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the Nano-Biointeractions in Vascular
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Swati Rawat, Suzanne A. Apodaca, Wenjuan Tan,
Jose R. Peralta-Videa and Jorge L. Gardea-Torresdey

Abstract The effects of engineered nanoparticles (ENPs) in living organisms are
described in a myriad of articles. Most of the literature on this topic is devoted to
plants of different gender and species. Studies from laboratories and greenhouse
facilities highlight effects on chlorophyll production, plant growth, stress enzyme
activities, phytotoxicity, cytotoxicity, and genotoxicity. With few exceptions,
research reports show that toxic effects of ENPs on plants are associated with
particle size, phase, surface properties, exposure concentration, and soil chemistry.
ENPs have been found to be taken through roots from soilless/soil media and
translocated to the aboveground organs. However, the uptake and translocation can
occur in reverse if important amounts of ENPs are exposed to the foliage. This
chapter includes an analysis of the most recent and relevant information about the
interaction of ENPs with vascular plants. Most of the reviewed literature refers to
highly produced and used ENPs. Data about exposure to carbon nanotubes (CNTs),
cerium dioxide (nano-CeQ,), titanium dioxide (nano-TiQ,), zinc oxide (nano-ZnO),
copper oxide (nano-CuO), gold (nano-Au), iron (nano-Fe;Qy,), silver (nano-Ag),
and others ENPs are discussed.

Keywords Engineered nanoparticles - Toxicology - Uptake - Exposure path-
ways - Risk assessment

2.1 Introduction

Plants have evolved exposed to naturally produced particulate matter (PM).
However, exposure to PM has increased since the industrial revolution due to
emissions from stationary and mobile sources [1]. In current times, PM at the
nanoscale is progressively released from devices, goods, personal care items,
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and agriculture-intended products. Recent reports indicate that industrial facilities
[2], cars, trucks, agriculture, and farming equipment [3], agricultural applications of
nanotechnology [4], and the constant increase of nanomaterials in biosolids [5],
have dramatically increased the risks of plant exposure to PM.

Concerns about the environmental impacts of nanotechnologies are becoming
more and more voiced. US federal agencies like the National Science Foundation
and the Environmental Protection Agency, governmental agencies of other coun-
tries, public and private universities, and other organizations are devoting capitals to
investigate possible effects of nanotechnologies in human beings and basic
resources like beneficial microorganisms, animals, and plants. So far, thousands of
research and review articles (ScienceDirect.com shows more than 1,600 for 2015
and 2016 only) have described a variety of effects of nanomaterials in living
organisms. This chapter includes the most recent and relevant information about the
interaction of nanomaterials with vascular plants. Most of the reviewed literature
refers to highly produced and used engineered nanoparticles (ENPs) including
carbon-based, such as carbon nanotubes (CNTs), and metal-based, like cerium
dioxide (nano-CeQ,), copper oxide (nano-CuQ), titanium dioxide (nano-TiO,), zinc
oxide (nano-ZnO), gold (nano-Au), iron (nano-Fe;0,), silver (nano-Ag), and other
ENPs. When available, information concerning micrometric particles was included.
Emphasis was given to industrially produced or garden grown agricultural plants.
Most of the reported studies have been performed under controlled environments
(laboratory, growth chamber, and greenhouse), and to the authors’ knowledge, there
are no reports of field conditions.

2.2 Evidence of Uptake Accumulation
and Biotransformation of ENPs
and Exposure Pathways

The reported literature highlights effects of ENPs in root and shoot lengths, activity
of stress enzymes, carbohydrates, sugars, amino acids, proteins, chlorophyll pro-
duction, phytotoxicity, cytotoxicity, genotoxicity, and biotransformation.
Analytical techniques including electron microscopy (SEM/TEM) [6], synchrotron
micro X-ray fluorescence ([1-XRF) and micro X-ray absorption near edge structure
(L-XANES) [7, 8], and confocal microscopy [9], among others, have been used to
study the uptake of ENPs and related ions, and to determine their location and
oxidation state.

