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Abstract Due to the physicochemical characteristics derived from having at least
one dimension <100 nm, nanomaterials are very reactive from a biological perspec-
tive. Concentration, surface free energy, charges, roughness, porosity, and func-
tional groups of the coating or corona, among other properties, determine the
nanomaterial’s impact on organisms. The impact is variable, from biostimulation to
toxicity, depending on the plant species and the route of application or entry of the
nanomaterial into the plant. This chapter presents an overview of knowledge about
the physiology and molecular biology of plants in response to synthetic nanomateri-
als. It begins with an introduction that indicates the framework and objectives and
then continues by briefly presenting the pathways of entry of nanomaterials to eco-
systems due to contamination or intentional application. Subsequently, the nanoma-
terial’s interactions in the plant interfaces (root, leaves, stems, fruits in the epidermis,
stomata, etc.) are reviewed. Next, the entry mechanisms to the apoplast and the
cytoplasm, as well as cell compartmentalization and transport, are discussed. In
each of the previous sections, the plant’s physiological and molecular responses are
described.
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1 Introduction

Food production represents a significant source of environmental impact. The grow-
ing human population, the greater life expectancy, and, in general, the higher stan-
dard of living of the population translates each year into growing needs for products
obtained from agriculture, livestock, and forestry. The population projection of
9.6-12.3 x 10° people for the year 2100 (Gerland et al., 2014), in the complicated
context of climate change that is expected to modify the distribution of precipita-
tion, atmospheric humidity, and temperatures, represents a monumental multifac-
eted challenge (Mukherjee et al., 2018; Arora et al., 2018; Tong & Ebi, 2019). Until
now, the growing need for food, fiber, and metabolites such as pigments and biofu-
els has been solved with the tools generated during the Green Revolution, which
prevented potential famine in the second half of the twentieth century (Evans &
Lawson, 2020). These tools, such as improved varieties, fertilizers, pesticides, and
intense mechanization, seem to be reaching a limit of efficiency, in the sense that
their extensive application for a larger world population represents an environmen-
tal impact that reaches unacceptable levels of contamination and degradation of
soil, water, and natural ecosystems (Arora et al., 2018). The solution to the above
issues requires social, cultural, ecological, economic, and technical considerations
that must be applied integrally since none can function effectively on its own.

Solving the above challenge, in addition to the forced adjustments in the lifestyle
and diet of the human population (Hurni et al., 2015), requires urgent advances and
the application of techniques that, on the one hand, increase the efficiency in the use
of inputs and energy used in agricultural, livestock, and forestry activities and that,
on the other hand, substantially reduce the ecological impact of said activities
(Evans & Lawson, 2020). An example of the above would be those techniques that
increase agricultural or forestry productivity without changing the use of a larger
surface area of land or applying fewer amounts of water, fertilizers, or pesticides.

Among the set of techniques that can be applied to improve the efficiency of
inputs and energy use in agricultural, livestock, and forestry activities are those
related to nanotechnology. Nanotechnology is the set of techniques to hold the
advantage of the physicochemical characteristics of materials, called nanomaterials
(NMs), which arise when they have dimensions in the range of 0.4—100 nm. This
0.4-100-nm range is simply an arbitrary formal agreement to delineate boundaries
between materials since the characteristic properties of NMs can be observed as a
continuum in dimensions (d) between NMs and micrometric materials
1 nm < d < 1000 nm (Miernicki et al., 2019).

The NMs useful for food production are multiple and varied; they are derived
from metals and their oxides, from semimetals such as nanosilicon and
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nanoselenium, from inorganic materials such as nanoclays, from carbon materials
such as graphene, and organic compounds such as nanochitosan, among others. The
applications refer to their use as nanofertilizers, nanocarriers of fertilizers, nanopes-
ticides, nanobiostimulants, nanocarriers of pesticides, regulators and other biomol-
ecules, and nanosensors (Vazquez-Nuifiez et al., 2018; He et al., 2019; Medina-Pérez
etal., 2019).

This chapter refers to the use of NMs as biostimulant compounds. The ability of
NMs to act as biostimulants is related to several physicochemical properties of the
NM. Still, it depends significantly on the NM’s concentration in the medium where
the cells are found. The response to concentration is adjusted to a biphasic or hor-
mesis response (Agathokleous et al., 2019).

The biostimulant capacity of NMs results from a large amount of surface free
energy (and a consequential reactivity) as an outcome of their high surface:volume
ratio (Judrez-Maldonado et al., 2019). But it is also the result of other properties
such as shape, aspect ratio, hydrophobicity and hydrophilicity, and the composition
of the core of the material itself and the composition of the corona (Nel et al., 2009;
Chowdhury et al., 2020).

Biostimulation of plant cells is thought to be the result of a two-phase process.
The first phase occurs through interfacial interactions between NMs and their
corona with cell walls and membranes. These interactions depend on the surface
free energy, the interactions between surface charges, and the hydrophobic and
hydrophilic interactions between the surfaces. The second phase results from the
chemical properties of the corona and the NM core and occurs both in the apoplast
and inside the cell when the functional groups of the corona or the core of NM, or
the ions released from the NM’s core induce modifications in the behavior or func-
tionality in the integral proteins of the cell wall and membrane, or the internal mem-
brane systems or the organelles (Judrez-Maldonado et al., 2021).

2 Nanomaterials in Ecosystems

In natural systems, the existence of NMs is a common reality. NMs represent a form
of matter in a certain dimensional range defined arbitrarily from 0.4 to 100 nm,
which presents characteristic properties that differ from those observed in other
dimensional ranges smaller or larger than that spectrum of magnitudes. The occur-
rence of nano-dimensional structures in abiotic and biotic systems has been well
documented; examples are viruses, ferritins, exosomes, and magnetosomes (Stanley,
2014). In the same way, many natural phenomena such as volcanism, fires, weather-
ing, and various mechanical and chemical interactions can transform materials of
lower-dimensional magnitudes (such as ions) or larger (such as micrometric materi-
als) into nanostructures (Akaighe et al., 2011; Tepe & Bau, 2014; Hochella et al.,
2019). Therefore, the presence of NMs in nature is not a novelty. In fact, they are
considered dynamic and important actors at various scales (from atomic to plane-
tary) of terrestrial evolution. However, in addition to the complex series of
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transformations related to NMs in nature (aggregation, corona formation, chemical
alteration, biological assimilation, dissolution, evaporation, shape change, migra-
tion between ecosystem’s phases), human activities have significantly modified the
presence of NMs both in the amount that is released year after year in nature and in
the diversity of NMs that reach ecosystems (Hochella et al., 2019).

