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1 Introduction

Paracelsus (1493—-1541): “dosis sola facit venenum.”
“The dose alone makes the poison.”

The etymological roots of the term toxicology stem from the Greek words
toEwkov (toxikon = poison) and Aoy (logia = treatise or science). Toxicology,
therefore, was defined as the field of science responsible for the study of poisons.
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Current research largely focuses on elucidating and describing the potential effects
of different substances and materials considered harmful to living organisms. Other
subfields of toxicology are related to nature, incidence, dose-response relationship,
cellular uptake, severity (genetic, cellular, systemic, and immunogenic, among oth-
ers), reversibility, and mechanisms of action of compounds and to response mecha-
nisms in the organism (Burcham 2014; Murphy 1979). Conversely, the prefix nano
(vowo(), which originally meant dwarf, is currently used in the International System
of Units to indicate a factor of 10~°.

Thus, nanotoxicology is defined as the branch of toxicology responsible for describ-
ing the effects of nanomaterials (or the nanometric scale) on living organisms, consid-
ering their physicochemical characteristics, dose-response relationship, cellular uptake,
mechanisms of action, severity, and reversibility, among other variables.

2 Nanomaterials

To standardize terms in scientific and industrial contexts, at least two definitions of
nanomaterials have been accepted for regulatory purposes. First, the definition
adopted by the International Organization for Standardization/Technical
Specifications (ISO/TS) 80004-1:2015 (ISO 2015) establishes that nanomaterials
are those materials with at least one of their dimensions (internal, external, or sur-
face) on the nanoscale (1-100 nm). In turn, the definition published by the European
Commission in 2011 (2011/696/EU) considers a nanomaterial as “a natural, inci-
dental or manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and where, for 50 % or more of the particles in the
number size distribution, one or more external dimensions is in the size range
I nm-100 nm” (European Union Commission Recommendation 2011).

Nanomaterials have gained considerable relevance in industrial fields as compo-
nents of paints, cosmetics, rubber, additives, electronics, environmental remediation
devices, tools, textiles, and sports equipment. In the biomedical field, nanomaterials
are mainly used in drug release, imaging, implant coatings, and aseptic methods
(Roszek et al. 2005); in agriculture, they are used for the controlled release of her-
bicides, pesticides, and fertilizers. Currently, nanomaterial engineering research has
gained relevance (Caballero-Guzman and Nowack 2016; Charitidis et al. 2014; Joo
and Zhao 2017). In all the aforementioned areas, properties such as electrical con-
ductivity, high resistance, structure, electronic affinity, catalysis, photo-optical, and
electronic characteristics, functionalization, biocompatibility, flexibility, and malle-
ability are used for specific purposes, and many nanomaterials are produced on a
large scale, which has increased their presence in the environment (Goswami 2017,
Peralta-Videa et al. 2011).

One of the disadvantages of nanomaterials is their potential toxicological-
environmental effects. It has been shown that, due to their physicochemical charac-
teristics (size, surface area, shape, chemical composition), nanomaterials have
stronger toxicological effects than those reported for the same materials in bulk or
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in solution (Joo and Zhao 2017; Stone et al. 2010). Most studied nanomaterials have
shown dose-dependent toxicity, which is directly related to the availability of the
nanomaterial in the environment (culture medium, air, water, soil, and food, among
others), to the mechanism of cellular uptake or penetration, and, lastly, to the dura-
tion of contact with the nanomaterial (Buzea et al. 2007; Krug and Wick 2011;
Navarro et al. 2008). The primary toxicological factor observed in various organ-
isms, regardless of the nanomaterial, is oxidative stress, a process by which the
production of reactive oxygen (ROS) and nitrogen species (RNS) is induced.
Cellular damage, such as apoptosis, mitochondrial damage, plastid damage, autoph-
agy, and genotoxic effects due to deoxyribonucleic acid (DNA) fragmentation and
chromosomal abnormalities have also been reported. In tissues, the damage depends
on the type and amount of the captured nanomaterial and the exposed tissue, caus-
ing histological changes, cell growth inhibition, carcinogenic and/or teratogenic
effects, and even death (Buzea et al. 2007; Gerloff et al. 2017; Lewinski et al. 2008).

2.1 Classification of Nanomaterials

There is no single classification of nanomaterials. Depending on the authors and
research areas, aspects such as the chemical basis (organic or inorganic) (Mageswari
et al. 2016), origin (natural or artificial), and physicochemical characteristics (mor-
phology, volume, surface area, surface charge, crystallinity) are considered for
classification purposes. Finally, they can also be classified based on their dimen-
sionality (0, 1, 2, and 3D) (Khan et al. 2019; Lewinski et al. 2008). This chapter
will address a classification focused on their chemical basis, albeit mentioning
other characteristics.

2.1.1 Carbon-Based Nanomaterials

Graphene materials, fullerenes, carbon nanotubes, and nanodiamonds, among oth-
ers, are included in this group. Graphene is described as a two-dimensional (2D)
sheet of sp>-bonded carbon atoms arranged in a flat hexagonal lattice structure,
similar to a honeycomb (Allen et al. 2010). This arrangement can be modified on its
surface, by oxidation-reduction reactions or by functionalization, which directly
affects its electronic structure and therefore its physicochemical characteristics and
interaction with other materials, including cells. Studies have shown that graphene
toxicity is dose-dependent and that sheet size is a determining factor (Montagner
etal. 2016; Sanchez et al. 2012). Fullerenes, in turn, consist of between 28 and 1500
carbon atoms arranged in box-like structures. Their structures can have up to 120
different symmetries, thanks to the arrangement of their atoms in pentagonal and
hexagonal rings. The most symmetrical fullerene is the C60 fullerene, with a size of
0.7 nm and a spheroid shape similar to that of a soccer ball. As with other nanoma-
terials, C60 fullerenes have a large surface area and, despite their low reactivity, are
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susceptible to functionalization, which makes it possible to improve their chemical
or biological activity (Isaacson et al. 2009). Carbon nanotubes (1D) have an elon-
gated shape, similar to fiber. They can be single-walled carbon nanotubes (SWCNTSs)
or multiwalled carbon nanotubes (MWCNTSs). As with other allotropes of carbon,
they are susceptible to chemical modification, which determines their physical and
chemical characteristics and is related to their fate and toxicity potential (Alshehri
et al. 2016; Allegri et al. 2016). Nanodiamonds, conversely, are more stable than
other carbon-based nanomaterials. To date, studies have reported that these allo-
tropes have low toxicity (Schrand et al. 2007).