It is believed that the physiological and agronomical impacts of ENPs on plants
rely on their uptake, translocation, accumulation, and biotransformation within
plant systems. It is also hypothesized that impacts depend on the exposure pathway,
concentration, plant species, and environment. There are reports from plants grown
in liquid and solid media exposed to different concentrations of ENPs, either
through the roots or the foliage. The most abundant reports correspond to root
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Fig. 2.1 Schematic diagram of uptake and biotransformation of nanomaterials (NMs) in plant
systems, including hydroponic and soil culture. a Speciation of ENMs in plant tissues (roots,
stems, leaves, and fruits/grains); b Transverse cross section of root cell illustrating biotransfor-
mation of NMs. Reference numbers in the figure correspond to the original review article and
n stands for nano. (Reprinted with permission from Gardea-Torresdey et al. [10]. Copyright @
2014 American Chemical Society)

exposure and only a few of them refer to foliar exposure. Figure 2.1 [10] illustrates
comprehensive possible uptake routes and mechanisms. As shown in this figure,
independent of the substrate, plants take up the ENPs through roots or foliage by
active or passive mechanisms. Detailed information is presented in the following
sections and in a critical review by Ma et al. [11].

2.2.1 Root Exposure Studies

Applications of nanoscale agricultural products such as fertilizers [4, 12], additives
for soil remediation [13], growth regulators [14], and discharges of wastewater and
biosolids [5, 15] could be great contributors for the uptake and accumulation of
ENPs from root exposure. Studies performed in soilless or soil media have explored
effects on seeds [16], seedlings [17], and tubers [18]. One of the first studies about
ENPs’ uptake and translocation was performed by Zhu et al. [19]. In such study,
pumpkin (Cucurbita maxima) was exposed to magnetic nano-Fe;O, through roots
in an aqueous medium. After 20 days of growth, Zhu et al. measured the
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concentration of ENPs in stems and leaves by busing a vibrating sample magne-
tometer (VSM, LakeShore 7400), demonstrating the uptake and translocation of the
nano-Fe;0,4 from roots to the aboveground plant system. Later on, Khodakovskaya
et al. [16] reported that carbon nanotubes penetrated the thick seed coat of tomato
(Solanum lycopersicum L.), affecting seed water transportation, germination, and
seedling growth. More recently, Zhao et al. [9, 20] exposed corn (Zea mays)
seedlings to fluorescein isothiocyanate (FITC)-stained CeO, and ZnO ENPs, and
found that both penetrated the root tissues, reaching the transport system. Confocal
images showed that the Casparian strip retained the stained ENPs; however, they
further entered the vasculature at the emission point of lateral roots [21]. This was
later confirmed by Majumdar et al. [22] in kidney bean plants (Phaseolus vulgaris).
The images suggested that the ENPs entered the root endodermis through the
apoplast, followed by the symplast [9], ultimately reaching the aboveground plant
system (Fig. 2.2) [11].
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Fig. 2.2 Schematic diagram of possible pathways of ENPs uptake and translocation. a, b Plants
grown in media amended with NPs. ¢ ENPs exposed to plants via foliar spray. d ENPs entered into
plants through symplastic and apoplastic regions. (Reprinted with permission from Ma et al. [11].
Copyright @ 2015 American Chemical Society)
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Lopez-Moreno et al. [23] firstly reported the speciation of ZnO and CeO, within
plant tissues. These researchers exposed soybean [23] to either ZnO or CeO, ENPs
and through XANES analyses determined that, within the root, most of the Ce was
in the same oxidation state as CeO,, but ZnO was not present. Lopez-Moreno et al.
[24] also exposed CeO, to alfalfa (Medicago sativa), corn, cucumber (Cucumis
sativus), and tomato, and corroborated that CeO, ENPs were stored within the roots
of the four plant species. Additionally, by using XANES and STXM, Zhang et al.
[25] reported that in cucumber exposed to CeO, ENPs, Ce distributed in the root in
nanoparticulate (NP) form and as CePO,, and reached the aerial system as CeO,
ENPs and carboxylates. Majumdar et al. [22] reported that in kidney bean
(P. vulgaris) roots, 12% of the CeO, ENPs was transformed into Ce(IIl) and
distributed to shoots time dependently. Zhao et al. [26] exposed CeO, ENPs to
cucumber roots and detected Ce in the leaf veins. Thus, these researchers concluded
that once these ENPs penetrated the roots, they were translocated to the leaves with
the flow of water during transpiration. A hydroponic study with CeO, ENPs of
different size showed significant Ce translocation from roots to shoots in plants
exposed to particles of 10 nm; however, no significant Ce accumulation was
observed in shoots of plants exposed to particles >20 nm [27]. Servin et al. [17]
exposed cucumber to a mixture of anatase (82%)-rutile (18%) TiO, ENPs and
analyzed the tissues with p-XRF and p-XANES. They found that cucumber
absorbed Ti through the roots and translocated it to the leaves. Moreover, they
found Ti in leaf trichomes and suggested these structures might work as sinks or
excretory structures for TiO, ENPs. Avanasi et al. [28] cultured radish (Raphanus
sativus) in soil amended with "*C-labled Cgp, and found that only ~ 7% of the Ce
was taken up by plants, of which 40-47% was retained in roots, 22-23%,
translocation to tubers, 12—-16% to stems, and 18-22% to leaves. Studies with CuO
and ZnO ENPs exposed to wheat (Triticum aestivum) through roots have shown
that Cu accumulated in shoots as CuO and Cu(I)-sulfur complexes, while ZnO
dissociated, leaving Zn in the form of Zn-phosphate [29]. The above-mentioned
results clearly show that further studies are needed in order to fully understand the
fate of ENPs absorbed through the roots. In addition, there is a lack of knowledge
concerning the accumulation of ENPs in root nodules, contribution of root exudates
in surface modification and uptake, retention in xylem vessels, and accumulation in
organelles of the aboveground plant system.

