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Foreword

The well-known role of fertilizers and pesticides in increasing the global food pro-
duction in the past century has made them an integral part of modern agriculture. A
wide range of formulations have been developed and used over time with a view to
increase efficacy and reduce environmental impacts, but recent developments in
nanotechnologies have opened up a brand-new window of opportunities in this area.
Predictably, this has attracted the attention of many researchers, who have explored
new nanoscale formulation of pesticides and fertilizers, and, as a result, several
developments are understood to be at different stages of the innovation pipeline.
This book is in fact a sequel to another recent book by Jogaiah et al., “Advances in
Nano-Fertilizers and Nano-Pesticides in Agriculture,” published by Elsevier in
2021, and thus completes the picture by addressing the specific topic of inorganic
nanopesticides and nanofertilizers. In this context, it provides another timely
account of the state of the art on nanotechnology-derived innovations in this area
and the outlook of nanopesticides and nanofertilizers for use in the global agriculture.

New formulations of agrochemicals, in particular of nanopesticides, that have
been produced through a novel process, and are claimed for enhanced efficacy, inev-
itably also raise questions about their safety and environmental sustainability when
used on food crops. It is therefore useful to note that this book has explored not only
the beneficial and innovative sides of the technology, but also the potential harmful
effects and impacts in terms of discussing the mechanisms of toxic action. This
makes the book a comprehensive and balanced compilation that will not only inform
the readers of the state of the art, but also invoke further interest into research and
development in this area.

The book is comprised of 11 chapters that are written by a group of scientists
renowned for their expertise in this field. It provides a detailed account of
nanotechnology-derived inorganic pesticides and fertilizers, their expected benefits,
potential hazards and risks, current gaps in knowledge, and future directions of
R&D. The book is therefore likely to be of wider interest to academia, R&D scien-
tists, industry developers, as well as regulators.

vii



viii Foreword

Chapter 1 discusses the likely benefits that inorganic nanoparticles can offer to
agriculture and the potential adverse ecotoxicological impacts on the environment.
It provides an overview of the beneficial and harmful effects in comparison to con-
ventional formulations. It takes an account of the types and applications of nanofer-
tilizers and nanopesticides and considers limitations in the current state of knowledge
in relation to physicochemical properties, environmental behavior, potential expo-
sure, and toxicity of inorganic nanoparticles in the environment. It also highlights
the need for studies into the effects and impacts on nontarget organisms at various
trophic levels, as well as any risk to human health.

Chapter 2 discusses the strategies to produce cost-effective fertilizer-based
nanoparticles. It brings an industrial vision in terms of benefits and weaknesses of
both bottom-up and top-down manufacturing approaches and compares their feasi-
bility at the industrial production scales.

Chapter 3 discusses the effects of nanoparticles on seed performance. It dis-
cusses the basic aspects of physiology of seed germination and relates them to the
potential effects of nanomaterials on the overall seed performance. Noting the cur-
rent gaps in knowledge, it also highlights the need for further investigations to
enable safe use of nanoparticles in seed treatments.

Chapter 4 explores the biological barriers, processes, and transformations that
take place at the soil-plant—atmosphere interfaces and which drive uptake, translo-
cation, and bioavailability of inorganic substances. It notes that nanoparticles inter-
act with plants mainly through the root-rhizosphere and/or the atmosphere—leaf
interfaces. Any transformation of nanoparticles taking place at these interfaces will
effectively control bioavailability, absorption, and further translocation into the
plants. The chapter also highlights the knowledge gaps and points to specific aspects
that need further research.

Chapter 5 discusses the physiological and molecular aspects of plant biostimula-
tion by nanomaterials. It provides a brief account of the pathways of entry of nano-
materials into plants, interactions at the plant-atmospheric interfaces, cellular
uptake, compartmentalization, and transport of nanoparticles through plant tissues.

Chapter 6 discusses an example of copper-based nanoparticles for potential use
as a pesticide. Copper is an essential element for plant growth, metabolism, and
defense, and copper compounds are already used in agriculture as a fungicide. The
chapter notes that copper nanoparticles can be produced by chemical, physical, and
biogenic methods. It discusses the recent developments in the application of copper-
based nanoparticles for agricultural pest management, their biogenic routes of syn-
thesis, and phytotoxic activity.

Chapter 7 discusses the application of nanoparticles in the design of biosensors
for use in the agri-food sector. There has been a growing interest in nano(bio)sen-
sors because of their excellent analytical sensitivity, stability, specificity, and versa-
tility. The potential applications therefore can range from field monitoring of crops
to food processing, packaging, storage, and assessment of food quality and safety
within the agri-food chain.



Foreword ix

Chapter 8 discusses physicochemical properties and behavior of inorganic
nanopesticides/nanofertilizers in aqueous media and tank mixtures. It takes an
account of the global market for nanofertilizers and highlights the physicochemical
properties of nanoformulations compared to conventional ones and their expected
performance in field applications.

Chapter 9 discusses the role those inorganic nanoparticles can play in promoting
crop health and growth in terms of disease suppression, nutrient uptake, and crop
yield. It describes examples of sustainable application of nanomaterials for benefi-
cial and sustainable impact on agricultural crops.

Chapter 10 discusses metal- and metalloid-based nanofertilizers and nanopesti-
cides for agricultural applications. It takes account of the findings on metal- and
metalloid-based nanoparticles/nanocomposites used as nanopriming agents,
nanofertilizers, nanoinsecticides, as well as nanobiocides against viral, bacterial,
and fungal pathogens of plants. It also discusses the mechanism of pesticidal/bio-
cidal action and the potential use of zeolites and nanoclays as carriers of nutrients
for use as slow-release fertilizers.

Chapter 11 discusses the use of porous inorganic nanoparticles as carriers for
pesticides and nutrients. It provides a review of the key features that can increase the
apparent solubility and mobility of poorly soluble pesticides and offers a means to
control their release over time. It also reviews the role of physicochemical charac-
teristics of nanoparticles that are important in relation to their uptake and transloca-
tion by plants and which can guide the rational design of nanoparticles that can
respond to changes in pH, temperature, ionic strength, light, enzymes, or
redox agents.

In summary, the book is a comprehensive single source of information on the
application of nanotechnologies for the development of inorganic nanopesticides
and nanofertilizers. It provides a balanced view of the beneficial and innovative
aspects as well as the current limitations of nanoscale formulations for use in the
agri-food applications. It is therefore highly commended to those who have an inter-
est in this area from an academic, research, industrial, or regulatory perspective.

University of Chester Qasim Chaudhry
Chester, UK



Preface

Registering and transmitting thoughts through written language is perhaps one of
the most important communication tools that exist. Contemplating the final text
makes us think of how many people will learn from and be motivated by the state of
the art assembled within these pages. We are very much thankful to the leading
scientists that accepted the challenge of sharing their expertise through this book.

The properties exhibited by matter at the nanoscale and the possibilities of apply-
ing these properties to change the environment around us for the better make nano-
science and nanotechnology fascinating fields of study. The interest in the topic can
be seen in the growing number of journals, papers, books, and overall scientists that
devote their time and material resources to nanoscience and nanotechnology.

This book addresses whether agriculture may benefit from or will be threatened
by nanoengineered materials within the myriad of composition, shape, size, and
possible applications. Despite more than 20 years of research, there is still no clear
and straightforward answer to these questions (Chap. 1).

Perhaps the most apparent use of nanoengineered nanomaterials might be in
plant nutrition. It is not difficult to conceive nanoscale oxide, carbonate, or phos-
phate particles being employed as fertilizers competing against micrometer materi-
als or salts (Chap. 2). In principle, such nanoparticles could be broadcasted in soil
(Chap. 4), sprayed on leaves, dispersed in hydroponic media, and employed in seed
treatment (Chap. 3). Others propose the use of nanoengineered nanomaterials as
pesticides against fungi, insects, bacteria, and viruses (Chaps. 6 and 10). Porous
nanoparticles can also carry the plant nutrients and pesticides delivering them on
demand (Chap. 11). Depending on the nanoparticle chemical composition, it could
fulfill both functions simultaneously.

Less conventionally, nanoengineered materials may also be employed as plant
growth regulators (Chaps. 5 and 9). The presence of exogenous substances may
promote plant growth and stimulate their defense system. Plants experience such
effects under the presence of hormones or signaling molecules produced by patho-
gens. If nanoengineered materials can mimic these molecular agents and trigger
plant response, we may witness groundbreaking possibilities able to unleash

xi



Xii Preface

productivity gains at rates comparable to what humankind experienced during the
twentieth century.

Diagnosing plant health and nutritional status as well as the quality of food is
also a challenge that can be met by nanotechnology. Nanoparticles may be employed
as sensors revealing plant stress, presence of pathogens, and toxins before the
human eye could notice it (Chap. 7).

However, despite so many possibilities, questions of utmost importance arise: (a)
Will the benefits from the agricultural output surpass the costs of production of such
new technologies? (b) What are the consequences of introducing nanoengineered
materials in our food web?

How is this book different from the others? This book addresses different issues
related to the use of nanotechnologies in agriculture, considering pragmatic issues,
such as the behavior of nanomaterials in tank mixtures before their application to
the field, to the interactions with the plant, and to the environment.

Sorocaba, Brazil Leonardo Fernandes Fraceto
Piracicaba, Brazil Hudson Wallace Pereira de Carvalho
Sorocaba, Brazil Renata de Lima
Montreal, QC, Canada Subhashis Ghoshal

Saint-Paul-lez-Durance, France Catherine Santaella
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Balancing the Benefits to Agriculture )
and Adverse Ecotoxicological Impacts S
of Inorganic Nanoparticles

Bruno Teixeira de Sousa, Jhones Luiz de Oliveira, Halley Caixeta Oliveira,
and Vera Licia S. S. de Castro

Abstract Nutrient fertilization and use of pesticides in agriculture aid in the
improvement of crop productivity and quality. However, their use may be harmful
to environmental health. It is then needed an innovative alternative in agricultural
cultivation, increasing fertilizers and pesticides’ effectiveness, reducing its environ-
mental impact, and improving food production. In particular, nanotechnology is
emerging as a promising alternative. Inorganic nanoparticles can be used in associa-
tion with active organic ingredients or as active ingredients. While nanofertilizers
offer benefits in nutrition management, nanopesticides can increase environmental
safety achieving better pest control. To that end, this chapter presents an overview
of these materials’ use and their beneficial and damage effects in relation to conven-
tional compounds. It describes the main types of nanofertilizers and nanopesticides
(such as nanoparticles of essential elements and polymeric nanoparticles containing
these elements), giving examples of products and their applications in plants com-
pared to conventional chemicals. In contrast, despite the advantages of using nano-
technology in agriculture, it is necessary to consider its limitations and understand
its environmental behavior. The internalization and subsequent toxicity of inorganic
nanoparticles in the environment depend on their physical-chemical characteristics.
It is essential to understand the biological responses to their exposure in nontarget
organisms at various trophic levels, which may pose a risk to human health. In con-
clusion, although use of inorganic nanoparticles in agriculture offer opportunities to
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improve crop yields, it is mandatory to make a risk prognosis due to their use before
their market entrance to make decisions of agricultural practices.

Keywords Ecotoxicology - Nanotechnology - Environment - Fertilizers -
Pesticides

1 Introduction

Nanomaterials (NMs) can improve crop productivity as fertilizers and pesticides.
These materials can promote nutrient uptake by plants and suppress crop diseases
by directly acting on pathogens through various mechanisms. Efficient use of NMs
may complement or replace conventional fertilizers and pesticides, subsequently
reducing the environmental impact of agricultural practices.

The nanotechnology uses for agri-food purposes are broadly conceived as a sus-
tainable approach that is safer for human and animal consumption and for the envi-
ronment, in addition to enhancing agricultural productivity. This technology will be
a driving economic force to change the current agriculture practices. Novel delivery
systems for crop improvement and productivity can decrease the use of bulk agro-
chemicals and provide more affordable solutions in the agriculture sector (Acharya
& Pal, 2020). In the work of Kah et al. (2018), the authors make a critical assess-
ment comparing nanopesticides and nanofertilizers against their conventional ana-
logs. According to the authors, nanopesticides are more than 30% more efficient
than nonnano analogs. However, the authors reinforce that biological and toxico-
logical efficacy have not been confirmed for different target organisms/plants in
many studies, which does not guarantee that this will be repeated in the field.

