.
Appl Catal A Gen 382:284–292. https://doi.org/10.1016/j.
apcata.2010.05.0078

Mukhopadhyay SS (2014) Nanotechnology in agriculture: pros-
pects and constraints. Nanotechnol Sci Appl 7:63–71.
https://doi.org/10.2147/NSA.S39409

Nasiri A, Jamshidi-Zanjani A, Khodadadi DA (2020) Application
of enhanced electrokinetic approach to remediate Cr-
contaminated soil: effect of chelating agents and permeable
reactive barrier. Environ Pollut 266:115197. https://doi.
org/10.1016/j.envpol.2020.115197

Nehra M, Dilbaghi N, Marrazza G, Kaushik A, Sonne C, Kim K-
H, Kumar S (2021) Emerging nanobiotechnology in agricul-
ture for the management of pesticide residues. J Hazard

Page 43 of 48    206

https://doi.org/10.1021/es505003d
https://doi.org/10.1021/es505003d
https://doi.org/10.1038/s41565-019-0461-7
https://doi.org/10.1038/s41565-019-0461-7
https://doi.org/10.1016/j.scitotenv.2010.03.031
https://doi.org/10.1155/2011/696535
https://doi.org/10.1155/2011/696535
https://doi.org/10.1016/j.enmm.2018.09.004
https://doi.org/10.1016/j.enmm.2018.09.004
https://doi.org/10.1007/s12665-014-3723-6
https://doi.org/10.3390/su13031318
https://doi.org/10.1007/s10311-012-0357-3
https://doi.org/10.1007/s11270-015-2365-y
https://doi.org/10.1007/s10853-017-0852-9
https://doi.org/10.1007/s10853-017-0852-9
https://doi.org/10.1007/s00244-013-9994-1
https://doi.org/10.1007/s00244-013-9994-1
https://doi.org/10.1007/978-3-319-14024-7_2
https://doi.org/10.1016/j.jenvman.2021.112023
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1016/j.jenvman.2014.08.004
https://doi.org/10.1016/j.jenvman.2014.08.004
https://doi.org/10.1016/j.scitotenv.2017.02.080
https://doi.org/10.1016/j.scitotenv.2017.02.080
https://doi.org/10.1021/jf205191y
https://doi.org/10.1021/jf205191y
https://doi.org/10.1007/s11356-019-04411-y
https://doi.org/10.1007/s11356-019-04411-y
https://doi.org/10.1186/s12951-016-0188-7
https://doi.org/10.1186/s12951-016-0188-7
https://doi.org/10.1016/j.jhazmat.2020.123443
https://doi.org/10.1007/s00374-015-1073-5
https://doi.org/10.1016/j.apcata.2010.05.0078
https://doi.org/10.1016/j.apcata.2010.05.0078
https://doi.org/10.2147/NSA.S39409
https://doi.org/10.1016/j.envpol.2020.115197
https://doi.org/10.1016/j.envpol.2020.115197


J Nanopart Res (2021) 23: 206

Mate r 401 :123369 . h t t p s : / / do i . o rg /10 .1016 / j .
jhazmat.2020.123369

Nima ZA, Lahiani MH, Watanabe F, Xu Y, Khodakovskaya MV,
Biris AS (2014) Plasmonically active nanorods for delivery
of bio-active agents and high-sensitivity SERS detection in
planta. RSC Adv 4:64985–64993. https://doi.org/10.1039
/C4RA10358K

Noori A, White JC, Newman LA (2017) Mycorrhizal fungi influ-
ence on silver uptake and membrane protein gene expression
following silver nanoparticle exposure. J Nanopart Res 19:
66. https://doi.org/10.1007/s11051-016-3650-4

O’Day PA, Vlassopoulos D (2010) Mineral-based amendments
for remediation. Elements 6:375–381. https://doi.
org/10.2113/gselements.6.6.375

Ogunkunle CO, Ahmed El-Imam AM, Bassey E, Vishwakarma
V, Fatoba PO (2020) Co-application of indigenous
arbuscular mycorrhizal fungi and nano-TiO2 reduced cd up-
take and oxidative stress in pre-flowering cowpea plants.
Environ Technol Innov 20:101163. https://doi.org/10.1016
/j.eti.2020.101163

Palchoudhury S, Jungjohann KL, Weerasena L, Arabshahi A,
Gharge U, Albattah A, Miller J, Patel K, Holler RA (2018)
Enhanced legume root growth with pre-soaking in α-Fe2O3

nanoparticle fertilizer. RSC Adv 8:24075–24083. https://doi.
org/10.1039/c8ra04680h

Panda KK, Achary VMM, Krishnaveni R, Padhi BK, Sarangi SN,
Sahu SN, Panda BB (2011) In vitro biosynthesis and
genotoxicity bioassay of silver nanoparticles using plants.
Toxicol Vitr 25:1097–1105. https://doi.org/10.1016/j.
tiv.2011.03.008

Park S, Croteau P, Boering KA, Etheridge DM, Ferretti D, Fraser
PJ, Kim K-R, Krummel PB, Langenfelds RL, van Ommen
TD, Steele LP, Trudinger CM (2012) Trends and seasonal
cycles in the isotopic composition of nitrous oxide since
1940. Nat Geosci 5:261–265. https://doi.org/10.1038
/ngeo1421

Pavela R, Murugan K, Canale A, Benelli G (2017) Saponaria
officinalis-synthesized silver nanocrystals as effective bio-
pesticides and oviposition inhibitors against Tetranychus
urticae Koch. Ind Crop Prod 97:338–344. https://doi.
org/10.1016/j.indcrop.2016.12.046

Pérez-de-LuqueA (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

Pérez-Hernández H, Fernández-Luqueño F, Huerta-Lwanga E,
Mendoza-Vega J, Álvarez-Solís JD (2020) Effect of
engineered nanoparticles on soil biota: do they improve the
soil quality and crop production or jeopardize them? L
Degrad Dev 31:2213–2230. https://doi.org/10.1002/ldr.3595

Pestovsky YS, Martínez-Antonio A (2017) The use of nanoparti-
cles and nanoformulations in agriculture. J Nanosci
Nanotechnol 17:8699–8730. https://doi.org/10.1166
/jnn.2017.15041

Pitambara A, Shukla YM (2019) Nanofertilizers: a recent ap-
proach in crop production. In: Panpatte DG, Jhala YK (eds)
Nanotechnology for agriculture: crop production & protec-
tion. Springer, Singapore, pp 25–58. https://doi.org/10.1007
/978-981-32-9374-8_2