In recent decades, the scale of manufacturing NMs with industrial applications
has grown substantially. To note some examples, although precise data are not avail-
able, it is estimated that each year about 5500 tons of SiO,, 3000 tons of TiO,, 550
tons of ZnO, 300 tons of carbon nanotubes, and 55 tons of NMs of Ag, FeO,, AlO,
and CeOy are produced (Piccinno et al., 2012). Other sources indicate the produc-
tion of 55 to 1,500,000 tons per year of SiO, NMs, 5.5 to 100,000 tons per year of
Ce0,, and 5.5 to 550 tons per year of Ag NMs (Giese et al., 2018). These NMs, used
in the biomedical, chemical, manufacturing, and food industries, among others, can
be released into the atmosphere, water, or soil through emissions from industries;
another alternative is through garbage or by-products that reach the soil or water
directly, or are recycled, incinerated or used in biosolids for use in landfills or soil
amending material once the useful life of the product containing the NMs ends
(Lead et al., 2018). Until now, there is no precise information about the volume of
NMs discharged to the atmosphere, water and soils, and sediments. Based on the
results of their mathematical model (Giese et al., 2018), the discharge of about 17
tons per year of Ag NMs, 1090 tons per year of CeO,, and 58,000 tons per year SiO,
is estimated. TiO,, ZnO, and Ag are probably the NMs most likely to enter soils in
large quantities because of the application of biosolids (Lead et al., 2018).

Another type of NMs, those used in agricultural and livestock activities, can be
incorporated as pollutants into ecosystems due to the degradation or disuse of the
material that contains them or when used in the treatment of water or recovery of
contaminated soils. This type of unintended contamination is analogous to that
which occurs with the NMs for industrial use described above. One example of this
type of contamination is that which occurs when agroplastics are degraded by abi-
otic weathering or by the activity of the soil or water microbiome, generating micro
and nanoplastics that move between the different components of ecosystems,
including through the trophic chain (Fig. 1) (Guo et al., 2020).

Another way NMs designed for agriculture or livestock can be incorporated into
ecosystems or agroecosystems is by mobilization after they are intentionally used as
nanofertilizers or nanopesticides applied to soils, substrates, irrigation water, and
plants (Gonzdlez-Morales et al., 2020). Other NMs with potential agricultural and
livestock use, such as nanosensors, molecular vehicles for the transport of DNA or
RNA and other biomolecules, and materials with nanobionic application to increase
the metabolic capacities of plants, do not seem to be an important source of con-
tamination taking into account that its use involves very localized applications and
in minimal quantities (Omar et al., 2019).

Whether the incorporation of NMs is intentional or not, the result is the contact
and interaction of NMs with biotic and abiotic components of ecosystems, includ-
ing natural toxins and synthetic pollutants such as pesticides and hydrocarbons with
which they can interact synergistically. The interaction of NMs with the various
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media in which they can move (water, soil, living organisms) causes changes in the
composition and identity of NM’s core and the NM’s corona (Uddin et al., 2020).
These NMs’ corona changes have an unpredictable impact on their stability, mobi-
lization capacity, and bioavailability. Depending on the environmental context and
the type of NM in question, exposure to the environment may increase the NM’s
potential toxicity or decrease it (Nasser et al., 2020). Examples of the interaction of
NMs with soil colloids and with dissolved organic matter illustrate this last point
(Fig. 2) (Gonzélez-Morales et al., 2020).

In addition to the corona changes, another situation that makes the prediction of
the trajectory and environmental impact of NMs complicated is the interaction with
environmental toxins or synthetic pollutants. The interactions between NMs and
pollutants seem to be mainly physicochemical, with the adsorption process pre-
dominating, modifying both the original properties of NM and the pollutant mole-
cule. Among the most studied types of interaction are those referring to heavy
metals and metalloids such as Pb, Cd, Cu, and As, as well as organic molecules such
as diuron, pyrene, atrazine, and polychlorinated biphenyls, among others, finding
cases of toxicity increased or decreased by synergy, antagonism, or additive behav-
ior (Liu et al., 2018).

One process that has received much attention is the trophic transfer of NMs.
Trophic transfer causes the presence of NMs in organisms that, without being in
direct contact with these materials, ingest them through the consumption of other
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Fig. 2 Scheme of the modifications and interactions of NMs with different abiotic and biotic
environmental components, with the consequent increase or decrease in toxicity. Figure from
Gonzalez-Morales et al. (2020)
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organisms that have directly absorbed or ingested the NMs (Lead et al., 2018).
During the trophic transfer, NMs can also carry other molecules such as toxins and
contaminants, modifying the trophic transfer process and biomagnification of con-
taminants (Lu et al., 2021). Theoretically, the trophic transfer can span several tro-
phic levels; however, it is not a proven fact at the ecosystem scale, and several
studies indicate limited transfer rates to the superior trophic levels (Lammel et al.,
2020; Shi et al., 2020). In human consumers, it has not been shown to occur, but it
is not considered an impossibility (Parsai & Kumar, 2020). Historical examples of
other contaminants such as heavy metals, pesticides, and radioactive material indi-
cate that it is highly likely (Uddin et al., 2020). It is unknown the long-term conse-
quences of the exposure of the human body to synthetic NMs to which it could
potentially be exposed by trophic transfer (Morales-Diaz et al., 2017).

The previous data indicate that NMs will be present in ecosystems in increasing
frequency and quantity. An example of this type of contamination is the case of
microplastics and nanoplastics, which are present in the water and soils of practi-
cally all the planet, being found in the same way inside living organisms (Huang
et al., 2020a). The preceding allows us to conclude that, although the use of NMs
can result in great productive and economic advantages for agricultural and live-
stock activities (Medina-Pérez et al., 2019), their application must be based on the
appropriate level of knowledge about the dynamics and impact on ecosystems. An
adequate level of knowledge implies having information about the behavior of NMs
in ecologically relevant times (years), in ecologically relevant concentrations (even
in very low concentrations) to take into account the biomagnification phenomena
(Uddin et al., 2020) and responses to the chronic exposure (Gonzalez-Morales
et al., 2020).