Before commercializing NMs used as fertilizers, phytological testing in both
in vitro and in vivo setup must be carried out to ensure nutrient use efficiency with
no or minimum material toxicity. Some NMs might be detrimental when applied
directly and/or indirectly to the plants since they can sometimes readily aggregate
or dissolute free ions in the immediate vicinity, which can cause tissue injury. The
toxicity of nanoparticles (NPs) is dose, particle size, host plant, and plant growth-
stage dependent. At higher doses, metal oxide NPs aggregate on root/seed surface
due to physical attachment, electrostatic attraction, and hydrophobic interactions,
causing local accumulation of ions released from the NPs to toxic levels. In this
context, studies on uptake, translocation, internalization, and nutritional quality
assessment must be carried out to understand NM-plant interactions (Pradhan &
Mailapalli, 2017; Achari & Kowshik, 2018). Saleeb et al. (2019) found that the soil
sorption of silver nanoparticles (Ag NPs) was significantly greater than Ag*.
According to them, the environmental impact of the citrate-coated Ag NP release
may be determined mainly by the equivalent mass concentration of Ag*. There is a
considerable variation between plant species like spinach and silverbeet in Ag
uptake that can accumulate sufficient Ag to pose a risk to human health.
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Many NMs proposed for use in agriculture are made from metals known to be
antimicrobial (Cu and Zn), photoactive (TiO,), or redox-active (CeO,). Their agri-
culture applications on a large scale may lead to toxicity risks that are not well
understood. The impacts caused by these exposures can be the promotion of resis-
tance in soil microbiome, bioaccumulation in plants and crops, and persistence in
the environment, among others. The fate and subsequent consumption of NMs can
cause human toxicity by ingesting an edible part of a crop where NM was translo-
cated (Gilbertson et al., 2020). Understanding the potential toxicity and environ-
mental impactof NPsrequires that researchers study them atenvironmentally-relevant
concentrations in complex, real-world systems. However, high metal concentrations
of interest are present in every environmental compartment as well as many organ-
isms. The successful development and application of various techniques that enable
experimental designs reflecting the real environment will allow the determination of
their toxicity mechanisms (Deline & Nason, 2019).

However, the synthesis protocols greatly influence the NM toxicity, and the use
of toxic elements during the chemical synthesis process can lead to various health
implications and environmental concerns. Hence, nowadays, there are efforts to
synthesize NMs based on green principles by employing biogenic sources, as men-
tioned earlier (Baker et al., 2017). Once NPs are dispersed in the different environ-
mental compartments (air, water, and soil), they suffer modifications through
various physical, chemical, and biological transformation processes. Understanding
the relationship between NM and critical ecosystem components as plants, pests,
microbiomes, and livestock is essential. The agronomic and socioeconomic context
and geographical differences that lead to some food deficit and an environmental
impact should be considered to support the development of more viable and sustain-
able nano-innovations in agriculture (Kah & Kookana, 2020).

Nanotechnology offers potential solutions for sustainable agriculture, including
increased nutrient utilization efficiency, improved pest management efficacy, miti-
gation of the impacts of climate change, and reduction of adverse environmental
impacts of agricultural food production. However, for this technology adoption, it is
necessary to use data and models that include sensitive endpoints for regulatory and
safety concerns (Hofmann et al., 2020).

A significant challenge in nanotoxicology is establishing a comprehensive risk
assessment framework for these materials since, after entering the environment,
NMs can rapidly undergo surface modifications and chemical speciation changes. It
is then necessary to assess potential environmental and human-exposure risks from
NM fate, transport, and toxicity in environmental systems (soil and plants) and con-
ditions relevant to agriculture fields (ultraviolet light, temperature, pH, and organic
matter). In this scenario, this chapter examines the benefits of NMs used as pesti-
cides and fertilizers and highlights critical challenges regarding their ecotoxicity,
risk analysis, and regulatory issues to ensure safe application in agriculture viewing
to achieve global food security.
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2 Benefits of Inorganic Nanoparticles to Agriculture

2.1 Nanopesticides

Population growth, combined with environmental conditions changes, has put pres-
sure on agriculture to increase food production (Bruinsma, 2017). Over time, agri-
culture has undergone countless revolutions, one of which is the so-called “green
revolution.” It was based mainly on the extensive use of pesticides and fertilizers
and the mechanization of production (Shiva, 2016). It is noteworthy that these facts
brought about a significant change in the agricultural sector, allowing greater pro-
ductivity. However, over time, several organisms have developed resistance to pes-
ticides. Numerous environmental problems have also emerged, such as contamination
of soils, surface, and underground water, in addition to the damage to nontarget
organisms (pollinators, among others) and agricultural producers (Shiva, 2016).

In this context, there has been a growing concern to protect crops from pest
attack and reconcile environmental gains. In this way, numerous technological
approaches have been explored. Nanotechnology has proven to be an important
platform to achieve a dynamic balance between agricultural production and envi-
ronmental sustainability. Advances in this area have allowed developing different
systems based on NPs for agricultural applications, the so-called nanopesticides
(Usman et al., 2020). Nanopesticides are generally based on organic molecular
active ingredients, encapsulated in nanocarriers of different matrices, as well as
nanoscale inorganic active ingredients complexed or not with organic carriers.
Regardless of the type of formulation, nanopesticides aim to i) increase the solubil-
ity and stability of the active compounds; ii) release them slowly; iii) protect them
against premature degradation caused by environmental factors; and iv) target the
active ingredients more effectively, promoting a reduction in the amount of active
ingredient used (Parisi et al., 2015). Therefore, these systems cause the active com-
pounds to remain in an effective concentration range, thus increasing their effi-
ciency and decreasing the toxicity and possible environmental contamination (He
etal., 2019).

Concerning inorganic nanopesticides, these agents can act both in pest control
and fighting diseases, such as those caused by viruses, bacteria, and fungi (Fig. 1).
In the following subsections, we present some of the prominent examples in more
detail, with Table 1 summarizing the literature’s works.

2.1.1 Silicon Nanoparticles

Silicon (Si) is one of the most abundant metalloids on Earth. These compounds are
characterized by their intermediate physical and chemical properties compared to
metals and nonmetals (Blumenthal et al., 2018). Even though it is not considered an
essential element, studies have described the application of Si in plants since it con-
tributes to acclimation to different conditions of environmental stress (Abdel-
Haliem et al., 2017; Cui et al., 2017). When on the nanoscale, this material has
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Fig. 1 Application of different inorganic nanoparticles, which include metal nanoparticles, silicon
nanoparticles, and C-based nanoparticles and nanocomposites in crop protection. Such formula-
tions have shown biological effectiveness against different agricultural pests (insects, bacteria,
fungi, and viruses)

different properties compared to the bulk material; this is mainly due to its smaller
size and surface area. Among the most commonly found compounds is silicon diox-
ide (Si0,), also known as silica (Bera, 2019).

These Si-based NMs have been investigated for use in agriculture as nanopesti-
cides and carrier agents for active biomolecules, such as organic pesticides, nucleo-
tides, and proteins (Jeelani et al., 2020). El-Naggar et al. (2020) evaluated the
insecticidal effect of silica nanoparticles (SiO, NPs) against four important pests
that infect stored corn (Sitophilus oryzae, Rhizopertha dominica, Tribolium casta-
neum, and Orizaephilus surinamenisis). The results revealed that, when 0.25-2.0 g
of SiO, NPs were applied per kilo of seeds, O. surinamenisis, R. dominica, and
T. castaneum exhibited 100% mortality, while S. oryzae was more resistant and
exhibited 93.3% mortality. Therefore, SiO, NPs have emerged as a promising insec-
ticide during corn storage, with a minimal dose. In another study, Haroun et al.
(2020) evaluated the conjugated effect of zinc oxide nanoparticles (ZnO NPs) and
hydrophilic SiO, NPs against important storage pests (S. oryzae, T. castaneum, and
Callosobruchus maculatus). The systems exhibited a significant toxic effect against
S. oryzae and C. maculatus in the highest concentration (8 g/kg seed), while 7. cas-
taneum showed high resistance. The insects also suffered a reduction in the F1 prog-
eny, indicating the system as a potential protective alternative for stored seeds.
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As previously described, SiO, NPs are also commonly used as carrier agents for
biomolecules. Bapat et al. (2020) have functionalized SiO, NPs with the soybean
trypsin inhibiting protein (STI) for smart delivery in tomato plants. The systems
were synthesized in different sizes (20 and 100 nm), with no toxicity to plants. The
functionalized NPs were absorbed by the plants through the roots and also through
the leaf surfaces. The authors observed in in vitro tests that the NP-bound STI inhib-
ited proteinase activity by 50% in the midgut of Helicoverpa armigera loopers. In
addition, the second instar looper that ingested the systems (incorporated in artifi-
cial diet or leaves) showed significant growth retardation. Thus, the system proved
to be a promising vehicle for the distribution of biomolecules to plants.

In another interesting work, a nanocarrier for the temperature-responsive insec-
ticide imidacloprid was synthesized using mesoporous SiO, NPs. The system had
approximately 100 nm diameter and had an ordered hexagonal mesoporous struc-
ture with a surface coating of approximately 6 nm. In vitro tests showed sustained
release that was sensitive to temperature. Also, biological tests in Aphis craccivora
showed that the insecticidal activity increased significantly with the increase in tem-
perature, directly linked to the release of the insecticide (Yao et al., 2020).

2.1.2 Metallic Nanoparticles

Nanotechnology has helped in the development of different materials for agricul-
tural applications, including the synthesis of metallic NPs. Concerning these inor-
ganic NMs, the biological effect against pests and pathogens is directly related to
their synthesis route and the material origin (Singh et al., 2018). There are different
methods for synthesizing these NPs: biological, chemical, and physical methods.
However, chemical and physical methods often do not have an attractive cost—ben-
efit and often require toxic products for synthesis, bringing deleterious impacts on
human and environmental health (Gouda et al., 2019).

On the other hand, biological methods have shown a lower cost and reduced
toxicity. Besides, NPs synthesized through green routes can have different proper-
ties since biomolecules (proteins, peptides, amino acids, etc.) that act as reducing
agents influence the characteristics of NMs such as size, polydispersity, and shape.
Among the main biological sources for synthesizing these types of particles are
plants, algae, and microorganisms (Chhipa, 2019; Akther & Hemalatha, 2019).

In recent work, Vargas-Hernandez et al. (2020) described the potential of metal-
lic NPs to control viral diseases that affect agriculture. The authors carried out an
exhaustive analysis of the characteristics of different metal oxide NPs and related
these properties to the possible beneficial effects on plants and combat these
pathogens.

Ag NPs were synthesized by chemical reduction and had an average size of
27 nm. Different bioassays were carried out with 7. castaneum, including mortality
tests, anti-feeding tests, oviposition deterrence, and repellent activity. The authors
observed that the NPs showed significant activity in all parameters analyzed, and
the joint use with the chemical insecticide malathion contributed to decreasing the
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resistance to the synthetic insecticide. (Alif Alisha & Thangapandiyan, 2019). In
another recent study, Jameel et al. (2020) prepared and characterized a nanocom-
posite based on ZnO NPs and the insecticide thiamethoxam. The synthesized nano-
composite had an average size of 34 nm, and castor leaves impregnated with
different concentrations (10-90 mg/L) were provided for fourth instar larvae of
Spodoptera litura. The results of biological activity demonstrated an increase in
larval mortality, in addition to malformation in pupae and adults, late emergence,
and reduced fertility.

As previously mentioned, the biogenic synthesis of metallic NPs has also gained
prominence. In the work of Alam et al. (2019), nanoparticles of iron oxide (FeO,
NPs) were synthesized using the Skimmia laureola leaf extract. The NPs had sizes
ranging from 56 nm to 350 nm. Biological tests showed that in vitro NPs (6 mg/mL)
drastically inhibited the growth of the bacteria Ralstonia solanacearum. When the
in-plant test was carried out, the severity of the disease was effectively reduced by
treating the root zone with the same concentration of NPs. Sahayaraj et al. (2020)
evaluated in laboratory conditions the antifungal activity of Ag NP prepared through
the aqueous extract of dry leaves of Pongamia glabra against Rhizopus nigricans.
The NPs had an average size of 29 nm, being able to drastically reduce the weight
of the R. nigricans mycelia and the number of spores compared only to the crude
extract.

In a recent chapter, Graily-Moradi et al. (2020) addressed the biosynthesis of
gold nanoparticles (Au NPs) through different natural sources (plants, fungi, bacte-
ria, actinomycetes, yeasts, and algae). The authors pointed out that Au NPs have
different shapes and sizes and that enzymes secreted by microorganisms and plant
metabolites act as reducing and stabilizing agents. Several works that show the
potential agricultural applications of these systems have been published (Graily-
Moradi et al., 2020).