2.1.2 Inorganic-Based Nanomaterials

Inorganic-based nanomaterials include nanoparticles (0D) and thin films (2D).
Both materials can have a metallic, ceramic, or semiconductor composition.
Metallic nanomaterials contain zerovalent compounds such as iron, silver, and
gold. They are mainly synthesized from metal salt precursors (Khan et al. 2019).
Ceramic materials are nonmetallic inorganic solids produced by heat treatment;
they can be found in amorphous, polycrystalline, dense, porous, or hollow shapes
(Yamamoto et al. 2004). Semiconductors, in turn, have intermediate properties,
that is, between metals and nonmetals. They usually consist of elements from
groups II to VI or Il to V (Lewinski et al. 2008; Owen and Brus 2017). Inorganic-
based nanomaterials are currently produced by controlling synthetic methods for
generating these materials with specific morphology, size, charge, coating, and
optoelectrical properties. Biocompatibility or biocidal activity has been described
for many nanomaterials. Thus, for example, among the toxic mechanisms against
various pathogens (bacteria, fungi, and protozoa, among others) (Rodriguez-Torres
et al. 2019; Vazquez-Muiioz et al. 2017) identified in many metal nanoparticles
(Ag, Cu, and Zn, among others), the release of metal ions that interact with various
cellular components has been reported (Krug and Wick 2011). Another significant
deleterious effect reported for metallic, ceramic, and semiconductor nanoparticles
is mechanical stress on cells or tissues due to the accumulation and/or morphology
of the nanomaterial (Yamamoto et al. 2004). Unfortunately, cytotoxic effects are
also observed in nonpathogenic organisms, in animal (including human) cells and
tissues, and plants.

2.1.3 Quantum Dots

Quantum dots are semiconductor materials formed from elements of groups II to VI
or IIT to V or from carbon-based materials. They are crystalline nanometric
structures with a diameter that is smaller than twice the Bohr radius of its exciton
(electron hole-electron pair), thereby producing their quantum confinement. These
materials have adjustable band gaps depending on the size of the material and on its
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crystalline structure, in addition to showing remarkable luminescent properties.
Although quantum dots are usually better known, other 1D and 2D crystalline
nanomaterials have similar characteristics (Frecker et al. 2016; Owen and Brus
2017; Valizadeh et al. 2012).

2.1.4 Organic-Based Nanomaterials (Biomaterials)

Organic-based nanomaterials (lipids, carbohydrates, and other biopolymers) have
been primarily studied in biomedical applications, particularly in the development
of nanomaterials for drug delivery. Lipid nanomaterials can be micelles, liposomes,
solid lipids, and nanostructured lipid carriers, which are used in the pharmaceutical,
cosmetic, and food industries, mainly for molecule encapsulation and delivery to
tissues (Angelova et al. 2017; Barriga et al. 2019; Jobin and Netto 2019; Tapeinos
et al. 2017). Polymeric nanoparticles are synthesized from cross-linked biopoly-
mers. Alginate, chitosan, gelatin, hyaluronic acid, polylactic-co-glycolic acid
(PLGA), polylactide (PLA), polycaprolactone (PCL), and polyanionic cellulose
(PAC) are among the most studied polymeric nanoparticles (Kumari et al. 2010;
Nitta and Numata 2013). Dendrimers are polymeric molecules with a regular size
and geometry and with well-defined and controlled branching via the appropriate
selection of materials for their synthesis, thereby defining properties such as size,
porosity, cavity type, hydrophobicity, and hydrophilicity, among others (Kesharwani
et al. 2018; Kim et al. 2018). With the development of genetic engineering, protein-
based nanoparticles have been recently produced from the synthesis of self-
assembling protein subunits, which makes it possible to control characteristics such
as surface loading, encapsulation, and ligand release, among others (Heddle et al.
2017; Tarhini et al. 2017). To date, few cytotoxic effects of organic-based nanoma-
terials have been reported, although nanotoxicology remains a relatively young
research field.

2.2 Nanomaterial Production

According to some authors, nanomaterials have been naturally produced through
processes such as volcanism, hydrothermal systems (Navarro et al. 2008), soil ero-
sion, and significant energy release events such as lightning or meteorite impact
(Isaacson et al. 2009). Interestingly, the evolution of living beings on the planet gen-
erated the production of nanomaterials from cellular processes, such as the produc-
tion of nanoparticles from bacteria (Faivre and Schiiler 2008; Li et al. 2016) and
fungi (Park et al. 2016). The formation of carbon nanomaterials as a result of the
combustion of organic materials in forest fires has also been observed (Buzea et al.
2007). With mass production, nanomaterials have become a potential risk. Different
sources of production include fossil fuel and agricultural waste burning, internal
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combustion engines, chemical-biological waste generation and disposal, and water
treatment processes (Bour et al. 2015; Nowack 2017). Recently, material engineering
has become highly relevant in large-scale industrial applications, as has research on
the controlled production of nanomaterials with a specific shape and size, and with
high purity, which are used in a large number of commonly used devices (Koivisto
et al. 2017).

2.3 Transport, Distribution, and the Fate of Nanomaterials
in the Environment

In nature, nanometric- and micrometric-scale materials are ubiquitously distributed.
The wind is one of the most important mechanisms of natural transport of nanoma-
terials (Joo and Zhao 2017). Propagation through bodies of water not only by surface
runoff and ocean currents but also by aerosol formation (also determined by local
climatic factors) is another key dispersion mechanism (Gottschalk et al. 2011; Joo
and Zhao 2017). In addition, anthropogenic activities, both industrial and agricul-
tural, are an important transport route. Nanomaterials reach the air, bodies of water,
the soil, streambeds, and the seabed naturally (due to atmospheric deposition, rain,
and surface runoff, among other processes) or due to poor landfill management, via
sewage sludge, or through its application in agricultural soils, among other activities
(Wigger et al. 2015).

In the environment, nanomaterials may be exposed to various processes that
affect their mobility patterns, bioavailability, fate, and toxicity (direct or indirect).
Such processes involve homo-aggregation with nanomaterials of the same compo-
sition, hetero-aggregation with nanomaterials of different composition or with
other molecules, changes in size, shape, surface charge, chemical stability, age,
phototransformation, dissolution, interactions with other ions, and interactions
and/or transformation with macromolecules and/or biopolymers contained in
organic matter (Dwivedi et al. 2015; Goswami 2017).

3 Plants

To understand the toxic effects that naturally or artificially produced nanomaterials
may have on plants, this chapter will provide an overview of the general morpho-
anatomical and physiological characteristics of plants that affect the mechanisms of
the interactions and the ease of uptake from the environment and discuss the resis-
tance and responses of plant cells to nanomaterials. The plant kingdom is diverse; it
includes nonvascular plants (bryophytes), seedless vascular plants (ferns, whisk ferns,
horsetails, and lycophytes), and seed vascular plants, which are divided into two broad
groups: gymnosperms (cycads, ginkgo, gnetophytes, and conifers) and angiosperms,
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which produce flowers and seeds (magnoliids and mono- and dicotyledonous plants)
(Kaplan 2001).

