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ABSTRACT

With the rapid development of nanotechnology, the potential releases of nanoparticles (NPs) have
drawn considerable attention. Plants are essential fundamental components of all ecosystems, and
the interaction between NPs and plants is an indispensable aspect of the risk assessment.
Originally, this review focuses on NP phytotoxicity, which is an important precondition to promote
the application of nanotechnology and to avoid the potential ecological risks. Both enhancive and
inhibitive effects of various NPs on different plants’ growth have been documented. In this paper,
the influence factors of nanotoxicity and the mechanisms of these toxic effects are also
summarized. Subsequently, the defense mechanisms are presented as well. Eventually, this review
puts forward the prospects of research direction of the environmental behavior and the biological
toxicity of NPs, hoping to bring new ideas to the further research on NP phytotoxicity.
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Abbreviations: '0,: singlet oxygen; AA: ascorbate; ABA: abscisic acid; APX: ascorbate peroxidase; B-Ag
NPs: biosynthesized silver nanoparticles; Bt: Bacillus thuringiensis; CAT: catalase; CDs: carbon dots; Cu/
Zn-SOD: copper/Zinc SOD; DHA: dehydroascorbate; DHAR: dehydroascorbate reductase; GA:
gibberellic acid: GA-Ag NPs: coated silver nanoparticles; GPOX: guaiacol peroxidase; GPX:
glutathione peroxidase; GR: glutathione reductase; GSH: glutathione; GSSG: oxidized glutathione;
GST: glutathione S-transferases; «OH: hydroxyl radical; HA: high amylose; IAA: indole-3-acetic acid;
LA: low amylose; MA: medium amylose; MDA: malondialdehyde; MDHAR: monodehydroascorbate
reductase; NPs: nanoparticles; O™ : superoxide radical; POD: promoting peroxidase; ROS: reactive

oxygen species; SOD: superoxide dismutase; t-ZR: trans-zeatin-riboside

Introduction

Recent advances in nanotechnology have impacted industries
including manufacturing, biomedical applications, elec-
tronics/telecommunications, agriculture and renewable
energy, among others (Ma, White, et al. 2015). Nanoparticles
(NPs) are broadly defined as particles having at least one
dimension between 1 and 100 nm in diameter (Auffan et al.
2009). Because of their unique properties and novel features,
NPs have been widely used in many aspects of daily life and
energy production, including in catalysts, semiconductors,
cosmetics, drug carriers and environmental energy (Nel
et al. 2006). The large-scale and unrestricted use of NPs has
led researchers to consider the problems, challenges and con-
sequences of their environmental impact (Gottschalk et al.
2015; Tolaymat et al. 2015).

To date, the concentration of NPs in the environment is
much lower than the toxic concentration (Batley et al
2013). The potential health and environmental effects of
NPs need to be thoroughly evaluated before they are widely
commercialized. When NPs enter the soil through agricul-
tural application, atmospheric deposition, rain erosion, sur-
face runoff or other pathways, the NPs will accumulate in
the soil as time goes because of their weak migration ability
in soil. Exposure modeling also indicated that the concen-
trations of NPs in soil are higher than those in water or air,

implying that soils might be the main source of NPs released
into the environment (Gottschalk et al. 2009).

As primary producers, plants are key for any community
to function as they are responsible for converting solar energy
into organic matter that can be used by other trophic groups
(McKee & Filser 2016). Plants serve as a potential pathway for
the transportation of NPs (Rico et al. 2011). Through the food
chain, NPs can be accumulated in high trophic-level consu-
mers (Zhu et al. 2008). Organisms in the ecosystem could suf-
fer from oxidative stress induced by NPs (Hong et al. 2014).
In recent years, research in this area has been focused on the
interaction between plants and NPs, and the effects of NPs on
ecology, the food chain and human health; evaluating the
pros and cons of NPs requires interdisciplinary knowledge
(Tolaymat et al. 2015).

Both Stampoulis et al. (2009) and Wang et al. (2012) found
that CuO NPs did not affect the germination of zucchini and
maize, but suppressed root elongation. Another study showed
that multi-walled carbon nanotubes (MWCNTSs) had no
negative effect on the seed germination and root elongation
of zucchini species (Stampoulis et al. 2009). In the case of
root growth, biomass was not affected by ZnO NPs at both
400 and 800 mg/kg (Zhao et al. 2013). However, Zhang,
Zhang, et al. (2015) reported that corn exposed to ZnO
NPs showed no significant negative physiological effects.
Most studies showed that NPs could produce toxic effects
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above a certain concentration (Rico et al. 2011). In contrast,
some studies have reported that NPs might have a positive
effect on plants. Mixed nano-TiO, and nano-SiO, was intro-
duced into soybean (Glycine max), causing an increase in
nitrate reductase activity; this treatment hastened plant ger-
mination and increased growth by enhancing the absorption
and utilization of water and fertilizer by the crop (Lu et al.
2001). Some studies showed that TiO, NPs promoted nitro-
gen metabolism and photosynthesis, thereby improving spi-
nach growth when provided at a suitable concentration
(Hong et al. 2005; Zheng et al. 2005; Yang et al. 2006). Simi-
larly, Li et al. (2016) found that carbon dots (CDs) at a con-
centration of 0-1.0 mg/mL played a role in promoting mung
bean growth. The results showed that CDs could enhance the
ability of mung bean to absorb and utilize nutrients. There-
fore, it was concluded that CDs induced a physiological
response in the mung bean plant and had a positive effect
on the growth of mung bean (Li et al. 2016). The unique opti-
cal properties of the CDs allowed their transport by means of
the apoplastic paths from the roots to the stems and leaves by
the vascular system (Li et al. 2016). These studies have
increased our understanding of NPs in phytotoxicology.
However, toxicity mechanisms have not yet been completely
elucidated for most NPs, and little is known about the poten-
tial effects of plants and NPs on their subsequent fate in the
food chain. This paper mainly summarizes the research on
the ecological toxicity of NPs to plants in recent years. In
addition, the effects of NPs on biomass were briefly general-
ized. We also analyzed the toxicity mechanisms of NPs in
terms of cells, molecules and enzyme activity, and compared
the effects of different factors on their phytotoxicity. Finally,
some suggestions are put forward on the existing problems
and potential future research directions. This study will con-
tribute to the promotion of scientific research related to the
ecological risks of NPs and promote the sustained and healthy
development of nanotechnology.