Prasad TNVKV, Sudhakar P, Sreenivasulu Y, Latha P,
Munaswamy V, Reddy KR, Sreeprasad TS, Sajanlal PR,
Pradeep T (2012) Effect of nanoscale zinc oxide particles

on the germination, growth and yield of peanut. J Plant Nutr
3 5 : 9 0 5 – 9 2 7 . h t t p s : / / d o i . o r g / 1 0 . 1 0 8 0
/01904167.2012.663443

Prasad R, Bhattacharyya A, Nguyen QD (2017) Nanotechnology
in sustainable agriculture: recent developments, challenges,
and perspectives. Front Microbiol 8:1014. https://doi.
org/10.3389/fmicb.2017.01014

Prerna DI, Govindaraju K, Tamilselvan S, Kannan M,
Vasantharaja R, Chaturvedi S, Shkolnik D (2021) Influence
of nanoscale micro-nutrient α-Fe2O3 on seed germination,
seedling growth, translocation, physiological effects and
yield of rice (Oryza sativa) and maize (Zea mays). Plant
Physiol Biochem 162:564–580. https://doi.org/10.1016/j.
plaphy.2021.03.023

Pulimi M, Subramanian S (2016) Nanomaterials for soil fertiliza-
tion. Nanosci Food Agric 1:229–246. https://doi.org/10.1007
/978-3-319-39303-2

Qian ZS, ShanXY, Chai LJ,Ma JJ, Chen JR, Feng H (2014) DNA
nanosensor based on biocompatible graphene quantum dots
and carbon nanotubes. Biosens Bioelectron 60:64–70.
https://doi.org/10.1016/j.bios.2014.04.006

Qiu W, Yang D, Xu J, Hong B, Jin H, Jin D, Peng X, Li J, Ge H,
Wang X (2016) Efficient removal of Cr (VI) by magnetically
separable CoFe2O4/activated carbon composite. J Alloys
Compd 678:179–184. ht tps: / /doi .org/10.1016/j .
jallcom.2016.03.304

Qureshi A, Singh DK, Dwivedi S (2018) Nano-fertilizers: a novel
way for enhancing nutrient use efficiency and crop produc-
tivity. Int J Curr Microbiol Appl Sci 7:3325–3335.
https://doi.org/10.20546/ijcmas.2018.702.398

Raffi MM, Husen A (2019) Impact of fabricated nanoparticles on
the rhizospheric microorganisms and soil environment. In:
Husen A, Iqbal M (eds) Nanomaterials and plant potential.
Springer, Cham, pp 529–552. https://doi.org/10.1007/978-3-
030-05569-1_21

Rahi AA, AnjumMA, Iqbal MJ, Ahmad AS, Marfo TD, Fahad S,
Danish S, Datta R (2021) Yield enhancement and better
micronutrients uptake in tomato fruit through potassium hu-
mate combined with micronutrients mixture. Agric 11:357.
https://doi.org/10.3390/agriculture11040357

Rahman MS, Chakraborty A, Mazumdar S, Nandi NC, Bhuiyan
MNI, Alauddin SM, Khan IA, Hossain MJ (2020) Effects of
poly(vinylpyrrolidone) protected platinum nanoparticles on
seed germination and growth performance of Pisum sativum.
Nano-Structures and Nano-Objects 21:100408. https://doi.
org/10.1016/j.nanoso.2019.100408

Raj D,Maiti SK (2020) Sources, bioaccumulation, health risks and
remediation of potentially toxic metal(loid)s (As, Cd, Cr, Pb
and Hg): an epitomised review. Environ Monit Assess 192:
108. https://doi.org/10.1007/s10661-019-8060-5

Rajput VD, Minkina T, Sushkova S, Tsitsuashvili V, Mandzhieva
S, Gorovtsov A, Nevidomskyaya D, Gromakova N (2018)
Effect of nanoparticles on crops and soil microbial commu-
nities. J Soils Sediments 18:2179–2187. https://doi.
org/10.1007/s11368-017-1793-2

Rajput V, Minkina T, Sushkova S, Behal A, Maksimov A,
Blicharska E, Ghazaryan K, Movsesyan H, Barsova N
(2020) ZnO and CuO nanoparticles: a threat to soil organ-
isms, plants, and human health. Environ GeochemHealth 42:
147–158. https://doi.org/10.1007/s10653-019-00317-3

206   Page 44 of 48

https://doi.org/10.1016/j.jhazmat.2020.123369
https://doi.org/10.1016/j.jhazmat.2020.123369
https://doi.org/10.1039/C4RA10358K
https://doi.org/10.1039/C4RA10358K
https://doi.org/10.1007/s11051-016-3650-4
https://doi.org/10.2113/gselements.6.6.375
https://doi.org/10.2113/gselements.6.6.375
https://doi.org/10.1016/j.eti.2020.101163
https://doi.org/10.1016/j.eti.2020.101163
https://doi.org/10.1039/c8ra04680h
https://doi.org/10.1039/c8ra04680h
https://doi.org/10.1016/j.tiv.2011.03.008
https://doi.org/10.1016/j.tiv.2011.03.008
https://doi.org/10.1038/ngeo1421
https://doi.org/10.1038/ngeo1421
https://doi.org/10.1016/j.indcrop.2016.12.046
https://doi.org/10.1016/j.indcrop.2016.12.046
https://doi.org/10.3389/fenvs.2017.00012
https://doi.org/10.1002/ldr.3595
https://doi.org/10.1166/jnn.2017.15041
https://doi.org/10.1166/jnn.2017.15041
https://doi.org/10.1007/978-981-32-9374-8_2
https://doi.org/10.1007/978-981-32-9374-8_2
https://doi.org/10.1080/01904167.2012.663443
https://doi.org/10.1080/01904167.2012.663443
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.1016/j.plaphy.2021.03.023
https://doi.org/10.1016/j.plaphy.2021.03.023
https://doi.org/10.1007/978-3-319-39303-2
https://doi.org/10.1007/978-3-319-39303-2
https://doi.org/10.1016/j.bios.2014.04.006
https://doi.org/10.1016/j.jallcom.2016.03.304
https://doi.org/10.1016/j.jallcom.2016.03.304
https://doi.org/10.20546/ijcmas.2018.702.398
https://doi.org/10.1007/978-3-030-05569-1_21
https://doi.org/10.1007/978-3-030-05569-1_21
https://doi.org/10.3390/agriculture11040357
https://doi.org/10.1016/j.nanoso.2019.100408
https://doi.org/10.1016/j.nanoso.2019.100408
https://doi.org/10.1007/s10661-019-8060-5
https://doi.org/10.1007/s11368-017-1793-2
https://doi.org/10.1007/s11368-017-1793-2
https://doi.org/10.1007/s10653-019-00317-3