Plant cells are delimited by a cell membrane (plasmalemma) that consists of
phospholipids and proteins, which are coated with a semirigid cell wall with a simi-
lar architecture in all plants, composed of cellulose microfibrils, polysaccharides,
lignin (only in vascular plants), structural proteins, and enzymes (peroxidases, pec-
tin esterases, extensins, and expansins, among others). They may also contain phe-
nolic compounds, gums, resins, silica, calcium carbonate, suberin, waxes, cutin, and
Ca*". The thickness can vary from a few hundred nanometers to a few micrometers.
The composition of the cell wall and membrane varies depending on the species and
even on the tissue (Khalil et al. 2010; Lee et al. 2011) (Fig. 3.1a). Adjacent cells are
interconnected through plasmodesmata, that is, intercellular channels in which pro-
teins and membranes subdivide cell walls into microscopic channels of 3—4 nm in
diameter and that can reach just over 10 nm. Plasmodesmata are contact areas
through which water and nutrients flow from or to the vascular system (Fig. 3.1b)
(Knox and Benitez-Alfonso 2014; Sevilem et al. 2015). As in other eukaryotic
organisms, the cellular cytoplasm has networks of microtubules and organelles,
such as the endoplasmic reticulum, the Golgi complex, mitochondria, the cell

A) Golgi  Vacuole or
Chloroplast

Cell membrane
or plasmalemma

Chromoplast

Plasmodesmata

7)djar:ern: cell walls
% Plasma membrane

—— Smooth endoplasmic reticulum

Cytoplasm
Plasmodesmata——_,/

Desmotubule

Adjacent cell wall

Centeal Gevity Plasma membrane

Fig. 3.1 (a) Diagram of the main components of a plant cell. (b) Diagram showing that plasmo-
desmata are interconnection zones between adjacent cells. In each cell, a portion of the endoplas-
mic reticulum, termed the desmotubule, runs through the center of the plasmodesma
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nucleus, and nucleic acids. Additionally, plant cells have chloroplasts, with a large
number of photosynthetic pigments (chlorophyll a and b) (Stachelin 2003); amy-
loplasts, the function of which is to store starches and other reserve substances;
and chromoplasts, which contain pigments that act as both photosynthetic pig-
ments and antioxidants, such as o- and P-carotenes, lycopene, cryptoxanthins,
lutein, lycopene, and anthocyanins (water-soluble flavonoids) (Vershinin 1999).
Vacuoles or tonoplasts are organelles that occupy a large part of the cell volume.
They contain water, sugars, other organic and inorganic solutes, and pigments
(Hall et al. 1984).

(A)
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Gametophytes—

\ Phyllodes or leaves

Stem

(B)
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reproduction)
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Stoma

Antheridium

o -
Rhizoids

Fig. 3.2 (a) Main structures of a moss plant. (b) Liverwort plant. (¢) Hornwort plant
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3.1 Nonvascular Plants

Bryophytes (liverworts, hornworts, and mosses) (Fig. 3.2a—c) are plants that did not
develop a vascular system, which is why they are known as poikilohydric plants
(dependent on a layer of water on their surface to maintain their hydration). Most
bryophytes can only develop in aquatic habitats, although many species are tolerant
to dehydration (Zechmeister et al. 2003). Their dependence on water has been a
consequence of selection pressure; therefore, these plants form simple, small, and
thin tissues, and their cells lack lignin (Roberts et al. 2012). During their life cycle,
they develop spores in specialized structures or sporophytes. Once bryophytes ger-
minate, their sporophytes produce structures termed gametophores, which have
elongated cells that fix the plant and absorb water from soil termed rhizoids. The
thallus is the undifferentiated photosynthetic tissue that grows above the substrate
and consists of epidermal and subdermal cells, thin-walled parenchymal cells, and
conductive cells. The leaves, when present, usually have a thick cell wall, except in
the midribs and margins, which have multiple layers of differentiated cells.
Gametophytes exhibit structures that are responsible for producing gametes (sexual
reproduction cells) (Fig. 3.2a—c). Bryophytes are highly sensitive to contamination;
therefore, they are considered good indicators (Sheffield and Rowntree 2009;
Zechmeister et al. 2003).

3.2 Vascular Plants

Vascular plants have specialized, complex tissues, including meristematic, dermal,
basal, vascular, and root tissues. These plants consist of different cell lines with
distinct characteristics (Fig. 3.3).

3.2.1 Tissues

The dermal tissue or epidermis is formed by a layer of cells located on the surface
of the plant. It is usually covered with a waxy (lipophilic) cuticle, which protects
the plants from water loss and pathogen attacks. It has cuticular pores, the diameter
of which ranges from approximately 2 to 2.4 nm (Eichert and Goldbach 2008).
The epidermis also has specialized cells (guard cells) that respond to variations in
the external and internal environments by changing shape, opening, or closing
pores or stomata (intercellular gaps up to 100 nm or greater) (Eichert and Goldbach
2008), depending on the stimulus. They are checkpoints through which water
vapor, oxygen, and carbon dioxide travel. Some plant species have structures that
are specialized for gas exchange termed lenticels; they lack a cuticle, and their
calculated pore size is larger than 100 nm (Lendzian 2006). Trichomes are structures
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Fig. 3.3 Diagram of the main structures of a plant. Above the substrate, growth zones (shoot api-
cal meristem) and axillary buds will give rise to branches. The stem shows lenticels, branches, and
leaves, whereas the leaves have stomata. The vascular cylinder runs internally. Under the substrate,
the root cap, the mucigel sheath, and the formation of lateral roots and root hairs are shown
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with defensive functions in plants that accumulate heavy metals collected from
the air (Fig. 3.4) (Lavid et al. 2001; Psaras et al. 2000).

Meristems are clusters of undifferentiated, thin-wall (<100 nm in thickness)
stem cells (Galway 2006), which are responsible for generating cell populations
that differentiate into (dermal, vascular, and growth) tissues formed at different
stages of maturation. Meristems are located at growth sites in root and stem apices
and in vascular cambium and cork cambium tissues (plants with secondary growth).
The basal tissue mainly consists of parenchymal cells, which typically have a cell
wall that varies in thickness, albeit thin, and in morphology. They are the most
abundant cells in plants and are part of the mesophilic or photosynthetic (leaves
and stems), epidermal, cortical (a region located between the vascular bundles and
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Fig. 3.4 Diagram of leaf tissues. External structures such as the cuticle and the epidermis are
shown, in addition to trichomes associated with the upper epidermis. Stomata are located in the
lower epidermis. Photosynthetic (palisade and spongy mesophyll) parenchyma cells and different
components of the vascular cylinder are also shown

epidermis), and medullary (center of the stem) tissues and of the vascular system.
Parenchyma cells specialized in storage are found in bulbs and tubers, seeds
(endosperm), and cotyledons (Gibson 2012; Morris et al. 2016). In aquatic plants,
these cells have a tissue termed the aerenchyma, which is characterized by intercel-
lular spaces containing air (a specialized tissue for plant buoyancy) (Smirnoff and
Crawford 1983). They can also be part of the glandular, secretory, and trichome
systems. Collenchyma cells are also part of the basal tissue, small, and elongated,
and their primary cell walls have different thicknesses and proportions of cellulose,
hemicellulose, and pectin. These components allow them to be more elastic than
other cells. They provide support to leaves and stems and are usually found near
the surface of the cortex and around vascular junctions in petiolate leaves and
stems (Leroux 2012). Sclerenchyma cells (fibers and sclereids) are short cells with
a thick, densely lignified, and rigid secondary cell wall. They provide mechanical
support to the plant. They are found next to vascular ducts and in leaf veins and
margins (Fig. 3.5a) (Calvin 1967).