2.2.2 Foliar Exposure

There is a long history in the use of foliar applications of micronutrients or pesti-
cides to improve plant health. Currently, there is an increasing trend in the use of
ENPs as pesticides [30], herbicides [31], and fertilizers [14]. In determined envi-
ronments, plants’ foliage is unintentionally exposed to ENPs from industrial fall-
outs [32]. In general, foliar exposure has been less investigated and remains largely
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unclear. A few reports have shown physiological effects, accumulation, speciation,
and have explored the uptake mechanisms.

One of the first reports about foliar exposure to ENPs was performed by Uzu
et al. [33]. These researchers exposed lettuce (Lactuca sativa) to lead particles.
After 43 days of exposure, they found aggregated Pb nanoparticles (NPs) in
necrotic zones and leaf central veins. Additionally, Pb particles were detected in
stomatal openings and leaf cuticles. Subsequently, Schreck et al. [34, 35] examined
the impact of foliar application of Pb-containing particles in lettuce, parsley
(Petroselinum crispum) and ryegrass (Lolium perenne). These researchers found
Pb-rich particles in stomata, PbCOj or organic Pb crystals on the leaf surface, and
PbSO, underneath leaf membranes. Larue et al. [36, 37] exposed Ag and TiO,
(pristine and aged paint-containing) ENPs to lettuce leaves and found that some
particles were retained by the cuticle and others penetrated through leaf stomata,
upon which they were translocated to all plant tissues. Similarly, Hong et al. [6]
exposed atmospheric (powder) CeO, ENPs to cucumber seedling leaves and,
through ICP-OES analyses of mature plants, detected Ce in roots, stems, leaves, and
flowers, demonstrating that the powdered CeO, reached the transport system
through leaves, and remained within the plant until maturity. It seems that
entrapment in the cuticle and penetration through stomata are the two main routes
of ENPs entry after foliar exposure. However, Birbaum et al. [38] reported no
translocation of Ce in corn plants exposed to CeO, ENPs, either through foliage or
roots, which suggest exclusion mechanisms that deserve more in depth studies.