Effects of NPs on plants
Effect of NPs on plant physiological indices

The main plant physiological indices of the toxic effects of
NPs are the germination percentage, root elongation, biomass
and leaf number (Lee et al. 2010). NPs can have substantial
negative effects, such as reduction in seed germination and
suppression of plant elongation, and can even cause plant
death. Several previous plant nanotoxicity studies have deter-
mined the inhibition of plant species such as soybean, maize,
wheat (Triticum aestivum), ryegrass and barley by exposure
to NPs (MWCNTs, single-wall carbon nanotubes, ZnO
NPs, Ag NPs and Fe NPs); several aspects of plant growth
were affected including seed germination, shoot length, bio-
mass and gene expression (Dimkpa et al. 2012; El-Temsah
& Joner 2012; Riahi-Madvar et al. 2012; Yan et al. 2013;
Ghosh et al. 2015). Growth inhibition was observed when
Bacillus thuringiensis (Bt)-transgenic cotton was exposed to
SiO, NPs (Le Van et al. 2014). When wheat plants were
grown in a sand matrix, CuO NPs inhibited their growth
and changed the structure of the roots (Dimkpa et al. 2012;
Tang et al. 2016). Shaw and Hossain (2013) showed that
CuO NPs significantly reduced the fresh weights and root
length of Arabidopsis seedlings, and the germination rate
and biomass of rice seeds.
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Ma et al. (2010) and Lopez-Moreno, de la Rosa, Hernén-
dez-Viezcas, Peralta-Videa, et al. (2010) found that rare
earth oxide NPs (CeO,, La,03, Gd,O5 and Yb,O3) had a
detrimental effect on plant growth in radish, tomato, rape,
lettuce, wheat, cabbage, cucumber and corn when added to
roots at high concentrations. TiO, NPs increased the content
of total chlorophyll and catalase (CAT) and decreased ascor-
bate peroxidase (APX) content in leaves (Servin et al. 2013).
A detailed discussion on the effects of NPs on plant enzyme
activities will be provided in the next section.

Effect of NPs on plant hormones

Plant hormones are active organic materials that are pro-
duced by plant metabolism, which can regulate physiologi-
cal responses during plant growth and mediate responses to
challenges (Santner et al. 2009). The content and activity of
plant hormones are considered an important index of tox-
icity in plants. Le Van et al. (2015) observed that CeO,
NPs had no significant effect on indole-3-acetic acid
(IAA), abscisic acid (ABA) and gibberellic acid (GA) in
the leaves of Bt-transgenic and conventional cotton com-
pared with the control group. When conventional cotton
was exposed to 500 mg/L CeO, NPs, the content of trans-
zeatin-riboside (t-ZR) in the leaves decreased by 25%
when compared with the control group alone. Gui, Deng,
et al. (2015) reported that the TAA and ABA content in
the roots of transgenic and non-transgenic rice was
increased in response to yFe,Os;. NPs had a significant
influence on the production of plant hormones. Hao et al.
(2016) demonstrated that decreases in phytohormone con-
centrations were evident in rice seedlings upon exposure
to carbon nanotubes (Table 1). According to Bleecker and
Kende (2000), because Ag ions inhibited the production
of ethylene, the interaction between IAA and ethylene
would be substantially weakened.

Effect of NPs on crop quality

Previous studies of hydroponic plants have shown that the
accumulation of NPs in the environment could profoundly
change the soil-based food crop quality and yield (Priester
et al. 2012). Rani et al. (2016) demonstrated that protein
was insensitive to stimulation by Ag NPs when compared
with carbohydrates, with protein content increased only at
high Ag NP concentrations (100 mg/L). Rico et al. (2014)
showed that ZnO increased the starch and protein content
and decreased the micronutrient (Cu and Mo) concentrations
in cucumber. Rice treated with nCeO, had less Fe, S, prola-
min, glutelin, lauric and valeric acids, and starch than the
control, and the antioxidant properties of the treated rice
were weakened (Rico, Morales, et al. 2013). Rico et al.
(2014) also showed CeO, NPs changed the content of
amino acids, fatty acids, nonreducing sugars and phenolics
in plants. Le Van et al. (2016) also documented the effects
of NPs on plant nutrient content.

Factors affecting NP phytotoxicity

In combination with recent studies and our own knowledge,
we have concluded that the main factors influencing the
effects of NPs on plants are the characteristics of the nanoma-
terials themselves (concentration/size/category/stability), the
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Table 1. Summary of the plant hormones upon NPs exposure.

Tissue (impact/treatment)

Nanoparticles Size (nm) Plant species Shoot Root References
CeO, 10+3.2 Bt-transgenic cotton (Bt-29317) ABA (—/100) Le Van et al. (2015)
Conventional cotton (Jihe 321) IAA (+/500) t-ZR t-ZR (—/500)
(—/500)
YFe,03 <50 Transgenic rice — ABA. |AA(—/All) Gui, Deng, et al. (2015)
Conventional rice
Carbon nanotubes (FeCo-filled, — Rice IAA (—/All) 1AA (—/All) Hao et al. (2016)
CNTs/Fe-filled, CNTs/MWCNT)
Fe,03 20 Peanut ABA(—/250) ABA(—/1000) Rui et al. (2016)
GA4 +7 (+/10,1000) GA4 +7 (+/10~1000)
GA3(+/1000) GA3(+/50,1000)
ZR (+/10) ZR (+/50)
DHZR (—/2,10) DHZR (—/1000)
CuO 30+10 Ipt-cotton IAA(-/10,200 IAA(+/1000) Le Van et al. (2016)
ABA (—/10; +/200,1000) ABA (—/10;+/200,1000)
GA (+/all) t-ZR GA (+/all) t-ZR
(=/1000) (—/1000)

plant seed (size/species), the plant growth medium, the plant
growth stage and the NP coating material. We will discuss the
influence of various factors below.