J Nanopart Res (2021) 23: 206

Raliya R, Tarafdar JC (2013) ZnO nanoparticle biosynthesis and
its effect on phosphorous-mobilizing enzyme secretion and
gum contents in clusterbean (Cyamopsis tetragonoloba L.).
Agric Res 2:48–57. https://doi.org/10.1007/s40003-012-
0049-z

Raliya R, Tarafdar JC, Biswas P (2016) Enhancing the mobiliza-
tion of native phosphorus in the mung bean rhizosphere using
ZnO nanoparticles synthesized by soil fungi. J Agric Food
Chem 64:3111–3118. https://doi.org/10.1021/acs.jafc.5
b05224

Raliya R, Saharan V, Dimkpa C, Biswas P (2018) Nanofertilizer
for precision and sustainable agriculture: current state and
future perspectives. J Agric Food Chem 66:6487–6503.
https://doi.org/10.1021/acs.jafc.7b02178

Rashid MI, Shahzad T, Shahid M, Imran M, Dhavamani J, Ismail
IMI, Basahi JM, Almeelbi T (2017) Toxicity of iron oxide
nanoparticles to grass litter decomposition in a sandy soil. Sci
Rep 7:41965. https://doi.org/10.1038/srep41965

Rasouli H, Popović-Djordjević J, Sayyed RZ, Zarayneh S, Jafari
M, Fazeli-Nasab B (2020) Nanoparticles: a new threat to crop
plants and soil rhizobia? In: Hayat S, Pichtel J, Faizan M,
Fariduddin Q (eds) Sustainable agriculture reviews 41: nano-
technology for plant growth and development. Springer,
Cham, pp 201–214. https://doi.org/10.1007/978-3-030-
33996-8_11

Rastogi A, Zivcak M, Sytar O, Kalaji HM, He X, Mbarki S,
Brestic M (2017) Impact of metal and metal oxide nanopar-
ticles on plant: a critical review. Front Chem 5:1–16.
https://doi.org/10.3389/fchem.2017.00078

Ren H-X, Liu L, Liu C, He S-Y, Huang J, Li J-L, Zhang Y, Huang
X-J, Gu N (2011) Physiological investigation of magnetic
iron oxide nanoparticles towards Chinese mung bean. J
Biomed Nanotechnol 7:677–684. https://doi.org/10.1166
/jbn.2011.1338

Rispail N, De Matteis L, Santos R, Miguel AS, Custardoy L,
Testillano PS, Risueño MC, Pérez-De-Luque A, Maycock
C, Fevereiro P, Oliva A, Fernández-Pacheco R, Ibarra MR,
De La Fuente JM, Marquina C, Rubiales D, Prats E (2014)
Quantum dot and superparamagnetic nanoparticle interaction
with pathogenic fungi: internalization and toxicity profile.
ACS Appl Mater Interfaces 6:9100–9110. https://doi.
org/10.1021/am501029g

Rives V, del ArcoM,Martín C (2013) Layered double hydroxides
as drug carriers and for controlled release of non-steroidal
antiinflammatory drugs (NSAIDs): a review. J Control
Re lease 169 :28–39 . h t tps : / /do i .o rg /10 .1016 / j .
jconrel.2013.03.034

Rui M, Ma C, Hao Y, Guo J, Rui Y, Tang X, Zhao Q, Fan X,
Zhang Z, Hou T, Zhu S (2016) Iron oxide nanoparticles as a
potential iron fertilizer for peanut (Arachis hypogaea). Front
Plant Sci 7:1–10. https://doi.org/10.3389/fpls.2016.00815

Sabourin V, Ayande A (2015) Commercial opportunities and
market demand for nanotechnologies in agribusiness sector.
J Technol Manag Innov 10:40–51. https://doi.org/10.4067
/S0718-27242015000100004

Saharan V, Mehrotra A, Khatik R, Rawal P, Sharma SS, Pal A
(2013) Synthesis of chitosan based nanoparticles and their
in vitro evaluation against phytopathogenic fungi. Int J Biol
Macromol 62:677–683. https://doi.org/10.1016/j.
ijbiomac.2013.10.012

Samarajeewa AD, Velicogna JR, Schwertfeger DM, Princz JI,
Subasinghe RM, Scroggins RP, Beaudette LA (2020)
Ecotoxicological effects of copper oxide nanoparticles
(nCuO) on the soil microbial community in a biosolids-
amended soil. Sci Total Environ 763:143037. https://doi.
org/10.1016/j.scitotenv.2020.143037

Sánchez-López AS, Thijs S, Beckers B, González-Chávez MC,
Weyens N, Carrillo-González R, Vangronsveld J (2018a)
Community structure and diversity of endophytic bacteria
in seeds of three consecutive generations of Crotalaria
pumila growing on metal mine residues. Plant Soil 422:51–
66. https://doi.org/10.1007/s11104-017-3176-2

Sánchez-López AS, González-Chávez MCA, Solís-Domínguez
FA, Carrillo-González R, Rosas-Saito GH (2018b) Leaf epi-
phytic bacteria of plants colonizing mine residues: possible
exploitation for remediation of air pollutants. FrontMicrobiol
9:3028. https://doi.org/10.3389/fmicb.2018.03028

Santos CSC, Gabriel B, Blanchy M, Menes O, García D, Blanco
M, Arconada N (2015) Industrial applications of nanoparti-
cles – a prospective overview. Mater Today Proc 2:456–465.
https://doi.org/10.1016/J.MATPR.2015.04.056

Satti SH, Raja NI, Javed B, Akram A, Mashwani Z-R, Ahmad
MS, IkramM (2021) Titanium dioxide nanoparticles elicited
agro-morphological and physicochemical modifications in
wheat plants to control Bipolaris sorokiniana. PLoS One
16:e0246880. https://doi.org/10.1371/journal.pone.0246880

Schloter M, Nannipieri P, Sørensen SJ, van Elsas JD (2018)
Microbial indicators for soil quality. Biol Fertil Soils 54:1–
10. https://doi.org/10.1007/s00374-017-1248-3