The evolution of lignified structures in the form of tubules, which transport water
and nutrients as components of the xylem and phloem in vascular systems, has con-
tributed to the diversification of plants with roots, stems, and leaves. The xylem is
the system responsible for transporting water and dissolved minerals, consisting of
tracheids and vessel elements (Fig. 3.5b). Both structures are generated by living
cells, which die at maturity, leaving their thick, lignified, and interconnected cell
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Fig. 3.5 Diagram of the main cellular structures forming the vascular cylinder. (a) Xylem ele-
ments. (b) Phloem elements. (¢) Vascular elements in dicotyledonous plants. (d) Vascular elements
in monocotyledonous plants

walls behind. Collectively, they form conductive tubules, the cell walls of which
usually have thin areas termed pits, with an average pore diameter ranging from 5 to
420 nm in angiosperms and from 10 nm to 200 pm in gymnosperms (Fig. 3.5¢)
(Carlquist and Schneider 2002; Jansen et al. 2009). Liquid flows through these pits
inward from the tissues or outward to the tissues. Tubule architectures and pore
sizes vary between species (Choat et al. 2008). Tracheids are aligned side by side,
whereas vessel elements are aligned end to end; therefore, substances in the latter
are transported vertically (Luo et al. 2019). Conversely, the phloem, which func-
tions in the transport of sugars and solutes, consists of tubular filtration elements
(sieve elements) formed by living cells that are interconnected through lateral and
terminal openings in their cell walls (sieve plates). Sieve elements are surrounded
by specialized parenchymal cells, termed companion cells, which are responsible
for transporting sugars to conductive tubes through plasmodesmata (Fig. 3.5b)
(White 2012). In conifers and primitive vascular plants, sieve cells are found in the
phloem. In vascular plants, the xylem and phloem are arranged in long, continuous
strands, forming vascular bundles with arrangement patterns that are genetically
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determined and that differ significantly among monocots, dicots, and other groups
(Figs. 3.5¢, d) (White 2012).

Roots usually grow below the surface; their function is to absorb water and min-
erals, to store nutrients, and to fix the plant to the soil. They have an apical meristem
with a root cap, which is responsible for protecting the apex against mechanical
damage and against the action of heavy metals present in the soil. In this region of
the plant, cells secrete mucilage and exudates, composed of polysaccharides,
organic acids, alcohols, secondary metabolites, antimicrobial proteins, and extracel-
lular DNA (Driouich et al. 2013), thereby varying the microenvironmental condi-
tions near the root tissue and promoting nutrient availability through their dissolution
by changing the pH and substrate moisture (Baetz and Martinoia 2014).
Morphologically, from outside to inside, the layers of root cells are arranged from
the epidermis (protection), through the cortex (storage), to the endodermis formed
by one or several layers of suberin-coated cells, known as Casparian strips, which
function as a hydrophobic barrier (Chen et al. 2011; Lynch 1995). The pericycle
consists of parenchyma cells that surround the vascular cylinder (xylem, phloem).
In each organism, the root growth pattern is genetically determined. Many mono-
and dicotyledonous plants have a primary root, secondary roots, and absorbing root
hairs (lateral extensions), and some may also develop adventitious or aerial root
systems (Longstreth and Borkhsenious 2000) (Fig. 3.6a—c). Water is transported
from the roots through two pathways, the symplastic and apoplastic pathways; in
both, water is absorbed through root hairs. In the symplastic pathway, water and
minerals are transported from cell to cell through the cytoplasm between plasmo-
desmata. In the apoplastic pathway, water moves through extracellular spaces
located between the plasmalemma and cell walls, albeit only up to the endodermis,
wherein Casparian strips force water to enter the cells to reach the vascular cylinders
(Fig. 3.6d) (Sevilem et al. 2013).

3.2.2 Seeds

Seeds contain a mature embryo, food reserves, and a coat or testa (Fig. 3.7a—c). Their
formation begins with fertilization of the egg cell by sperm nuclei (pollen). The
union gives rise to the zygote and the primary endosperm cell. The zygote initiates a
series of mitotic divisions until the formation of a mature embryo with structures
such as the root apex, shoot apex (epicotyl) with the first true leaves (plumule), and
one or two seed leaves or cotyledons in mono- and dicotyledonous plants, respec-
tively (Beeckman et al. 2000; Jones and Rost 1989). Dicotyledonous embryos
usually absorb nutrients (starch, proteins, sugars, and lipids) from the endosperm,
storing them in cotyledons (Maroder et al. 2003). In monocotyledonous plants, the
embryo has no contact with the endosperm until the seed germinates and digestive
enzymes are activated (Fincher 1989). The seeds are found in the fruits, the primary
function of which is protection. In some cases, the fruits contribute to dispersion.
They can be dehiscent, fleshy, simple, aggregate, or multiple.
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Distribution of vascular tissues and bundles in a monocotyledonous plant. (d) Water and nutrient
transport pathways. In the apoplastic pathway, water is transported between the interstices separat-
ing the membranes and cell walls, only until reaching the endodermis, which has cells coated with
suberin (hydrophobic). In the symplastic pathway, transport occurs via the cytoplasm, through
plasmodesmata

3.2.3 Germination

Germination refers to the embryo development process after the latency period,
which occurs when environmental conditions (temperature, humidity, amount of
oxygen, light, and nutrients) are adequate. It begins with the movement of water
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Fig. 3.7 (a) Diagram of embryonic structures in seeds of vascular plants. (b) Angiosperms. (c)
Gymnosperms

molecules inside the seed (imbibition) by attracting the hydrophobic groups of
proteins in the endosperm or in cotyledons, which swells the seed and ruptures the
testa. This process increases the amount of oxygen, the temperature, and access to
light hours, thus initiating the growth process, first at the root apex or radicle and
then at the stem apex or epicotyl (Rajjou et al. 2012). When the seed coat or testa no
longer covers the radicle, the cotyledon or cotyledons in most seeds show an
increased number of photosynthetic chloroplasts, fulfilling the feeding function
until the true leaves develop (Yan et al. 2014).

