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13.1 Introduction

Nanomaterials are chemical materials or substances that are produced and used at a
very small scale. The most important feature of nanomaterials is their small size
which ranges between 1 and 100 nm. These intrinsic unique features are the reason
for the widespread potential applications of NMs (Ball 2002). Smaller size of NMs
helps them to penetrate particular cellular sites and their additional surface area
simplifies more adsorption and targeted distribution of substances (Kashyap et al.
2015). The NMs exist in anthropogenic waste materials like coal combustion,
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welding fumes, diesel exhaust (incidental NMs), as well as in volcanic dust, mineral
composites, etc. (natural NMs) (Monica and Cremonini 2009). Moreover, engi-
neered nanomaterials (ENMs) produced with nanoscale dimensions are commonly
grouped into four kinds, viz., metal based NMs, carbon based NMs, metal oxides,
composites, and dendrimers (Ju-Nam and Lead 2008). Due to their wide range in
uses, NMs might easily be intentionally or incidentally released into the environ-
ment (Hashimoto et al. 2017).

Nanomaterials have been shown to affect plants at every step of their life cycle
(Liu et al. 2016a). NPs play important role in the conservation of plants against
diverse abiotic stresses such as cold, drought, and salinity. Tiny size and large active
surface area of NPs provide access for toxic metals for binding and thus alleviate
accessibility and toxicity of metals (Worms et al. 2012). Apart from their positive
effects several NMs illustrate toxicity symptoms. The presence of NMs in the soil
and water induces oxidative stress and causes loss of photosynthesis, chlorophyll
(Chl), biomass and nutritive value of crop plants (Peralta-Videa et al. 2014), and
decrease in germination rate, root, and shoot length (Da Costa and Sharma 2016;
Wang et al. 2016c¢). Also, when released into the environment, ENMs can interact
with a wide array of environmental pollutants (e.g., organic pollutants and heavy
metals), which may effect on environmental behavior (Deng et al. 2017; Canesi
et al. 2015). At the same time, an interaction between ENMs and pollutants may
also effect on physicochemical property and bioavailability of ENMs (Cui et al.
2016). Therefore, it is necessary that we understand the destiny and toxicity of
NMs, specifically in plants and environment.

In this chapter, toxicity of nanomaterials in plants and environment is investi-
gated. First the toxicity effect of NPs on plant growth and then the effect of ENMs
on the toxicity of environmental pollutants are discussed.

13.2 Toxicity Effects of NMs on Plant Growth

13.2.1 Plant Uptake of ENMs

It is not completely clear as to how NMs may penetrate into the plant. However,
NMs penetrate into the plant through adsorption on the root surface, incorporation
into the cell wall, and uptake into the cell (Nowack and Bucheli 2007). The NMs,
larger than the cell wall pore size, stick to the epithelial root cells causing physical
injuries to the cells (Miralles et al. 2012), pores fouling, and decrease root hydraulic
conductivity leading to changed color of the roots surface(Martinez-Ferndndez
et al. 2016), alleviated water absorption, and nutrient uptake capacity. However,
NMs smaller than the pore size of cell could diffuse through lateral root junctions
and have been found in the roots, stems (xylem and phloem), and leaves of the plant
(Tripathi et al. 2017). It is also noted that NMs can enter the nucleus, mitochondria,
and chloroplast of the plant cell as well as directly interact with DNA, RNA, or
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proteins (Serag et al. 2010). Direct interaction of NMs to DNA, RNA, or proteins
causes mechanical infraction and affects integrity of cell membrane and cell walls
(Jang et al. 2003).

13.2.2 Carbon Based Engineered Nanomaterials

A wide use of carbon-based NMs (CNMs) has led to its potential transport to living
systems, either intentionally in discharges, or incidentally in spillages, and greater
probability of the unfavorable environmental effects (Baughman et al. 2002).
Among CNMs, the most studied materials are carbon nanotubes (CNTs) and gra-
phene oxide (GO). As CNMs are considered extremely hydrophobic with the great
tendency to aggregate, these could be expected to reside in the living system (De La
Torre-Roche et al. 2013). This feature would increase the CNMs capability to inter-
act with various organic substances. So, the low surface friction of CNTs is needed
to help the transfer of organic substances into the cytoplasm (Santos et al. 2013).

13.2.2.1 Carbon Nanotubes

Carbon nanotubes (CNTs) may have possibly single or multiple layers of carbons
established in a cylinder. CNTs are in the form of fibers, with the properties very
diverse from massive graphite or carbon. Thus, CNTs have great tensile strength
and are possibly the powerful, smallest fiber recognized. There is proof that CNTs
could dislocate to systemic sites, such as roots, leaves, and fruits, which could
involve a potent interaction with the cells of the tomato seedling. This resulted in
considerable alteration in roots gene expression, leaves, and total fruits. CNTs have
phytotoxic effects on plant cells because of accumulation and reason cell death in a
dose dependent manner. Cell death is illustrated by electrolyte leakage and the
swelling of the cell plant. Also, alterations in the content of plant metabolites after
exposure to CNTs have been identified. For example, the tomato treated with CNTs
showed an increase in fruit metabolites, such as alkaloid senecionine and terpenoids
(McGehee et al. 2017).