Effects of different nanomaterials on NP phytotoxicity

Song et al. (2013) demonstrated that treatment of tomato
with Ag NPs resulted in a reduction in biomass and root
length. TiO, NPs could significantly improve the germina-
tion rate of seeds; however, bulk TiO, can have inhibitory
effects on seed germination. Similar results were observed
in Feizi et al. (2013) and Hawthorne et al. (2012). Because
of the high reactivity of small materials, NPs usually show
greater toxicity than the same material of larger size
(Oberdiirster 2000). However, other studies have shown
that phytotoxicity increases with particle size. For example,
Yasur and Rani (2013) affirmed that all Ag NP treatment
groups had no effect on the growth of castor, but in the
treatments where the Ag was used in its bulk form, inhi-
bition was observed. This was confirmed by the work of
Lee et al. (2010). On the fifth day of NP exposure, syn-
thesized silver NP treatments had higher Ag accumulation
than biosynthesized silver NP (B-Ag NP) treatments (10
and 100 mg/L) in water hyacinth; at the high concen-
tration (100 mg/L), B-Ag NPs improved plant growth
(Rani et al. 2016).

Effects of different seeds on NP phytotoxicity

To some extent, growth and antioxidant defense responses
differ from species to species. Some studies have speculated
that the differences in the toxicity of NPs might be related
to the differences in seed size, the single leaf and the xylem
structure of double-leaf plants (Lee et al. 2008). We have
mentioned the response of different plant seeds being
exposed to the same nanomaterial in the previous section.
The responses of different species to the same NPs must
also be discussed. Three rice varieties (high (HA), medium
(MA) and low (LA) amylose) were cultivated in soil amended
with CeO, NPs; a comparison between the treatments
showed that relative to the control, the Ce content in HA
was not significantly different. Treatment with CeO, NPs
enhanced the Ce content in MA and LA treatments (Rico,
Morales, et al. 2013). Transgenic seeds are likely to have
different responses when compared with conventional seeds

(Gui, Deng, et al. 2015). When exposed to ZnO NPs, leaf sur-
face area was statistically reduced for cultivar Zhu Liang You
06 (Oryza sativa) when compared with cultivar Qian You No.
1 (Oryza sativa) under control conditions for both cultivars
(Salah et al. 2015).

Effects of different growth media on NP phytotoxicity

NPs must be studied in the specific environments in which
they occur, as their characteristics differ widely depending
on the environmental conditions (Song et al. 2013). When
the biomass of radishes was compared in silty loam
(~2.21% £ 0.04% soil organic matter) and loamy sand
(~11.87% £ 0.56% soil organic matter), the former had sig-
nificantly higher root biomass and the presence of 1000 mg/
kg CeO, NPs made no substantial difference. The Ce
accumulation in fine roots and in the storage root showed
that growth in loamy sand was higher than that in silty
loam (Zhang, Musante, et al. 2015). Kidney bean plants
exposed to CeO, NPs for 52 days in a low organic matter
soil usually possessed higher Ce concentration than the
same tissues collected from an organic matter-enriched
soil (Majumdar et al. 2016). Likewise, different levels of
phytotoxicity caused by CeO, NPs were found in lettuce
seedlings incubated with three kinds of media, including
agar (Cui et al. 2014), potting mix soil (Gui, Zhang, et al.
2015) and sand (Zhang et al. 2017). Schlich and Hund-
Rinke (2015) showed that Ag NP toxicity decreased with
increasing clay content and pH, but seemed to be unaffected
by the organic carbon content of the soil.

Effect of different growth stages on NP phytotoxicity

Photosynthetic parameters changed throughout the whole
growth period in cucumber; seedling leaf size decreased
when compared with the control when treated with
200 mg/L of CeO, NPs and CuO NPs, but when mature
leaves were measured, there were no significant differences
among the treatments (Hong et al. 2016). At 15 days, the
CAT and APX activities in the roots showed a sharp
decrease when compared with the treatments at day 7,
except for the control treatment. Total soluble protein con-
tent in roots showed the opposite results, with the excep-
tion of the 500 mg/L CeO, NP treatment (Majumdar
et al. 2014).



Effect of different coating material on NP
phytotoxicity

Coating not only alters the function of NPs, but also changes
its effects on soil-plant systems. The types of coating also
influence the toxicity and solubility of NPs. The suspension
of Ag NPs led to the increased germination rate of 5 of 11
species, whereas exposure to coated silver NPs (GA-Ag
NPs) only significantly contributed to the germination rate
of one species. This was because of the presence of a co-ligand
in the soil, which caused a preferential reduction in the bioa-
vailability and toxicity of Ag". The toxicity of GA-Ag NPs was
longer lasting than that of AgNO; (Yin et al. 2012). No sig-
nificant differences in the biomass production rate (fresh
weight) of rice were found among plants treated with Fe-
Co-filled carbon nanotubes (FeCo-CNTs) compared with
the non-stressed plants; MWCNTs and Fe-CNTs signifi-
cantly decreased the biomass production rate at 30 and
50 mg/L (Hao et al. 2016).

Toxicity and detoxicity mechanisms in plants
induced by NPs

With regard to the effects of NPs on plants, recent reports
have revealed ambiguous results. Many reports found NPs
positive effects, whereas, some reports that show negative
effects. Plant species, NP properties (size, shape, types, struc-
ture and defects, surface coating, etc.) and culture media may
all potentially cause the divergent results. In this section, the
phytotoxicity and detoxicity mechanisms will be reviewed.