3.3 Associations with Microorganisms

Mycorrhizae are a mutualistic association between a plant species (pteridophytes,
gymnosperms, and angiosperms) and a fungal species (Basidiomycota, Ascomycota,
and Glomeromycota) (Martin et al. 2016; Tedersoo et al. 2010). Although they are
not a plant tissue, fungi and their associations with the plant are an important ele-
ment in the absorption of water and nutrients that are difficult to obtain, such as
phosphates, zinc, and molybdenum, among others. The mycelium covers root sur-
faces and redirects them toward nutritionally rich areas, allowing the plant to take
advantage of resources and grow, especially in poor soils. There are two types of
plant-fungus interactions. In ectomycorrhiza, the hyphae do not penetrate the root
cells but instead are located in the intercellular space (Martin et al. 2016); in endo-
mycorrhiza, the hyphae penetrate root cells, wherein vesicles and arbuscules are
formed for exchange between the fungus and the host plant (Luginbuehl and
Oldroyd 2017). In turn, some plant species may also form a symbiosis with bacteria
in root nodules. This association begins when nitrogen-fixing symbiotic bacteria
enter roots through root hairs and subsequently infect cortical cells, wherein the
bacteria reproduce and induce genetic-morphological changes. These changes lead
to the formation of root nodules or tumor growths, consisting of the infected cells
and plant tissue, thus enabling the plant to obtain the nitrogen necessary for its
metabolic functions (Fig. 3.3) (Frank et al. 2017; Santoyo et al. 2016).
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3.4 Plant Stress Response Mechanisms

Plants are continually exposed to stressors, such as variations in water availability
(water stress), drastic changes in temperature, intense radiation, nutrient deficien-
cies (macronutrients, N, P, K, Ca, Mg, and S; micronutrients, Fe, Zn, Mn, Cu, B, and
Mo, among others) (Lynch et al. 2012), overexposure to heavy metals or minerals,
and pathogen infections (bacteria, fungi, worms), among others (Zhu 2016). Such
factors are capable of inducing changes in physiological and genetic responses,
either transient or permanent, at a local or systemic level, altering the standard con-
ditions of metabolic functioning and growth. The main plant response mechanism
includes the generation of reactive oxygen species (ROS), which involves the partial
reduction of molecular oxygen (O,) to other molecules, such as oxygen singlet
(*0,), superoxide anion (O,7), hydrogen peroxide (H,0,), or hydroxyl radicals
(OH™). ROS production remains at baseline levels, thanks to antioxidant systems
such as catalase (CAT), peroxidase (PER), peroxiredoxin (PRX), glutathione per-
oxidase (GPX), superoxide dismutase (SOD), ascorbate peroxidase (APX), mono-
dehydroascorbate reductase (MDAR) enzymes, and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX)-like (respiratory burst oxidase
homologs — RBOHs) proteins, among others; in addition, regulatory mechanisms of
iron storage and uptake are also involved in maintaining ROS at baseline levels
(Mittler 2017). Chloroplasts are the organelles that produce the greatest amount of
ROS. ROS are also produced in mitochondria, peroxisomes, and other cellular com-
partments with proteins and molecules with reduction-oxidation (REDOX) reaction
potential (Zhu 2016). ROS are considered signaling molecules that regulate devel-
opment and differentiation near the baseline state (Noctor et al. 2018). Biotic and
abiotic stress signals and interactions with microorganisms increase or decrease the
presence of ROS, which can induce cytostatic or even cytotoxic effects on the plant.
Exacerbated ROS production in cells can trigger chain reactions that are harmful to
constitutive organic molecules. For example, oxygen radicals induce lipid peroxida-
tion (Ayala et al. 2014; Cherchi et al. 2011; Nair and Chung 2014) and can promote
enzymatic inactivation and mutations or even degradation of nucleic acids.
Hypermethylation and gene expression changes are other mechanisms of plant cell
defense against stress (Ghosh et al. 2019).

4 Plant Nanotoxicology

There is increasing concern about nanotoxicity in plants because they are not only a
fundamental part of the ecology and ecological balance of the planet but also the
basis of trophic systems. Both positive and negative effects of nanomaterials on
plants have been described. Such effects vary with plant morphology, physiology,
species, and the plant’s uptake capacity at different stages of maturation and with
the presence of mycorrhizae or root nodules. The effects of a nanomaterial are
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Fig. 3.8 Diagram of the sizes of structures such as chloroplasts

determined by its chemical composition, morphology, size, structure, solubility,
concentration, area, and surface charge. In turn, the composition of the environment
(organic matter, types of grain, pH, and humidity) and climatic conditions also help
to strengthen or mitigate these effects. Characteristics such as the size, charge, and
concentration of nanomaterials have been reported as the main factors underlying
the uptake and distribution in plant tissues (Fig. 3.8).

4.1 Uptake of Nanomaterials in Plant Tissues

As mentioned above, nanomaterials are distributed by air, water, and land. Their
mobility and toxicity vary with physicochemical factors of the particles and with
their interaction with environmental components. Plants are very diverse, have colo-
nized terrestrial and aquatic environments, and exhibit abilities to take up, resist,
and respond to the presence of nanomaterials that depend on complex interactions.
The uptake of nanomaterials present in the soil occurs through the root system, in
which the first key interaction is with symbiotic associations. Mycorrhizal and bac-
terial associations can function as remediation mechanisms for toxicity induced by
nanomaterials present in the soil through their retention in hyphae and nodules,
thereby preventing their accumulation in roots or their translocation to other tissues
and mitigating their toxic effects on host plants. Feng et al. (2013) measured the
effects of silver (Ag NPs) and iron monoxide nanoparticles (FeO NPs) on mycor-
rhizal fungi associated with white clover (Trifolium repens). Simultaneously, they
measured the effects of NPs on plants with mycorrhizae and in control plants with-
out mycorrhizae. Their results revealed a decrease in fungal biomass. They also
observed reduced nutrient uptake in control plants than in those with mycorrhizae.