Sekine R, Marzouk ER, Khaksar M, Scheckel KG, Stegemeier JP,
Lowry GV, Donner E, Lombi E (2017) Aging of dissolved
copper and copper-based nanoparticles in five different soils:
short-term kinetics vs. long-term fate. J Environ Qual 46:
1198–1205. https://doi.org/10.2134/jeq2016.12.0485

Seleiman MF, Almutairi KF, Alotaibi M, Shami A, Alhammad
BA, Battaglia ML (2021) Nano-fertilization as an emerging
fertilization technique: why can modern agriculture benefit
from its use? Plants 10:2. https://doi.org/10.3390
/plants10010002

Ševců A, El-Temsah V, Joner EJ, Černík M (2011) Oxidative
stress induced in microorganisms by zero-valent iron nano-
particles. Microbes Environ 26:271–281. https://doi.
org/10.1264/jsme2.ME11126

Shah AA, Aslam S, Akbar M, Ahmad A, Khan WU, Yasin NA,
Ali B, Rizwan M, Ali S (2021) Combined effect of Bacillus
fortis IAGS 223 and zinc oxide nanoparticles to alleviate
cadmium phytotoxicity in Cucumis melo. Plant Physiol
B iochem 158:1–12 . h t tps : / / do i .o rg /10 .1016 / j .
plaphy.2020.11.011

Shaheen SM, Rinklebe J (2015) Impact of emerging and low-cost
alternative amendments on the (im)mobilization and
phytoavailability of cd and Pb in a contaminated floodplain
soil. Ecol Eng 74:319–326. https://doi.org/10.1016/j.
ecoleng.2014.10.024

Shariatmadari N, Weng C-H, Daryaee H (2009) Enhancement of
hexavalent chromium [Cr(VI)] remediation from clayey soils
by electrokinetics coupled with a nano-sized zero-valent iron
barrier. Environ Eng Sci 26:1071–1079. https://doi.
org/10.1089/ees.2008.0257

Sharma S, Rana VS, Pawar R, Lakra J, Racchapannavar V (2020)
Nanofertilizers for sustainable fruit production: a review.

Page 45 of 48    206

https://doi.org/10.1007/s40003-012-0049-z
https://doi.org/10.1007/s40003-012-0049-z
https://doi.org/10.1021/acs.jafc.5b05224
https://doi.org/10.1021/acs.jafc.5b05224
https://doi.org/10.1021/acs.jafc.7b02178
https://doi.org/10.1038/srep41965
https://doi.org/10.1007/978-3-030-33996-8_11
https://doi.org/10.1007/978-3-030-33996-8_11
https://doi.org/10.3389/fchem.2017.00078
https://doi.org/10.1166/jbn.2011.1338
https://doi.org/10.1166/jbn.2011.1338
https://doi.org/10.1021/am501029g
https://doi.org/10.1021/am501029g
https://doi.org/10.1016/j.jconrel.2013.03.034
https://doi.org/10.1016/j.jconrel.2013.03.034
https://doi.org/10.3389/fpls.2016.00815
https://doi.org/10.4067/S0718-27242015000100004
https://doi.org/10.4067/S0718-27242015000100004
https://doi.org/10.1016/j.ijbiomac.2013.10.012
https://doi.org/10.1016/j.ijbiomac.2013.10.012
https://doi.org/10.1016/j.scitotenv.2020.143037
https://doi.org/10.1016/j.scitotenv.2020.143037
https://doi.org/10.1007/s11104-017-3176-2
https://doi.org/10.3389/fmicb.2018.03028
https://doi.org/10.1016/J.MATPR.2015.04.056
https://doi.org/10.1371/journal.pone.0246880
https://doi.org/10.1007/s00374-017-1248-3
https://doi.org/10.2134/jeq2016.12.0485
https://doi.org/10.3390/plants10010002
https://doi.org/10.3390/plants10010002
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1016/j.plaphy.2020.11.011
https://doi.org/10.1016/j.plaphy.2020.11.011
https://doi.org/10.1016/j.ecoleng.2014.10.024
https://doi.org/10.1016/j.ecoleng.2014.10.024
https://doi.org/10.1089/ees.2008.0257
https://doi.org/10.1089/ees.2008.0257


J Nanopart Res (2021) 23: 206

Environ Chem Lett 19:693–1714. https://doi.org/10.1007
/s10311-020-01125-3

Shaw AK, Hossain Z (2013) Impact of nano-CuO stress on rice
(Oryza sativa L.) seedlings. Chemosphere 93:906–915.
https://doi.org/10.1016/j.chemosphere.2013.05.044

Shenashen M, Derbalah A, Hamza A, Mohamed A, El Safty S
(2017) Antifungal activity of fabricated mesoporous alumina
nanoparticles against root rot disease of tomato caused by
Fusarium oxysporium. Pest Manag Sci 73:1121–1126.
https://doi.org/10.1002/ps.4420

Shi Y, Xiao Y, Li Z, Zhang X, Liu T, Li Y, Pan Y, YanW (2020)
Microorganism structure variation in urban soil microenvi-
ronment upon ZnO nanoparticles contamination.
Chemosphere. 273:128565. https://doi.org/10.1016/j.
chemosphere.2020.128565

Shrestha S, Wang B, Dutta P (2020) Nanoparticle processing:
understanding and controlling aggregation. Adv Colloid
Interf Sci 279:102162. https://doi.org/10.1016/j.
cis.2020.102162

Siani NG, Fallah S, Pokhrel LR, Rostamnejadi A (2017) Natural
amelioration of zinc oxide nanoparticle toxicity in fenugreek
(Trigonella foenum-gracum) by arbuscular mycorrhizal
(Glomus intraradices) secretion of glomalin. Plant Physiol
Biochem 112:227–238. https://doi.org/10.1016/j.
plaphy.2017.01.001

Sidhu A, Barmota H, Bala A (2017) Antifungal evaluation studies
of copper sulfide nano-aquaformulations and its impact on
seed quality of rice (Oryzae sativa). Appl Nanosci 7:681–
689. https://doi.org/10.1007/s13204-017-0606-7

Silvertech Kimya Sanayi ve Ticaret Ltd., Products-Silvertech
Kimya, (n.d.) . ht tp: //www.silvertechkimya.com.
tr/en/products/agriculture-industry/ Accessed 5 January 2021

Simonin M, Guyonnet JP, Martins JMF, Ginot M, Richaume A
(2015) Influence of soil properties on the toxicity of TiO2

nanoparticles on carbon mineralization and bacterial abun-
dance. J Hazard Mater 283:529–535. https://doi.org/10.1016
/j.jhazmat.2014.10.004