Phytotoxicity mechanism in plants induced by NPs

In general, reactive oxygen species (ROS) contain both free
radicals such as hydroxyl radical (¢OH) and superoxide rad-
ical (O;7), and non-radical molecules such as singlet oxygen
(*0,) and hydrogen peroxide (H,0,) (Gill & Tuteja 2010).
ROS is the product of aerobic metabolism in an ordinary
plant, which acts as signaling molecules (Thannickal & Fan-
burg 2000), whereas excess ROS would cause kinds of adverse
effects called oxidative stress, which emerges when the ROS
level exceeds the defense mechanisms (It will be described
in detail in the next section), and is able to pose threat to
cells by inducing DNA damage, protein oxidation, electrolyte
leakage, lipid peroxidation and membrane damage, finally
causing cell death (Meriga et al. 2004; Sharma et al. 2012).
Published studies on metal and metal-based NP phytotoxicity
suggest that NPs can induce oxidative stress in many plant
species (Dimkpa et al. 2012; Shaw & Hossain 2013; Cui
et al. 2014; Zhang, Ma, et al. 2015, 2017; Ma, Zhang,
Zhang, He, Li, et al. 2015). To clarify ZnO NP phytotoxicity
to ryegrass, Lin and Xing (2008) proposed that the particle-
dependent ROS formation and lipid peroxidation occurred
on the surface of cellular membranes. Likewise, due to a
high correlation between the decrease in viable cells and
ROS generation at concentrations of Ag NPs up to 10 mg/
mL over a week of treatment period, the phytotoxicity of Ag
NPs was caused by ROS generation (Oukarroum et al. 2013).

Recently, ROS-sensitive dye DAB (3,3'-diaminobenzidine)
was used to find the accumulation of H,O, in the plant roots
treated with CeO, and La,O; NPs (Tarasenko et al. 2012).
Results clearly showed that the insoluble deep brown colored
product was produced under the treatment of NPs, which was
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visualized easily by human eyes (Zhang, Ma, et al. 2015; Ma,
Zhang, Zhang, He, Li, et al. 2015). Similarly, the treatment
with 800 mg/kg CeO, NPs caused the accumulation of
H,O0, concentration at 35 uM, which was almost 10 times
higher than that of control, whereas experimental results fol-
lowed even there was oxidative stress happened, no lipid per-
oxidation occurred, did not induce ion leakage in either roots
or shoots, which means that membrane integrity was intact
(Zhao et al. 2012). As ROS H,0, could be converted into
more toxic «OH, which cannot be detoxified by any known
enzymatic system, and no relevant reports on «OH determi-
nation in plants induced by metal-based NPs exposure exist
(Ma, White, et al. 2015), the cellular damage was inevitable.
Among all of ROS, the most reactive is «OH, which has a
single unpaired electron. Therefore, it could interact with
all biological molecules and causes subsequent cellular
damages such as lipid peroxidation, protein damage, mem-
brane destruction (Foyer et al. 1997; Freinbichler et al.
2011) and ultimately cell premature death.

If the ROS level exceeds the threshold, not only was the
normal cellular functioning affected directly, but also oxi-
dative stress was aggravated through the production of
lipid-derived radicals (Montillet et al. 2005), which could
react with and damage proteins and DNA (Sharma et al.
2012). Lipid peroxidation causes the most damaging process
in every living organism, and membrane damage usually acts
as an indicator of lipid damage under all sorts of stresses.
Malondialdehyde (MDA), one of the final products of peroxi-
dation of unsaturated fatty acids in phospholipids, causes the
cell membrane damage (Tanou et al. 2009; Halliwell & Gut-
teridge 2015). It has been demonstrated that in plants
exposed to various abiotic stresses, such as metal-based
NPs, enhanced lipid peroxidation occurs due to the ROS
generation.

Generally, oxidative stress byproducts and/or ROS can
induce covalent modification of a protein, called protein oxi-
dation. Excess ROS generation may induce the modification
of site-specific amino acids, fragmentation of peptide chains,
aggregation of cross-linked reaction products, altered electric
charge and increased susceptibility of proteins to proteolysis
(Sharma et al. 2012). Oxidative stress damaged tissues usually
contain an enhanced concentration of carbonylated proteins,
which are widely used as a marker of protein oxidation
(Moller & Kristensen 2004). Sulfur and thiol groups contain-
ing amino acids are highly vulnerable sites to be attacked by
ROS. An H atom from cysteine residues can be abstracted by
activated oxygen to form a thiyl radical, which will be cross-
linked to another thiyl radical to form a disulfide bridge
(Hancock et al. 2006). In a recent study, the phytotoxicity
and genotoxicity of Ag NPs on germinating wheat seedlings
were investigated. It was found that 10 mg/L Ag NPs caused
the alteration of all sorts of proteins which are vastly related
to cell metabolism (Vannini et al. 2014). Likewise, according
to Mirzajani et al. (2014), exposure of Oryza sativa L. to Ag
NPs led to the identification of 28 responsive proteins, for
example, decrement/increment in abundance, which were
involved in various important physiological and biochemical
processes, for example, Ca*t regulation and signaling, oxi-
dative stress tolerance, cell wall and RNA/DNA/protein direct
damage, transcription and protein degradation, ultimately
leading to cell division and apoptosis. Hossain et al. (2016)
evaluated the phytotoxicity of Al;03;, ZnO and Ag NPs in
soybean seedlings at the proteome level; 16 common proteins
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in soybean leaves were significantly changed, which were pre-
dominantly associated with protein degradation and
photosystem.