Wang et al. (2016) also described adverse effects on maize plants and on
mycorrhizae exposed to high concentrations of zinc oxide (ZnO) nanoparticles.
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They observed that plants with arbuscular mycorrhizae achieved better alleviation
due to the lower bioavailability of nanoparticles in the medium and therefore
lower accumulation in plants. Judy et al. (2015) showed that silver sulfide (Ag,S)
nanoparticles were less toxic to tomato plants (Lycopersicum esculentum) with
mycorrhizae than to those without, despite the decrease in fungal mass. In addi-
tion to the decrease in phytotoxicity in tomato plants (L. esculentum) with mycor-
rhizae exposed to Ag NPs, Noori et al. (2017) observed dose-dependent changes
in both mycelial length and the expression of genes encoding membrane proteins
(aquaporin channels, plasma membrane intrinsic protein, tonoplast membrane
intrinsic channel, and potassium channels). These phenomena may have been
involved in nanoparticle uptake, which was lower in plants with mycorrhizae.
Associations with bacteria could have a similar effect because studies have shown
that plants with root nodules exhibit some tolerance to the toxic effects of heavy
metals. However, studies aimed at assessing the effect of nanomaterials have
reported no results for control plants without root nodules (Cherchi et al. 2011;
Guo and Chi 2014); therefore, no experimental evidence is currently available for
tolerance mechanisms resulting from these associations (Tian et al. 2019). A key
protective barrier, which decreases or favors the uptake of nanomaterials present
in the soil, is the mucilage layer secreted by the root cap. Various researchers,
such as Ma et al. (2011), have reported that the mucilage content of some plant
species is able to acidify the soil, promoting the partial dissolution of some types
of nanoparticles, whereas organic ligands associated with the root are able to take
up metal ions. These authors showed that organic acids secreted by the cucumber
plant (Cucumis sativus L.) modify the shape and size of the nanomaterials used
(LaO; NPs), altering their mobility and ability to translocate into tissues. In a
study of cucumber plants and 7 and 25 nm cerium nanoparticles, Zhang et al.
(2011) observed that only a fraction of the 7 nm cerium NPs was able to enter the
vascular system of the plant. The remaining nanoparticles were recovered in root
washings, suggesting that the secreted mucilage layer functioned as a trap. The
charge of the nanomaterials favors or decreases their ability to interact with plant
tissues and therefore their uptake. Some studies have shown that positively
charged nanoparticles are translocated at a higher rate than negatively charged
materials and quantum dots. Wang et al. (2014) observed that CdSe/CdZn quan-
tum dots coated with cationic polymers are more easily taken up by Eastern cot-
tonwood trees (Populus deltoides) than QDs coated with anionic polymers. A
study by Al-Salim et al. (2011) showed that quantum dots are translocated into
study plant tissues of ryegrass (Lolium perenne), onion (Allium cepa), and chry-
santhemum (Chrysanthemum sp.), possibly due to their physicochemical charac-
teristics, again demonstrating that the charge of the particle and their interactions
with plant fluids determine the mobility of QDs. Conversely, the entry of nanoma-
terials has been suggested to be favored in areas associated with growth, such as
areas of rapid mitotic division in root meristems or in thin areas of nutrient uptake
in root hairs (Fellows et al. 2003; Lv et al. 2015; Zhang et al. 2011). After entering
the plant cells, the materials can move through apoplastic and/or symplastic path-
ways and reach the vascular ducts (Larue et al. 2012; Lv et al. 2015). The uptake
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of nanomaterials in shoots (stems and leaves) is associated with the number of
nanomaterials present in the air (aerosols) and with their physicochemical charac-
teristics (hydrophobicity or hydrophilicity), allowing them to interact with organic
molecules of the plant and thereby cross biological barriers such as the cuticle or
induce their passage through stomata to reach the vascular system (Uzu et al.
2010). Although the mechanism of nanomaterial penetration in seeds is in turn not
well known, they may be able to enter through intercellular spaces between paren-
chymal cells during the imbibition process, crossing the cell membrane in the
endosperm (Thuesombat et al. 2014).

4.2 Toxic Effects of Nanomaterials on Plants

Several studies have shown that in plants, nanomaterials are taken up by various
tissues, both roots and shoots. These nanomaterials can produce dose-dependent
abiotic stresses; that is, most nanomaterials cause cytotoxicity when they reach
critical concentrations, and an imbalance in ROS production is induced. Furthermore,
depending on the cellular compartment and on the generated physiological response
mechanisms, the condition may be local or systemic (affecting morphology, physi-
ology, metabolism, and genetics). Some authors have suggested that the reduction
in the photosynthetic capacity of plants is likely associated with lipid peroxidation
in chloroplast membranes, which is associated with exacerbated ROS production in
these organelles. Damage to photosystems directly results in decreased biomass
(Dewez et al. 2018). In turn, changes in the numbers of carotene pigments and in
phenols and flavonoids have been observed in plants exposed to high concentrations
of silver nanoparticles (Gupta et al. 2018; Nair and Chung 2014). Dose-dependent
genetic expression changes (upstream or downstream) have also been observed,
especially in genes associated with ROS responses and those encoding cationic
transporters associated with uptake (Taylor et al. 2014). Tables 3.1, 3.2, 3.3,3.4, 3.5,
and 3.6 show some damage-response examples that have been reported for vascular
and nonvascular plants.

5 Nanotoxicological Evaluation Techniques in Plants

Many techniques have been used to evaluate the toxicity of nanomaterials in plants.
These techniques mainly depend on studies of the nanomaterial traced within the
tissues, the plant species, and the tissue type. To determine the phytotoxicity of a
nanomaterial, physicochemical characterization of the nanomaterial should be per-
formed to collect data on morphology, size, charge, surface area, and the presence
of functional groups, among other properties. To evaluate morphology and size,
images are usually acquired using the following high-resolution techniques: trans-
mission electron microscopy, scanning electron microscopy, scanning transmission



B. E. Millan-Chiu et al.

62

paseardap q [[Aydoiofyo pue jy3rom AIp
pue ysaIj Jo syunowre y) ‘a3e)s Aydojowred ay) uy "9yer sisaypuisojoyd
pue ‘q [[Aydoio[yd ‘syserdoro[yo ay) ur sproye[Ay) jo sennuenb

reouaydstwas/A[Anoadsar
TYFSITECIF6C
‘PELF ¥ LE/ARNID-SIN S

S[BLIJEWOUBN

(8107) | oy pasearoop ‘(ewauojord) a3els A[1ea ay) ur SN pareodun Jursp) -a3els T | ‘(suoprjorrkd-z-[Aura-NAod) suaipd
‘Te 32 Suery | ymoid juerd pue s3uneod AN Aq peouanpjur asuodsay yuepuadop-asoq | /31 QT ‘70| dAAd-SAN SV T0nU00 SN 3V | vjja41u02sKy g
KIIATIOR O1[OQRIQW UT 9SBAIIIP
pue ‘(uonejAyowodAy pue a3eyearq ureyd YN() $oss0001d o1ua3oise[o
Jo uononpur pareyns “Ju/Sw (g s sazoydoowen) ‘uononpoid 21qnd 0) [eoLoyds/IajoueIp
(6102) SO pue uonezijiqeauwiad SUBIQUIAW [[99 UT asBAIOU] “STJAIN JO SIel Tw wu G/°¢/ F 69'68¢ S1Isn|o suaipd
‘Te 32 ysoyn | uonnjossip pue ‘uondiospe ‘uonezijeurajur ‘oyejdn ysry yuepuadop-esoq | /31 0z ‘01 ‘S pue wu ()S—0/SAN OUIN | Dja41uu0dsKy g
Q0BJINS JE9[ oY) U0
uonew1oj 210doIdrwl pue (TBNULIYS [[20 ‘UOTJBULIOJ 9[IISIA) SATUBYD [[9D
[eIMONIS "UONUIAI IJem Ul asearou] “sisayjuisojoyd pue ‘q [[Aydooyo
(L102) USTom ysoIj ‘ase[ered ‘(HSD) suoryieIn[sS ur asea1od(] "uononpoxd Tw/Sw ¢ ‘7 ToKe] wnonyys
‘[e30 ury| SOY Ul osearou] Jw/Sw | uey) 10JealS suonenuaouod Je juopuadop-osoq | ‘T ‘40 ‘b0°0 ‘0| o[SuIs/wu g/syedysoueu OO | windiqoonay
(S102) uononpoxd SO ur asearout jueoyrudts | juerd/3d G suajpd
‘[© 19 J0ATURD) v ‘uononpoid Iy pue djel drjoqejow uo asearou] Juepuadop-asoq | ‘Su oS ‘0S ‘S| [eouoyds/wu 08—07/SAN O | P]j2411ui0d8 Yy g
SAIURIAJIY SLIAN Isurese asuodsar ssang | SUONenuaduo)) ASoroydiow/azis/(SLIAN) | seroads juelqd