2.2.3 Accumulation of ENPs in Fruits and Seeds

A few studies have shown that ENPs exposed through root or foliage can be
transported and accumulated in fruits and seeds and ingested by human beings. By
using P-XRF and p-XANES, Hernandez-Viezcas et al. [7] found CeO, ENPs in
soybean seeds harvested from plants cultivated in soil amended with such ENPs.
Using the same techniques, Servin et al. [39] demonstrated that cucumber plants
absorbed TiO, ENPs from soil and translocated them to fruits. Rico et al. [40]
evaluated the Ce accumulation in grains of three rice varieties divergent in amylose
content, cultivated in soil amended with CeO, ENPs. Results showed that Ce
concentrated the most in gains of the varieties with medium and low amylose
contents. More recently, Hong et al. [6] exposed CeO, ENPs to the foliage of
21-day-old cucumber seedlings and analyzed the fruits for Ce content. They found
significantly higher Ce concentration, compared with control and the other treat-
ments, in fruits of plants exposed to 200 mg/L of the CeO, ENPs. Although Rico
et al. [40] and Hong et al. [6] did not use synchrotron or microscopy techniques to
show the presence of CeO, ENPs, previous works [7, 12, 41] have demonstrated
that these ENPs are very stable and undergo little transformation in soil or within
plant tissues. Consequently, it is hypothesized that most of the Ce in cucumber
fruits and rice grains was in nanoparticulate form. This suggests that TiO, and CeO,
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ENPs can reach the human body through grains and seeds of plants grown in ENPs
impacted soils.

In conclusion, the uptake and accumulation of ENPs depend on the species of
plant [42], particle size [27], concentration [43], and surface property [44]. The
literature indicates that the exposure to ENPs through roots or foliage results in
modification of enzyme activities [45], fruit quality [46], and nutrient content [47],
among others. This may bring risks to human health, and even disruption of the
ecological balance.

2.3 Mechanisms of Interactions Between ENPs and Plants

The literature has shown that ENPs tend to bioaccumulate and persist in plant
tissue, influencing cell metabolism and development. They also tend to get
deposited in aggregated or unaggregated form on subcellular sites. Figure 2.3

Plasmodesmos

Fig. 2.3 Distribution of NPs of three different sizes in plant shoots at organ, tissue and cell level.
(Reprinted with permission from Dietz et al. [48]. Copyrights @ 2011 Elsevier Ltd.)
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elaborates the routes that different sized ENPs (>50, 8-20, and <5 nm) can take in
the plant [48]. The ENPs translocate from the root, via stem, to the aerial parts of
the plant. They enter the intercellular space and traverse to the outer apoplast,
whereas only the minute ones are able to diffuse through the plant cell wall and
enter the protoplast [48]. ENPs can also be taken up by roots through endocytosis
[49].

There are five major mechanisms of action of ENPs on biological systems:
(i) metal ions produced from the dissociation of ENPs show chemical effects in
solution on dissolution. Essential heavy metals including Cu, Ni, and Zn, and toxic
elements like Cd have their ionic form released from the nano forms. They bio-
chemically bind with proteins, carboxyl, sulthydryl, or imidazole groups hampering
their normal functioning. Their meddling with cellular life processes may lead to
redox imbalances and, subsequently, induce oxidative stress in plant cells [50, 51].
Metal atoms such as Cu and Fe act as oxidizing agents and give electrons to O, to
form O, or to H,O, to form the reactive OH' radical. This adds to the oxidative
stress in the plant cells. (ii) Mechanical blocking of open pores that then become
unavailable for biochemical transport processes. The blocking is size dependent
[52]. (iii) Catalytic effect on surfaces due to ions including Ag, Pd, Au, Fe, Pt, and
Co that act as catalysts for redox reactions. At very low concentration, the metal
ions either bind to organic acids, inducible or constitutive chelators, like phy-
tochelatins, metallothioneins, and ferritin [52], or they participate in transport
processes [53]. Such catalytic effect enhances the toxicity of ENPs. (iv) Effects due
to proteins bound to the surface of the ENPs, which could be by oxidative effects,
ionic, or covalent bonds. Atoms that have an oxidic surface frequently form a layer
of hydroxyl groups on the surface [48]. Being negatively charged, the layer bonds
with positively charged groups of plant proteins [54]. This deteriorates the work
efficiency of the proteins. If the bond between proteins and ENPs is covalent, then
the toxic effect is extreme. The bond between cysteine and Au ENPs is one such
example of a permanent bond. The most prominent reason for ENPs toxicity is
oxidative stress caused by an excess of reactive oxygen species (ROS) [55].
(v) Changes in chemical effects like pH [49]. ENPs present in soil are influenced by
variations in surrounding conditions. Factors such as temperature, pH, ionic
strength, particle size, and concentration determine their surface properties that
further control particle aggregation and deposition [56]. These external factors
likely manifest their effect in plant roots at cellular level, via the ENPs that enter the
system.