13.2.2.2 Graphene and Graphene Oxide

Graphene is a two-dimensional allotropic form of carbon. It can be considered as a
one atom layer of graphite. At higher concentrations of graphene (1000 mg L), the
root growth of red cabbage and spinach alleviated compared to the control plant
(Begumetal. 2011; Al-Ghamdi et al. 2014; Ye et al. 2012) (Fig. 13.1). This is because
of the accumulation of graphene using H,O, visualization, together with observable
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Fig. 13.1 Effect of graphene (G) on red spinach, cabbage, and tomato seedlings. At 21 days seed-
ling growth on Hoagland media with graphene (0, 500, 1000, and 2000 mg L") was utilized for all
measurements. (a) Root length, (b) shoot length, (¢) root weight, (d) shoot weight, (e) leaf number,
and (f) leaf area (Begum et al. 2011)
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Fig. 13.2 Influence of graphene (G) on accumulation of H,O, in leaves tested by means of the
ROS-sensitive dye DAB of tomato, red spinach, and cabbage seedlings. At 21 days leaves treated
with or without 1000 mg L~' graphene were employed for all measurements. (a), (c), and (e) are
cabbage, tomato, and red spinach leaves untreated, respectively. (b), (d), and (f) are cabbage,
tomato, and red spinach leaves treated, respectively. The brown staining shows the formation of a
brown polymerization product when H,0, reacts with DAB. (g) Influence of graphene (1000 mg
L") on the aggregation of H,O, in treated leaves as measured utilizing DAB (Begum et al. 2011)

signs of necrotic damage lesions and proof of a bulky electrolyte leakage, showing
an oxidation stress mechanism (Begum et al. 2011; Mogharabi et al. 2014).

For example, intracellular decrease in oxidation system possibly has a crucial
function in the induction of loss of cell life induced by graphene (Fig. 13.2). It
explained the aggregation graphene as leading to cell death, demonstrated by elec-
trolyte leakage from cells. The use of extra graphene may cause swelling in
Origanum vulgare and Origanum (Begum et al. 2011). Graphene is known as
inducing phytotoxic effects in cells of plants because of the aggregation mecha-
nism. This causes loss of cell life and the aggregation in a dose-dependent manner
(Akhavan and Ghaderi 2010; Sasidharan et al. 2011). There is inevitably proof that
graphene could translocate to systemic sites, such as roots, leaves, and fruits, which
engage in a strong interaction with the tomato seedlings cells, leading to essential
modifications in total gene expression in leaves, roots fruits, and applying toxic
effects (Anjum et al. 2014; Kim 2013). With that, it is unexpected to detect the gra-
phene toxicity effects on earthy plant species, in cabbage, red spinach, and tomato
(Lee and Kim, 2014; Kim, 2013). Past studies observed the similar growth pattern
in cabbage, red spinach, and tomato utilizing graphene NMs (Anjum et al. 2013;
Lee and Kim 2014). At high concentrations of graphene (1000 mg L!), the root hair
growth of red spinach and cabbage compared to control plants was alleviated
(Begum et al. 2011) (Fig. 13.3).
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Fig. 13.3 Effect of graphene (1000 mg L") on the root surface of tomato seedlings grown in
Hoagland medium. (a, d) SEM image of the untreated control of tomato root elongation and root
hair zone, respectively. (b) Root elongation zone of tomato root and (c, e, and f) demonstrate sur-
face detachment and aggregates of graphene on the tomato roots surface treated with graphene

Graphene oxide can affect phytohormones of plant. Phytohormones were also
affected following exposure of rapeseed to graphene oxide. In a recent research,
abscisic acid (ABA) and indole-3-acetic (IAA) levels were changed after exposure
to 0—100 mg L~! graphene oxide. ABA increased at high concentrations of graphene
oxide, showing that the plant may be under stress. [AA reduced with an increase in
graphene oxide concentration. The roots of rapeseed were shorter in plants exposed
to high concentrations of graphene oxide. IAA is in the auxin class (growth promot-
ers) of phytohormones; therefore, a reduction in IAA can destructively effect on
root growth in plants (Cheng et al. 2016).

13.2.3 Metal and Metal Oxide Engineered Nanomaterials

Metal oxide NPs represent a field of materials chemistry which attracts significant
interest owing to the potential technological applications of these com-
pounds. Research has shown that the metal/metal oxide NPs production has
increased more than three times in the last decade (Niederberger 2007; Stoimenov
et al. 2002). Metal/metal oxide NPs exhibit size dependent properties, such as pho-
tocatalytic degradation, magnetism, or fluorescence, which has biotechnological
applications in sensor development, agrochemicals, and soil remediation (Franke
et al. 2006; Kolmakov and Moskovits 2004). In environment, the effect of metal/
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metal oxide via plants is expected to depend mostly on the colloidal properties such
as organic content, sediments, and soil or sludge, as well as chemical properties.
The most studied metal-based NMs are CeQO,, Fe;O,, TiO,, and ZnO NPs
(Niederberger et al. 2006; Moisala et al. 2003). Indeed, Fe;O, NPs induce some
durability effect on aquatic suspensions of carbon nanotubes and fullerene. It has
been proved that the effect of varying pH and humic acids can combine the effects
on the destiny of Fe;O, NPs by enhancing pH, resulting in a higher content of accu-
mulation. A same effect was lately shown for CeO,. Metal NPs, under low concen-
tration conditions, play a vital role at the restriction of plant endurance in the growth
of plants (Stoimenov et al. 2002). The absorption of excess amounts of metals by
plants causes toxic effects such as reduction of growth and disarrangement in cell
division (Niederberger 2007; Kolmakov and Moskovits 2004). In this case, extra
metal NPs, acting as cofactor for enzymes, are involved in the development of inter-
mediate metabolites. However, the reaction of plants to metal NPs is affected by the
stage of growth, type of plant species, and the nature of the metal.