The applicability of nanocomposites of inorganic NPs with different biopoly-
mers (e.g., chitosan, gums) has been demonstrated. Ammar and Abd-ElAzeem
(2020) synthesized copper oxide nanoparticles (CuO NPs) through fungal filtrates
of Aspergillus wentii, which were then mixed in a polymeric gelatin matrix. The
treatment with the conjugate allowed to reach higher values of larval and pupal
mortality. Also, there was a significant decrease in the hatchability percentage and
number of eggs. In a review article, Chouhan and Mandal (2020) addressed the use
of hydrophilic polysaccharide chitosan in strategies for the synthesis of nanocom-
posites containing metallic NPs (silver, copper, zinc, iron, and nickel, among oth-
ers). According to the authors, these systems are highly compatible, and chitosan
has no toxic effects on the agricultural system. Several studies highlighting the
applicability of these systems in the control of pests and pathogens of agricultural
interest have been presented (Chouhan & Mandal, 2020).
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2.2 Nanofertilizers

Many types of NPs have been developed aiming at agricultural applications, includ-
ing those related to the supply of nutrients to plants (Fraceto et al., 2016).
Nanofertilizers are structures in nanometric scale composed of or loaded with
essential elements for plant development (Marchiol et al., 2019; Raliya et al., 2018).
They are an efficient strategy for the delivery of nutrients directly to plants, allowing
the reduction of the applied amount of fertilizers. In some cases, a gain of 100% can
be achieved compared to conventional fertilizers, with positive impacts on crop
growth, yield, and quality (Kalra et al., 2020; Nibin & Ushakumari, 2019; Qureshi
et al., 2018).

The improved efficiency of nanofertilizers can be related to the gradual release
of nutrient ions as well as to the enhanced dissolution in water or soil solution due
to the high reactivity that results from the small particle size and the high superficial
area (Liu & Lal, 2015; Kalra et al., 2020). In addition, nutrient availability may be
increased due to the penetration of NPs through plant structures (e.g., stomata, tri-
chomes, hydathodes, and cell pores), which improves nutrient uptake and reduces
losses to the environment (Liu & Lal, 2015; Kalra et al., 2020; Nibin & Ushakumari,
2019; Mahil & Kumar, 2019; Ruttkay-Nedecky et al., 2017; Yaseen et al., 2020). In
contrast, conventional fertilizers usually have a very low absorption efficiency
resulting from processes like surface runoff, lixiviation, evaporation, hydrolysis,
and microbiological degradation (Kalra et al., 2020; Marchiol et al., 2019; Preetha
& Balakrishnan, 2017; Raliya et al., 2018). Thus, the production of nanofertilizers
is an important alternative for sustainable agricultural production, as it could allow
the increase of yield with reduced environmental impact (Yaseen et al., 2020).

According to Kah et al. (2018), nanofertilizers can be classified as macronutri-
ent-based nanofertilizers, micronutrient-based nanofertilizers, and nutrient-carrier
NPs. Liu and Lal (2015) also recognize as nanofertilizers plant growth-promoting
NMs (i.e., elements that do not have a nutrient effect but promote plant growth by
improving the use of nutrients or other physiological processes). Macronutrient
nanofertilizers are composed of one or more essential elements that are required by
plants in large amounts, like nitrogen (N), phosphorus (P), potassium (K), magne-
sium (Mg), and calcium (Ca). Micronutrient nanofertilizers are composed of those
essential elements that are required in small amounts, like zinc (Zn), iron (Fe), cop-
per (Cu), molybdenum (Mo), and manganese (Mn). Both macro and micronutrients
can be encapsulated into polymeric NPs (Fig. 2). The applications of these three
groups of nanofertilizers are summarized in Table 2 and presented in more detail in
the following subsections.

Despite the benefits involved in the use of nanofertilizers, some factors can inter-
fere with their efficiency, such as the method of application and characteristics of
the plant that alter its interaction with the NMs (Raliya et al., 2018). The foliar treat-
ment seems to result in a more effective uptake of the NPs than the soil treatments
(Alidoust & Isoda, 2013; Raliya et al., 2015), as several soil properties can alter the
nutrient availability to the plants (e.g., texture, pH, salt content) (Kalra et al., 2020).
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Fig. 2 The nutrients can be supplied to plants by metallic nanoparticles (Me), metal-oxide
nanoparticles (MeO), polymeric nanoparticles (e.g., chitosan) loaded with nutrients allowing their
gradual release, or inorganic nanoparticles composed of macronutrients (e.g., hydroxyapatite,
composed of calcium and phosphorus), which can carry other nutrients (e.g., nitrogen in the form
of urea)

Even when applied directly to the leaves, some problems might occur, including
specific leaf characteristics, stomatal behavior, and potential phytotoxicity (Kalra
et al., 2020). For the uptake and translocation of NPs by the plants, they can enter
through different structures (e.g., stomata, cuticle, hydathodes, trichomes, lenticels,
wounds, root junctions) with the need to surpass many barriers (Rastogi et al., 2017,
Ruttkay-Nedecky et al., 2017). Thus, studies are necessary to improve the knowl-
edge regarding the interactions of different types of nanofertilizers with plants,
which would bring valuable information about the mechanisms involved in the
nutrient delivery by these systems and allow the development of more efficient
nanoformulations.
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2.2.1 Micronutrient Nanoparticles

Although required by plants in small amounts, micronutrients play essential roles in
plant metabolism (Bisquera et al., 2017). They are usually applied to crop fields in
the form of salts, a significant part of which is not used by the plants, thereby con-
taminating the environment (Deshpande et al., 2017). Many metals have been
manipulated in nanoscale to act as nanofertilizers (Yaseen et al., 2020). Metallic or
metal-oxide NPs show physicochemical properties that differ from the bulk materi-
als, showing improved efficiency (Rastogi et al., 2017).

Zn, both in ionic or oxide (ZnO) forms, has been widely used in the last decades
for the development of NPs (Liu & Lal, 2014). This micronutrient is essential for
membrane integrity, seed development, and plant reproduction (Sturikovaa et al.,
2018; Deshpande et al., 2017). Zn-based nanofertilizers show greater and faster dis-
solution than bulk materials, allowing lower dosages (Milani et al., 2012). Moreover,
they have limited mobility in the leaves and are kept attached to the leaf surface,
where Zn ions are gradually released and then translocated, improving the use of
this nutrient by the plant (Kopittke et al., 2019; Rossi et al., 2019). The positive
effects of Zn and ZnO NPs have been reported to occur when applied to plants in
different developmental stages, leading to the improvement of biomass accumula-
tion, crop yield, and seed quality (Bisquera et al., 2017; Lawre & Raskar, 2014;
Mahdieh et al., 2018; Rossi et al., 2019; Song & Kim, 2020; Subbaiah et al., 2016;
Yusefi-Tanha et al., 2020). The biological effects of Zn and ZnO NPs depend on
their size, morphology, and concentration, as observed by Yusefi-Tanha et al. (2020)
in soybean plants. It is also noteworthy that Zn phytotoxicity is lower when this ele-
ment is applied as NPs compared to the ionic form.

Cu is another metal with several agricultural applications, as it is a constituent of
many plant enzymes (Adhikari et al., 2016; Rastogi et al., 2017; Ruttkay-Nedecky
et al., 2017). In the soil, CuO NPs can provide this micronutrient to the roots in a
slow and sustained manner (Spielman-Sun et al., 2018). CuO NPs have also been
shown to improve plant growth, regulate enzymatic activity, and have antifungal
properties (Adhikari et al., 2016; Ruttkay-Nedecky et al., 2017).

Many plant metabolism processes require Fe, including chlorophyll biosynthe-
sis, nitrogen fixation/assimilation, and redox reactions (Drostkar et al., 2016). Most
studies applying iron nanoparticles (Fe NPs) have reported the increment of chloro-
phyll levels and photosynthetic activity, with the consequent increase of plant
growth and yield (Alidoust & Isoda, 2013; Bakhtiari et al., 2015; Drostkar et al.,
2016; Ghafariyan et al., 2013; Moghadam et al., 2012; Raju et al., 2016; Rui et al.,
2016). Also, the application of iron oxide nanoparticles (FeO NPs) has been consid-
ered a strategy for food biofortification (Siva & Benita, 2016).

Other micronutrient-based NPs (as Mn, MnO, and Mo) have been shown to ben-
efit plant growth and physiology, with the improvement of photosynthesis and nitro-
gen fixation (Ghassemi-Golezani & Afkhami, 2018; Pradhan et al., 2013; Pradhan
et al., 2014; Taran et al., 2014).
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2.2.2 Macronutrient Nanoparticles

P-based nanofertilizers have been developed aiming at the promotion of the con-
trolled ion release and at the increase of P mobility in the soil, which would allow
an improved uptake and usage of this macronutrient by the plants (Kopittke et al.,
2019). Hydroxyapatite [(Ca;o(PO,)s(OH),] nanoparticles (HA NPs) have been con-
sidered the main alternative to conventional P fertilization (Kottegoda et al., 2017).
In addition to providing Ca, they efficiently deliver P to plants, thus reducing eutro-
phication risk. The beneficial effects of HA NPs have been attributed to their higher
and more persistent availability in the soil than conventional P ions, which are rap-
idly adsorbed to soil colloids (Liu & Lal, 2014; Maghsoodi et al., 2020). Moreover,
HA NPs did not induce phytotoxic effects on the germination and initial develop-
ment of tomato seedlings (Marchiol et al., 2019).

Due to its low efficiency and high production cost, N fertilization has also arisen
great interest in the development of nanotechnology-based solutions. Urea can be
coated to HA NPs, as the large surface area of this NM allows the binding of many
urea molecules (Kottegoda et al., 2017; Gunaratne et al., 2016; Kottegoda et al.,
2011). This association decreases urea solubility (that is very high), yielding a
slower N release. Another multinutrient nanofertilizer, composed of amorphous cal-
cium phosphate, K, and N (nitrate and urea), was recently formulated (Ramirez-
Rodriguez et al., 2020). Due to the gradual nutrient release, this nanofertilizer
avoided losses to the environment and decreased by 40% the applied amount of
nutrients compared to conventional fertilizer. Another advantage of this nano-NPK
was the presence of two N forms with different release kinetics in its composition.
Magnesium nanoparticles (Mg NPs) have also been developed and shown to pro-
mote the growth of maize plants, which was related to the increment of chlorophyll
content (Shinde et al., 2020).

2.2.3 Nutrient-Loaded Polymeric Nanoparticles

The use of polymeric NPs as nutrient carrier systems can provide a safe strategy for
the delivery of fertilizers to the plants, decreasing the environmental impacts.
Moreover, the nanoformulations can be adjusted to allow a gradual nutrient release,
which improves the nutrient availability and its use efficiency by the plants (Chen
et al., 2013; Guo et al., 2018). A variety of polymeric matrixes have been used to
prepare NPs, including chitosan, a chitin-derived polysaccharide that can promote
per se benefits to plants (Chen et al., 2013). For example, the treatment with chito-
san oligomers induced nutrient uptake, the biosynthesis of photosynthetic pigments,
and the growth of coffee plants (Dzung et al., 2011). Chitosan nanoparticles (CS
NPs) have been demonstrated as an excellent alternative for the nanoencapsulation
of both micro and macronutrients, as they show characteristics as biocompatibility,
biodegradability, low phytotoxicity, high adsorption, gradual nutrient release, and
protection of biomolecules against adverse environmental conditions (pH, light,
temperature) (Chen et al., 2013; Kashyapa et al., 2015; Mujtaba et al., 2020).
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In association with Zn**, CS NPs stimulated the germination, initial growth, and
defense system of maize plants, as well as increased the yield and promoted the
biofortification of wheat and maize grains (Choudhary et al., 2019; Deshpande
et al., 2017). As Cu**-carrier systems, CS NPs induced a-amylase activity and stor-
age mobilization, yielding improved germination and growth of maize and tomato
seedlings (Saharan et al., 2015; Saharan et al., 2016).

In addition to micronutrients, CS NPs have been used to encapsulate NPK fertil-
izers, enhancing the growth of potato and coffee plants (Elshamy et al., 2019; Ha
et al., 2019) and wheat yield (Abdel-Aziz et al., 2016; Abdel-Aziz et al., 2018).
However, the mechanisms involved in the positive effects of NPK-loaded CS NPs
have not been completely elucidated, as they can be related to the gradual nutrient
release or the direct internalization of the NPs by the plant, followed by the poste-
rior release (Guo et al., 2018).

3 Adverse Ecotoxicological Impacts
of Inorganic Nanoparticles

The small size of NPs, which gives immense benefit for their use, also contributes
to their toxicity issues with several adverse effects. NPs react with various environ-
mental components due to their high surface area. They are highly dynamic and
reactive; various physical, chemical, or biological transformations may occur in the
environment. Then, the use of nanoproducts in pest control is subjected to various
environmental risks. These effects range from environmental hazards to human and
animal health in general. The toxicity and responses of materials used in the deliv-
ery system may be species-dependent driven by a series of factors, including the
NM itself and the environmental and physiological conditions on which they are
applied (Vega-Vasquez et al., 2020). NM-induced toxicity could be changed by
environmental factors such as sunlight irradiation, natural organic matter, and min-
eral particles. Because of the uncertainties on environmental concentrations and
ecotoxicity, there are significant challenges in understanding the environmental
risks of NMs (Zhao et al., 2020a).