(s91AydoA1q renoseauou) sassowr ur pajiodar $)02JJ2 [BIIF0[0IX0J0UBN '€ I[qRL



3 Nanotoxicology in Plants

63

Table 3.2 Nanotoxicological effects reported in seedless vascular plants (ferns) and gymnosperms

Plant species

Nanomaterials
(NMTs)/size/
morphology

Concentrations

Stress response against
NMTs

References

Salvinia natans

(fern)

Zn0O
NPs/25 nm/
semispherical

1, 10, 20,
50 mg/L

Approximately 40%
chlorophyll reduction.
Reduced quantities of
chlorophyll b and
carotenoids. Increase in
enzymatic activity of
SOD, CAT, and POD

Hu et al. (2014)

Scots pine
(Pinus sp.)
Oak (Quercus
sp.)
(gymnosperms)

Ag NPs; Cu
NPs/5 nm/not
specified

0, 5, 25, 50 ppm

Dose-dependent

Ag NPs: Shortening of
stems and low root
mass

Cu NPs: Root diameter
and stem length
reduced

With both types of
NMTs (50 ppm), there
were changes in the
ultrastructure of
needles and leaves,
especially in the
photosynthetic
apparatus; increased
quantity of
plastoglobules and
change in their
morphology. Reduction
in chlorophyll
fluorescence
parameters

Aleksandrowicz-
Trzcinska et al.
(2019)

Pinus sylvestris
(gymnosperm)

Ag
NPs/100 nm/
semispherical

0, 10, 20, 40,
80, and 100 mg/
kg soil and 0,
10, 20 mg/L
water

At concentrations
greater than 80 mg/kg
soil and 10 mg/L water.
Reduction of
germination
percentage, root growth
speed, and elongation.
Reduced amount of
plant fresh weight

Bayramzadeh
etal. (2019)

electron microscopy, and atomic force microscopy. Spectroscopic techniques such
as Raman spectroscopy, Fourier transform infrared spectroscopy, ultraviolet-visible
spectroscopy, and X-ray diffraction provide data on the chemical composition, elec-
tronic properties, and crystalline structure. Particle size is measured by dynamic
light scattering. The hydrodynamic radius is determined by measuring the
Z-potential (Peralta-Videa et al. 2011). Inductively coupled plasma optical emission
spectroscopy (ICP-OES), inductively coupled plasma mass spectrometry (ICP-MS),
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Table 3.3 Nanotoxicological effects reported in vascular plants, monocotyledonous angiosperms

Nanomaterials
Plant (NMTs)/size/
species morphology Concentrations | Stress response against NMTs | References
Oryza Multiwalled carbon 0, 10, 20 40, Dose- and time-dependent. Tan et al.
sativa L. | nanotubes/diameter | 80 mg/L Changes in cellular (2009)
10-30 nm, length morphology, chromatin
5-15 pm condensation, and cell wall
damage. Cell death by
apoptosis due to
bioaccumulation. Cell death
by necrosis in cells exposed to
initial high NMT
concentrations. Significant
increase in ROS production
Triticun | Commercial Ag NPs | 0-5 mg/kg Dose-dependent. Growth Dimkpa
aestivum | and manufactured/10 |sand reduction in shoot stems and | et al.
and from 7.4 to 60.8/ roots. Increased proliferation | (2013)
semispherical of lateral roots. Plant biomass
reduction. Increased ROS
production and oxidized
glutathione amount.
Augmented metallothionein
gene expression
Oryza sp. | SWCNTs, 50 pg/mL Both single-walled and Nair et al.
(rice) MWCNTs, fullerene | medium multiwalled nanotubes hada | (2012)
Cyo, graphene single positive effect on seed
sheets/1.1 diameter, germination, with an increased
0.5-100 pm length, water uptake rate
0.5-200 pm length Negative effects with
graphene nanosheets due to a
reduction of seed germination
percentage and low water
uptake rate
Spirodela | ZnO NPs/25 nm/ 0,1, 10, Negative effects were Hu et al.
polyrhiza | semispherical 50 mg/L recorded with 50 mg/L. NPs | (2013)
were aggregated and
precipitated. Reduction in the
chlorophyll/pheophytin ratio.
Increased enzymatic activity
of SOD and CAT. Inhibition
of POD enzymatic activity

and single-particle inductively coupled plasma mass spectrometry (SP-ICP-MS) are
used to quantify metal nanomaterials in suspension (Bao et al. 2016; Larue et al.
2012). Some of these techniques have been useful for collecting data on nanomate-
rials in tissues.

Currently, there is no consensus on the optimal method for evaluating toxicity
in plants, which has led to various sample preparation techniques and study parame-
ters. Growth effects are determined by measuring root elongation and development
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Table 3.4 Continuation

Nanomaterials
Plant (NMTs)/size/
species | morphology Concentrations | Stress response against NMTs References
Oryza | AgNPs/20nm/ 0,0.2,0.5y Dose-dependent. Root length Nair and
sativa | spherical 1 mg/L reduction. Decreased weight, Chung
L. chlorophyll, carotenoid, and sugar (2014)

content on shoots and roots.
Increased ROS production, lipid
peroxidation, and proline quantities.
Augmented expression of genes
related to oxidative stress tolerance.
Reduction in mitochondrial
membrane potential of roots

Lemna | Ag NPs/50 nm/ |0, 0.01, 0.1, Toxic effects observed with 1 mg/mL | Dewez
gibba | spherical 1 mg/L Reduction in chlorophyll synthesis. | et al.
Deterioration in photosynthetic (2018)
activity due to a deficiency in energy
transfer. Decreased plant biomass

content
Zea La,0; NPS/80- |0, 5,50 mg/L. | Dose-dependent. Acceleration of the | Yue et al.
mays L. | 100 nm/not development of apoplastic barriers. (2019)
specified Augmented expression of genes

related to lignin synthesis. Increase in
the concentration of ABA in roots.
Decrease in stomatic activity,
photosynthetic activity, and
transpiration rate. Decrease in water
uptake rate. Plant growth inhibition