Singh D, Kumar A (2020) Understanding the effect of the inter-
action of nanoparticles with roots on the uptake in plants. In:
Dasgupta N, Ranjan S, Lichtfouse E (eds) Environmental
nanotechnology volume 3. Environmental chemistry for a
sustainable world. Springer, Cham, pp 277–304. https://doi.
org/10.1007/978-3-030-26672-1_9

Singh A, Singh NB, Hussain I, Singh H, Yadav V, Singh SC
(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/j.jbiotec.2016.07.010

Singh A, Singh NB, Afzal S, Singh T, Hussain I (2018) Zinc oxide
nanoparticles: a review of their biological synthesis, antimi-
crobial activity, uptake, translocation and biotransformation
in plants. J Mater Sci 53:185–201. https://doi.org/10.1007
/s10853-017-1544-1

Singh RP, Handa R, Manchanda G (2021) Nanoparticles in sus-
tainable agriculture: an emerging opportunity. J Control
Release 329:1234–1248. https://doi.org/10.1016/j.
jconrel.2020.10.051

Singla R, Kumari A, Yadav SK (2019) Impact of nanomaterials on
plant physiology and fuctions. In: Husen A, Iqbal M (eds)
Nanomaterials and plant potential. Springer, Cham, pp 349–
377. https://doi.org/10.1007/978-3-030-05569-1_14

Skousen J (2014) Overview of acid mine drainage treatment with
chemicals. In: Jacobs JA, Lehr JH, Testa SM (eds) Acid mine
drainage, rock drainage, acid sulfate soils. Wiley, New York,
pp 325–337. https://doi.org/10.1002/9781118749197.ch29

Song U, Jun H, Waldman B, Roh J, Kim Y, Yi J, Lee EJ (2013)
Functional analyses of nanoparticle toxicity: a comparative
study of the effects of TiO2 and ag on tomatoes
(Lycopersicon esculentum). Ecotoxicol Environ Saf 93:60–
67. https://doi.org/10.1016/j.ecoenv.2013.03.033

Sorkina TA, Polyakov AY, Kulikova NA, Goldt AE, Philippova
OI, Aseeva AA, Veligzhanin AA, Zubavichus YV,
Pankratov DA, Goodilin EA, Perminova IV (2014) Nature-
inspired soluble iron-rich humic compounds: new look at the
structure and properties. J Soils Sediments 14:261–268.
https://doi.org/10.1007/s11368-013-0688-0

Souza LRR, Pomarolli LC, da Veiga MAMS (2020) From classic
methodologies to application of nanomaterials for soil reme-
diation: an integrated view of methods for decontamination
of toxic metal(oid)s. Environ Sci Pollut Res 27:10205–
10227. https://doi.org/10.1007/s11356-020-08032-8

Spinoso-Castillo JL, Chavez-Santoscoy RA, Bogdanchikova N,
Pérez-Sato JA, Morales-Ramos V, Bello-Bello JJ (2017)
Antimicrobial and hormetic effects of silver nanoparticles
on in vitro regeneration of vanilla (Vanilla planifolia Jacks.
ex Andrews) using a temporary immersion system. Plant Cell
Tissue Organ Cult 129:195–207. https://doi.org/10.1007
/s11240-017-1169-8

Stadler T, Buteler M, Weaver DK (2010) Novel use of nanostruc-
tured alumina as an insecticide. Pest Manag Sci 66:577–579.
https://doi.org/10.1002/ps.1915

StatNano (2018) Nanotechnology Products Database (NPD).
https://product.statnano.com. Accessed 17 May 2021

Stephano-Hornedo JL, Torres-Gutiérrez O, Toledano-Magaña Y,
Gradilla-Martínez I, Pestryakov A, Sánchez-González A,
García-Ramos JC, Bogdanchikova N (2020) ArgovitTM sil-
ver nanoparticles to fight Huanglongbing disease in Mexican
limes (Citrus aurantifolia Swingle). RSC Adv 10(2020):
6146–6155. https://doi.org/10.1039/C9RA09018E

Sun W, Dou F, Li C, Ma X, Ma LQ (2021) Impacts of metallic
nanoparticles and transformed products on soil health. Crit
Rev Environ Sci Technol 51:973–1002. https://doi.
org/10.1080/10643389.2020.1740546

Taghdisi SM, Danesh NM, Emrani AS, Ramezani M, Abnous K
(2015) A novel electrochemical aptasensor based on single-
walled carbon nanotubes, gold electrode and complimentary
strand of aptamer for ultrasensitive detection of cocaine.
Biosens Bioelectron 73:245–250. https://doi.org/10.1016/j.
bios.2015.05.065

Tarafdar JC, Raliya R, Mahawar H, Rathore I (2014)
Development of zinc nanofertilizer to enhance crop produc-
tion in pearl millet (Pennisetum americanum). Agric Res 3:
257–262. https://doi.org/10.1007/s40003-014-0113-y

The World Bank (2021) Agriculture and food overview.
https://www.worldbank.org/en/topic/agriculture/overview.
Accessed 17 May 2021

Thijs S, Sillen W, Rineau F, Weyens N, Vangronsveld J (2016)
Towards an enhanced understanding of plant–microbiome
interactions to improve phytoremediation: engineering the
metaorganism. Front Microbiol 7:341. https://doi.
org/10.3389/fmicb.2016.00341