13.2.3.1 Gold (Au)

Gold (Au) is classified as a noxious substance, and the toxicity of Au in many stud-
ies has been reported in ionic or dissolved form (Karamushka and Gadd 1999;
Murphy et al. 2008; Goodman et al. 2004; Boisselier and Astruc 2009). Au NPs
have been utilized in many applications as antibacterial. In this case, the toxicity of
Au has been limited in the form of Au NPs (Goodman et al. 2004; Murphy et al.
2008). The production and the utilization of Au NPs in the environment and its
potential transport to the environment might cause intense toxicity problems in the
long term (Hauck et al. 2008; Khlebtsov and Dykman 2011; Johnston et al. 2010).
For instance, Medicago sativa and Brassica juncea displayed an enhancement in Au
uptake, with a conforming betterment in the layer of Au exposure time and concen-
tration (Saison et al. 2010; Perreault et al. 2012; Zhai et al. 2014).

The Au NPs to be found in the nucleus and the usage of defamation suggested at
both types are considered as hyperaccumulators of Au NPs (Arora et al. 2012;
Gardea-Torresdey et al. 2000; Green and Renault 2008). Additionally, it is proved
that Au NPs are transported inside the cells via plasmodesmata. TEM! images of
rice roots revealed that various Au particle sizes are stored inside the cells of root in
the form of vacuoles. The cell damage happened because of penetrations of large Au
NPs entering through small pores (Perreault et al. 2012).

Au NPs are noted to disrupt the onion root tip cells (Allium cepa), thus negative
effect on the cell division process by causing the formation of cell disintegration,
stickiness, and chromatin bridge (Feretti et al. 2007).

'Transmission electron microscope.
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13.2.3.2 Silver (Ag)

Silver (Ag) NPs have played an essential role in the field of biomedicine chemical
sensing including imaging utilization. Ag NPs are produced using different meth-
ods, electrochemical, chemical, laser ablations photochemical, and others (Rizzello
and Pompa 2014). Although bulk Ag is regarded “safe,” Ag NPs need to be tested
for biocompatibility and environmental impact if they are to be manufactured for
in vivo utilization on a large scale (Wagner et al. 1975; Jasim et al. 2017; Belava
et al. 2017). Moreover, exposure data had shown Ag NPs to be widespread in the
environment, at low but enhancing concentrations, with estimation of up to 0.1 and
2.9 mg L! at the surface water and sludge (Ferguson and Hogstrand 1998; Lee et al.
2005; Wood et al. 1996). Thus, some research demonstrated that the biological
effect of dissolved Ag+ ions might be seen at concentrations of up to 1000 times
higher than that for the Ag NPs (Lee et al. 2005). Also, some results from the
research documented that the toxic effect of Ag NPs is minor at exposures as low as
5 mg L', with higher inhibitions of growth (Vishwakarma et al. 2017).

It is obvious that Ag NPs within the environment pose a potential hazard to
greater plants, and thus, the function of ecosystems (Bianchini and Wood 2003; Lee
et al. 2005). Ag NPs illustrate different effects on root, shoot growth, and seed ger-
minations at concentrations of 6000 yg mL~!, 3000 ug mL~!, and 4500 pg mL~" on
species of Mung bean (Vigna radiata), Chinese cabbage (Brassica campestris), and
rice (Oryza sativa), respectively (Justin and Armstrong 1991; Nguyen et al. 2003;
Mao et al. 2004). Furthermore, Ag NPs with sizes of about 40 nm have the potential
to cause toxic effects in Cucurbita pepo and Chlamydomonas reinhardtii algae. In
the case of Cucurbita pepo, Ag NPs induced 4.4-10 times more alleviation in tran-
spiration rates and biomass, rather than bulk sizes (Ouda 2014; Cheng et al. 2011).
Meanwhile, the limits of uptake and the distribution of Ag NPs have been studied
for Medicago sativa and Brassica juncea species (Ouda 2014; Kumari et al. 2009;
Saxena et al. 2010) (Fig. 13.4). Meanwhile, research has been done on the limits of
distribution and the uptake of Ag NPs for Brassica juncea and Medicago sativa
species.

Diverse groups have tested the cellular uptake and cytotoxicity of Ag NPs in
systems of plant. Research on the root development and the seed germination of
zucchini plants in hydroponic solution modified with Ag NPs presented no negative
effects, whereas alleviations in plant transpiration and biomass were detected on
prolonging the plants’ growth in the existence of Ag NPs. The cytotoxic and geno-
toxic effects of Ag NPs have been reported on the onion root tips. In this case, the
results showed that the use of Ag NPs caused cell disintegration and impaired the
stages of cell division (Yin et al. 2012; Cheng et al. 2011). There are some notes on
greater toxic impacts in the Chlamydomonas reinhardtii algae exposed to Ag NPs as
AgNO;, at the particle size of about 40 nm (Cheng et al. 2011).

There are some researches concentrated on impact of Ag NPs on aquatic plant
(Inokuchi et al. 1997). The studies noted on utilization of Lemna minor L. clone St
to study the phytotoxicity of Ag NPs. The results illustrated that the inhibition of
plant growth was apparent after exposure to a wide speared range of Ag NPs (20—
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Fig. 13.4 Antifungal impact of Ag NPs on culture filtrate and cell. SEM images of hyphae of
Alternaria alternata treated with silver, copper, or copper/silver NPs. Fungal hyphae grown on
potato dextrose agar plates as (a) control or supplemented with 15 mg L', (b) Ag, (¢) Cu, or (d)
Ag/Cu nanoparticle solution, respectively, images were taken at 7 days after the incubation period
(Ouda 2014)
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100 nm), even at low concentrations (5 mg L™!) (Unrine et al. 2012). The impacts of
Ag NPs have also been assessed in many different studies involving plant mediums
(Lee et al. 2012). This research focused on soil nematodes, soil microbial commu-
nity, and other associated concerns. It has been proved that Ag NPs with sizes of up
to 29 nm employed visible alleviation effects on the germination of lettuce seeds
and cucumber, but no toxic impact has been detected and noted on the alleviation
germination of ryegrass and barley exposed to Ag NPs.