Engineered NMs may adversely impact human health and environmental safety
by nano-bio—eco interactions not fully understood. Their interactions with biotic
and abiotic environments are varied and complicated, ranging from individual spe-
cies to entire ecosystems. Biological, chemical, and physical dimension properties,
the so-called multidimensional characterization, determine interactions.
Intermediate species generated in the dynamic process of NM transformation
increase the complexity of assessing nanotoxicity (He et al., 2018). Dispersion and
dosing of NMs are critical aspects of nanosafety studies since the environmental
concentration is the potential dose to that an organism can be exposed. Also, the fate
and behavior of NMs are determined by transformations during and following their
dispersion in biological and environmental media. In complex environmental media,
where natural nanoscale particles and colloids with plenty of positive and negative
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charged moieties are present, NM heteroagglomeration is the dominant process.
Thus, NM heteroagglomeration rather than homoagglomeration or freely dispersed
NMs are expected under environmentally relevant conditions (Wigger et al., 2020).

The physicochemical transformations suffered by NM can result in different
characteristics leading to the formation of transformed NM functional fate groups.
Transformation, especially speciation changes, results in reduced potency. Further
reactions at the surface, such as ecocorona formation and heteroagglomeration, may
also reduce NM potency. Different NMs that suffered transformation in the environ-
ment may have their hazard reduced in the same way, leading to similar actual
hazards under realistic exposure conditions (Spurgeon et al., 2020).

Bio—nano interactions between proteins and NMs lead to the formation of the
protein corona. Corona formation has proven to be critical for cellular uptake, intra-
cellular localization, and toxicity arising from NMs. Even if the aquatic factors
remain consistent, the intrinsic physicochemical properties of multifarious NMs
(e.g., metallic and polymeric NPs) may produce unique characteristics in their
acquired coronas. The most altered environmental corona interactions appear to be
membrane adhesion, membrane damage, cellular internalization, and oxidative
stress responses induced by NMs. When natural organic matter (NOM) or expanded
polystyrene (EPS)-coated NMs enter the organisms or cells, the macromolecules in
the surrounding medium will change into proteins, lipids, and nucleic acids.
However, it is not clearly understood whether the adsorbed NOM or EPS macro-
molecules will be covered or replaced by other biomolecules and form an evolu-
tional corona inside cells or organisms (Xu et al., 2020).

Biomolecule affinities for NM surfaces can change the corona composition. It
was recently shown that the chronic (reproductive) ecotoxicity of Ag and TiO, NPs
to Daphnia magna is reduced by environmental aging of the NPs in media of differ-
ent ionic strengths and natural organic matter contents (Ellis & Lynch, 2020). Then,
corona determines how organisms’ cells interact with NMs, and its proteins confer
a biological identity to NMs, influencing the uptake by cells. However, the role of
metabolite corona is not fully understood. Metabolites are orders of magnitude
smaller than proteins (typically below 1000 Da), whereas proteins are measured on
the kDa scale, and metabolites are typically reactants, intermediaries, and products
of enzymatic activity. These coronal metabolites are beginning to gain interest since
they influence NM impacts on molecular signaling and adverse outcome pathways
(Chetwynd & Lynch, 2020).

Consequently, these processes change the properties of NMs, thereby affecting
transport in soil, uptake, and translocation in the plant, and their toxicity to organ-
isms (Fig. 3). The released metal ions can be accumulated by the plant directly or as
complexes with other components from the environment. Also, aggregation and
agglomeration may occur, modifying NM surface charge and chemistry and influ-
encing subsequent behavior and bioavailability. The various kinds of nanopesti-
cides, from emulsion to nanodispersion, have diverse environmental interactions
due to the difference in the chemical components and preparation method. Thus, the
safety evaluation of the developed NMs has increasingly become important. A clear
understanding of the environmental safety and fate of nanopesticides and their
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Fig. 4 Example of transfer of NPs (in red) at different trophic levels in an aquatic environment. It
can occur biomagnification in the food chain between algae and daphnids, resulting in NP transfer
to higher trophic levels such as fish. This transfer among organisms leads to an environmental risk

active ingredients is mandatory before commercial application (Acharya & Pal,
2020; Zhang et al., 2020a).

Coatings on NP surfaces play a crucial role in dictating their behavior in the
environment. The fate of NPs as ligand displacement reactions will modify the sta-
bility of these NPs during their transport in the environment, NP agglomeration, and
their interactions with biological systems. Corona formation of environmental or
biological molecules on the surface of these NMs could occur, which either acceler-
ates or slows the dissolution. For metal oxide NPs, the physicochemical processes
of dissolution, aggregation, and reactivity are all impacted by surface coatings. The
relative binding affinity to the surface depends on the ability of different functional
groups to interact with the surface and through nonspecific surface interactions that
become important for species with higher molar mass (Wu et al., 2019). So, physi-
cochemical parameters for NP—protein corona formation are frequently derived
from protein corona fingerprints, and NPs and protein can suffer aggregation or
disaggregation (Falahati et al., 2019).

3.1 Interactions of Nanoproducts and Ecosystem

Current agricultural practices pose unintentional and adverse effects on environ-
mental health, highlighting the need for more sustainable agriculture strategies.
Excessive use of conventional chemical fertilizers and pesticides has been increas-
ing toxicity in ground and surface water reservoirs, which has adverse effects on
environmental and human health. Some of these agricultural practices can humiliate
soil quality and is responsible for the eutrophication of water bodies. Although nan-
otechnology is of significance for different agricultural applications, further research
is needed to explore their applications’ effects. Thus, nanotechnology use risks
should be carefully examined to guarantee a correct and safe application of NMs in
agriculture (Yadav et al., 2020).

NP properties and environmental conditions govern environmental transforma-
tion processes and ultimately alter their fate and behavior. Environmental fate
assessment remains a critical aspect of studies to understand NM behavior in the
environment and the nature and concentrations of the materials that do not damage
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human and environmental species. Environmental factors such as pH, ionic strength,
salts, and sunlight can play a role in the degree of toxicity, and effects resulting from
a combination of these factors will undoubtedly be dynamic and complex.

In the aquatic environment, NM agglomeration trends in aqueous systems are
controlled by the water chemical properties, most importantly, ionic strength, the
valence of the electrolytes, and pH. These parameters largely determine the surface
charges/zeta potential of the particles. Then, aggregation refers to strongly bonded
or fused particles where the resulting external surface area is significantly smaller
than the sum of the individual components’ surface areas. In contrast, agglomerates
refer to weakly or medium strongly bound particles where the resulting external
surface area is similar to the sum of the individual components’ surface areas. Thus,
NM agglomeration and the formation of a surface coating are closely linked and
depend on the surrounding matrices (Wigger et al., 2020).

A major concern arises when commercialized metal-based NMs come into con-
tact with the aquatic ecosystem since their ion dissolution mechanisms and release
kinetics into the water are highly unpredictable. Because NMs can readily dissolute
and aggregate in many cases, the released ions can be potentially harmful to living
systems (Pradhan & Mailapalli, 2017). The fate of nano-TiO, in the aquatic environ-
ment depends on their aggregation and sedimentation rates, transport in water and
sediments, and interactions with the living and nonliving components of the ecosys-
tem (Luo et al., 2020). Also, irradiation by ultraviolet (UV) light is a factor that is of
particular concern for photocatalytically active metal oxides such as TiO, NPs and
ZnO NPs. Under these conditions, there is reactive oxygen species (ROS) forma-
tion. Then, the illumination of these NMs in surface waters results in the formation
of reactive intermediates, consequently altering the ecotoxicological potential of
co-occurring organic micropollutants, including pesticides, due to catalytic degra-
dation (Liiderwald et al., 2020).

Clemente et al. (2013, 2014) showed the importance of considering the experi-
mental conditions in nanoecotoxicological tests. They evaluated the effects on fish
exposed to different TiO, NP concentrations and illumination conditions by observ-
ing the organisms’ survival, together with biomarkers of biochemical and genetic
alterations. Also, prolonged fish exposure (21 days) to two different TiO, NP crystal
phases (anatase and a mixture of anatase 80% and rutile 20%) were evaluated at the
same light conditions. Similarly, the occurrence of sublethal effects was influenced
by the TiO, NP crystal phase and illumination condition. Pure anatase caused more
oxidative damage without co-exposure to UV, while the mixture anatase:rutile
caused more sublethal effects when exposure occurred under UV (Clemente et al.,
2015). Nowadays, it is well known that light conditions play an essential role in the
dissolution processes of NPs as Ag NPs and ZnO NPs (Odzak et al., 2017). Besides,
the behavior of Ag NPs is influenced by environmental factors (including pH, dis-
solved oxygen, sunlight, temperature, and NOM), which alter their bioaccumula-
tion and toxicity. There are driving processes and potential sources that show
correlations between Ag NPs concentrations and biogeochemical parameters, like
dissolved organic carbon concentration and divalent cation concentrations. The
trace element dissolved in environmental compartments should be considered in
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material flow analysis and toxicity models since it is the most reactive (Wang
et al., 2020a).

Consequently, their bioavailability and potential ecotoxicity are associated with
these environmental factors, and Ag NPs can exert different toxic effects depending
on the environment and the surface properties (Yang et al., 2018a; Zhang et al.,
2018a; Zhang et al., 2019). Moreover, Ag NPs can interact with metal and metal
oxide particles/NPs, and their biological effects may not only be limited by NP
concentration or particle size but also on the amount and species of products yielded
from chemical interactions between Ag NPs and other variables (Sharmaetal., 2019).

Similarly, the interaction of NPs with NOM alters the NPs’ persistence and tox-
icity (Abbas et al., 2020). The NOM levels found in most natural waters have been
reported to influence the fate and transport of NMs (De Marchi et al., 2018). NOM
adsorbed onto NM surfaces alters their surface properties. Humic acid can increase
the suspension stability of TiO, NPs, diminishing the bioavailability (Luo et al.,
2020). More than that, humic acid in a concentration of 20 mg/L (realistic for sur-
face waters) was able to disperse NPs during periods of 24 h or more (Pradhan et al.,
2018). Different aquatic sources of NOM can result in differential toxicity, and dif-
ferent concentrations of humic acid can affect aggregation state and toxicity (Ong
et al., 2017). However, the combined impacts of UVA, photoactive NMs such as
TiO, NPs, and NOM on co-occurring pollutants toxicity seem not easily predictable
(Liiderwald et al., 2020).

Moreover, NMs can suffer transformations by environmental factors such as cli-
mate change and soil moisture. Interactions between nano-sized chemicals and the
various climatic stresses in the agro-ecosystem are possible and may result in syn-
ergistic, antagonistic, or susceptibility to adverse environmental effects and their
combinations. The evaluation of environmental fate, uptake by plants, aquatic and
terrestrial ecosystems, and changes in test methodology should form research pri-
orities. Therefore, the ideal situation is analysis of nanopesticides for some of the
fundamental molecular and physicochemical aspects that determine their efficacy,
stability, and environmental and/or human safety (Kranjc & Drobne, 2019; Gahukar
& Das, 2020).

Terrestrial environments are expected to be the largest repository for environ-
mentally released NMs from agriculture and facilitate NM exposure of soil micro-
organisms, such as plant growth-promoting rhizobacteria. In the soil, NMs can
interact with microorganisms and compounds, facilitating or hampering their
absorption. NMs can lead to severe effects on soil microbial communities and diver-
sities, soil enzyme activities, carbon and nitrogen cycling, etc., depending on the
soil physicochemical spatial heterogeneity at different microenvironments in areas
such as the rhizosphere (Zhang et al., 2020a). For example, metal NP nanopesti-
cides can target pathogens through several mechanisms such as the generation of
ROS, binding to metabolites, and penetration of cells and spores. The NPs of plant
essential and nonessential elements act by diverse mechanisms to elicit beneficial
activity to plants in microbes. In its turn, plant beneficial microbes participate in NP
transformations in rhizosphere/soil and mitigate toxic effects on plants of specific
NPs. However, this NP action is nonspecific and can also benefit pathogenic
microbes in the plant rhizosphere (Achari & Kowshik, 2018).
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The toxicity of NMs to various soil bacteria has been investigated using various
toxicity end-points and experimental procedures. NP toxic effects are due to their
uptake by the microbial cells, their chemical nature and concentration in the soil and
within the plant roots, ions released interactions between NPs and cellular biomol-
ecules, protein expression, and cell membrane stability alterations, among others
(Achari & Kowshik, 2018). The employment of microbial ecoreceptors can high-
light NM-bacteria interactions in complex, environmentally relevant media in the
future and contribute to nanotoxicological research (Lewis et al., 2019).