Another direct ecological impact of NMs on plants occurs through the soil
microbiome and the rhizosphere microbiome. Under natural conditions, both the
internal media, the epidermis, and the rhizosphere and soil volume near the plant’s
roots contain a complex community of microorganisms called the microbiome. The
abiotic environmental variables and the microbiome’s physiological and biochemi-
cal action on plant cells are key determinants to modeling plants’ phenotype
(Bahram et al., 2018). The microbiome is a dynamic soil-plant constituent that
induces biostimulation and tolerance to stress. Therefore, any factor that modifies
the biodiversity, profile of microorganism species, or their relative abundance will
change the plant’s biostimulation response to the microbiome (Berg et al., 2014).

The soil microbiome’s exposition to NMs alters the species composition and
relative abundance of microorganisms, mainly soil bacteria and protozoans. The
above was demonstrated in several classes of NMs, including those contained in
biosolids or subjected to environmental weathering (Asadishad et al., 2018). The
concentrations of NMs capable of impacting the microbiome metabolism, enzy-
matic activities, abundance, or biodiversity were 5-50 mg kg~' soil in the case of
C60 fullerenes (Johansen et al., 2008), 1.2 kg TiO, NPs ha™! (Simonin et al., 2016),
and 1 mg Ag NPs kg~! soil (Griin et al., 2018).
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As with plants, the effect of NMs on the microbiome is dose-dependent, with
positive effects on some variables when concentrations are low (e.g., <1 mg kg™
soil) in the soil (Rahmatpour et al., 2017). Even though, in general, microorganisms
are more tolerant than plants to abiotic stresses, in the case of NMs, the sensitivity
of microorganisms seems to be much higher compared to those of plants (Judrez-
Maldonado et al., 2021).

In the long-time range, the modifications in the soil microbiome could also mod-
ify the composition of the communities of protozoa and mesofauna and maybe
plants, with a potential change in the structure of the ecological communities. Until
now, there is not enough knowledge about how the distinct microbiomes can regu-
late and mold the properties of soil, groundwater, and plant and animal communities
(Gonzalez-Morales et al., 2020).

Considering the above, it can be affirmed that the use of NMs as biostimulants
can be a form of application of NMs in agriculture with a potentially low environ-
mental impact. The application of NMs as biostimulants, as seed priming (Lépez-
Vargas et al., 2020), seedling priming, or an inductor of tolerance or fertilizer or
nanofertilizer vehicles in adult plants (Chhipa, 2017; Abdel-Aziz et al., 2019),
involves the use of these compounds in low concentrations. The foregoing is the
result of the ability of NMs to induce biostimulation and defense responses in plant
cells even at low concentrations (Judrez-Maldonado et al., 2021).

3 Impact of Nanomaterials on Cellular Surfaces
and Apoplast

As previously mentioned, biostimulation of plants occurs in two phases: the first
one occurs through interfacial physicochemical processes, with an impact on the
activity of proton pumps, receptors, channels, and transporters of cell walls and
membranes; the above modifies the transmembrane potential and consequently the
transport of ions and metabolites, cell signaling, energy metabolism, and gene
expression. The second phase of biostimulation occurs through a mixture of physi-
cochemical and biochemical processes in response to the internment of NMs, the
contact of the corona and core components with cellular metabolites, and the subse-
quent release of chemical components (ions, functional groups, and low-molecular-
weight metabolites) that compose the NMs and their corona (Juarez-Maldonado
et al., 2019).

This section of the chapter deals with the first phase of biostimulation with NMs,
which has been proposed to depend on the interaction between the NMs’ surface
charges and the cell surface charges.
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3.1 The Cell Surface Charges

The surface charges of structural components, integral proteins, and functional
groups of cell walls and membranes allow chemical interactions at the cell apoplast
interface. Examples of these interactions are ionization of functional groups, acid/
base dissociations, adsorption of ions and other chemical species, and the partial
dissolution of some structural components of cell membranes (Wang et al., 2014).
The density of surface charges (quantity by surface area) of the cell wall or mem-
branes modifies the cellular interactions with the ions and other chemical species
located in the apoplast. The surface charge density modifies the electrical potential
of the surface of the membranes (y0) as well as the transmembrane potential that
sustains the ion channels and other integral proteins functional (Kinraide & Wang,
2010). Any change in w0 and in the transmembrane potential implies an event of
biostimulation and the consequent modification of cell metabolism. This is because
the surface electrical potentials have an impact on the activity of channels, trans-
porters, receptors, or in the importation via exosomes of ions (e.g., silicon and phos-
phorus), carbohydrates, lipids, lipoproteins, hormones, and other growth regulators
(Haak et al., 2017).

The intensity and the final balance of the chemical interactions between the apo-
plast and the cell surfaces depend mainly on the ionic strength, pH, oxidation—
reduction potential, and other extracellular medium properties. The cell surface
maintains an equilibrium with the external fluids, where the interface acquires a net
negative charge because the number of positive charges is less than the negative
charges. The movement of ions in the apoplast, through attraction and repulsion,
results in an electrical double layer (EDL) on the surface of the cell membrane
(Fig. 3). The charge density, equivalent to the number of charges per unit area,
determines the electrical potential of membrane surfaces and the transmembrane
potential that supports the functionality and structure of integral proteins (Perry
et al., 2016).

3.2 The Surface Charges of NMs

The characteristics of NMs, such as size, charge, roughness, shape, and hydropho-
bicity, among others (Barkataki & Singh, 2019), induce different cell responses
when they meet with plant surfaces. However, it is believed that the surface charges
of NMs produce the first metabolic changes and in cellular gene expression (Pérez-
Labrada et al., 2020). NMs have a greater surface area vs volume compared to
conventional materials, which results in a large amount of surface free energy and
high reactivity (Pacheco & Buzea, 2018).

NMs do not appear in a pristine form in environments such as water, soil, bio-
logical fluids, or plant surfaces. Inorganic and organic compounds and biomolecules
are joined by adsorption to the core of NM, forming a single layer or several layers
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of molecules, which constitute a structure called corona. The physicochemical char-
acteristics and the biological reactivity of the corona depend on the profile of the
adsorbed molecules. In biological fluids, it is common for the NM’s corona to be
constituted by proteins (Francia et al., 2019).