ROS can lead to oxidative damages in nuclear, chloroplas-
tic and mitochondrial DNA (Imlay & Linn 1988). DNA mol-
ecule is a cell’s genetic material and any damage to the DNA
would cause changes in the encoded proteins, which may
result in malfunctions and/or complete inactivation of the
encoded proteins. Enhanced DNA degradation has been
observed in plants exposed to kinds of environmental stresses
such as metal-based NPs and carbon nanomaterials (Lopez-
Moreno, de la Rosa, Herndndez-Viezcas, Castillo-Michel, et al.
2010; Shen et al. 2010; Kumari et al. 2011; Khodakovskaya
et al. 2012, 2013; Shaymurat et al. 2012; Dimkpa et al. 2013).
For instance, Lopez-Moreno, de la Rosa, Hernandez-Viezcas,
Castillo-Michel, et al. (2010) discovered that high concen-
trations of CeO, NPs had negative effects on DNA of G.
max. Similarly, Allium cepa roots suffered various negative
effects such as total chromosomal aberrations and increased
mitotic index when exposed to bismuth oxide NPs (Liman
2013). Several studies have also investigated the potential gen-
otoxic effects of TiO, NPs on various species of plants (Ghosh
et al. 2010; Klan¢nik et al. 2011; DEMIR et al. 2014; Pakrashi
et al. 2014). A study on Nicotiana tabacum and A. cepa has
found that genotoxic effects occur with exposure to different
concentrations of TiO, NPs (100 nm). Furthermore, damages
to the chromosome and micronuclei of A. cepa were
observed, and DNA shearing and fragmentation were also
found, herein causing the reduction in root growth (Ghosh
et al. 2010). However, another study on castor bean (Ricinus
communis) seeds under Ag NPs exposure reported an
increased ROS production and associated antioxidant defense
mechanisms: promoting peroxidase (POD) and superoxide
dismutase enzyme (SOD) activity, and this caused an increase
in phenolic acids. Phenols are synthesized in plants for
defense against pathogens; therefore, ROS generation in this
case may not be viewed as entirely negative as ROS also
enhances root elongation up to a certain concentration
(Yasur & Rani 2013).

Generation of ROS, which is induced by NPs directly or
indirectly, plays a critical role in phytotoxicity mechanism.
The production of ROS is based on the physicochemical
properties of NPs as well as the test species. Various determi-
nants, such as size and shape, solubility and particle dissol-
ution, metal ions released from metal and metal oxide NPs,
biotransformation of NPs, light and so forth, may cause the
ROS generation and phytotoxicity (Dimkpa et al. 2012; Rui
et al. 2015; Zhang, Ma, et al. 2015). Zhang, Ma, et al. (2015)
compared the toxicity of three types of CeO, NPs to different
kinds of Lactuca genus plants. Compared to the control, 7 nm
CeO, caused a significant increase in the MDA level, which
means the membrane damage happened in the root cells.
However, there was no obvious discrepancy in the MDA
level among control, 25 nm CeO, and its bulk counterpart
treatment. Other reports have studied the effects of size and
shape of NPs on various plant species as well (Hawthorne
et al. 2012; Syu et al. 2014). In addition, Ma, Wang, et al.
(2015) demonstrated that plant responses to CeO, exposure
varied with particle sizes and the growth stages of plants.

Compared to high-solubility NPs such as ZnO NPs and Ag
NPs (Xia et al. 2008; Oukarroum et al. 2013), CeO, NPs are
generally regarded as stable regardless of the biological or
environmental systems involved, which were always used as

a model material to study the phytotoxicity mechanisms of
NPs. Moreover, recent studies indicated that CeO, NPs can
be biotransformed to CePO, and Ce(CH;COQ); in several
plant species (Zhang et al. 2012; Cui et al. 2014; Rui et al.
2015; Gui, Zhang, et al. 2015; Ma, Zhang, Zhang, He,
Zhang, et al. 2015). The release of Ce’* ions from NPs was
confirmed to play a critical role in the phytotoxicity of
CeO, NPs to lactuca plants in the agar media (Cui et al.
2014), aqueous suspensions (Zhang, Ma, et al. 2015) and pot-
ting soil (Gui, Zhang, et al. 2015). A subsequent finding of the
present research group was that CeO, NPs transformation
occurred on the root surface of cucumber, rather than in
plant tissues, and stated that root exudates at the nano-bio
interface play a fundamental role in the biotransformation
of CeO, NPs. Furthermore, phosphates play a vital role in
the transformation process of CeO, NPs in plants (Rui
et al. 2015). It is well known that phosphates widely exist in
the environment and are used as a basic component of
many culture media for toxicity testing. A recent study has
also confirmed that the phytotoxicity to romaine lettuce of
CeO, NPs was determined by phosphates in a sand culture
(Zhang et al. 2017).

Lin and Xing (2008) investigated the phytotoxicity of ZnO
NPs on Lolium perenne (ryegrass), and found that concen-
trated ZnO NPs in the rhizosphere solution and absorbed
on the root surface caused potential effects on the plant’s
growth. Results also revealed that the concentration of
released Zn”* ions was far below the toxic threshold to the
plant and, herein, the phytotoxicity effect cannot be attribu-
ted to ions dissolution. Toxicity by dissolution of meta-
based NPs was also excluded from the main mechanisms in
some other investigations (Kirchner et al. 2005; Nel et al.
2006; Griffitt et al. 2007; Zhang, Zhang, et al. 2015). Recently
a study was conducted on the toxicogenomic effects of CuO
NPs on Arabidopsis thaliana by using microarray analysis.
The results also agreed with previous opinions that the
released Cu®" ions from CuO NPs contributed to partial tox-
icity during CuO NPs exposure (Tang et al. 2016). Compared
with Ag" ions, Ag NPs showed higher toxicity on the root
elongation of A. thaliana, even though seeds germination
was not affected. Results also found that seedlings adsorbed
very few amounts of Ag”, which could not affect chloroplast
structure compared to Ag NPs. Ag NPs could change the bal-
ance of oxidation and antioxidant systems and further affect
the homeostasis of water and other small molecules within
the plant body. A potential mechanism of phytotoxicity is
that Ag NPs adsorbed on the root surface, which disrupted
the structure of the thylakoid membrane and decreased chlor-
ophyll content, herein causing an inhibitory effect on plant
growth (Qian et al. 2013). As for other NPs, the phytotoxicity
of ZnO NPs may also be ascribed to its photocatalytic activity,
which promotes the level of ROS production under
irradiation with energy at/or above its band gap energy and
induces phytotoxicity (Ma, Williams, et al. 2013).

However, when the composition, concentration, size, mor-
phology and surface coating of NPs changed, the results of
NPs would also be changed. Therefore, the phytotoxicity
mechanism of metal-oxide NPs, for example, ZnO NPs and
Ag NPs, may be derived from the NPs’ physicochemical prop-
erties to impact seed germination rates, root elongation and so
forth, which need further research. In order to enhance our
understanding, advanced molecular approaches such as pro-
teomics and genomics must be also extensively implemented.