The microbial composition and enzyme activities show great potential to indi-
cate NP environmental risks since the soil is an essential sink for NMs due to appli-
cations of nanoagrochemicals. Some critical pathways implicating soil enzymes are
good indicators of the quality of the soil ecosystem and are likely to be affected by
NPs. For example, environmental concentrations of Ag NPs affected microbial bio-
mass but had little impact on microbial diversity and may have little effect on the
soil biogeochemical cycles mediated by extracellular enzyme activities (Oca-
Vasquez et al., 2020). Functional properties of antioxidant enzymes may affect the
stability of NPs and vice versa and that NPs could affect the enzymes’ reactivity
(Liu et al., 2020). Then, NMs may affect agricultural systems through modifications
in nutrient cycling and soil fertility. However, whereas soil enzyme activity mea-
surements are likely to provide critical information on NP effects on soil function in
a risk evaluation, there is a need to further research to validate their use as an inter-
nationally accepted environmental indicator (Galhardi et al., 2020; Zhang et al.,
2020b). An application of the nanoinformatics approach can help understand NM
complex transformation processes in the soil-plant environment (Zhang
et al., 2020a).

After NM exposure, soil organic matter (SOM) and exudates from roots or rhi-
zosphere microbes can interact with the surface of NMs and change their physico-
chemical characteristics as hydrophobicity and charge. Soil organic matter may
exhibit contradictory effects on the mobility and stability of NMs depending upon
their nature. Soil colloids and minerals, mainly clay and Fe minerals, are considered
an important sink for NMs. Thus, the surface coating can increase the bioavailabil-
ity of NMs by decreasing the heteroaggregation of NMs with soil particles and
increasing the interaction between NMs and plants. Dissolved organic carbon con-
centration may control dissolved metal concentration as Cu from CuO NPs in cal-
careous soil pore waters varying in organic matter concentration. Also, exudates
from the root and microorganisms in the rhizosphere can affect physicochemical
processes such as the NM heteroaggregation and dissolution in the soil. Root exu-
date in the rhizosphere could assist the dissolution of metal species as Cu and
increase the contact possibility between particle surfaces and plant cells, both likely
resulting in higher toxicity of CuO NPs to plants. Besides, the activities of soil fauna
could also modify the physical and biochemical environment of rhizosphere soils.
Earthworms can also increase the bioavailability of NMs, influencing the physical,
chemical, and biological soil environment (Shang et al., 2019; Hortin et al., 2020;
Usman et al., 2020; Wang et al., 2020b). Considering all environmental interfer-
ences, an in-depth evaluation of the effect of nanoagrochemicals in soils with
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different physicochemical properties is necessary to recommend a specific one for a
specific crop and soil type (Zulfigar et al., 2019). In this regard, a deeper under-
standing of the interactions between root exudates and NPs can enhance our knowl-
edge on NP toxicity to plants and promote the effective and safe use of NPs as
antimicrobial agents in agriculture.

Furthermore, NPs have their entrance into the environment facilitated by plant
functions as a significant route for the bioaccumulation of the NPs into the food
chain. The physicochemical properties of NPs and plant physiology significantly
contribute to the interaction between NPs and plants, as well as the application
method. Several tissues and barriers must be crossed before reaching the vascular
tissues, depending on the entry point (roots or leaves). The cell wall barrier mostly
restricts the access of NPs in the plant body. Plant cells can either enlarge the pore
diameter or generate new pores in the cell wall to enhance NP uptake. Also, NP can
enter the cell, crossing the membrane via transport carrier proteins or ion channel
mechanisms. NMs can move up and down the plant (Pérez-de-Luque, 2017; Acharya
& Pal, 2020).

In the aquatic environment, invertebrates serve as food for higher trophic level
organisms, such as fish. Fish are broadly used to assess the strength and health of
aquatic environments. For example, TiO, NPs are released into the aquatic environ-
ment from multiple sources and can promote cytogenetic and hematological altera-
tions in African catfish Clarias gariepinus and are relevant to biodiversity and
aquatic health management (Ogunsuyi et al., 2020).

NPs that reach the aquatic environment will likely accumulate in sediment where
they may be available for uptake by invertebrates (Kim et al., 2016). CuO NPs asso-
ciated with sediment can enter the aquatic food web, and their chemical and biologi-
cal processes can result in NP transformation. Depending on the organisms studied,
the uptake, fate, and biological effects of CuO NPs and dissolved Cu are different.
In this way, transfer of CuO NPs from benthic invertebrates (Tubifex tubifex) that
serve as food for higher trophic level organisms as fish (Gasterosteus aculeatus)
may be limited compared to dissolved Cu (Lombi et al., 2019). Also, different NP
uptake mechanisms take place in oysters. Ingestion of particles dominated the
uptake of 60-nm Ag NPs, whereas dermal uptake and ingestion contributed equally
to 15-nm Ag NPs (Shao & Wang, 2020).

Depending on the environmental fate of NMs, feeding groups may be differen-
tially exposed to NMs. For water exposures of single-celled and small multicellular
species suspended, it is necessary to separate the suspended NMs from small organ-
isms not to overestimate bioaccumulation. It is important for multicellular organ-
isms to distinguish between the NM adsorbed by external surfaces or by the digestive
tract and the amount absorbed by the epithelium. As for multicellular plants, the
main considerations include the interactions between the route of exposure and the
effect of the rhizosphere on measuring its absorption. Invertebrates can potentially
accumulate NMs actively via ingestion and consecutive uptake across the epithe-
lium in the body and to a lesser extent by anal uptake, or passively via uptake
through body surfaces or body openings. Then, quantifying uptake and elimination
bioaccumulation of NMs is a step toward understanding the potential for NM
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trophic transfer and biomagnification, both of which are essential concerns in eco-
toxicology (Petersen et al., 2019). However, very little is known about the accumu-
lation capacity and coping mechanisms of organisms in NM-contaminated soil due
to its release in the terrestrial environment. In this way, Courtois et al. (2020)
observed that Eisenia fetida bioaccumulates Ag but in a limited way. The Ag loca-
tion in the organism, the competition between Ag and Cu, and the speciation of
internal Ag suggest a link between Ag and metallothioneins, which are key proteins
in the sequestration and detoxification of metals.

Consequently, there is a need to characterize actual exposure and quantification
of NP bioaccumulation and toxicokinetics to understand toxicological effects.
Despite that, tissue concentrations were generally quantified as the total metal con-
tent (NP and ions). Since dissolution is considered a crucial reaction for the study of
the toxicity of metal NPs, more studies are needed to confirm it as an essential para-
digm for assessing metal NP uptake in soil organisms. This understanding is vital to
a more accurate risk assessment of NMs (Baccaro et al., 2018).

In aquatic environments, suspension feeders will be exposed predominantly to
waterborne NMs, while deposit feeders will be exposed mainly to NMs following
sedimentation. Once taken up by organisms, NMs can be retained in the body or
excreted. Accumulation of NMs in organisms depends on their availability in the
exposure medium and on the physiological traits of the species evaluated. The
kinetics of uptake and elimination of metal-based NMs, or derived metal ions, vary
among organisms and determine their accumulation patterns. Besides, uptake and
elimination kinetics of metal NMs may also be form-dependent; the same organism
can use different uptake and depuration pathways for NMs and ions. The fate of
NMs in the body will depend on the NM manufactured material and their transfor-
mations while aging. For metal-containing NMs that dissolve, it is possible for the
free metal ion to be taken up and subsequently incorporated into a metal storage
granule inside the organism. The organism’s physiology influences the metals and
NM elimination rate from organisms, beyond other parameters such as medium,
NM characteristics, and the exposure route. NM elimination may involve several
different processes among aquatic and terrestrial invertebrates (van den Brink et al.,
2019). Also, fish developmental stage-dependent toxicity can affect the profiles of
metal oxide NPs as seen in the zebrafish embryo and larvae that emphasize the
importance of considering developmental stage differences when evaluating safety
assessment of NPs when using living organisms (Peng et al., 2018).

Thus far, with the increasing application of metal NPs, metal ions will accumu-
late in the environment to threaten the ecosystem (Wang et al., 2020b). Although
TiO, NPs were initially classified as a biologically inert material, there is growing
evidence of toxicity to humans and nontarget organisms requiring further research
and improved regulatory practices. Mechanical stress due to the interactions of cells
with TiO, NPs can impair the cell membrane integrity and affect ion homeostasis
and activity of the membrane-associated receptors and enzymes. Intracellular accu-
mulation of TiO, NPs leads to DNA damage, whereas altered gene expression
affects the induced oxidative stress and inflammation (Luo et al., 2020).
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Concerning Ag NPs, sodium (Na) ion channels are involved in the uptake of
ionic Ag in freshwater fish rainbow trout. Primarily intact NPs enter tissues through
the endocytosis pathway in respiratory or digestive system epithelial tissue. Ions
released as a result of NP dissolution are internalized in the cell through transporter
proteins or ion channels. Primary NP toxicity induction modes include the release
of ions with particle dissolution, oxidative stress, cellular protein injury, and mem-
brane and DNA damage, among others. Also, physicochemical characteristics of
NPs such as shape, size, charge, crystalline phase, and coating materials could influ-
ence their bioactivity and toxicity (Abbas et al., 2020). In addition to particle size,
surface area, and charge, NP surface coating or intentional surface modification are
essential determinants to NP translocation in organisms. However, the age of the
healthy animal seems not to affect it. The particle properties may also affect the
time-course of translocation and clearance mechanisms (Raftis & Miller, 2019).

In addition, bioaccumulation of chemical compounds is the first step toward
inducing toxic effects in aquatic organisms. The bioaccumulation kinetics and tis-
sue distribution of Ag NPs in aquatic organisms are affected by NOM since NOM
molecules are adsorbed on the surface of Ag NP. This fact increases the particle
sizes and negative charges and suppresses the dissolution of Ag NP. As a result, the
uptake by zebrafish via dissolved Ag and ingestion of Ag NPs was reduced. Also,
NOM inhibited the cell membrane crossing by Ag NPs and promoted the depuration
of Ag NP from the fish body, alleviating the bioaccumulation of Ag NPs in zebrafish
(Xiao et al., 2020).

Surface chemistry can be used to alter multifunctional properties in metal oxide
NPs, leading to broader use of NPs in agriculture, for example, as adjuvants for
agrochemicals. Any use evaluation of NMs must address the diverse nature of their
shapes (size, shape, organic coating), states (free versus embedded in the matrix,
monodispersed versus clustered), and behavior (dynamic transformations that affect
shape and state) immediately before entering the environment and after a while
(Svendsen et al., 2020; Zhao et al., 2020b).

In their turn, the dissolution of ceria NPs at the nano-bio interface can lead to
cytotoxicity as other easily ionized NPs. For that, NPs could bypass the cellular
membrane and release high levels of toxic ions in cells after their internalization
(Xie et al., 2019). NM biotransformations result from NM-biota interactions and
alter the behavior and fate of engineered nanomaterials (ENMs) in the environment.
NM biotransformations include dissolution, redox reactions, and chemical reactions
with surrounding molecules. NM dissolution appears to be a significant driver of
toxicity due to the increased bioavailability of ions, and biotransformation of undis-
solved NMs does not appear to occur (Kranjc & Drobne, 2019).

Whereas ions released by dissolution can diffuse more freely toward biological
receptors and transfer across cellular boundaries, the NM arrival in organisms may
be limited by transformations or attachment to other surfaces in the environment.
NM heteroagglomeration and dissolution and subsequent chemical speciation in
organisms are extremely important in studying their exposure since they affect their
uptake. Indeed, during laboratory tests, the attachment efficiency of NMs to
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organisms is a good predictor of their uptake potential and subsequent toxicity
(Klaessig, 2018; Svendsen et al., 2020).

The heteroaggregation between Ag NPs and other particles, such as microbial
colloids and mineral particles, can reduce effective Ag NP exposure. Hence, it is
essential to study the interactions between ions and solid environmental matrices to
predict Ag NPs’ fate and risk in the environments. Dong and Zhou (2020) observed
distinct mechanisms in heteroaggregation of Ag NPs with mineral and organic par-
ticles. While metal ions enhance the attachment of Ag NPs to kaolin, humic acid
prevents Ag NP—kaolin attachment at low concentrations. In contrast, lowering pH
or adding metal ions inhibited Ag NP—cell attachment associated with the solubility
product of metal salts. Although humic acid has little impact on Ag NP—cell attach-
ment, it may complex with metal ions and reduce their effective solution concentra-
tions. As a consequence, metal ion’s competition for Ag NP adsorption by bacterial
cells can be mitigated. Besides, chronic exposures to NMs may allow vertebrate
microbiota to adapt to the xenobiotic presence, resulting in the development of a
new bacterial community with a modified composition, which may change micro-
biota—host signaling and physiological regulation (Zhang et al., 2020c).

As seen, NMs that enter into the environment are often harmful to the living
systems. So, safer NP development is essential to cope with the need for more
secure and safe NMs. Due to their toxic effects, metal NPs should be given proper
care in the production and application process, mostly the chemically synthesized
metal NPs. An ideal nanodevice for use in agriculture should be nontoxic and envi-
ronmentally safe and avoid further contamination problems and a negative percep-
tion of consumers. Besides, its synthesis and production must be easily up-scaled,
involve low-cost materials, and be affordable to farmers. The establishment of col-
laborative and interdisciplinary research could assess NM risks and benefits, allow-
ing for better exploration of their potential (Vurro et al., 2019).