The formation of the NM’s corona occurs spontaneously as a means of decreas-
ing the free energy of the system containing the dispersed NMs. In a contaminant-
free system, such as in a laboratory, pristine NMs have the same tendency to
decrease free energy, but in this case, they do so through the agglomeration of the
NM'’s particles. In both cases, the process is guided spontaneously toward a decrease
in enthalpy (or an increase in entropy). The surface charge of the diffuse layer of the
EDL of pristine NMs is commonly negative, while in biological fluids with pH <7
the diffuse layer of the EDL of the NM with corona has a net positive charge (Simon
etal., 2018) (Fig. 4). This net positive charge on the corona surface facilitates inter-
action with the plant cell’s EDL with a net negative charge.

The NMs’ EDL acquires different characteristics depending on the coating used
for their functionalization (Simon et al., 2018). For example, Li et al. (2019a) stud-
ied CeO, nanoparticles (NPs) with three different coatings (diethylaminoethyl dex-
tran, dextran, and carboxymethyl dextran), observing that the three NMs showed
different Zeta potential (+13, —3, and —15 mV, respectively). In another study, Li
et al. (2016) observed that the tomato and rice’s uptake of Au NPs of nearly identi-
cal size (8—12 nm) coated with cysteamine, cysteine, and thioglycolic acid was
dependent on the surface charge of the functionalized NPs and related to the species
of ligand used for the coating. The negatively charged Au NPs capped with cysteine
were more efficiently absorbed in roots and transferred to stems and leaves than the
NPs capped with cysteamine and thioglycolic acid.

As described, the surface free energy and the surface charges of NMs are key
determinants in interfacial interactions. The final biological identity of the NM (that
is, the impact it exerts on cell behavior) depends substantially on the asymmetric
spatial distribution of surface charges, which in turn is the result of the aggregation/
agglomeration of NMs, from the components and identity of the corona, and of the
inorganic compounds present in the medium, such as Na*, K*, and Li*. Therefore,
the same NM placed in different environments or media will have a different impact
on biological organisms (Gonzalez-Morales et al., 2020).

3.3 Corona and Cell Surface Interactions

The positive net surface charge of the NM’s corona can interact with the wall’s or
cell membranes’ negatively charged surfaces. It can also interact with the negative
or positive charges of the peripheral and integral proteins. The above activity can
proceed without the intervention of specific cellular receptors (Fig. 5). The bonding
process between the NM’s and cell’s surfaces also depend on the particles’ hydro-
phobicity and particles’ surface energy as aggregation factors to increase the entropy
in NMs (Judrez-Maldonado et al., 2019).
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Fig. 4 Representation of formation of NM’s corona in natural media. On the left side of (a), the
net charge of the protein’s surface is positive at pH < 7 (with a negatively charged Stern layer). On
the right side of (a), the pristine nanoparticle (NP) shows a surface negative charge (with a posi-
tively charged Stern layer). In (b), due to the opposite charges of the protein’s and NP’s diffuse
layers, the electrostatic interactions that give rise to the corona occur. Figure from Juarez-
Maldonado et al. (2019)

The interaction between the surfaces of NMs and cells causes changes in the
membrane potential and the activity of the cell walls and membranes’ receptors and
channels, causing metabolic adjustments (such as changes in ion fluxes) and energy
metabolism and gene expression modifications (Hossain et al., 2016).

Interfacial interactions produce changes in the plant phenotype, from positive
effects (biostimulation) to negative effects (toxicity), depending on the
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Fig. 5 Graphical representation of the interaction of charges on the surface of the proteins of
corona, cell wall, or membrane. Figure from Juarez-Maldonado et al. (2019)

concentration and the physicochemical characteristics of the NMs, as well as the
identity of the corona and the NM’s core composition (Table 1).

The functionalization of NMs influences the surface charge, also changing the
biological impact. Spielman-Sun et al. (2019) studied the interfacial interactions of
CeO, NPs with different surface charges using corn, rice, tomato, and lettuce plants.
The positively charged NPs showed greater adsorption in the root cells; meanwhile,
the negatively charged and neutral particles showed greater translocation from the
root to the stems. Translocation was more effective in tomato and lettuce plants
compared to corn and rice plants. The functionalization of engineered NMs allows
obtaining surfaces with specific characteristics and biological impact. Still, the
characteristics and the biological impact can be modified once the materials are
released in the environment or biological fluids and acquire a corona that modifies
the surface functionalization (Goswami et al., 2017).
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Table 1 Biostimulation effects of some NMs in plants

Nanomaterial Plant species Effect Reference

nZnO Zea mays Improvement in the Neto et al.
germination and related (2020)
variables

nZnO Latuca sativa and Daucus | Increase in biomass and Song & Kim
carota chlorophyll (2020)

nZnO Glycine max Increased antioxidant activity | Yusefi-Tanha

and more yield et al. (2020)
nSe Solanum lycopersicum Higher plant growth Joshi et al.
(2020)

TiO, Solanum melongena, Increased vigor of seedlings Younes et al.
Capsicum annum, and (2020)
solanum lycopersicum

nFe;0, Zea mays Increase in root length Yan et al.

(2020)
nCuO Allium fistulosum Increase in antioxidant Wang et al.
enzymes and allicin (2020)
nAg Eruca sativa Higher plant growth Ahmed et al.
(2020)

Carbon nanotubes | Solanum lycopersicum Increase in antioxidant Lépez-Vargas

and graphene enzymes and decrease in some | et al. (2020)

growth and vigor variables

Depending on the type and concentration of NM, and on the characteristics of the
corona or the coating chemicals used for surface functionalization, the physiologi-
cal, biochemical, and genetic impacts are different in organisms. The first interac-
tions of NMs with the epidermis of the root or leaves can cause modifications in the
cell structure. For example, NMs of CeO, caused lesions in tomato root hairs,
necrosis, and malformations (Li et al., 2019a). A similar effect was reported in rice
roots when exposed to Ag NPs, causing damage to the root cells (Huang et al.,
2020b). Similarly, the first contact of some NMs with cell membranes can cause
lipid peroxidation, evidenced by the increase in malondialdehyde (MDA) observed
in maize plants using Y,O; NPs (Gong et al., 2019). The same effect of increasing
MDA was observed in rice seedlings when subjected toY,0O; NPs (Zhao et al.,
2020). Even NMs made with essential elements for plants are toxic when they
exceed adequate concentrations, as in the case of ZnO NPs applied at a concentra-
tion of 100 mg L~!' and which induced oxidative stress and alterations in the cell
walls of the root epidermis of Brassica napus and Brassica juncea (Molndr
et al., 2020).