206   Page 46 of 48

https://doi.org/10.1007/s10311-020-01125-3
https://doi.org/10.1007/s10311-020-01125-3
https://doi.org/10.1016/j.chemosphere.2013.05.044
https://doi.org/10.1002/ps.4420
https://doi.org/10.1016/j.chemosphere.2020.128565
https://doi.org/10.1016/j.chemosphere.2020.128565
https://doi.org/10.1016/j.cis.2020.102162
https://doi.org/10.1016/j.cis.2020.102162
https://doi.org/10.1016/j.plaphy.2017.01.001
https://doi.org/10.1016/j.plaphy.2017.01.001
https://doi.org/10.1007/s13204-017-0606-7
http://www.silvertechkimya.com.tr/en/products/agriculture--industry/
http://www.silvertechkimya.com.tr/en/products/agriculture--industry/
https://doi.org/10.1016/j.jhazmat.2014.10.004
https://doi.org/10.1016/j.jhazmat.2014.10.004
https://doi.org/10.1007/978-3-030-26672-1_9
https://doi.org/10.1007/978-3-030-26672-1_9
https://doi.org/10.1016/j.jbiotec.2016.07.010
https://doi.org/10.1016/j.jbiotec.2016.07.010
https://doi.org/10.1007/s10853-017-1544-1
https://doi.org/10.1007/s10853-017-1544-1
https://doi.org/10.1016/j.jconrel.2020.10.051
https://doi.org/10.1016/j.jconrel.2020.10.051
https://doi.org/10.1007/978-3-030-05569-1_14
https://doi.org/10.1002/9781118749197.ch29
https://doi.org/10.1016/j.ecoenv.2013.03.033
https://doi.org/10.1007/s11368-013-0688-0
https://doi.org/10.1007/s11356-020-08032-8
https://doi.org/10.1007/s11240-017-1169-8
https://doi.org/10.1007/s11240-017-1169-8
https://doi.org/10.1002/ps.1915
https://product.statnano.com
https://doi.org/10.1039/C9RA09018E
https://doi.org/10.1080/10643389.2020.1740546
https://doi.org/10.1080/10643389.2020.1740546
https://doi.org/10.1016/j.bios.2015.05.065
https://doi.org/10.1016/j.bios.2015.05.065
https://doi.org/10.1007/s40003-014-0113-y
https://www.worldbank.org/en/topic/agriculture/overview
https://doi.org/10.3389/fmicb.2016.00341
https://doi.org/10.3389/fmicb.2016.00341


J Nanopart Res (2021) 23: 206

Thijs S, Sillen W, Weyens N, Vangronsveld J (2017)
Phytoremediation: state-of-the-art and a key role for the plant
microbiome in future trends and research prospects. Int J
Phytoremediation 19:23–38. https://doi.org/10.1080
/15226514.2016.1216076

Tian L, Shen J, Sun G, Wang B, Ji R, Zhao L (2020) Foliar
application of SiO2 nanoparticles alters soil metabolite pro-
files and microbial community composition in the pakchoi
(Brassica chinensis L.) rhizosphere grown in contaminated
mine soil. Environ Sci Technol 54:13137–13146. https://doi.
org/10.1021/acs.est.0c03767

Timmusk S, Seisenbaeva G, Behers L (2018) Titania (TiO2)
nanoparticles enhance the performance of growth-
promoting rhizobacteria. Sci Rep 8:617. https://doi.
org/10.1038/s41598-017-18939-x

Toumey C (2009) Plenty of room, plenty of history. Nat
Nanotechnol 4:783–784. https:/ /doi.org/10.1038
/nnano.2009.357

Trenkel M.E. (2010) Slow and controlled-release and stabilized
fertilizers: An option for enhancing nutrient efficiency. In:
Agriculture international fertilizer industry association, Paris.
h t t p s : / / www . f e r t i l i z e r . o r g / im a g e s / L i b r a r y _
Downloads/2010_Trenkel_slow%20release%20book.pdf.
Accessed 17 May 2021

Usman M, Farooq M, Wakeel A, Nawaz A, Cheema SA, Rehman
H, ur, Ashraf I., Sanaullah M. (2020) Nanotechnology in
agriculture: current status, challenges and future opportuni-
ties. Sci Total Environ 721:137778. https://doi.org/10.1016/j.
scitotenv.2020.137778

Van Nguyen D, Nguyen HM, Le NT, Nguyen KH, Nguyen HT,
Le HM, Nguyen AT, Dinh NTT, Hoang SA, Van Ha C
(2021) Copper nanoparticle application enhances plant
growth and grain yield in maize under drought stress condi-
tions. J Plant Growth Regul. https://doi.org/10.1007/s00344-
021-10301-w

Vanti GL, Nargund VB, Vanarchi BKNR, Kurjogi M, Mulla SI,
Tubaki S, Patil RR (2019) Synthesis ofGossypium hirsutum-
derived silver nanoparticles and their antibacterial efficacy
against plant pathogens. Appl Organomet Chem 33:e4630.
https://doi.org/10.1002/aoc.4630

Vítková M, Komárek M, Tejnecký V, Šillerová H (2015)
Interactions of nano-oxides with low-molecular-weight or-
ganic acids in a contaminated soil. J Hazard Mater 293:7–14.
https://doi.org/10.1016/j.jhazmat.2015.03.033

Vryzas Z (2016) The plant as metaorganism and research on next-
generation systemic pesticides – prospects and challenges.
Front Microbiol 7:1968. https://doi.org/10.3389
/fmicb.2016.01968

Wang H-W, Wang Y-J, Chen J-H, Wang S-Q, Cheng J, Zhou D-
M (2009) Application of modified nano-particle black carbon
for the remediation of soil heavy metal pollution. J Agro-
Environment Sci 29:431–436

WangY, PengC, FangH, Sun L, ZhangH, Feng J, DuanD, Liu T,
Shi J (2015) Mitigation of cu(II) phytotoxicity to rice (Oryza
sativa) in the presence of TiO2 and CeO2 nanoparticles
combined with humic acid. Environ Toxicol Chem 34:
1588–1596. https://doi.org/10.1002/etc.2953

Wang X, Yang X, Chen S, Li Q, Wang W, Hou C, Gao X, Wang
L, Wang S (2016a) Zinc oxide nanoparticles affect biomass
accumulation and photosynthesis in Arabidopsis. Front Plant
Sci 6:1243. https://doi.org/10.3389/fpls.2015.01243

Wang F, Liu X, Shi Z, Tong R, Adams CA, Shi X (2016b)
Arbuscular mycorrhizae alleviate negative effects of zinc
oxide nanoparticle and zinc accumulation in maize plants –
a soil microcosm experiment. Chemosphere 147:88–97.
https://doi.org/10.1016/j.chemosphere.2015.12.076

Wang J, Shu K, Zhang L, Si Y (2017) Effects of silver nanopar-
ticles on soil microbial communities and bacterial nitrifica-
tion in suburban vegetable soils. Pedosphere 27:82–490.
https://doi.org/10.1016/S1002-0160(17)60344-8

Wang F, Adams CA, Shi Z, Sun Y (2018a) Combined effects of
ZnO NPs and cd on sweet sorghum as in fluenced by an
arbuscular mycorrhizal fungus. Chemosphere 209:421–429.
https://doi.org/10.1016/j.chemosphere.2018.06.099