NP shape-based toxicity differences could be due to increased uptake of NP of
specific shapes by plants and differences in their stability or dissolution patterns in
soil (Achari & Kowshik, 2018). Nevertheless, little information is available on the
role of properties such as shape and charge of NPs in bringing about beneficial or
toxic effects in plant systems (Achari & Kowshik, 2018). In a safer-by-design per-
spective, the environmental risk related to NMs may be mitigated by lowering the
hazard or the exposure potential. Controlling the shape of NMs, as their surface
reactivities, could be an option to increase their applicative potential while reducing
their potentially harmful effects once released in the environment. Indeed, it was
observed an Ag NP shape-dependent impact under such environmentally relevant
exposure conditions. From an environmental risk perspective, Ag NP shape can
predict which ecological niches of a lotic ecosystem would be more impacted since
it was observed a dependent biological response by this characteristic (Auffan et al.,
2020). Also, NP aggregates with larger sizes may not be taken up, eliminating the
toxicity, or restricting it to the root surface (Achari & Kowshik, 2018).

Furthermore, atrazine (ATZ) and atrazine-loaded poly-e-caprolactone nanocap-
sules (ATZ NP) have distinct adverse effects on the nontarget rhizosphere bacterial
communities of plants after long-term exposure. Long-term exposure to high
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concentrations of ATZ NPs was found to act more effectively and gave more micro-
bial community impacts (decreased the community metabolic capacity and shifted
the community structure and composition to a greater extent) compared to the same
amount of ATZ. The ATZ NP surface modification may solve this effect and pro-
mote benefits from other promising properties of these materials (Monikh
et al., 2020).

Falinski et al. (2018) proposed a framework for sustainable NM selection and
design based on performance, hazard, and economic considerations. This frame-
work’s development and implementation can facilitate promising applications, pre-
vent unintended consequences, and support a proactive regulatory action. The final
goal is to contribute to nanotechnology governance, having faster, cheaper, effec-
tive, and safer nanoproducts on the market for users and the environment (Kraegeloh
et al., 2018). The collaboration between regulatory risk assessors and academia
helps regulators keep up with novel materials and techniques and support regulatory
preparedness (Soeteman-Herndndez et al., 2020). Regulatory barriers to the use of
nanotechnology in agriculture require careful selection of starting materials, as well
as a comprehensive and holistic analysis of the associated risks, fate, and impacts.
In a recent publication, Hofmann et al. (2020) explored these barriers: efficient
delivery on a field scale, regulatory and safety issues, and consumer acceptance.
These authors also proposed ways to overcome these barriers and develop effective,
safe, and acceptable nanotechnologies for agriculture. A network of sentinel sites
can generate the data needed to understand any associated risks, and more advanced
analytical tools are needed to identify and quantify these NMs in natural environ-
ments (Hofmann et al., 2020).

Bringing this awareness, biological methods may be the safer, cost-effective, and
eco-friendly option than chemical synthesis and allow the synthesis of NPs at physi-
ological pH, temperature, and pressure (Chaudhry et al., 2018; Souza et al., 2019).
Some studies have indicated that NP containing Ca, Mo, Mg, and mineral nanocon-
jugates of chitosan exhibited limited adverse effects on plants after soil application
(Achari & Kowshik, 2018). Biogenic NPs are comparatively safer and less toxic
than the chemically synthesized ones (Girilal et al., 2015). Although green synthe-
sized NPs can induce harmful effects as oxidative stress, they are milder than the
chemically synthesized ones (Krishnaraj et al., 2016; Shobana et al., 2018; Yaqub
etal., 2019). Due to the lack of toxic chemicals during their synthesis and their high
adaptability, green NMs have a vast application domain (Bartolucci et al., 2020). In
this context, nanotechnology interest in agriculture use is today mainly turned to
green production of NMs, slow and sustained delivery of nutrients from nanofertil-
izers, and active ingredient delivery from nanopesticides. For example, contrary to
chemically synthesized Ag NPs, biogenic Ag NPs at lower concentrations can be a
promising option for many applications in both industrial and environmental areas.
However, it is still crucial to understand the interaction between these Ag NPs with
living organisms and their potential environmental toxicity (Ottoni et al., 2020).
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3.2 Bioaccumulation and Trophic Transfer of NPs

Another critical issue to consider is the bioavailability of the accumulated NPs to
the next trophic level since NPs can reach different environmental compartments
and their organisms. Chae et al. (2016) showed that the transfer of NPs through a
model terrestrial food chain consisting of the yeast, the collembolan, and the pill
bug indicated the potential hazards of released NPs for organisms at different tro-
phic levels. Furthermore, Skjolding et al. (2014) observed the trophic transfer of
ZnO NPs from daphnids (Daphnia magna) to zebrafish (Danio rerio). Nemati et al.
(2019) found that CuO NPs can be transferred from one trophic level to the next
level, as verified after diet-borne exposure of Amatitlania nigrofasciata larvae for
21 days to Artemia salina nauplii pre-exposed.

NM trophic transfer to the next level depends upon NM stability and surface
properties (Pradhan & Mailapalli, 2017). Tangaa et al. (2016) defined four pro-
cesses that influence the trophic transfer of metal NPs: environmental transforma-
tions of metal NPs, uptake and accumulation in the prey organism, internal fate and
localization in the prey, and the digestive physiology of the predator. Additionally,
in aquatic food webs, they suggest that the NP association with sediments may be a
process that results in the transfer of intact particles. However, other possible co-
existing effects of contaminants may also interfere with nano-toxicity. There are
some potential routes for NP increasing bioaccumulation of co-exposure contami-
nants. Then, NP can absorb other contaminants, serve as carriers for the contami-
nants, bind with contaminants, facilitate the formation of more reactive metabolites,
and cause cellular damage. Also, few studies have investigated the joint toxicity of
NP mixture. These studies focused on mixtures of metal-based NP as plant fertil-
izers, ZnO and CuO NPs, since there may be effects of interactions between dis-
solved ions, dissolved and particulate NPs, and particulate NPs (Du et al., 2018).

Several organic and inorganic contaminants are distributed in the natural envi-
ronment, and NPs act as carriers to transport these environmental contaminants into
the cells of living organisms due to their enormous sorption capacity. NP surface
can adsorb contaminants that have synergistic or antagonistic effects on the toxicity
of them to different organisms depending on the contaminant surface charge and
NPs’ zeta potential (Abbas et al., 2020). For example, a mixture of NPs and metals
can lead to decreased ingestion and filtration rates of copepods leading to an altera-
tion of their metabolic responses. Then, combined lead (Pb) and TiO, NPs exposure
may negatively impact the physiology of aquatic biodiversity and food chain
dynamics in freshwater ecosystems (Matouke & Mustapha, 2018). Also, Yang et al.
(2018b) observed that the increased transfer of algae by the food chain to A. salina
of arsenic (As) in the presence of nano-TiO, can be explained by adsorption of As
onto nano-TiO, in contaminated food (algae).

Indeed, there is limited information regarding what extent metal NPs could accu-
mulate in biota and magnify along the food chain in real natural aquatic environ-
ments. Baudrimont et al. (2018) verified some effects of Au NPs from periphytic
biofilms to the crustacean Gammarus fossarum due to transfer and bioaccumulation
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of Au NPs along with the food web. Moreover, Ag NPs and TiO, NPs may endanger
phytoplankton via inducing oxidative stress and compromising photosynthetic
activities. For invertebrates, sediment served as the main reservoir and a vital expo-
sure source of Ag NPs and TiO, NPs. Chironomid larvae, which are associated with
benthic substrates and link primary producers to secondary consumers, can be con-
sidered the entry point for the Ag transference to the higher trophic levels. Also,
chironomids seem to play a critical role in enhancing Ag bioaccumulation due to
their feeding habits in macrophytic zones (Williams et al., 2018). In turn, the poten-
tial great bioaccumulation and biomagnification of Ag NPs in benthic invertebrates
(e.g., shrimp, shellfish) and fish species highlight the risks of aquatic food product
consumption. However, the potential of metal NP accumulation in organisms
depends on the material. For instance, Ag NPs showed stronger bioaccumulation
than TiO, NPs and biomagnified in fish food webs (Xiao et al., 2019).

In addition, NP interaction with biota at one trophic level may alter the biological
response at the next trophic level in a way that is dependent on the delivery scenario
(Fig. 4). That is, direct exposure to CuO NPs can cause significantly higher Daphnia
magna mortality relative to feeding exposure, whereas neonate production from
adult daphnids exposed indirectly to CuO NPs was significantly reduced. Besides,
exposure to Cu(OH), nanopesticides showed a significant effect on the expression
of genes related to detoxification and the reproductive system in D. magna. Short-
term (24 h) exposure to the nanopesticide reduced the expression of genes associ-
ated with detoxification, but its expression increased significantly after 48 h of
exposure. The expression of genes related to the reproductive system changed with
concentration and time-dependent manner. These results show the role of genes
related to detoxification and the reproductive system in response to Cu(OH),
nanopesticides. These facts show the importance of evaluating potential ecological
impacts of NMs in more relevant, complex exposure scenarios and stress the impor-
tance of considering dietary uptake as a pathway for NP exposure (Majumdar et al.,
2016; Wu et al., 2017; Aksakal & Arslan, 2020).

Only a few studies evaluated the NM transfer along food chains, including preda-
tory fish as a secondary consumer. TiO, NPs are among the most studied. For exam-
ple, Wang et al. (2016a) studied the trophic transfer of TiO, NPs in a marine benthic
food chain from clamworm to juvenile turbot. The authors reported trophic transfer
but no biomagnification of TiO, NPs between trophic levels. Also, only a few stud-
ies are assessing the dietary uptake of nanoparticulate Cu in fish. However, some
information on NP transfer from invertebrate prey organisms to fish can be inferred
from studies that examined intestinal uptake and accumulation of metal oxide NPs
from artificial diets (Lammel et al., 2020).

Two arthropod species with different exposure routes to soil contaminants (iso-
pod Porcellio scaber and springtail Folsomia candida) accumulated Ag when
exposed to pristine Ag NPs, suggesting a risk for food-chain Ag accumulation. In
contrast, no Ag bioaccumulation was detected in the case of the poorly soluble Ag,S
NPs, which is the more environmentally relevant form of Ag NPs. From this study,
it is verified that soil pH and soil texture are the strongest predictors of Ag bioavail-
ability, respectively, to isopods and springtails and is evidenced the dominant role of
dissolution in Ag NP bioavailability (Talaber et al., 2020).
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Given that, NP adverse effects, including its transfer through the food chain
risks, have to be studied to ensure both the safe use and social acceptance of nano-
technology. In the heterogeneous environment, NP ecotoxicity monitoring is a chal-
lenging task as this process is considered dependent on both abiotic and biotic
factors. Mammals, including human beings, are the ultimate recipient of the NPs
through dermal absorption, inhalation, or ingestion of contaminated food (Abbas
et al., 2020). So, the use of more complex experimental systems may evidence
routes of exposure that are poorly or not estimated in classical standardized tests
based on single-species assessments (Wang et al., 2016b).

4 Risk Analysis and Legislation

Nature-derived biopolymeric NPs such as chitosan and cellulose can be safely
incorporated into the food matrix without affecting their sensory properties (Valencia
et al., 2019). Therefore, the production of nanofertilizers should focus on the slow
release of mineral ions entrapped in NPs of biodegradable, natural polymeric mate-
rials, such as chitosan, carboxymethylcellulose, hydroxyapatite, mesoporous silica,
etc. Biopolymer—mineral nanoconjugates can be formulated with greater stability,
biodegradability, and reduced toxicity (Achari & Kowshik, 2018). Biocompatibility,
biodegradability, and low toxicity make chitosan an effective nano-delivery system
since it is stable, has low toxicity, and requires simple preparative methods, which
make it a versatile and user-friendly drug delivery agent (Chandra et al., 2015).

In the agricultural sector, polymer-based NPs help the local delivery of fertilizers
and pesticides without polluting soil and air. Polymers are widely employed for the
nanoencapsulation of pesticides. Several studies have also demonstrated the bene-
fits of polymeric nanocarriers to reduce the toxicity of synthetic pesticides toward
nontarget crop species. The significant advantage of natural polymers is that they
can be degraded by soil microorganisms resulting in environmentally nontoxic
products compared to their nondegradable synthetic counterparts. However, the
potential ecological and safety benefits of nano-formulations conferred through the
reduction in cytotoxicity or ecotoxicity of the active ingredient or reduced prolifera-
tion of antibiotic-resistant organisms should also be considered (Siracusa, 2019;
Shakiba et al., 2020; Zhao et al., 2020b).