(Lahiani et al. 2015), growth from the base of the plant to its highest point, stem
diameter, number of secondary shoots, shoot length, and frond changes (Hu et al.
2013; Lee et al. 2010). Germination times, percentages, and seed viability have also
been evaluated (Vannini et al. 2014). Parameters that have been useful in determin-
ing the REDOX potential by evaluating ROS production in plant tissues are the
activity of antioxidant enzymes, such as catalase, ascorbic acid peroxidase, super-
oxide dismutase, and peroxidase, and the reduced/oxidized glutathione ratio
(Dimkpa et al. 2013; Hu et al. 2013). Dye tests are also used to quantify the REDOX
potential, including Alamar blue (Ong et al. 2014), nitro-tetrazolium blue (Speranza
et al. 2013), and 2',7’-dichlorodihydrofluorescein diacetate assays (Yan and Chen
2019). Conversely, X-ray absorption spectroscopy (XAS) has been very useful for
locating nanomaterials in different tissue sections. Micro-X-ray fluorescence
analysis (p-XRF) and micro-X-ray absorption near-edge spectroscopy (n-XANES)
have been used to highlight the location and type of nanomaterials and to track
fluorescence or measure radioactivity (Hernandez-Viezcas et al. 2013; Lépez-
Moreno et al. 2010; Lv et al. 2015; Zhang et al. 2011). Extraction with organic sol-
vents, quantification of chlorophyll and other pigments, and relative quantification
of the plant biomass (wet and dry weight) have also been used as nanotoxicity
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Table 3.5 Nanotoxicological effects reported in vascular plants, dicotyledonous angiosperms

Nanomaterials
Plant (NMTs)/size/
species morphology Concentrations | Stress response against NMTs | References
Arabidopsis | AL,0O3, Si0,, 400, 2000, Al,O; NPs did not affect the | Lee et al.
thaliana FeO,, and ZnO 4000 mg/L germination percentage, root | (2010)
NPs/150, 42.8, elongation, or number of
<50, and 45 nm/ leaves
semispherical SiO, NPs had no effect on
germination but decreased
root elongation and the
number of leaves at
2000 mg/L
Fe;0, NPs decreased root
elongation, without affecting
the other parameters
ZnO NPs significantly
decreased the percentage of
germination, root elongation,
and number of leaves in all
concentrations tested
Camellia Ceo/Cy and higher | 2 mg/mL With the mixture of Aoyagi and
Japonica fullerenes mix fullerenes, there was a Ugwu
(79:20:1%); C60 decrease in the percentage of | (2011)
99% germination up to 80%. No
modification with Cy, was
observed
Cucumis LaO; NPs/22 nm/ | 0, 100, 1000, Dose-dependent. Decrease in | Ma et al.
sativus spherical 2000 mg/L the size and diameter of the (2011)
root. Development of greater
amounts of lateral shoots.
Bio-transformation of the
NPs from a spherical
morphology to a needle
shape. Negative
ultrastructural cell changes
Arabidopsis | CdSe/ZnS 5.8nM (5 pg/ | Increase in ROS production | Navarro
thaliana quantum dots/ mL of Cd2*) The GSH/GSSG ratio et al. (2012)
length 12, decreased in exposed plants

diameter 6.3/rod

evaluation parameters (Dewez et al. 2018). Finally, some studies have utilized
genomic analysis (RT-PCR, endpoint PCR, qPCR, random amplification of poly-
morphic DNA (RAPD), and DNA microarrays) (Hu et al. 2017; Taylor et al. 2014).
Analyses of DNA methylation patterns, proteomics (Vannini et al. 2014; Mustafa
et al. 2015), and metabolomics have also been performed to highlight changes.
Techniques such as terminal deoxynucleotidyl transferase dUTP nick end labeling
(Kumar et al. 2017), the Comet (also known as single-cell gel electrophoresis)
(Cvjetko et al. 2018), and Allium (Liman et al. 2019) assays have been very useful
in evaluating the genotoxicity of nanomaterials.
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Table 3.6 Continuation
Nanomaterials
(NMTs)/size/
Plant species | morphology Concentrations | Stress response against NMTs References
Glycine max | Ag NPs/2, 15, [0.2,2,20 ppm | With 15 nm NPs, 2 ppm induced | Mustafa
L. 50-80 nm/not decreased expression of related | et al.
specified proteins in cellular organization | (2015)
(annexins and myosins).
Affectation of abundances of
proteins associated with stress,
signaling, and cellular
metabolism. 20 ppm were lethal
for seeds
Citrus g-FeO3 NPs/20 | 20-100 mg/L. | Dose-dependent. Toxicity with | Hu et al.
maxima +/— 2.7 nm/ higher amounts of NPs than (2017)
spherical 100 mg. Decrease in plant
biomass, root length, and
chlorophyll contents. Increase in
the concentration of MDA
produced by lipid peroxidation.
Less expression in iron reductase
Solanum TiO, NPs/30- | 0.5, 1, 2, 4 g/LL | Effects observed with the Tiwari
Iycopersicum | 50 nm/ concentration of 4 g/L. Decrease | et al.
cylindrical/ in seed germination percentage, | (2017)
tetragonal plant biomass, chlorophyll
content, and photosynthetic
efficiency. Increase in enzymatic
activity of CAT and PXD in roots
and leaves and in the expression
of glutathione s-transferase and
glutathione synthase. Alteration
in the transport rates of essential
elements (P, S, Mg, and Fe)

6 Conclusions

Nanotechnology is a discipline that has acquired great relevance in many areas of
research (physics, chemistry, biology, engineering, electronics, medicine, etc.), as
well as in industrial and pharmaceutical development. A perspective of nanotech-
nology is the expansion of promising applications, such as antimicrobial bandages,
drug carriers, catalysts, scratch-resistant coatings, self-cleaning glasses, semicon-
ductors, and UV-protected garments. However, as with many technological devel-
opments, nanotechnology may have both positive and negative effects in terms of
health and the environment.

In the last decade, the number of nanomaterials included in objects and devices
of common use has increased. However, the possible environmental consequences,
resulting from the massive use of nanomaterials, have not been thoroughly
addressed. Materials at the nanoscale behave differently than they do in their bulk
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form and may be a risk to living organisms at different organization levels.
Nanotoxicology is a relatively new research area which addresses this issue by
studying the uptake, accumulation, chemical interaction, and biological effects of
nanomaterials. Novel methodologies are being developed to characterize the
nanomaterials present in the environment and to better understand their interaction
with cells and tissues, in order to determine if they constitute a threat. Soil microor-
ganisms in symbiotic association with plants are the first link damaged by an
increase of nanomaterials in the environment, sometimes considerably reducing the
growth of plants. When nanomaterials reach plant tissues by penetrating through
their openings in roots, stems, and leaves, they may induce stress mechanisms that
could achieve toxic levels in tissues, causing deterioration of plants, altering whole
crops or even ecosystems. Furthermore, due to a bioaccumulation phenomenon in
plants, nanomaterials can enter the food chain of animals and humans constituting
a health problem. Therefore, extensive safety research projects and regulations on
the use of nanomaterials are still needed. In this chapter, basic concepts of plant
nanotoxicology were described, including some properties of nanomaterials, and
the anatomy and physiology of plants, as well as the methodologies so far existing
to evaluate the toxicity of nanoparticles.

Developments using nanomaterial engineering for specific purposes should be
accompanied by the corresponding toxicological studies and by studies assessing
the potential environmental damage.
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