Ag NPs with sizes less than 100 nm have also displayed to alleviate the biomass
and transpiration of pumpkin (Cucurbita pepo) (Ratte 1999). It noted enhanced Ag
NPs content in the common grass Lolium multiflorum, with enhancing concentra-
tion of Ag NPs. Additionally, the cytological impacts of onion (Allium cepa) have
been noted to include chromatin bridge, stickiness, disturbed metaphase, and other
impacts. The majority of nano-toxicological studies illustrated on plants thus far
have used alternative methods rather than soil media. Most of these studies have
been conducted in an aqueous media, such as basal medium, distillation water, or
Hoagland medium (Slade and Pegg 1993). Few studies proved the toxicity impact
of Ag NPs on seed germination, translocation, and plant uptake of NPs in soil (Roh
et al. 2009). Furthermore, the toxicity and bioavailability of Ag NPs to species
Polyboroides radiatus and Sorghum bicolor were calculated in both agar and soil
medium (Kumari et al. 2009)

Polyboroides radiatus and Sorghum bicolor in agar media presented Ag NPs’
concentration dependent-growth inhibition and the EC50s values of Polyboroides
radiatus and Sorghum bicolor measured to be 13 and 26 mg L-!, respectively
(Dimkpa et al. 2013). Polyboroides radiatus were not influenced via the hindrance
within the examined concentration in the soil media. S. bicolor demonstrated a
slightly alleviated growth rate (Lee et al. 2012). Bioavailability and impact of
Ag-ions dissolved from Ag NPs are reported to be less in soil than in agar. The
results of these studies confirmed that bioaccumulation, phytotoxicity, and dissolu-
tion of Ag NPs are obviously affected by the exposure medium (Dimkpa et al.
2013).

All such researches throw light on the need for a more genotoxic and cytotoxic
assessment by considering the features of Ag NPs, uptake, distribution, and translo-
cation in diverse plant tissues.

13.2.3.3 Cadmium (Cd)

The short-term impacts of cadmium (Cd) NPs for the root growth of cucumber,
tomato, lettuce, and carrot species were tested, using standard toxicity examining
(Jiang et al. 2003). The results demonstrated that the growths of seedling were
inversely associated to the exposure concentration of Cd, and among the analyzed
plants, the sensitive endpoint be visible in order of tomato, carrot, lettuce, and
cucumbers (Kashem and Kawai 2007). The growth of root has not been meaning-
fully inhibited by the existence of Cd NMs, except for tomatoes, but unusually
promoted by specific Cd NMs (Clarke and Brennan 1989). Microscopic images
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demonstrated the roots of analyzed plants exposed to Cd displaying an alleviation in
the root diameter and wilt and the decomposition of the root epidermis; the clutter
root surface displayed obvious stress in Cd solution (Groppa et al. 2008). After the
adding of Cd NPs, many root hair and a lack of decomposition on the surface soft
of the root system were detected, and Cd NPs crystals were also observed on the
plants’ root surface (Cho and Seo 2005).

13.2.3.4 Titanium Oxide (TiO,)

Although titanium oxide NPs (TiO,) are extensively used in daily life products, the
study of their uptake and translocation in the plant is limited, especially on food
crops (Seeger et al. 2009; Kurepa et al. 2010). Because of small size of TiO, NPs
(<5 nm), these tend to form a covalent bond with most of the nonconjugate natural
organic matter, translocate, and follow the tissue and specific distribution of cell
(Song et al. 2013). The general toxic impacts of TiO, NPs are found in the algal
species, for instance, Desmodesmus subspicatus (Hund-Rinke and Simon 2006).
Moreover, TiO, NPs generate reactive oxygen species on interaction with ultraviolet
radiation or organisms (Wang et al. 2011). For instance, with the existence of TiO,,
the root of A. thaliana releases mucilage and procedures a pectin hydrogel capsule
neighboring the root (Elghniji et al. 2012). TiO, NPs display that an enhancement in
nitrate reeducates in soybean (Glycine max), increases the capability to absorb/use
water, and stimulates the antioxidant system.

For instance, TiO, NPs treated seeds produced plants that had 73% more dry
weight, and 45% increase in chlorophyll, a formation compared to the control over
the germination period of 30 days (Qi et al. 2013). The development rate of spinach
seeds, on the contrary, is proportional to the size of the materials, showing that the
smaller the NMs, the better the germination. Some researches show that the TiO,
NPs might have raised the absorption of inorganic nutrients, enhanced the decom-
position of organic substances, and caused quenching by oxygen free radicals
formed during the photosynthetic process, consequently improving the photosyn-
thetic rate (Zheng et al. 2005). To enhance seed germination rate, the penetration of
NMs into the seed is crucial (Han et al. 2010; Gao et al. 2008) (Fig. 13.5).

Meanwhile, TiO,, in the anatase phase, rises plant growth in spinach by modify-
ing nitrogen metabolism that promotes the adsorption of nitrate (Wu et al. 2012).
The same research illustrated the negative impacts of TiO, NPs upon the seed ger-
mination percentage and the number of roots for the species Oryza sativa L. This, in
turn, increases the conversion of inorganic nitrogen into organic nitrogen, so
enhancing the fresh and dry weight (Foltéte et al. 2011).