Wang F, Jing X, Adams CA, Shi Z, Sun Y (2018b) Decreased
ZnO nanoparticle phytotoxicity to maize by arbuscular my-
corrhizal fungus and organic phosphorus. Environ Sci Pollut
Res 25:23736–23747. https://doi.org/10.1007/s11356-018-
2452-x

Wang Y, Lin Y, XuY, Yin Y, Guo H, DuW (2019) Divergence in
response of lettuce (var. ramosa Hort.) to copper oxide
nanoparticles/microparticles as potential agricultural fertiliz-
er. Environ Pollut Bioavailab 31:80–84. https://doi.
org/10.1080/26395940.2019.1578187

Wang X, Sun T, Zhu H, Han T, Wang J, Dai H (2020) Roles of
pH, cation valence, and ionic strength in the stability and
aggregation behavior of zinc oxide nanoparticles. J Environ
Manag 267:110656. h t tps : / /do i .o rg /10 .1016 / j .
jenvman.2020.110656

Wang J, Hou L, Yao Z, Jiang Y, Xi B, Ni S, Zhang L (2021)
Aminated electrospun nanofiber membrane as permeable
reactive barrier material for effective in-situ Cr(VI) contam-
inated soil remediation. Chem Eng J 406:126822. https://doi.
org/10.1016/j.cej.2020.126822

Wani TA, Masoodi FA, Baba WN, Ahmad M, Rahmanian N,
Jafari SM (2019) Nanoencapsulation of agrochemicals, fer-
tilizers, and pesticides for improved plant production. In:
Ghorbanpour M, Wani SH (eds) Advances in
phytonanotechnology. Academic, Cambridge, pp 279–298.
https://doi.org/10.1016/B978-0-12-815322-2.00012-2

Wei X, Viadero RC (2007) Synthesis of magnetite nanoparticles
with ferric iron recovered from acid mine drainage: implica-
tions for environmental engineering. Colloids Surfaces A
Physicochem Eng Asp 294:280–286. https://doi.
org/10.1016/j.colsurfa.2006.07.060

Whitesides GM (2005) Nanoscience, nanotechnology, and chem-
istry. Small 1:172–179. https: / /doi.org/10.1002
/smll.200400130

Worthen AJ, Tran V, Cornell KA, Truskett TM, Johnston KP
(2016) Steric stabilization of nanoparticles with grafted low
molecular weight ligands in highly concentrated brines in-
cluding divalent ions. Soft Matter 12:2025–2039. https://doi.
org/10.1039/C5SM02787J

Xue W, Huang D, Zeng G, Wan J, Zhang C, Xu R, Cheng M,
Deng R (2018) Nanoscale zero-valent iron coated with
rhamnolipid as an effective stabilizer for immobilization of
Cd and Pb in river sediments. J Hazard Mater 341:381–389.
https://doi.org/10.1016/j.jhazmat.2017.06.028

Yang Y, Wang J, Xiu Z, Alvarez PJJ (2013) Impacts of silver
nanoparticles on cellular and transcriptional activity of
nitrogen-cycling bacteria. Environ Toxicol Chem 32:1488–
1494. https://doi.org/10.1002/etc.2230

Page 47 of 48    206

https://doi.org/10.1080/15226514.2016.1216076
https://doi.org/10.1080/15226514.2016.1216076
https://doi.org/10.1021/acs.est.0c03767
https://doi.org/10.1021/acs.est.0c03767
https://doi.org/10.1038/s41598-017-18939-x
https://doi.org/10.1038/s41598-017-18939-x
https://doi.org/10.1038/nnano.2009.357
https://doi.org/10.1038/nnano.2009.357
https://www.fertilizer.org/images/Library_Downloads/2010_Trenkel_slow%20release%20book.pdf
https://www.fertilizer.org/images/Library_Downloads/2010_Trenkel_slow%20release%20book.pdf
https://doi.org/10.1016/j.scitotenv.2020.137778
https://doi.org/10.1016/j.scitotenv.2020.137778
https://doi.org/10.1007/s00344-021-10301-w
https://doi.org/10.1007/s00344-021-10301-w
https://doi.org/10.1002/aoc.4630
https://doi.org/10.1016/j.jhazmat.2015.03.033
https://doi.org/10.3389/fmicb.2016.01968
https://doi.org/10.3389/fmicb.2016.01968
https://doi.org/10.1002/etc.2953
https://doi.org/10.3389/fpls.2015.01243
https://doi.org/10.1016/j.chemosphere.2015.12.076
https://doi.org/10.1016/S1002-0160(17)60344-8
https://doi.org/10.1016/j.chemosphere.2018.06.099
https://doi.org/10.1007/s11356-018-2452-x
https://doi.org/10.1007/s11356-018-2452-x
https://doi.org/10.1080/26395940.2019.1578187
https://doi.org/10.1080/26395940.2019.1578187
https://doi.org/10.1016/j.jenvman.2020.110656
https://doi.org/10.1016/j.jenvman.2020.110656
https://doi.org/10.1016/j.cej.2020.126822
https://doi.org/10.1016/j.cej.2020.126822
https://doi.org/10.1016/B978-0-12-815322-2.00012-2
https://doi.org/10.1016/j.colsurfa.2006.07.060
https://doi.org/10.1016/j.colsurfa.2006.07.060
https://doi.org/10.1002/smll.200400130
https://doi.org/10.1002/smll.200400130
https://doi.org/10.1039/C5SM02787J
https://doi.org/10.1039/C5SM02787J
https://doi.org/10.1016/j.jhazmat.2017.06.028
https://doi.org/10.1002/etc.2230


J Nanopart Res (2021) 23: 206

Yang W, Cheng P, Adams CA, Zhang S, Sun Y, Yu H, Wang F
(2021) Effects of microplastics on plant growth and
arbuscular mycorrhizal fungal communities in a soil spiked
with ZnO nanoparticles. Soil Biol Biochem 155:108179.
https://doi.org/10.1016/j.soilbio.2021.108179

Yao KS, Li SJ, Tzeng KC, Cheng TC, Chang CY, Chiu CY, Liao
CY, Hsu JJ, Lin ZP (2009) Fluorescence silica nanoprobe as
a biomarker for rapid detection of plant pathogens. Adv
Mater Res 79–82:513–516. https://doi.org/10.4028/www.
scientific.net/AMR.79-82.513

Young M, Ozcan A, Myers ME, Johnson EG, Graham JH, Santra
S (2018) Multimodal generally recognized as safe ZnO/
nanocopper composite: a novel antimicrobial material for
the management of citrus phytopathogens. J Agric Food
Chem 66:6604–6608. https://doi.org/10.1021/acs.jafc.7
b02526