Although polymeric NPs can minimize ecological impacts, vital information on
the toxicity of inorganic NMs like TiO,, ZnO, and SiO, and organic NMs like car-
bon nanostructures are still lacking. From a safety and regulatory standpoint, proper
legislation has to go through more studies and improvements. On the other hand,
exposure to NMs may be harmful to the consumer and the environment and might
increase risk potential. Risk assessment of NMs is still a controversial and extensive
topic because of the lack of sufficient scientific data. The properties, physiological
and chemical interactions, and toxicity of NPs under different environments are
important considerations before they are commercialized for use in the market.
Quality control is also an essential factor to be considered, and product shelf life and
stability are important aspects. The cost would be another mitigating factor (Shakiba
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et al., 2020; Svendsen et al., 2020). Furthermore, products should be tested under
relevant field conditions, mainly if they aim to improve production in regions where
practices are inadequate and where pedo-climatic conditions are unfavorable and
variable. Also, both technological development and improvement of agronomic
practices should be considered concurrently, aiming at the reduction of currently
used agrochemicals that have lower reliance (Kah & Kookana, 2020).

There is a need to develop proper methods to quantify NMs worldwide since the
detection and identification of NMs is very challenging. Furthermore, a reasonable
correlation between nanocompounds and toxicology is not yet well explored. For
risk management, we should take a systems innovation approach for scaling up
from laboratory to industrial level, which is not merely about changes in technical
products but also about policy, user practices, infrastructure, and industry structure
(Liu et al., 2018). Indeed, there is a lack of scientific data for different regulatory
agencies to assess and provide risk management guidelines. It is needed to enhance
the knowledge and awareness of nanotechnology applications in agriculture.
Advances in these directions will contribute to the fast nanotechnology expansion.

Additionally, more research is needed to apply nanotechnology in different envi-
ronmental systems and their interaction with organisms and biomolecules (Dasgupta
etal., 2015; Abbas et al., 2020). No method dominates in applicability and use over
the others, within all contexts. One option is governance using holistic, multi-crite-
ria approaches, which comparatively review risks, benefits, and other implications
of nano-enabled products against conventional alternatives (Trump et al., 2018).

The development of standardized testing protocols is needed to allow stakehold-
ers to efficiently and consistently parameterize exposure models (Singh et al., 2019;
Svendsen et al., 2020; Xiarchos et al., 2020). As an alternative to analytical meth-
ods, the potential NM environmental concentration in a given region can be esti-
mated by in silico modeling approaches (Wigger et al., 2020). Although traditional
risk management frameworks for agriculture have largely been deemed adequate
for the task, there are several characteristics unique to nanotechnologies that need
attention as physical, chemical, and biological properties of NMs that may differ in
important ways from the properties of single atoms, molecules, or bulk materials.
These proprieties interfere in identifying any direct, indirect, and/or cumulative
impacts of NMs and nanotechnologies. Besides, some concerns related to subtle
changes in the method of preparation can lead to significant alterations in the physi-
cochemical properties and morphologies of the resulting NPs (Mitter &
Hussey, 2019).

For this reason, evaluation of the potential risks resulting from the interaction of
NMs with biological systems, humans, and the environment need more studies
before commercialization (Sadeghi et al., 2017). Consumer acceptance of foods
produced using nanotechnologies is essential for their widespread adoption, and
public attitudes toward nano-enabled agriculture would likely vary by area of appli-
cation. Consumer perception and acceptance will then decide the success or failure
of nanotechnologies in agriculture (Hofmann et al., 2020).

Further research on socioeconomic aspects would be ideal while recommending
nanopesticides in crops and stored grains. Thus, the commercial use of NMs requires
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thorough investigations into the screening and optimization of the NMs for different
plant species (Usman et al., 2020). The need for adequate regulation to support
nanosecurity is critical as its continued advances are quickly translated into new
commercial products. Consequently, the lack of validated protocols and a need for
regulatory approval before using any new technology have led to a delay in its adop-
tion (Lombi et al., 2019).

The agricultural applications of nanotechnology are affected by several factors,
including technological feasibility, cost-effectiveness, regulatory requirements, and
consumer acceptance. Since agriculture is, and always has been, a socioecological
system, the assessment of new technologies entering it requires integrating different
forms of knowledge. To overcome any agri-nanotechnology doubts, it is vital to
perform comparative toxicological studies, engage the public and stakeholders in
research and innovation, and contribute to developing a transdisciplinary risk gov-
ernance framework for nanotechnology (Lombi et al., 2019).

To be safely introduced to the market, the risk assessment of these nanoproducts
demands establishing the proposed use pattern (Walker et al., 2018). For nanotech-
nology implementation in agricultural practices, it is necessary to evaluate changes
of NM properties in the environment and make an ecotoxicological risks diagnosis
due to their use. As a result, nanotoxicology has become a significant concern for all
areas. The information obtained may be used by regulatory agencies to assess the
potential NM risks throughout different stages of the product life cycle. The effects
of using ENMs in agricultural practices cascade throughout their life cycle and
include effects from upstream-embodied resources and emissions from ENM pro-
duction as well as their potential downstream environmental implications. These
analyses are important for the agriculture sector due to the relationship between
food production, global health, and prosperity (Gilbertson et al., 2020).

Nanoformulations are challenging to implement due to their production costs,
legislative uncertainties, and public opinion challenges (Nehra et al., 2021). From
the perspective of researchers and stakeholders in agriculture, public understanding
can lead to greater security to decide which technological solutions are a priority.
Public perception of safety and regulatory concerns surrounding the use of engi-
neered NMs in food production must be addressed to ensure safety and assist the
acceptance and adoption of plant nanobiotechnology approaches (Lowry
et al., 2019).

5 Conclusion and Perspective

NM applications raise some concerns about their impact on human health and the
environment. These concerns emerge because a reliable risk assessment in nano-
technology is yet to be achieved. The reasons for such a shortcoming are the inher-
ent difficulties in characterizing NMs properties (Xiarchos et al., 2020).
Understanding NM environmental behavior and the time needed to track them in
natural systems is challenging (Wigger et al., 2020). There are uncertainties



36 B. T. de Sousa et al.

concerning the use of NMs appropriately in an ethical way to preserve the sustain-
ability of the environment. Nanotechnologies should be considered to ensure inter-
generational and ecological equity. Ethics plays a role in protecting our environment
from the NM risks and involves identifying and assessing potential risks in the
environment. For that, values and actions need to be considered to protect ecologi-
cal systems (Besha et al., 2020). The incorporation of ethics into a scientific deci-
sion support framework for risk governance of NMs is essential.

On the other hand, there is no platform where all stakeholders can meet and dis-
cuss these issues. Ethical dilemmas cannot easily be accommodated in an appropri-
ate balance between precaution and innovation as it depends on cultural differences.
However, it is important to consider conflicting values and worldviews and place
them in historical contexts (Malsch et al., 2020). There is a long way to be covered
to produce commercially successful, eco-friendly, and safe nanopesticides. Further
studies on environmental fate and bioaccumulation of nanoformulations are still
required to develop environmentally friendly and sustainable methods to avoid the
excessive use of pesticides (Nehra et al., 2021).

Environmental risks of NMs have mainly focused on the characterization and
quantification of their hazards, using standard toxicity assays or slightly adapted
procedures to cope with the unique properties of NMs. Dose—response relationships
may be derived from nominal exposure concentrations. However, the use of mea-
sured concentrations is difficult to obtain with the present methods, and the biologi-
cal matrices present many challenges to NM detection inside organisms (van den
Brink et al., 2019). Then, additional studies are needed for investigating transforma-
tion and its related toxicity at environmentally relevant concentrations. Further
research is needed to elucidate the influence of transformation processes on NM
toxicity and their transformed products (Zhang et al., 2018b). In the agriculture sec-
tor, the adoption of a technology is commonly driven by favorable economic trade-
offs. Targeted applications, as a soil amendment, seed coating, or foliar spray, will
prevent the excessive release of NM to the environment, which will reduce costs to
promote crop production and the potential adverse environmental implications as
the fate and subsequent consumer exposure potential of NMs (Gilbertson
et al., 2020).

As demonstrated throughout this chapter, nanopesticide and nanofertilizer
research and development can provide new tools that support the sustainable growth
of agriculture, directly impacting the present scenario as in the coming decades.
However, despite these advances, it is still necessary to overcome some barriers to
the consolidation of these materials. Among these barriers, we can highlight the
lack of more specific regulatory protocols for these compounds and the intensifica-
tion of studies on the fate and behavior of these NMs in the environment. Overcoming
these barriers will allow a better understanding of these materials’ effects on nontar-
get organisms, leading to greater security.

Therefore, more effective collaboration among universities, companies, and gov-
ernment agencies will be needed in order to strengthen and secure these products on
the market. In addition, research will be required under more realistic conditions
and on larger scales to provide important data for the real assessment of the
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advantages of these systems. Future research priorities may include developing
methods to detect and characterize NMs in complex matrices and determine their
transformations in such environments. Furthermore, to assess NM nanosafety, the
experimental design must also consider adequate calibration, method validation,
accurate dosimetry, and the availability of reference materials (Johnston et al.,
2020). More strategic and interdisciplinary research is thus urgently needed to sup-
port technological innovation that will help achieve more environmentally sustain-
able food production (Kah & Kookana, 2020) and reduce the NM input per
agricultural area. Biosynthesized NP-based fertilizers and pesticides should be
explored further as a promising technology to improve yields while achieving
sustainability.
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Strategies to Produce Cost-Effective
Fertilizer-Based Nanoparticles
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Abstract Population increase, the need to increase the productivity of crops per
unit of agricultural land, and a considerable market share in the case of special fer-
tilizers bring the need for new technologies. Nanofertilizer production is through
two technological approaches: bottom-up and top-down. Both production methods
have their benefits and weaknesses. While bottom-up brings better process control
and smaller particles, top-down is more widely used in industry because it is cheaper
and simpler to apply.

The main idea of this chapter is to bring an industrial vision that contemplates all
the steps and procedures of the development and production of nanofertilizers
within industry, dealing with the main points, their motivations, and possible conse-
quences. The processes described and exemplified here are part of everyday indus-
trial life. However, many are clearly only summarized, may vary from company to
company, and should be used only as a guide. Equipment for development, produc-
tion, and quality control and raw material, additive, and formulation characteristics
are described.
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1 Introduction

The definition for fertilizers, according to the International Fertilizer Association
(IFA), is: “Fertilizers are any solid, liquid or gaseous substances containing one or
more plant nutrients” (IFA, 2021). However, the definition of fertilizers is broad and
should include other characteristics, such as growth of crops, reduction in produc-
tivity loss, improvement in food quality, and keeping the levels of contaminants
within the current rules for environmental protection.

The world fertilizer market is estimated at approximately USD $186.0 billion
considering the numbers of macronutrients—USD $151.4 billion (International
Fertilizer Association (IFA), 2019), secondary macronutrients—USD $30.86 bil-
lion (Markets and Markets, 2018), and micronutrients—USD $3.5 billion (Fortune
Business Insights, 2018a, 2018b). Within these numbers, there is a market for spe-
cialty fertilizers, which is estimated at USD $22.92 billion (Fortune Business
Insights, 2018a, 2018b). This categorization is one of several ways to categorize
specialty fertilizers and includes controlled-release fertilizers, water-soluble fertil-
izers, agricultural micronutrients, and customized fertilizers. Microsuspension fer-
tilizers make up one of the segments within those specialty fertilizers.

There are several companies that produce microsuspension fertilizers. Table 1
shows some of these companies and their websites.

Table 1 Microsuspension fertilizer companies

Company

Website

AdFert™

http://www.adfert.com/products/suspension_product.html

Agrichem™ Australia

https://agrichem.com.au/

Agrichem™ Brazil

https://www.agrichem.com.br/

(Nutrien)
Agrigento™ https://agrigento.com.br/en/products
Agromila™ https://www.agromila.com/en/

npk-suspension-brfertilizer-group-c11

Compo Expert™

https://www.compo-expert.com/product-groups?country=global

IFTC™ https://iftcjo.com

Infert™ https://infert.com.jo/liquid-and-suspension-fertilizer/

Jiangsu Hanling http://www.hanling-fertilizer.com/

Fertilizer™

Liquid Grow™ https://www.liqui-grow.com/blog/
what-are-liquid-suspension-fertilizers/

MAPCO Fertilizers™ http://www.mapcofertilizers.com/

Omex™ https://www.omex.com/

Prime Agro™ https://primeagro.com.br/prime-nutre/

Santa Clara Fertilizantes™

http://www.santaclaraagro.com.br/

Sonic Essentials™

https://sonicessentials.com/icon-range/

Vittia Fertilizantes™

https://vittia.com.br/

Wuxal™

https://www.mywuxal.com/en/product-finder?step1=3

Yara™

https://www.yara.co.uk/crop-nutrition/fertilizer/micronutrient/
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Despite the secrecy of the manufacturing processes, it is possible to infer that
most companies use the top-down manufacturing process for their microsuspension
fertilizers. These processes yield larger particle sizes and higher concentrations than
do bottom-up processes, while the latter is still mostly retained in academic research
due to the high cost of equipment and raw materials, long processing times, and the
complexity of these new technologies when referred to an industrial scale.