Utilizing TiO, NPs at 60 mg L~! increased sage and seed germination percent-
ages (Feizi et al. 2013). Exposure of sage seeds to 60 mg L~! TiO, NPs achieved the
lowest mean germination time, but higher concentrations did not enhance the mean
germination time (Feizi et al. 2013).

For spinach seeds, TiO, NPs helped to water absorption, and thus enhanced seed
germination (Zheng et al. 2005). Thus, some studies declared that altered TiO, NPs
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Fig. 13.5 SEM images for NPs/lettuce seeds. In the aqueous phase, the SEM image shows that
metal oxide NPs (a) (TiO, NPs 1000 mg L") and (CuO NPs 1000 mg L") were adsorbed on (b)
the seed surface (Wu et al. 2012)

were tested in the liquid phase on the plant model Vicia faba, which was exposed
to three nominal concentrations: 5, 25, and 50 mg commercial sunscreen TiO, NPs
per liter for 48 h. Plant growth, photosystem II maximum quantum yield, genotox-
icity by micronucleus examination, and phytochelatins levels illustrated a lack of
change compared to the control samples. TiO, NPs seem not to exert deleterious
effects on our plant model in 48 h, but detected important clogging onto the roots
(Xie et al. 2011).

It is shown that a blend of nanosized TiO, could improve the nitrate reductase
enzyme in soybean (Glycine max), enhance its abilities of absorbing and using fer-
tilizer and water, encourage its antioxidant system, and actually hasten its germina-
tion and growth (Molina-Barahona et al. 2005). In addition, it is stated that the
positive effects of TiO, could be due to antimicrobial properties of ENMs, which
can improve the stability and strength of plants to stress. Therefore, the acute toxic
effects of TiO, NPs are considered low, with the effects not following a clear dose
impact relationship. This is perhaps due to particle agglomeration and subsequent
sedimentation. Genomic DNA quantification was observed in the root tips of
cucumber after 7 days and displayed that plants treated with 2000-4000 mg L=! of
TiO, NPs alleviated the genomic DNA compared to the control sample (Elghniji
et al. 2012). The toxic effect of TiO, NPs is possibly not attributed by the released
Ti%* ions from particles that are tentatively proved by the limited dissolution of Ti
from a TiO, sample (Qiu et al. 2013).
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13.2.3.5 Aluminum (Al)

Al is not necessary for crop growth and expansion; but, Al toxicity is primarily
caused via AI** which is a high limiting factor for crop growth in acidic soils (Von
Uexkiill and Mutert 1995). Al ions are very toxic to plants at elevated level concen-
trations (Kochian et al. 2004).

Toxic levels of Al prevent the growth and decrease the efficiency of Al-sensitive
crops with disrupting different cellular processes and components through binding
with phosphate, sulfate, and carbonyl functional groups (Valle et al. 2009).

Physiological studies imply that plants utilize two principal techniques to resist
Al toxicity: obstruction of AI** uptake and detoxifying cellular Al by the formation
of inoffensive complexes with organic ligands, which are then separated to particu-
lar organelles (Ma and Furukawa 2003). Comparative proteomic analyze and bioin-
formatic strategies are impressive tools for manifesting the molecular mechanisms
underlying replies to abiotic stress (Xu et al. 2010). Soybean is susceptible to Al
toxicity (Xu et al. 2006). Comparative proteomic analyze has manifested that Al
induces tolerance-related proteins in the tolerant cultivar; while, proteins relevant to
stress responses are raised in the susceptible cultivar (Duressa et al. 2011).

In the Al-tolerant soybean cultivar, the raise in ROS scavenging depends on the
enhanced plenty of proteins preoccupied in sulfur metabolism. Furthermore, the
levels of ABC transporter ATP-binding proteins facilitate in transmitting Al far from
the roots. In response to Al toxicity, the cysteine synthase and glutathione reductase
played main role in the soybean conformity to heavy metal stress (Duressa et al.
2010). Glutathione-S-transferase was enhanced under the Al stress in soybean
(Duressa et al. 2011). The antioxidation and detoxification enzymes played a main
role in Al tolerance in rice, soybean, and tomato (Zhen et al. 2007). Rice is the most
Al-tolerant species (Foy 1988); but, exposure of rice to Al causes intense efficiency
decrements (Fageria and Carvalho 1982). Comparative proteomic studies consider-
ing mechanisms of Al tolerance in rice manifested that the relative plenty of vacu-
olar H+-ATPase was enhanced in Al-tolerant rice cultivars compared to Al-sensitive
cultivars, while structural proteins were diminished in both cultivars (Wang et al.
2013).

Furthermore, Al toxicity in rice caused enhancement in antioxidative, carbohy-
drate, and nucleotide anabolism-related proteins in the resistant cultivar, whereas a
number of pathogenesis and carbohydrate catabolism-related proteins were
enhanced in redundancy in the sensitive cultivar. Another study indicated that acti-
vation of the glycolysis/gluconeogenesis shunt becomes clear to be a quick and
impressive way to equilibrium the levels of accessible energy to barricade an intra-
cellular energy deficiency resulting from the increased cellular levels of Al. In
wheat, exposure to Al enhanced proteins containing S-adenosylmethionine syn-
thase, oxalate oxidase, malate dehydrogenase, and cysteine synthase (Oh et al.
2014). In barley, a comparative proteomic study manifested that proteins preoccu-
pied in energy, cell growth, protein synthesis, protein destination/storage, transmit,
signal transduction, and disease/defense were enhanced in the tolerant cultivar in
reply to Al toxicity (Dai et al. 2013). The recognized proteins were related with Al
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tolerance and indicated that Tibetan wild barley is a new genetic resource. In
Arabidopsis thaliana, the proteins depend on the tricarboxylic acid cycle, glycoly-
sis, reactive oxygen quenching, detoxification, and signal transduction pathways
that played role in mediating plant response toward Al stress (Karuppanapandian
et al. 2012). Comprehending the mechanism of action of Al at the molecular level is
significant for the expansion of stress-tolerant crop.