Detoxification mechanism in plants induced by NPs

As mentioned above, certain environmental conditions, such
as heavy metal, salt stress, nutrient deficiency and diverse
metal-based NPs exposure, clearly affect the level of cellular
ROS, for example, H,O, and O; 7, 10, and «OH. ROS is a sig-
naling or damaging molecule, which plays a vital role in the
subtle equilibrium between the levels of ROS generation
and scavenging. ROS have been involved in intercellular sig-
naling cascades as second messengers, which regulate various
plant responses in plant cells such as gravitropism (Joo et al.
2001), programmed cell death (Mittler 2002), stomatal clo-
sure (Kwak et al. 2003) and so forth. They also regulate the
activities of numerous components by signaling, including
transcription factors, protein phosphatases and protein
kinases (Cheng & Song 2006). However, excess ROS could
cause oxidative stress in plants under NPs exposure. To pro-
tect themselves against these toxic oxygen intermediates,
herein, plant cells and its organelles such as mitochondria,
peroxisomes and chloroplast make use of antioxidant defense
systems to scavenge excess ROS production. Antioxidant
defense systems of plants contain both nonenzymatic antiox-
idants including thiols, glutathione (GSH), phenolics, ascor-
bate (AA) (Singh et al. 2015) and so forth, and enzymatic
components such as CAT, SOD, guaiacol peroxidase
(GPOX), APX, glutathione reductase (GR), monodehydroas-
corbate reductase, dehydroascorbate reductase (DHAR), glu-
tathione S-transferases (GST) and glutathione peroxidase
(GPX).

Nonenzymatic agents of the antioxidant defense system
Thiols and AA are the most significant low molecular weight
antioxidants. AA is a crucial antioxidant that can resist oxi-
dative stress induced by the promoted level of ROS gener-
ation. Owing to the intrinsic ability to donate electrons of
AA in diverse nonenzymatic and enzymatic reactions, it
can scavenge O, and «OH and regenerate a-tocopherol
from the tocopheroxyl radical to protect membranes directly
(Noctor & Foyer 1998). It also acts as the first barrier of
defense against the potential negative external oxidants.
Shaw and Hossain et al. investigated the impact of CuO
NPs on rice seedlings. They found consistent increases in
AA activity to ensure a higher scavenging rate of H,O, in
seedling leaves when exposed to less than 1.0 and 1.5 mM
CuO NPs (Shaw & Hossain 2013). Similarly, Rico, Morales,
et al. (2013) observed that the 500 mg/L CeO, NPs treatment
altered levels of AA and free thiols, causing enhanced mem-
brane oxidative damage and photosynthetic stress in the
shoots.

GSH, one of the fundamental metabolites (a nonprotein
thiol with low molecular weight) in plants, plays a key role
in intercellular antioxidant defense against ROS-induced oxi-
dative stress. In plant tissues, GSH is commonly found in all
cell compartments, including chloroplasts, mitochondria,
vacuole, cytosol, as well as in peroxisomes and endoplasmic
reticulum (Foyer & Noctor 2003). To preserve the normal
state of cells, GSH plays an essential role in coping with the
oxidative damage induced by ROS. As an antioxidant, GSH
acts as a proton donor in the organic free radicals and/or in
the presence of ROS, scavenging ROS and reducing to a dis-
ulfide form, oxidized glutathione (GSSG). Additionally, via
the AA-GSH cycle, GSH takes part in the regeneration of
another potential water-soluble antioxidant product such as
AA (Foyer & Halliwell 1976). Although some researchers
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have begun to evaluate the levels of GSH in plants under
metal and metal-oxide NPs exposure, the reason for similar
phytotoxicity caused by NPs is unclear. Recently, it was first
reported that CeO, and In,O; NPs caused sulfur assimilation
gene regulation and GSH biosynthesis in Arabidopsis (Ma,
Chhikara, et al. 2013). GSH and/or GSSG quantification
could be regarded as an alternative method to evaluate
whether or not the biosynthesis of GSH plays an important
role in the detoxification process under NPs exposure. Like-
wise, enhancing the GSSG level in plants was induced by
other NPs exposure (Dimkpa et al. 2012, 2013), whereas
there is no direct connection between the enhanced level of
GSSG production and the decrease in GSH, which converts
H,0, into H,O (Faisal et al. 2013; Shaw & Hossain 2013).

Due to possessing antioxidant properties, phenolic com-
pounds can scavenge ROS species, chelate transition metal
ions and inhibit lipid peroxidation by means of trapping
the lipid alkoxyl (-OCHj;) polyphenols. Carotenoids, in par-
ticular, are the member of lipophilic antioxidants and can
detoxify many forms of ROS (Young 1991). Tocopherols,
containing a-, p-, y- and 8-tocopherol, represent a class of
lipophilic antioxidants that participate in the scavenging of
lipid peroxidation radicals, oxygen-free radicals and 'O,
(Diplock et al. 1989). By chemically reacting with O, and
physically quenching in chloroplasts, tocopherols can protect
lipids and other membrane components, herein protecting
the membrane structure and PS II (Ivanov & Khorobrykh
2003). However, the investigation of phenolic compounds,
carotenoids and tocopherols in response to metal-based
NPs exposure is very scarce and the role of the above com-
pounds against NPs-induced stress is also unclear. Under-
standing the response of the nonenzymatic defense system
in plants under the exposure of NPs is very vital in accurately
assessing the potential risks of NPs to plants in the near
future.