Positive effects of NMs are also reported, manifested as modifications in cell
surfaces. An example is the application of SiO, NPs in rice plants, which was asso-
ciated with an increase in the cell wall thickness, restricting the flow of arsenic (As)
to the cells (Cui et al., 2020). In this same study, the SiO, NPs induced changes in
the cell wall’s electrochemical potential (from —35 to —10 mV) in the presence of
40 pmol of As** in the medium. These adjustments did not occur in the absence of
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the SiO, NPs. As is known, changes in the surface potentials of the cell wall or
membrane are the prelude to physiological adjustments and changes in gene expres-
sion (Judrez-Maldonado et al., 2019).

The above-mentioned interfacial interactions, upon the first contact of NMs with
plant cells, produce biochemical signals (such as ABA, salicylates, or other hor-
mones and metabolites) from root or leaf cells. These signals move through the
vascular structures toward the rest of the plant, resulting in plant biostimulation in
the form of adjustments in metabolism and gene expression and greater tolerance to
biotic and abiotic stresses (Pérez-Labrada et al., 2020) (Fig. 6). An example is the
impact of SiO, NPs in reducing the expression of the PgSWEET gene, responsible
for regulating the flow of sugars in the apoplast, which favors the resistance to cer-
tain pathogens in Panax ginseng (Abbai et al., 2019).

The biological impact of NMs, either as biostimulation or toxicity, is also mani-
fested in plant gene expression. In different studies, the physiological and biochemi-
cal response has been verified in parallel with gene expression changes. An example
is that of multiwalled carbon nanotubes (MWCNTs) that enter protoplasts and can
increase the expression of the aquaporin genes PIPIs and PIP2s in broccoli root.
The result was a change in water permeability in the cells (Martinez-Ballesta et al.,
2020). In maize plants exposed to different concentrations of La,O; NPs, the con-
tent of abscisic acid increased, and water absorption was reduced by accelerating
the development of apoplastic barriers in the roots, which caused growth inhibition
in the plants. Also, the expression of some genes related to lignin biosynthesis was
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Fig. 6 A proposed general process of nanoparticles interaction with plants. The mechanism des-
ignated as an “unknown mechanism” is what this chapter calls the two-phase biostimulation pro-
cess. Figure from Rastogi et al. (2017)
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changed: some, such as ZmPAL, ZmCCR2, and ZmCADG6, were overexpressed,
while the ZmF5H gene was repressed (Yue et al., 2019).

Hossain et al. (2016) studied the proteomic response associated with the phyto-
toxicity of the Al,O;, ZnO, and Ag NPs. A high oxidative burst was evidenced in the
treatments with ZnO-NP and Ag-NP. The proteomic analysis of the roots revealed
modifications in the amount of 104 proteins in the treatments with NPs; the proteins
were associated with secondary metabolism, cell organization, and hormonal
metabolism. Besides, Al,O; NPs increased the expression of genes related to oxida-
tion—reduction metabolism in roots, while the opposite occurred with the ZnO and
Ag NPs. In the study of Xun et al. (2017), the maize plants with exposure to ZnO
NPs modified the transcriptomic profile of the roots, showing an increase in the N
metabolism pathways and synthesis of cellular components, while the processes
related to metabolic rate were reduced.

Studies of transcriptomes have shown that the number of genes that modify their
gene expression by exposition to NMs is significant, reporting that NMs of TiO, and
ZnO induced the differential expression of 509 genes in leaves and 3666 genes in
lettuce roots (Wang et al., 2017b); the genes were associated with different meta-
bolic pathways such as photosynthesis, N metabolism, antioxidant metabolism, and
carbohydrate metabolism. In another study, Zhang et al. (2019) found that Ag NPs
modified the expression of 626 genes in Arabidopsis; in this case, the genes were
associated with photosynthesis, antioxidant metabolism, response to ethylene, and
responsivity to other metabolites and environmental challenge.

The changes that occur in transcriptomes and proteomes after exposure of plants
to different NMs are extensive. Therefore, it is unlikely that the impact of NMs
occurs through a single mechanism; rather, it is expected that a set of mechanisms
involving multiple signaling pathways and their crosstalk participate. This situation
explains the difficulty of predicting the global and long-term impact of NMs on
plant organisms. Additionally, NMs can act synergistically or antagonistically
depending on the environmental context, making the prediction and explanation of
the mechanisms of action more difficult. An example of this is the synergism
between the TiO, NPs and the high concentration of CO, in rice plants, while each
factor separately did not influence the plants used in the experiment (Xu et al.,
2019). However, as with other biostimulants whose mechanism of action is still not
well understood (Gonzalez-Morales et al., 2021), NMs used in low concentrations
and by the most appropriate application routes (for example, as seed priming or by
foliar spraying with preference over the application to the soil/substrate or the nutri-
ent solution) can surely constitute a valuable alternative within the alternatives
available to carry out biostimulation of crops (Judrez-Maldonado et al., 2021).
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4 Cellular Internalization and Compartmentalization
of Nanomaterials

During the second phase of the biostimulation process by NMs, the internalization
and compartmentalization of NMs occur in plant cells. Like the first interactions of
NMs with cells, internment depends on the material’s characteristics, such as size,
functional groups of the corona, or the compounds used for NM functionalization,
shape, surface charge, hydrophobicity, and roughness, among others (Liu
et al., 2020).

The following are the main pathways in which NMs can access plant cells
(Fig. 7):

1. Through pores in cell walls and membranes. It can occur through pre-existing
pores, or indeed the surface free energy of NM can enlarge the cell wall pores or
create new pores in the membrane and allow access to the cellular environment
(Yan & Chen, 2019; Barkataki & Singh, 2019; Singh & Kumar, 2020), maybe a
main access route for NMs smaller than 100 nm.

2. Clathrin-mediated endocytosis is the main endocytic mechanism in plants,
maybe a main access route for NMs 120-200 nm (Santiago et al., 2020).