Also, phytotoxicity of uncoated and phenanthrene-coated alumina (Al,O;) NPs
displayed that uncoated Al,O; NPs at 2 mg L~ concentrations inhibited the root
elongation of corn, cabbage, carrot, soybean, and cucumber [224-226] (Kollmeier
et al. 2000). It is noted that the toxic effect is possibly not nanospecified but is
because of the dissolution of Al,O; NPs. The effects of submicron Al,O; particles
were examined to evaluate the chemical material that might be toxic against the
growth of seedling roots. Therefore, particle surface features play an acute role in
the phytotoxicity of AL,O; NPs (Tian et al. 2007). Research has supported the fact
that the existence of Al,O; can stunt root growth in cucumber, corn, carrot, cabbage,
and soybean, although preliminary findings suggest that very high concentrations of
such particles are essential to induce harm (Kinraide et al. 1992). The existence of
Al,O; NPs did not have a harmful effect on the expansion of Lolium perenne and
Phaseolus vulgaris in the tested concentration range (Rangel et al. 2007).

13.2.3.6 Fe;04

The extra amount of iron oxide (Fe;0,) as a magnetic NMs resulted in some nega-
tive effect against plant growth. For instance, “Chlorophyll a” levels were amplified
at low Fe;O4 NPs fluid concentrations, while at higher concentrations it inhibited it
(Zhu et al. 2008). A small repressing effect was found on the growth of the plantlets
that led to brown spots on leaves at higher volume fractions of Fe;O, NPs fluids
(Kraemer 2004).

The extra Fe;O, NPs treatment produced some oxidative stress, which in turn
affected photosynthesis and resulted in alleviated rates of metabolic process. The
oxidative impact was induced by the Fe;0O, fluid concentration in the tissues of liv-
ing plants (Raven 1988).

In order to overcome such limitations, the coating provides Fe;O, NPs with a
large adsorption surface and biocompatible characteristics (Chen et al. 1980).

For instance, in the case of pumpkin (Cucurbita pepo), the extent of carbon
coated-Fe;0, at certain concentrations within some cells and in extracellular space
reduces the problems for plant tissues and the amount of chemicals released into the
environment (Katsoyiannis and Zouboulis 2002). Moreover, the effect of tetrameth-
ylammonium hydroxide coated Fe;O, NPs on the development of corn (maize)
found that the chlorophyll level enhanced at low Fe;O, NPs fluid, while at higher
concentrations it was inhibited. A slight inhibitory effect was detected in the growth
of the plantlets, which in turn resulted in brown spots on leaves at greater volume
fractions of the magnetic fluid (Liu et al. 2006). The oxidative effect was induced by
the Fe;O4 NPs fluid toward the living plant tissue (Ma et al. 2010). The extra Fe;O,



392 M. Peyravi et al.

NPs generated some oxidative effect, affected photosynthesis, and resulted in the
decrease of metabolic process rates.

13.2.3.7 Zinc (Zn)

Zn NPs are a vital micronutrient for various cellular processes and are required for
both animal and plant growth (D’Alessandro et al. 2013). In particular, Zn NPs
serve as a cofactor for enzyme reactions involved in carbohydrate and energy
metabolism, energy transfer, protein synthesis, protein folding, and gene expression
regulation (Maret 2013). The significance of Zn NPs in cellular functions is high-
lighted by the finding that 10% of protein binding sites contain Zn (Andreini et al.
2006). However, at high level concentrations, Zn is toxic for plants. The main
response to Zn toxicity is expansion inhibition and is determined by alleviated root
growth, impaired cell division/elongation enhanced, and enhanced root thickening
(Barcel6 and Poschenrieder 1990). Comparative researches on Zn-sensitive A.
thaliana and tolerant A. halleri revealed that toxicity leads to the changed expres-
sion of genes involved in metal binding and homeostasis. The proteomic analysis of
the leaves and roots of A. thaliana indicated that protein profiles were significantly
changed in response to Zn NPs toxicity. In the leaves, the declined proteins were
predominantly associated to one-carbon metabolism, such as glycine decarboxyl-
ase P protein, serine hydroxymethyltransferase, and methionine synthase (Weber
et al. 2004).

In the roots, Zn toxicity reduced V-ATPase activity results in growth defects
(Fukao et al. 2011). In the shoots of A. thaliana, Zn mostly affected the levels of
proteins associated to ribosomes, photosynthesis, and transporter (Zargar et al.
2015). Enhanced Zn NPs concentrations induce metabolic reprogramming in Beta
vulgaris (Van Assche and Clijsters 1990). In response to Zn treatment, a shutdown
of metabolism because of alleviation aerobic respiration, lipid peroxidation, and
cell death was detected in B. vulgaris (Gutierrez-Carbonell et al. 2013). In the
Populus x euramericana roots (clone 10214), Zn NPs modulate the abundance of
proteins associated to the antioxidant system, carbohydrate/energy, and amino acid
metabolism. In addition, coordination between cell death and proliferation was
identified and was speculated to be an attempt by the plant to alleviate the harm
caused by Zn stress (Romeo et al. 2014). Noccaea caerulescens is a part of the
Brassica family and a great model system for checking the effects of Zn NPs hyper-
aggregation (Milner and Kochian 2008). In N. caerulescens, several glutathione
S-transferases are enhanced in the epidermal cells and function to alleviate oxida-
tive stress caused by extra Zn NPs (Schneider et al. 2013). Furthermore, the concen-
trations of citrate and malate were also enhanced, demonstrating the important role
of these metabolic intermediates in the complexation of epidermal Zn NPs.
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13.2.3.8 Copper (Cu)