2.4 Toxicity Symptoms

Nanotechnology has experienced immense growth; by extension, plant nanotoxi-
cology has become an emerging field of interest. Many studies on the effects of
ENPs to terrestrial plants have materialized within the past few years. Table 2.1
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includes an extensive list of the most recent studies, while the most notable ones are
summarized in the following paragraphs.

Nano-CuO was found to be translocated from roots to shoots when exposed to
maize in hydroponic culture [57]. There was no effect on germination, which was in
agreement with previous literature stating that germination is an obtuse measure for
phytotoxicity of ENPs [57-59]; however, root elongation was reduced by 55 and
84% at 10 and 100 mg/L of CuO ENPs. Plants also developed chlorotic symptoms,
and root and shoot biomass decreased at the same CuO ENP concentrations [57].
Overall, roots of maize were found to be more susceptible to CuO ENPs’ toxicity
than the shoots. When Ag ENPs were exposed to mung bean (Phaseolus radiatus)
and sorghum (Sorghum bicolor) in soil and agar test media, a concentration
dependent-growth inhibition was discovered [60]. The bioavailability of Ag ENPs
was also found to be reduced in soil, most likely explained either by changes in
physiochemical properties when mixed with soil components or by the intensified
aggregation that Ag experiences in the presence of clay [61].

In a comprehensive study that evaluated five commercial ENPs (MWCNTs, Al,
Al,O3, Zn, ZnO) on seed germination and root growth of radish, rape (Brassica
napus), ryegrass, lettuce, corn, and cucumber, the most toxic effects were produced
by Zn and ZnO ENPs, which suppressed ryegrass and corn germination, respec-
tively [59]. Root growth of five of the tested plant species was essentially termi-
nated. When calculating dose—response curves, 50% inhibitory concentrations
(ICsp) of 50 mg/LL Zn was calculated for radish and 20 mg/L. ZnO for rape and
ryegrass [59]. Details about other ENPs and plant species are shown in Table 2.1.

2.5 Comparison of the Effects of Microparticles (Bulk)
Versus Those of Nanoparticles

In a few studies, the effects of ENPs versus microparticles of the same metal
element or compound have been compared. Hong et al. [42] exposed various
copper compounds including Cu and CuO ENPs, pCu, and pCuO to lettuce and
alfalfa in hydroponics. The root length was consistently affected by all the copper
treatments. At 20 mg/L, both plant species absorbed more Cu from the Cu ENPs
treatments, compared with both the bulk Cu and CuO treatments. Stress enzyme
studies showed that the ascorbate peroxidase (APOX) activity increased at all Cu
treatments in roots of both plant species, with the exception of bulk Cu in lettuce.
A similar study was conducted with nano and bulk ZnO compounds in green peas
(Pisum sativum) [91]. The ENP exposed plants resulted in significantly longer
roots, whereas the bulk ZnO treatments produced significant longer roots and
shoots. The chlorophyll content in leaves was diminished under both bulk and nano
treatments. At all ZnO NP treatments, the catalase (CAT) activity was significantly
decreased in leaves and APOX activity in roots and leaves. The bulk ZnO exposure,
on the other hand, caused no changes in the CAT activity, but reduced APOX
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activity in leaves and roots. Barrios et al. [44] performed a study with coated and
uncoated CeO, ENPs and bulk CeO, in tomato plants. At the highest exposure
concentration (500 mg/kg), coated and uncoated CeO, ENPs resulted in longer
stems, while exposure to bulk reduced the shoot length. Chlorophylls a and b were
markedly increased under coated ENPs’ exposure, but reduced under bulk CeO,
exposure at a lower concentration (62.5 mg/kg). In addition, bulk CeO, at
125 mg/kg resulted in a higher percentage of Zn and lower P in stems. Majumdar
et al. [92] exposed red kidney bean plants to 1000 mg/kg of either CeO, ENPs or
bulk CeO,. After 36 days of exposure, they recorded 26 pg/g Ce in nano-treated
roots and 19 pg/g Ce in bulk-treated roots. The translocation from roots to shoots
was of 1.02 pg/g Ce in nano exposed plants and of 1.3 pg/g in bulk exposed plants.
Other studies have been listed in Table 3.1.