3. Membrane microdomain-associated endocytosis. Membrane microdomains are
nanodomains at the plasma membrane (PM) that are enriched in sterol and
sphingolipids (Fan et al., 2015).
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Fig. 7 Active and passive cell uptake of particles and NMs in animal and plant cells: (a) phagocy-
tosis, (b) caveolin-mediated endocytosis, (¢) clathrin—caveolin-independent endocytosis, (d)
clathrin-mediated endocytosis, (€) macro-pinocytosis, (f) ion pumps, (g) exocytosis, (h) facilitated
diffusion, and (i) simple diffusion. Figure from Sabourian et al. (2020)



170 S. Gonzalez-Morales et al.

There are not many studies regarding the cellular internment of NMs in plant
cells. However, the forms of access appear to be similar in plant and animal cells.
Table 2 shows the main cellular access pathways for NMs, depending on size,
charge, and particle shape.

NMs constitute a point and reactive source that provides nutrients and other ele-
ments for cells. On the other hand, the ions of the different essential, beneficial, and
toxic elements constitute a diffuse source with less reactivity whose cellular intern-
ment occurs through channels and transporter proteins that effectively regulate the
entry and compartmentalization of these ions. In the case of NMs, as previously
stated, there are several access pathways, several of them dependent on the surface
free energy of the NM, which facilitates internment into the cytoplasm and organ-
elles without showing the regulation that occurs for ions (Judrez-Maldonado
et al., 2019).

The above possibly partially explain the differences observed in the impact of
conventional fertilizers versus nanofertilizers on plants. Conventional fertilizer con-
tributes ions that dissolve in the apoplast and from there are interned into the cell by
mechanisms subject to strong regulation. In contrast, nanofertilizers provide NMs
that initially induce biostimulation by the interaction of surfaces and later allow the
entry of NMs through pores, membranes, and endocytosis. After entering the cells,
the second phase of biostimulation occurs, followed by the release of the nanofertil-
izer ions that originate the well-known nutritional responses described for this cat-
egory of elements. Together, the biostimulation and the nutrients provided by the
nanofertilizers translate into a substantial improvement in the metabolism and
growth of the crop, also increasing tolerance to environmental stress (Dimkpa &
Bindraban, 2018; El-Desouky et al., 2021; Neto et al., 2021; Ahmadian et al., 2021).
Additionally, the stability and bioavailability of nanofertilizers in the soil or sub-
strate are greater than conventional fertilizers (Ojeda-Barrios et al., 2020).

Table 2 Main access routes in animal and plant cells of some NMs according to size, charge,
and shape

Main pathway | Size Charge
NM to cells (nm) (+/-) Shape Reference
Chitosan CME 15-250 |+ Ellipsoidal/ Lichtenberg et al.
spherical (2019)
Polystyrene CME and PD 40-150 |- Not specified Wang et al. (2017a)
Carbon MP 195- - Cylindrical Cui et al. (2017)
nanotubes 630
Carbon PD 50nm | — Cylindrical Kang et al. (2010)
nanotubes
Quantum dots | CvME and 10— - Ellipsoidal Saulite et al. (2017)
CME 50 nm
Au CME 1545 | - Spherical Ding et al. (2018)
Si CME 90-200 | — Spherical Lietal. (2019b)

CME clathrin-mediated endocytosis, PD passive diffusion, MP macro-pinocytosis, CvME
caveolin-mediated endocytosis
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After entering the plant cells, the NMs, according to the identity of the corona,
will accumulate in certain organelles, cell compartments, or the cell membrane, or
they will react with the different metabolites of the cell environment, releasing the
components of the corona or the components of the NM’s core (Banerjee et al.,
2019). An example is the release of Ag* and Cu* ions from Ag and Cu NPs. If the
Cu* concentration is adequate, it will function as a nutrient (cofactor), and this posi-
tive effect will be added to the biostimulation created by the Cu NPs. But beyond a
certain concentration threshold, the Cu* will cause toxicity. In the case of Ag*, there
is no known function as cofactors in living organisms, and rather they compete with
Cu* as a cofactor of some proteins. Therefore, for Ag NPs, an impact is expected to
occur as a biostimulant when it is in low concentration or as toxic when it exceeds
a certain threshold. The toxicity threshold (20-100 mg L") will depend on the plant
species and the environmental context (Yan & Chen, 2019).

The second phase of biostimulation by NMs begins with the wide range of inter-
actions that occur between NMs internalized to cells and the cell components:
membranes, proteins, nucleic acids, regulation and signaling complexes, and diverse
metabolites. The result is a series of modifications in metabolism, which originate
biochemical and physiological changes and adjustments in gene expression that
change cellular proteomes and metabolomes and the plant’s phenotype (Zuverza-
Mena et al., 2017; Anjum et al., 2019).

Seed priming is an example of the biostimulation process induced by NMs. NMs
in contact with the seed coat can pass through this structure through the intercellular
spaces in the parenchyma or through the creation of pores in the cell walls. In both
cases, the presence of NMs causes the induction of enzymes that initiate germina-
tion events and the expression of genes associated with aquaporins. This effect of
acceleration of germination and greater capacity of the seed to absorb water is
explained as a response to eustress or biostimulation. It has been described for sev-
eral NMs and is exemplified by the positive impact of carbon nanotubes on germi-
nation (Miralles et al., 2012). The biostimulant impact of carbon NMs is not limited
to germination events but can modify plants’ antioxidant status in later stages of
development (L6pez-Vargas et al., 2020).

The changes associated with the second phase of biostimulation were exempli-
fied by Yan et al. (2020) in maize plants grown in soil with Fe;O4 NPs (0, 50,
500 mg kg™!). The maize plants did not show impact on plant biomass or photosyn-
thesis, but root length significantly increased, with decreased malondialdehyde
(MDA) level, higher accumulation of Fe in root tissues, and a reprogramming of
root metabolome with a decrease in pathways related to nitrogen metabolism, anti-
oxidant metabolism, and defense. Another example of metabolic adjustments elic-
ited by NMs was described by Anjum et al. (2019). It refers to the use of NMs (Ag,
Cu, Au, Co, Zn) as biostimulants to induce the accumulation of specialized metabo-
lites with pharmacological or nutraceutical applications in distinct plant species
under different culture systems such as cell culture, organ culture, or growing seed-
lings. The concentration of NMs depended on the plant species and the cultivation
system and was between 0.3 and 900 mg L~! for metallic and metal oxide NMs and
2 and 500 mg L~! for carbon NMs. In fact, this biostimulant potential of NMs can
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be widely applied in the agricultural practice for the nutraceutical improvement of
harvested products (Judrez-Maldonado et al., 2018).