Cu is a vital micronutrient for plant development and growth, as it is mostly con-
nected with proteins involved in electron transfer and redox reactions, and is also as
a cofactor in oxidative stress responses, mitochondrial respiration, ethylene trans-
duction signals, and photosynthesis. Despite its significance for enzymatic function,
Cu is toxic to plants at high concentrations because it is able of catalyzing Fenton
and Haber—Weiss reactions, leading to the production of ROS that have the potential
to harm cellular constituents (Bona et al. 2007).

Recently, Adrees et al. (2015) studied the effects of extra Cu on the growth and
physiology of crops. Exposure to high concentrations of Cu caused growth inhibi-
tion, oxidative damage, and antioxidant responses in cucumber, sunflower, maize,
rice, and wheat. Cu treatment also changes enzyme activities, chlorophyll content,
mineral nutrition enzyme activities, and leaf photosynthetic; leading to alleviation
growth and yield. In the Elsholtzia splendens, a tolerant species, cellular metabo-
lism redox homeostasis, and cellular metabolism pathways are redirected in cells of
root as a significant survival response under Cu stress. It has also been illustrated
that Cu NPs effect on antioxidant defense/signaling pathways, protein, and energy
synthesis in E. splendens (Liu et al. 2014). In roots of rice, Cu stress effects on the
proteins involved in antioxidant defense, carbohydrate metabolism, nucleic acid
metabolism, protein folding/stabilization, protein transport, and cell wall synthesis
(Chen et al. 2015a).

A comparative proteomic study between Cu-tolerant and Cu-sensitive rice culti-
vars was conducted to better understand the molecular mechanisms involved in
plants responses to Cu stress (Chen et al. 2015a). The identified Cu-responsive pro-
teins were involved in antioxidant defense, detoxification, pathogenesis, and regula-
tion of gene transcription. Karmous et al. (2014) examined the role of the
ubiquitin-proteasome pathway and peptidases in plant responses to Cu stress in
bean cotyledons. Cu induced the inactivation of the ubiquitin-proteasome pathway
and leucine/proline aminopeptidases, and/or limitation of the role in modulating the
removal of regulatory and oxidative damaged proteins. However, the activities of
trypsin and chymotrypsin were increased due to Cu stress and the activities of their
inhibitor were decreased, indicating that these endoproteases play a role in protect-
ing cells against Cu toxicity.

In Agrostis capillaris, exposure to Cu increases the abundance of Cu/Zn super-
oxide dismutase, leading to the increased detoxification of superoxides, and also
associated with changes in the cytoskeleton and ethylene metabolism (Hego et al.
2014). Theresulting increase in the levels of L-methionine and S-adenosylmethionine
facilitates the production of nicotianamine, which binds to Cu and is required for
the synthesis of metallothioneins and glutathione. In rice, Cu exposure regulates the
activities of metallothionein-like, membrane-associated, and pathogenesis-related
proteins.



394 M. Peyravi et al.

13.2.3.9 Other Metal

In addition to the above-described heavy metals, the effects of several other trace
metals on plants have been tested in diverse species. In a recent proteomic research
of rice seedlings, the effects of Cr toxicity were examined (Zeng et al. 2014). The
duration of Cr exposure affects the antioxidant enzymes, such as ferredoxin-NADP
reductase, glyoxalase I, NADP-isocitrate dehydrogenase, and glutamine synthetase.
Furthermore, the Cr NPs were found to be immobilized into cell walls and have
alleviated translocation, and also activated the antioxidant defense system. In maize,
Fe exposure adjusts the proteins involved in oxidative stress, development regula-
tion, and cell wall stability and synthesis (Hopff et al. 2013). Hg is also of excellent
concern because of its deleterious impacts on the human health and environment. In
Suaeda salsa, Hg exposure controls proteins associated to immunosuppression, sig-
naling pathways, stress responses, photosynthesis, energy metabolism, metabolic
processes, and protein fate (Liu et al. 2013). In roots of rice, Hg controlled numer-
ous proteins are involved in stress responses, metabolism, signal transduction, redox
homeostasis, and regulation (Wang et al. 2012). Between the enhanced proteins,
translationally adjusted tumor protein was assessed for its important role in Hg tol-
erance of rice, providing evidence for its role in decreasing Hg harm. The findings
from these researches suggest that many processes in plants are affected by metal
toxicity; studying that the effects of metal toxicity in combination may be helpful
for understanding the molecular mechanisms underlying plant responses to metal
toxicity.

13.3 Effect of ENMs on the Toxicity of Environmental
Pollutants

Joint toxicities of pollutants and ENMs can be classified as synergistic, antagonis-
tic, multiple effects. Inferior plant, aquatic life, and mammalian cells are mostly
used as model organisms for studies on the joint toxicity. Generic research on the
influence of ENMs on the toxicity of pollutants is summarized briefly and organized
by NMs classification (Tables 13.1 and 13.2).