2.6 Risk Assessment Framework for ENPs

The risk assessment of ENPs is a challenge because of the diversity of materials and
the ever increasing potential industrial use [45]. It encompasses detailed charac-
terization of the particles and their aggregates before the conventional risk
assessment [46]. The risk assessment framework includes hazard identification,
dose response assessment, exposure assessment, and risk characterization.

2.6.1 Hazard Identification

Hazard identification is a qualitative examination to determine the ENPs presence,
or the degree of hazard that a receptor (plant) is susceptible to because of ENPs
exposure. It takes note of the exposure conditions, the detrimental health effect on
the plant species, and collection and analysis of the data on the types of health
effects due to the exposure [87, 93-95]. It may go further into the detailed char-
acterization of the ENP interactions with plant organs, tissues, and cells; in other
words, the toxicodynamics of the ENPs [10, 96, 97].

2.6.2 Dose—Response Assessment

Dose-response assessment implies bringing forth the quantitative relationship
between the exposure to the increasing amount of the xenobiotic (ENPs) and the
corresponding response from the plant [98, 99]. Also known as the effect assess-
ment, it takes into account the different kinds of hazards and the corresponding
kinds of detrimental effects due to ENPs exposure, the relationship between dose,
and the resultant response along with the related uncertainties [100].



36 S. Rawat et al.

2.6.3 Exposure Assessment

The exposure assessment step is used to determine the rates at which ENPs are
taken up by plant tissues. It estimates the magnitude of the actual and/or any
potential plant exposures to the ENPs present in the surrounding environment. The
process also considers the routes of exposure to plants, the time interval and fre-
quency of exposure, and the size of the plant population under study. Exposure
assessment is performed at laboratory [25, 59] or greenhouse conditions [46, 101].
The ENP characterization prior to the risk assessment gives vital information about
the chemical, physical, and other kinds of properties of ENPs. This information
gives in turn, hints about the exposure characteristics of the respective ENP.

2.6.4 Risk Characterization

The risk characterization is the process of assessing the probability of a harmful
effect to the plants under certain known exposure conditions. It usually puts
together the outcomes from hazard identification, toxicity, and exposure assessment
in order to qualitatively and/or quantitatively define the risk. It also includes a
description of the uncertainties associated with the risk assessment. Another
important aspect that is taken into account is the additive or synergistic effect due to
exposure to mixtures of ENPs. Sufficient characterization of risk from the hazards
of ENPs exposure makes way for efficient risk management and requisite corrective
actions for redressal [102]. Currently, there is a lack of information concerning the
risk characterization of ENPs in plants. There are no studies incorporating all
exposure conditions including dissolution percentage and transformations, among
others [103].

2.7 Research Needs

Most of the studies on the effects of ENPs on terrestrial plants have covered the
germination and seedling stages [48]. This has limited the analysis to the juvenile
phase, when organs are still in development. Very few long-term studies have
shown the potential toxicity of ENPs over the complete life cycle of the plant; thus,
deeper evaluation is needed. Studies at the reproductive stage offer perspective into
transgenerational effects, and this knowledge is in its infancy [44, 104, 105]. A few
observations on the trophic transfer of ENPs within terrestrial food chains have
shown the potential for great variations [92, 106, 107]. So far, only a few, and very
short, food chains have been evaluated [10, 108, 109]. Moreover, the bulk of
reports corresponds to studies performed in hydroponic systems. This experimental
design allows for increased aggregation of particles, which may play an important
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role in their interactions with plants [110]. There is a strong tendency to use ENPs
as herbicides, pesticides, and fertilizers, among other applications, within the
agricultural industry; hence, soil represents a major pathway for exposure [4]. This
suggests that future studies might be focused on determining the chemical, physical,
and biological interactions of soil and ENPs and their effects on plants [20, 111,
112]. These studies will give a more realistic idea about the behavior of ENPs in the
environment. In summary, there is much to do in order to better understand the
nano-biointeractions with terrestrial plants.
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