The compartmentalization of NMs can have positive or negative effects on
plants, depending mainly on the NM concentration. If the levels of NMs are not
high, those that are made up of essential elements for plants, such as Ca, Mg, Zn,
and Fe, are expected to induce a dual effect of biostimulation and nutrition.
Biostimulation occurs by the interaction of NMs with internal membrane systems
and protein complexes or RNAs that regulate gene expression or post-translational
modification of proteins; nutrition by the release of ions in the internal cell environ-
ment and their use as cofactors or by interaction with other ions present in the cell
environment or the apoplast. On the other hand, the NMs of elements such as Ti, Ce,
and Cd will cause biostimulation or toxicity depending mainly on the concentration
and location of the NMs in the different cell compartments (Judrez-Maldonado
et al., 2021).

In the case of NMs formed by essential elements and those formed by other ele-
ments, when a certain concentration threshold is exceeded, toxicity will occur. The
threshold is highly variable, as it depends on the type of NM, the composition of the
corona or capping material, the plant species and the stage of development of the
plants, and the environmental context, e.g., temperature, the composition of the
medium, and the presence of compounds that can antagonize or synergize with
NMs (Judrez-Maldonado et al., 2021). Phytotoxicity can be manifested as inhibition
in seed germination, root growth, biomass, and leaf area. At the physiological level
is associated with oxidative stress and lipid peroxidation, alteration in fluidity and
permeability of the cell’s membranes, alteration of cell structure and cell division,
hormonal balance changes, and a decline in chlorophyll, nutrient uptake, and tran-
spiration rate (Yan & Chen, 2019).

When NMs reach high concentrations, vacuoles seem to play an important role
in regulating the concentration of the released materials that result from the reaction
of NMs with cellular metabolites such as organic acids, chelating agents, and redox
metabolites (Ma et al., 2018). On the other hand, mobilization of NMs toward the
vacuoles through endosomes also appears to occur, as reported for CeO, NPs (Li
et al., 2019a) and CuO NPs (Dai et al., 2018). The compartmentalization also
depends on the cellular structure of the plant species. Spielman-Sun et al. (2019)
reported that CeO, NPs were accumulated in mesophyll cells to a greater extent in
dicotyledonous plants (lettuce and tomato) than in monocotyledons (rice and
maize), an effect attributed to the greater volume of intercellular spaces in the meso-
phyll of dicotyledons.

The two-phase biostimulation process, or the toxicity when NPs’ concentration
is high, occurs immediately (<24 h) in the cells adjacent to the NMs’ entry sites or
in cell cultures (Dai et al., 2018). In terrestrial plants, the entry sites can be the root
epidermis, the epidermis of stems and leaves, the stomatal pores and lenticels, and
the epidermis of flowers and fruits. In all cases, exposure to NMs induces changes
in the cellular phenotypes of the different tissues (Zuverza-Mena et al., 2017). The
phenotypic modification associated with biostimulation or toxicity is followed by
metabolic, biochemical, and genetic adjustments followed by signaling toward
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other cells not directly exposed to NMs, which also modifies their phenotypes. The
above mechanism is analogous to that proposed for other biostimulants and factors
inducing biotic and abiotic stress (Fig. 8), mainly through induction of ROS synthe-
sis, followed by an oxidative burst that unchains Ca®* fluxes, and the subsequent
action of ion channels (e.g., K* and Cl7), hormones, and other regulatory metabo-
lites, and non-coding RNAs. The regulator substances (e.g., salicylic acid and ABA)
can be extruded to the apoplast or transported by plasmodesmata. Finally, the sig-
naling spreads all the plant organs through the signaling agents’ long-distance trans-
port by the vasculature (Yan & Chen, 2019; Pérez-Labrada et al., 2020).

In addition to the signaling process of the second phase of biostimulation, depen-
dent on hormones and other metabolites, the migration of NMs can also occur from
the site where they entered toward other plant structures and organs. The process is
described in the next section.
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S Transportation of Nanomaterials between the Organs
of the Plant

The transport of NMs can be visualized as a phenomenon that in plants can occur in
several dimensions: (1) from the initial point of entry to other plant organs; (2) from
the different organs of the plant toward other organisms at different trophic levels
(e.g., the direct transference of NMs to herbivores or impact through changes in the
nutritional or nutraceutical quality); (3) from one generation to another through
transgenerational modifications (e.g., epigenomic changes) or even by direct trans-
fer. Topic (1) is the one that will be described in this section.

As already mentioned, NMs that come into contact with plants do so initially
with the surfaces of the roots, stems, leaves, flowers, and fruits. NMs that enter the
plant’s internal volume move from the apoplast into the cytoplasm and cell organ-
elles after interactions between the surfaces of the NMs and the walls and mem-
branes occur. Subsequently, NMs can be subjected to chemical transformations or
compartmentalization or migrate from one cell to another through symplastic trans-
port. The above can be an important mechanism for the radial transport of NMs
from the epidermis of the root or aerial structures toward the different organs’ inter-
nal volume (Miralles et al., 2012).

Radial transport allows NMs to reach the cortex’s internal tissues, the xylem and
phloem tissues, and the pith. NMs enter the vascular structures and are mobilized by
axial transport to the rest of the plant (Miralles et al., 2012). When the initial point
of entry is via the root, the main transport route is believed to be via the xylem. On
the other hand, when the entry of NMs occurs through the epidermis of leaves,
stems, and fruits, the initial internment that seems to occur by simple diffusion is
through the stomatal pores and lenticels, which can represent about 5% of the sur-
face of the epidermis. Once the NMs reach the substomatal cavity or the intercel-
lular spaces of the lenticels’ complementary cells, it is believed that the phloem
carries out the subsequent transport to the rest of the plant. It is not excluded that
some NMs passively enter through the cuticle that covers the epidermis of leaves
and stems, which presents pores <5 nm (Su et al., 2019). On the other hand, there is
a possibility that the entry of NMs >5 nm through the cuticle could occur as a result
of the lipophilicity of some NMs or the interaction of the surface free energy of
NMs with the hydrocarbon molecules that build up the cuticle (Judrez-Maldonado
etal., 2019).