Enzymatic antioxidants of the antioxidant defense

system

SOD, the most effective intracellular metalloenzyme, plays a
fundamental role in the antioxidant defense system against
oxidative stress by catalyzing highly toxic ROS (O;7) to
less toxic H,O, and O,. It contains three isozymes including
iron SOD (Fe-SOD), manganese SOD (Mn-SOD) and cop-
per/zinc SOD (Cu/Zn-SOD) (Fridovich 1989), which are ubi-
quitous not only in aerobic organisms but also in subcellular
compartments to prevent against the toxic effects of enhanced
levels of ROS production (Scandalios 1993). Several reports
have recorded that the promotion of SOD is related to the
increase in tolerance of plants against environmental stress,
such as NP toxicity (Ma et al. 2016; Zhang et al. 2017),
which means that SOD could act as an indirect selection cri-
terion for researching oxidative stress. While working on
tomato, Faisal et al. (2013), showed that a significantly pro-
moted levels of SOD under 0~1000 mg/L NiO NPs exposure,
whereas the decline of SOD activity revealed that the antiox-
idant defense system was compromised. Ma et al. (2016) have
recorded that the SOD activity in rice was elevated under
250 mg/L CeO, NPs exposure, whereas at a higher concen-
tration treatment there was no obvious change in enzyme
activity. Rajeshwari et al. (2015) also found similar results
using 1 and 100 mg/L Al,O; NPs exposed on onion root.
Once H,0, is overproduced either from alternative abiotic
stress or from SOD defense system induction, to avoid
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oxidative stress such as lipid peroxidation, CAT, APX and
oxidized GSH contain the main antioxidant enzyme pathway
that would be activated to detoxify H,O,.

CAT, among all of the antioxidant enzymes, is the enzyme
that was first discovered and characterized and plays an indis-
pensable role in ROS detoxification under stress (Garg &
Manchanda 2009). It is widely found in tetrameric heme-con-
taining enzymes and converts H,0, into O, and H,O
directly. APX, regarded as the most significant ROS scavenger
to protect higher plants, avoids oxidative stress and plays a
central role in regulating the AA-GSH cycle. Compared to
CAT and POD, APX has a higher affinity for H,0,. APX
can convert the low toxic H,O, to nontoxic H,O by AA oxi-
dation into dehydroascorbate and MDA. GR takes part in
both enzymic and nonenzymic oxidation-reduction cycles
as an antioxidant. It is an NADPH-dependent enzyme that
catalyzes the oxidation of GSH to GSSG, which can maintain
a high ratio of GSH/GSSG in the cells (Rao et al. 2006). There
are two steps involved in the catalytic mechanism. Originally,
in order to achieve a cysteine and a thiolate anion, on inter-
action with NADPH flavin is oxidized and a disulfide bridge
is reduced. Then, the reduction of GSSG is involved in thiol-
disulfide interchange reactions (Ghisla & Massey 1989). GPX,
a catalyzer, uses GSH to reduce lipid hydroperoxides and
organic hydroperoxides, thus exhibiting a positive effect in
plants against environmental stress. GR, APX and DHAR
are involved in the AA-GSH that can control the excess levels
of ROS or oxidative state in plants. Rico et al. (2015) found
that APX can reduce the level of H,O,, which was formed
by SOD converting it to H,O. Owing to DHAR existence,
regenerated AA was used by APX for the diminution of
H,O, again. Likewise, various antioxidant enzymes can be
activated by numerous NPs, for example, Fe;O, NPs,
Co30,4 NPs and CeO, NPs induced CAT; Au NPs, MnO,
NPs, Fe;O, NPs, CuO NPs, Co;0; NPs and CeO,
NPs induced GPX and fullerene; and Pt NPs and CeO,
NPs induced SOD (Wei & Wang 2013). Majumdar et al.
(2014), while working on Phaseolus vulgaris, showed that
phytotoxicity in plants caused by CeO, NPs exposure dis-
turbed the antioxidant defense system. Several studies have
demonstrated the activities of CAT and APX where plant
species are under NPs exposure. In CeO, NPs-induced ROS
generation, the CAT activity was reduced significantly in
roots, suggesting that a detoxification pathway may be
involved in the AA-GSH or GPX cycle (Rico, Morales,
et al. 2013). Compared to the control, Servin et al. (2013)
have recorded the effects of TiO, NPs in cucumber and
found that NPs can induce a significant CAT activity ranging
from 250 to 750 mg/L, whereas no obvious difference in APX
activity was found, except a marked decrease at 500 mg/L. A
dose-dependent response of SOD and CAT activity was
employed in tomatoes under NiO NPs treatment (Faisal
et al. 2013). Ma et al. (2016) investigated the defense mechan-
isms of A. thaliana and found that the activities of CAT, SOD,
POD and APX were significant ameliorated under CeO, NPs
exposure, while the elevations were only found for POD and
SOD under In,O; NPs exposure. Similarly, an article on the
effects of Nd,O; NPs and its bulk counterparts in pumpkin
found that not only pumpkin growth was inhibited, but
also the K, Ca, Mg and S levels in pumpkin tissues were
decreased under 100 mg/L Nd,O; NPs and bulk exposure.
They also reported that the enzymatic activities of SOD and
POD elevated, whereas that of CAT and APX reduced,

which could be due to other pathways scavenging H,O, or
their biosynthesis was inhibited under overproduced H,O,
(Chen et al. 2016). These evidence indicated that the antiox-
idant enzyme response mechanism might be based on the NP
concentration, plant species, media and NP types (Table 2).
As shown in Figure 1, which is presented in the published lit-
erature on plants and NMs (nanomaterials), NMs can cause a
great number of adverse effects on plants at both the cellular
(cell membrane damage, chromosomal aberration and chlor-
ophyll synthesis disruption) and physiological (biomass
decrease, root length inhibition and so on) levels. Recent
researchers are devoting their efforts to identify the mechan-
isms of plant defense against NMs-induced oxidative stress.

Rapid progress has been made in recent years though;
however, there are many gaps and uncertainties in our
knowledge of ROS-dependent damage and its effects on
plants. It is critical to understanding NP phytotoxicity and
the antioxidant defense system as plant response
mechanisms.

Future research needs

Scientists have made some consensus on the environmental
behavior and ecological effects of nanomaterials; but there
are still a lot of controversies and problems that need to be
further studied.

Further understanding of the environmental fate and
mechanism of NPs

It is not enough to rely on the current detection methods
for phytotoxicity only; how to correctly use the positive
effect and eliminate the negative effect of NPs is the
research motivation and goal of researchers. On the one
hand, the dose- and time-dependent negative effects of
NPs on plant growth observed in experimental conditions
should lead to a more careful use in crop management.
On the other hand, the phytotoxic mechanism of NPs
must be thoroughly understood before being applied in
the field environment under the toxic concentration; an
effective method to reduce the toxicity also needs to be
developed.