Youssef MS, Elamawi RM (2020) Evaluation of phytotoxicity,
cytotoxicity, and genotoxicity of ZnO nanoparticles in Vicia
faba. Environ Sci Pollut Res 27:18972–18984. https://doi.
org/10.1007/s11356-018-3250-1

Yuvaraj M, Subramanian KS (2015) Controlled-release fertilizer
of zinc encapsulated by a manganese hollow core shell. Soil
Sci Plant Nutr 61:319–326. https://doi.org/10.1080
/00380768.2014.979327

Zehlike L, Peters A, Ellerbrock RH, Degenkolb L, Klitzke S
(2019) Aggregation of TiO2 and Ag nanoparticles in soil
solution – effects of primary nanoparticle size and dissolved
organic matter characteristics. Sci Total Environ 688:288–
298. https://doi.org/10.1016/j.scitotenv.2019.06.020

Zhang H, Zhang Y (2020) Effects of iron oxide nanoparticles on
Fe and heavy metal accumulation in castor (Ricinus
communis L.) plants and the soil aggregate. Ecotoxicol
Environ Saf 200:110728. https://doi.org/10.1016/j.
ecoenv.2020.110728

Zhang M, Wang Y, Zhao D, Pan G (2010) Immobilization of
arsenic in soils by stabilized nanoscale zero-valent iron, iron
sulfide (FeS), and magnetite (Fe3O4) particles. Chin Sci Bull
55:365–372. https://doi.org/10.1007/s11434-009-0703-4

Zhao L, Peralta-Videa JR, Rico CM, Hernandez-Viezcas JA, Sun
Y, Niu G, Servin A, Nunez JE, Duarte-Gardea M, Gardea-

Torresdey JL (2014) CeO2 and ZnO nanoparticles change the
nutritional qualities of cucumber (Cucumis sativus). J Agric
Food Chem 62:2752–2759. https://doi.org/10.1021/jf405476
u

Zhao X, Liu W, Cai Z, Han B, Qian T, Zhao D (2016) An
overview of preparation and applications of stabilized zero-
valent iron nanoparticles for soil and groundwater remedia-
tion. Water Res 100:245–266. https://doi.org/10.1016/j.
watres.2016.05.019

Zhou DM, Jin SY,Wang YJ, Wang P,Weng NY,Wang Y (2012)
Assessing the impact of iron-based nanoparticles on pH,
dissolved organic carbon, and nutrient availability in soils.
Soil Sediment Contam 21:101–114. https://doi.org/10.1080
/15320383.2012.636778

Zhu Y, Xu F, Liu Q, Chen M, Liu X, Wang Y, Sun Y, Zhang L
(2019) Nanomaterials and plants: positive effects, toxicity
and the remediation of metal and metalloid pollution in soil.
Sci Total Environ 662:414–421. https://doi.org/10.1016/j.
scitotenv.2019.01.234

Zulfiqar F, Navarro M, Ashraf M, Akram NA, Munné-Bosch S
(2019) Nanofertilizer use for sustainable agriculture: advan-
tages and limitations. Plant Sci 289:110270. https://doi.
org/10.1016/j.plantsci.2019.110270

Zuverza-Mena N, Armendariz R, Peralta-Videa JR, Gardea-
Torresdey JL (2016) Effects of silver nanoparticles on radish
sprouts: root growth reduction and modifications in the nu-
tritional value. Front Plant Sci 7:90. https://doi.org/10.3389
/fpls.2016.00090

Zuverza-Mena N, Martínez-Fernández D, Du W, Hernandez-
Viezcas JA, Bonilla-Bird N, López-Moreno ML, Komárek
M, Peralta-Videa JR, Gardea-Torresdey JL (2017) Exposure
of engineered nanomaterials to plants: insights into the phys-
iological and biochemical responses—a review. Plant
Physiol Biochem 110:236–264. https://doi.org/10.1016/j.
plaphy.2016.05.037

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

206   Page 48 of 48

https://doi.org/10.1016/j.soilbio.2021.108179
https://doi.org/10.4028/www.scientific.net/AMR.79-82.513
https://doi.org/10.4028/www.scientific.net/AMR.79-82.513
https://doi.org/10.1021/acs.jafc.7b02526
https://doi.org/10.1021/acs.jafc.7b02526
https://doi.org/10.1007/s11356-018-3250-1
https://doi.org/10.1007/s11356-018-3250-1
https://doi.org/10.1080/00380768.2014.979327
https://doi.org/10.1080/00380768.2014.979327
https://doi.org/10.1016/j.scitotenv.2019.06.020
https://doi.org/10.1016/j.ecoenv.2020.110728
https://doi.org/10.1016/j.ecoenv.2020.110728
https://doi.org/10.1007/s11434-009-0703-4
https://doi.org/10.1021/jf405476u
https://doi.org/10.1021/jf405476u
https://doi.org/10.1016/j.watres.2016.05.019
https://doi.org/10.1016/j.watres.2016.05.019
https://doi.org/10.1080/15320383.2012.636778
https://doi.org/10.1080/15320383.2012.636778
https://doi.org/10.1016/j.scitotenv.2019.01.234
https://doi.org/10.1016/j.scitotenv.2019.01.234
https://doi.org/10.1016/j.plantsci.2019.110270
https://doi.org/10.1016/j.plantsci.2019.110270
https://doi.org/10.3389/fpls.2016.00090
https://doi.org/10.3389/fpls.2016.00090
https://doi.org/10.1016/j.plaphy.2016.05.037
https://doi.org/10.1016/j.plaphy.2016.05.037

	Interaction of metal nanoparticles–plants–microorganisms in agriculture and soil remediation
	Abstract
	Introduction
	Nanotechnology and NMs in agriculture
	Nanofertilizers
	NMs and plant diseases control
	NMs in plant pest control
	Nanosensors in agriculture
	NMs in seeds quality and protection
	Other benefits of metal NPs in agricultural soils
	Interaction NMs and plants
	Interaction metal NMs and soil
	Interaction metal NMs, plants, and soil microorganisms
	Metal NPs for remediation of polluted soils with potentially toxic elements
	NMs-assisted phytoremediation
	NMs and electrokinetic remediation
	NMs for acid mine drainage treatment
	Some considerations for nanoremediation
	Interaction metal NMs, plant and soil beneficial microorganism in remediation
	Applications and challenges of nanotechnology in agriculture and soil remediation

	Conclusions
	References