13.3.1 Carbon Nanomaterials

CNTs have an extremely high affinity for environmental pollutants (Yang and Xing
2010). Four different kinds of CNTs have been shown to considerably increase the
critical toxicity of Cd to Daphnia magna (D. magna), this enrichment of Cd toxicity
was observed to enhance in the following order: single-walled CNTs
(SWCNTs) > multiwalled CNTs (MWCNTs) > hydroxylated MWCNTSs
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(OH-MWCNTs) > carboxylated MWCNTs (COOH-MWCNTs) (Wang et al.
2016b).

For instance, OH-MWCNTs were noted to enhance the toxicity of D. magna,
with LC50? values alleviating by 14.1% for As (III) and 14.9% for As(V) in the
existence of OH-MWCNTs after 48 h of exposure (Wang et al. 2016a). Also, nitric
acid treated MWCNTs (HNO;-MWCNTs) increased the toxicity of Pb to Nile tila-
pia: after 24, 48, 72, and 96 h of incubation, the respective LC50 values alleviated
from 1.65, 1.32, 1.10, and 0.99 mg L~! for Pb only to 0.32, 0.25, 0.20, and 0.18 mg
L-! for Pb—~CNTs mixtures (Martinez et al. 2013). The excess of HNO;-MWCNTs
also enhanced the pathological changes regarding epithelial structure, displacement
of epithelial cells, hyperplasia, and the structure in the secondary lamella in the Nile
tilapia (Barbieri et al. 2016). Apart from synergistic effects, carbon NMs may also
alleviate the toxicity of environmental pollutants. SWCNTSs have been displayed to
increase the removal rate of pyrene, and thereby, alleviate its bioaggregation in
earthworms (Petersen et al. 2009). Pretreatment of 20 pg mL~' GO has been noted
to enhance the livability of cells exposed to PCB? 52 from 67.7% to 86.3% (Liu
et al. 2016¢). Multiple effects of joint toxicity occur when ENMs interact with vari-
ous pollutants, when diverse ENMs with different physicochemical properties inter-
act with similar pollutant, or when exposure conditions change (e.g., time and
concentration).

The existence of SWCNTs reduced the toxicity of Phe with values of 50% devel-
opment inhibition extremely enhanced from 438.3 for Phe only to 528.4 for a mix
of Phe and SWCNTs; however, negligible diversity exists between MWCNTSs and
Phe (Glomstad et al. 2016). BC* alleviated the toxicity of TBT’ to D. magna at pH 6
and 8, while the toxicity of DBT was only negligibly affected via the addition of BC
(Fang et al. 2011).

13.3.2 Metal and Metal Oxide Nanoparticles

Examples of metal and metal oxide NPs, such as ZnO, AgNPs, and TiO,, have been
thoroughly studied and intensively utilized mainly in personal care and medical
products, which naturally enhanced the possibility for them to release into environ-
ment and further interact with pollutants.

TiO, enhanced the toxicity of Cd to D. magna, with the EC50 of Cd reducing by
48% after a 48 h exposure with nTiO, (Li et al. 2017).

TiO, increased the concentration of ROS® induced by As(IIl) and alleviated the
disturbed metabolism and total antioxidant capacity of As (II) in the estuarine poly-
chaete Laeonereis acuta (Nunes et al. 2017).

2Median lethal concentration.
3Polychlorinated biphenyls 52.
“Black carbon.

>Tributyltin.

®Reactive oxygen species.
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Moreover, TiO, enhanced the negative effects of PCP? by increasing the oxida-
tive stress such as DNA damage and lipid peroxidation in zebrafish larvae (Fang
et al. 2015). Also, TiO, was illustrated to enhance the genotoxicity of As(IIl) in
human-hamster hybrid (AL) cells (Wang et al. 2017).

AuNPs® were noted to enhance the bioaggregation and toxicity of As,O; by facil-
itating its uptake as well as inhibiting its removal (Guo et al. 2009). In addition to
synergistic effects, TiO, was illustrated to relieve the lethality of Cu in D. magna
(Rosenfeldt et al. 2015) and Microcystis aeruginosa (Chen et al. 2015b), decrease
Cd-induced toxicity in green algae (Yang et al. 2012) and D. magna (Tan et al.
2016). Multiple effects exist between metal/metal oxide NPs and pollutants. TiO,
performed absolutely distinct joint toxicity with four kinds of organochlorine con-
taminants toward algae (chlorella pyrenoidosa). A synergistic toxicity was found
for nTiO, and atrazine, antagonistic interactions happened between TiO, in
combination with HCB,® or PCB 77,!° whereas additive responses were reported for
the combination of nTiO, and PeCB!" (Zhang et al. 2017). As a generally utilized
sort of metal NPs, AgNPs were proved to facilitate the bioaccumulation of As(V),
Cu, and Cd but only increase the acute toxicity of Cd to D. magna (Kim et al. 2016).

In general, due to the diverse properties of ENMs, receptor species, pollutants,
and environmental conditions in the exposure scenarios, intricate interactions hap-
pen between ENMs and environmental pollutants, thus leading to opposite results
when studying the joint toxicity of ENMs and environmental pollutant. Thus, in
depth exploration on the biological and physicochemical mechanisms involved in
the joint toxicity is necessary.

13.4 Conclusions

In summary, the presence of nanomaterial in environment such as (soil and water)
can have significant toxicity effects on plants and the environment. Since the utiliza-
tion of NMs is predicted to enhance, it is important that we continue to study the fate
and toxicity of these NMs to plants and environments.

"Pentachlorophenol.

$Gold nanoparticles.
9Hexachlorobenzene.
103,3’,4,4'-tetrachlorobiphenyl.
" Pentachlorobenzene.
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