Change the exposure time, concentration and mode in
the experiment

Unfortunately, very few reports covered the life cycle of plants
treated with NPs to make a conclusive assessment of their
long-term risks and benefits. Lin et al. (2009) further found
that soluble organic matter treated C,, and NWCNTSs can
reduce the seed setting rate, and even affect the next gener-
ation. So it is necessary to strengthen the research on the tox-
icity and absorption of NPs to plants in a long-term dose
exposure test. Similarly, increasing the diversity of material
exposure is also important, such as changing short-term
exposure with high concentration to long-term exposure
with low concentration.

Make the experiment condition more close to the real
field environment

These limited data, as show above, are only based on labora-
tory or greenhouse studies. Due to the results of the single



Table 2. Summary of the plant antioxidant enzymes upon NPs exposure.
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Plant
Nanoparticles Size Dose species Enzymatic Activity Symptom References
NiO ~23 nm 25-2000 mg/L  Tomato CAT, SOD, GSH exhibited higher activities  Oxidative stress, apoptotic and  Faisal et al.
seedling of antioxidant enzymes necrotic (2013)
roots
Ce0, 16.5+£6.8 nm  0-2000 mg/L Romaine POD was increased but SOD was decreased ~ Oxidative stress, Increased Zhang et al.
lettuce under 2000 mg/L CeO, exposure nitrate-N level in shoots (2017)
CeO, ~8%1nm 62.5-500 mg/L  Kidney bean In contrast to the long-term exposure, APX,  Oxidative stress; the level of Majumdar
GPOX and CAT activities were enhanced MDA enhanced with et al. (2014)
to protect against oxidative stress increasing concentration
CeO, ~8+1nm 62.5-500 mg/L  Rice CAT, GPOX, SOD, APX, DHAR and GR levels  Oxidative stress; membrane Rico, Hong,
were enhanced in the root, but the trend damage; lipid peroxidation etal. (2013)
is not found in the shoot
TiO, 274 nm 0-750 mg/kg Cucumber CAT was increased in all treatments, APX  Increasing chlorophyll content  Servin et al.
was decreased in high concentration (2013)
Ce0, In,03 10-30 nm 250 and A. thaliana CAT, SOD, POD and APX were significantly ~ Oxidative stress, NPs disrupted ~ Ma et al.
Ce0,, 1000 mg/L enhanced under CeO, exposure, the nutrient displacement, (2016)
20-70 nm whereas only SOD and POD were expression of iron-regulating
In,053 promoted under In,05 treatment; GT and genes
GR were also increased under both NPs
treatment
Al,03 Not specified 0.01-100 mg/L  A. cepa root  SOD activity increased on increasing the Oxidative stress in a A. cepa root  Rajeshwari
concentrations of Al,0; NPs et al. (2015)
Nd,0s and 30-45nm; 5 100 mg/L Pumpkin SOD, POD activity increased, APX and CAT  Oxidative stress, the inhibition ~ Chen et al.
bulk pm decreased under 100 mg/L Nd,05 NPs effects on plants growth and (2016)

and bulk exposure

the necessary elements
uptake was hampered

element in the laboratory and the properties of NMs are
greatly influenced by environmental media, the results of
field trails and laboratory studies are often contradictory.
Therefore, it is needed to strengthen the toxicity and

\

absorption of NPs in soil or simulated soil (e.g. quartz
sand). In addition, the study on the effects of NPs on popu-
lation and ecological structure should be strengthened in
the future.

Membrane
damage

Lipid
peroxidation

Mitochondrion

Cell Wall

Golgi apparatus

Vacuole

Nucleus

Cell Membrane

Reticulum

Ribosome

Chloroplast

@ Nanoparticles
== Nanotubes

A \etalions
lon leakage

Figure 1. Schematic diagram of potential cell, DNA damages and detoxification pathways under NMs exposure.
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Analyze problems using multidisciplinary knowledge
objectively

The study of Lopez-Moreno, de la Rosa, Hernandez-Viezcas,
Castillo-Michel, et al. (2010) found that the plant germination
rate decreased, but the amount of root elongation had been
promoted. In this case, how do we evaluate the effects of
NPs on plants? It is done by assuming that under moderate
concentrations the root elongation could promote plant
growth and increase yield, so as to make up for the loss caused
by the germination rate and even exceed, resulting in an
increase in the total production, which would use the knowl-
edge of economics. Furthermore, for the analysis of the crops
quality, food safety or food nutrition knowledge is needed as
support.

Develop a series of safety evaluation and
toxicological risk assessment standards

At present, the standard research methods and evaluation
indexes of the toxicity of nanomaterials are relatively simple.
The analysis of morphological, anatomical, physiological
and biochemical indexes cannot fully reflect the plant tox-
icity to NPs. NPs have unique physical and chemical prop-
erties, so the obtained scientific knowledge is still needed
further inspection. A series of safety evaluation and toxico-
logical risk assessment standards must be formulated,
including exposure route, safe exposure dose, etc. The pur-
pose of this work is to provide a scientific basis for the appli-
cation of NPs.

Others

As to the accumulation of NPs in plants, the problem should
also be analyzed objectively. For example, if NPs accumulate
in the tomato leaves, not the edible part, then the NPs will not
enter the human body through the consumption of the fruit,
and it will not affect our health. At this point, we should focus
on the study of NPs in the environment and how to recycle
them and reduce their release. The research on cucumber,
pumpkin, radish, lettuce and other edible plants should be
based on the same theory.

To our knowledge, there are few studies reported on the
effect and fate of NPs under extreme conditions. When the
study of NPs in agricultural soils has matured to a certain
extent, the study realms should be expanded, such as saline
land, tropics droughts, floods and some other extreme con-
ditions, in order to observe whether the special properties
of NPs in extreme environments will produce special
reactions.
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