Axial transport of NMs from the initial entry points to more distant organs trig-
gers other biostimulation or toxicity events, depending on the concentrations, types
of material, and the environmental context. These new events are different from
those initially triggered since the target organs have different phenotypes and con-
sequently respond differently to NMs. For example, if TiO, NPs are applied in the
substrate of a plant in low concentration (e.g., 1-5 mg L"), these would enter
through the epidermis of the root and promote biostimulation events in the root
(with physiological impacts on the whole plant derived from the root’s signaling
with hormones and other metabolites). When the xylem transports the TiO, NPs to
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other plant organs, they will cause new biostimulation events, but now in the cells
of the tissues of the stems or leaves, which would present different response profiles
to those of the cells of the root tissues (Fig. 9).

The amount of the NM that moves radially or axially from the initial entry point
to the rest of the plant is highly variable. It initially depends on the lifetime of the
NM in the cell environment, in other words, on whether it is rapidly subject to
chemical transformations that release elemental components, e.g., when Cu NPs are
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transformed into Cu*". The mobilization depends secondly on the characteristics of
the NM and the plant species, the stage of development, growth rate, and its envi-
ronmental context.

The different plant taxa present substantial anatomical and physiological differ-
ences; these intrinsic differences constitute another factor that significantly modifies
the response, transport, and fate of NMs in the plant. As an example, there is a dif-
ference in the root structure between monocots (fibrous root) and dicots (taproot),
which suggests that monocots may be more sensitive to NMs (Su et al., 2019).
Analogous reasoning suggests that the differences in the root structure between
crops in soil and crops in substrates different from the soil (e.g., peat moss, perlite)
or in hydroponics would make the responses to NMs different in each environmen-
tal situation.

Photosynthesis appears to be a metabolic pathway sensitive to the presence of
NMs in plant cells (Tighe-Neira et al., 2018); for that reason, like germination and
increase in biomass, it is widely used in studies on toxicity and biostimulation.
Whether the application of NMs in plants occurs via the roots or by foliar spraying,
the impact of NMs on photosynthetic activity depends on the axial transport (pre-
sumably through the xylem) of NMs from the epidermis of the root, or radial and
then axial transport (presumably through the phloem) from the stomatal pores
toward the mesophyll of the leaves (Su et al., 2019).

Different variables associated with photosynthesis have been used to describe the
impact of different NMs on plants. From Tighe-Neira et al. (2018), the following
can be mentioned:

— CO, assimilation rate and stomatal conductance. With negative impacts of
1 mg L' CuO NPs, 0.2% w/v TiO, NPs, 200 mg L=! CeO, NPs, 300 mg L' ZnO
NPs, 800 mg kg=! ZnO NPs.

— The concentration of photosynthetic pigments. With negative impacts of
1-400 mg L=! CuO NPs, 5-10 mg L=! Ag NPs, 25 mg kg~' ZnS NPs, with a posi-
tive effect of 250 mg kg~' CeO, NPs in tomato and negative effect of 250 mg kg™!
CeO, NPs in beans, and 400 mg kg~! CeO, NPs in maize.

— Efficiency in the transport of electrons. With negative impacts of 32 mg L~! CuO
NPs, 5-300 mg L=! Ag NPs, 200 mg L=! CeO, NPs, 1-100 mg L~! ZnO NPs, and
with positive effects of 0.25% w/v TiO, NPs.

A significant amount of the above results pointed to negative impacts on photo-
synthesis variables. It is possible that these results, in many cases, were dependent
on the use of high concentrations of NMs (e.g., >75 mg L™!) (Judrez-Maldonado
et al., 2021).

Many crop plant studies indicate positive impacts of NMs on antioxidant activ-
ity, biomass, and yield (Zuverza-Mena et al., 2017). It is not easy to think that these
results are obtained without a positive effect on photosynthetic activity or other
related activities such as respiration or photorespiration. However, as far as we
know, there are no studies where the effect of NMs on plant metabolism is
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considered comprehensively (e.g., photosynthesis, photorespiration, respiration,
biomass allocation; from physiological, biochemical, and molecular points of view).
Considering that the biostimulant impact of NMs occurs through multiple signaling
cascades and different metabolic pathways, studies aimed at understanding the
impact of NMs should consider a more comprehensive view of plant responses.

6 Perspective of Crops Biostimulation with Nanomaterials

Biostimulation is a complex biological phenomenon that has been described for
many physical processes, materials, substances, and organisms. NMs constitute a
part of the universe of possibilities for the development of biostimulants. What is
presented in this chapter indicates that there is a large amount of information about
the positive impact of NMs in plants, not necessarily presented with the biostimula-
tion label, but showing the characteristics of the phenomenon.

As with other biostimulants such as humic acids, chitosan, and growth-promoting
fungi and bacteria, the responses of plants are not described by a simple model or
limited to a few physiological, biochemical, transcriptomic, or proteomic responses.
To reach a complete understanding of the biostimulation phenomenon of plants
with NMs, great efforts will be necessary to integrate the existing information, e.g.,
in the form of meta-analysis or other kinds of models that integrate huge amounts of
information, or comprehensive experiments that include a large number of response
variables in plants, using series of response variables whose causal relationships are
reasonably understood, located in different ambits of complexity, from the molecu-
lar level to the levels of populations and plant communities.

Itis manifest that there are still many unresolved issues regarding the commercial-
scale applications of NMs; the main topics still under discussion refer to ecological,
economic, and innocuity issues. The possible assortment of interactions between
NMs, plant species, soil types and substrates, climatic regimes, and agronomic
management practices are numerous. It is quite a challenge to establish the first defi-
nition of a few selected NMs to be applied to certain crops under certain environ-
mental conditions. This initial definition is possibly an important first step in
advancing the commercial application of NMs as biostimulants in agriculture. The
information obtained from the above-mentioned comprehensive studies would be
useful for defining a selected group of NMs that could constitute the first wave of
new materials for agriculture whose use would increase yield, mitigating the envi-
ronmental impact of current agronomic practices, with the final objective of pro-
moting the sustainable crop production.
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