Microsuspension fertilizers tend to have high density (usually above 1.3 g/cm? to
2.2 g/em?), medium to high viscosity (800—4000 cP at Brookfield, Spindle 3,
20 rpm, 25 °C), high nutrient content, normally sparingly soluble (oxides, carbon-
ates, and some hydroxides), and a particle size distribution (PSD) normally below
8 pm (most commonly d90 < 4.0 um).

From the fertilizer industry standpoint, for the medium-term horizon, the pro-
duction of colloidal dispersions might continue to rely on a top-down strategy since
current equipment can be adapted. However, the lower limit of the technology is
currently around d50, 30 nm (zirconium beads of 0.03 mm). In order to really
achieve smaller particles, bottom-up technologies must be scaled up for the market
in the long term.

Companies still show a certain resistance to move toward nanotechnology
because they do not know definitively how the market and production methods (in
this case, the production of crops through the application of fertilizer) will develop.
One reason is that there are still few companies in the world working with micron-
ized fertilizers. Thus, some companies that have the technology to produce nanofer-
tilizers prefer to wait to innovate until a more opportune market time.

According to the Nanotechnology Products Database (NTC, 2021), there exist
102 nanofertilizers from 41 companies located in 17 countries. Just two of them
have certification, which does not necessarily mean that others do not have the
technology.

Many countries do not have regulations, certifications, or special registration for
nanotechnological products. Therefore, it is essential to separate actual nanotechno-
logical products from those that take advantage and just use the word “nano” as a
marketing strategy.

The main idea of this chapter is to bring an industrial vision that considers all the
steps and procedures of the development and production of fertilizers within the
industry, dealing with the main points, their motivations, and possible consequences.
The processes described and exemplified here are real. However, many are clearly
summarized and may vary from company to company and thus should be used only
as a guide.

2 Bottom-Up

In the bottom-up approach, the particles are synthesized under specific reaction
conditions to control the resulting PSD. With current technologies, this approach
can deliver smaller particle sizes than the top-down approach. Below, a brief
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explanation and some studies of each process are presented that demonstrate how
the nanoparticles of that particular nutrient (oxide or carbonate) are obtained.

2.1 Sol-Gel Synthesis

The sol-gel method involves a precursor, a solvent, and a medium (water or organic
phase) (Hasnidawani et al., 2016) and, in general, can be described in these five
steps: hydrolysis, polycondensation, aging, drying, and thermal decomposition
(Parashar et al., 2020). CaCO; was reported by Ghiasi and Malekzade (2012), CuO
by Dérner et al. (2019), and MgO by Lopez et al. (1991), and in their review,
Parashar et al. (2020) reported the sol-gel synthesis of ZnO by different
research groups.

2.2 Reduction

The basis of the reduction method for the formation of nanoparticles is the dissolu-
tion of a soluble salt in a liquid medium and, through a reducing agent and specific
reaction conditions, controlling the bonding between atoms forming metallic oxide
and carbonate nanoparticles, as can be seen for Cu—Cu,O (Khan et al., 2016), MgO
(Moorthy et al., 2015), MnCO; (Wang & Li, 2003), and ZnO (Preeti & Vijay, 2017).

2.3 Precipitation

The precipitation method involves the addition of a soluble salt to a liquid medium,
and, after dilution, the addition of an alkaline agent to promote precipitation. In this
way, it is possible to control the size of the particles formed. Precipitation methods
are described for CaCO; (Widyastuti & Kusuma, 2017), CuO (Mohsen, 2016),
MgO (Vijayalakshmi et al., 2016), MnCOs; (Lei et al., 2009), and ZnO (Raouf, 2013).

2.4 Hydrothermal/Solvothermal

Solvothermal synthesis takes place when the precursors are dissolved in a solvent
and, after being closed hermetically, the container is brought to temperatures above
the boiling point of the solvent. As the temperature and pressure increase, the chem-
ical reaction, or decomposition of the precursors to the desired material, occurs.
When the solvent used is water, this synthesis is referred to as hydrothermal. The
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following works indicate the synthesis of CaCO; (Sun et al., 2016), CuO (Titirici
etal., 2006), MgO (Hadia & Mohamed, 2015), MnCO; (Yang et al., 2009), and ZnO
(Xu et al., 2009).

2.5 Flame Spray Pyrolysis

A solution of the nutrient salt of interest is sprayed into a flame. While the solvent
is decomposed or evaporated, the salt is transformed into the oxide/carbonate of that
nutrient through pyrolysis and collected on a substrate. The PSD obtained is the
result of controlling the agglomeration of the formed oxide/carbonate molecules
that occur during the deposition on this substrate.

Flame spray pyrolysis procedures are presented for CaCO; (Huber et al., 2005),
CuO (Chiang et al., 2012), MgO (Boningari et al., 2018), and ZnO (Wallace
et al., 2013).

3 Top-Down

In theory, a top-down methodology is basically defined as breaking down a system
so that its subsystems are known. An overview of the system is initially formulated
but does not specify any details of the first level of the subsystems. Each subsystem
is then refined in greater detail, sometimes at many levels of supplementary subsys-
tem, with the entire specification being reduced to an elementary basis.

In the case of fertilizer nanosuspensions, for dry or wet grinding methods, the
particle size reduction process takes place in three steps:

e De-agglomeration of lumps.
» Separation of aggregated primary particles.
e Breakdown of primary particles.

As Fig. 1 shows, primary particles can be defined as the individual, crystalline,
or amorphous parts generated in the material manufacturing process and difficult to
grind. These primary particles are usually aggregated, that is, strongly bonded over
a large surface area. These aggregates form clusters that are various aggregates or
primary particles that are weakly connected.

Note that there are spaces within these clusters that contain air. When de-
agglomeration starts, the PSD decreases, and the surface area increases signifi-
cantly. The surfactant will bind to these hydrophobic regions bringing balance to the
formulation. The real breakdown of the primary particles will only occur in the
advanced stages of grinding, with the change to a smaller set of beads.



58 A. L. E. Fattobene

Aggregated primary particle

Primary particle

gglomerated lumps or eventual primary
particles

Fig.1 Scheme showing primary particles, aggregated particles, and agglomerates

3.1 Development of Nanosuspension Fertilizers

For the successful development of any fertilizer, including nanosuspensions, the
flow of information is vital. The choice of raw materials and other components of
the formula are closely linked to the initial information and decisions about the
product. Which crop, which mixtures, which nutrients, which cost target, and which
functions are expected are some of the questions that must be answered before the
development process starts, as seen below.

3.1.1 Raw Materials

The production of a stable, high-quality nanoparticle fertilizer in accordance with
the needs of the customer begins with the choice of raw materials and additives,
which must have specific characteristics for each fertilizer considering their purity,
physical-chemical properties, and the interaction between the various components
of the formulation.

The following are the other aspects that must be considered when evaluating a raw
material:

The grade (food, pharmaceutical, industrial, technical). Obviously, the higher the
purity of the raw material and additives, the higher the price and the lower the levels
(ppm or ppb) of heavy metals (As, Cd, Cr, Hg, and Pb), remembering that fertilizers
will be applied to plants that will produce food for human consumption. Also, the
greater the level of contaminants, the greater the risk of undesirable interactions.
The supplier should be a business partner (and a great deal of time is necessary to
build this), be ethical, have production capacity, and be sustainable.
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The lead time for each raw material and additives should be considered. Having a
known schedule makes it possible to buy at lower prices since it is possible to avoid
market speculation.

Whenever possible, it is better to formulate using raw materials and additives whose
production is not very specific (alternatives will be easier to find in the market).

Tip The eventual cost increases of the finished product due to the price of
high-quality raw materials compared to cheaper, lower-quality raw materials
will no doubt deliver future savings in terms of product returns and reprocess-
ing. Obviously, it is important to approve more than one supplier of a raw
material to gain strength in negotiations and reduce the risk of shortages. It is
also important to be watchful of the market to find new suppliers and to reduce
costs, but cost should never be put before quality.

For micro- and nanosuspension fertilizers, there are soluble and insoluble solid
raw materials. The most common soluble ones are urea, sodium molybdate
(Na,Mo00O,), monoammonium phosphate (MAP), diammonium phosphate (DAP),
potassium hydroxide (KOH), potassium chloride (KCI), and potassium carbonate
(K,CO:s3). The insoluble ones are carbonates and oxides of alkaline earth (Mg and
Ca) and transition (Co, Cu, Fe, Mn, Mo, Ni, and Zn) metals.

Tip Plants can only use Mn?* as a nutrient.

Boric acid (H;BO;) and disodium octaborate (Na,B3O;3) can be considered solu-
ble or insoluble depending on the concentration.

Tip Boron-containing raw materials should be used with care as they bring
instability to suspensions.

3.1.2 Determining the Components and Nutrients

The information for creating a product can come through benchmarking, scientific
work, process improvement proposed by the industrial area, company strategy, cus-
tomer information, and fieldwork. After an initial development request, each com-
pany has its own workflows and information systems. In Fig. 2, an example is given
of the information flow in the development of a new product.

Once the product information, such as suggested guarantees, pH, and its com-
mercial viability has been determined, the chemical development begins.
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Usually, the nutrient content is presented in w/w and w/v, and it can be calculated

by Eq. 1:
(m)z(m-nc) 0

w d-v

where w/w is the weight/weight content (%), m is the raw material mass (kg), nc is
the nutrient content in the raw material (%), d is the suspension density (kg/dm?),
and v is the volume to be produced (dm?).

In this way, it is possible to calculate, for each raw material, the correct quantity
to include to guarantee the amount of nutrient in the product formulation.

A high-suspension nanoparticle formulation has the following components:

Water- or Oil-Based

Water-based microsuspension fertilizers are the more common, but there has been
some research into oil-based formulations in the industry (cobalt and molybdenum
formulations, for example). From now on, the discussion will concern only water-
based formulations except when otherwise stated.

With Surfactants

There are many surfactant options available on the market, from simple and cheap
but functional, to more complex and expensive, which can confer other desirable
characteristics (Fig. 3) to the products in addition to their main function (discussed
in Sect. “Surfactant™).

According to Lv et al. (2015), ZnO nanoparticles are solubilized and enter the
leaves as Zn** and accumulate in the form of phosphate. The nanosuspensions are
diluted in the application solutions. Therefore, the smaller the particles, the greater

“ /. - - Deposit I
_—— : Formation
Wetting
Spray
Retention
Spray
Formation

Fig.3 Diagram showing the desirable functions of a fertilizer where surfactants work in sequence.
Image reproduced by permission of Croda
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their solubility. When the drop touches the leaf, Zn** ions are absorbed. As the drop
spreads on the leaf, evaporation increases, and the particles start to settle on its sur-
face, adhering thanks to the surfactant.

At night, with the dew, these deposited particles are re-suspended and the small-
est particles again solubilized, entering the leaf in the form of Zn?*. The surfactant
is responsible for maintaining the particle size and allowing re-suspension.

The example of Zn was mentioned here, but the same applies for any nutrient.
And so, day after day, the ions are absorbed and there is a gradual release of
nutrients.

Anti-drift (Fig. 4) and/or increasing coverage by reducing the contact angle
between the applied spray and the hydrophobic surface of the leaves (Fig. 5) are
greatly affected by the addition and type of surfactant.

Many variables influence the choice of surfactant, such as pH, conductivity, the
particle size of the raw materials and the final product (and the surface area, which
is closely linked to the particle size), and chemical affinity. Table 2 shows a list of
surfactant suppliers and their websites.

Tip Test the surfactant with the raw materials before starting product testing.
That way, it is possible to exclude some incompatibilities before starting.

Fig. 4 Anti-drift test: (a) water with added surfactant, and (b) water without added surfactant. It
is possible to verify that the cone in a is much more defined and the mixture reaches the bottom,
while in b much of the mixture is lost due to drift. Photo by Maickon Balator
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Wetting agents can be
included to reduce surface
tension and contact angle,

leading to enhanced
coverage

Larger contact angle

Smaller contact angle

Fig. 5 Comparative coverage and contact angle in an application: (a) without surfactant, and (b)
with surfactant. Image reproduced by permission of Croda

Table 2 Surfactant manufacturers

Company Website

ARKEMA™ https://www.arkema.com/global/en/products/

BASF™ https://www.basf.com/global/en.html

CLARIANT™ https://www.clariant.com/pt/Corporate

CRODA™ https://www.croda.com/en-gb

Dow™ https://www.dow.com/en-us

ELKEN™ https://www.elkem.com/

EVONIK™ https://corporate.evonik.com/en

HUBTSMAN™ https://www.huntsman.com/

INNOSPEC™ https://innospec.com/

LANKEM™ https://www.lankem.com/

MOMENTIVE™ https://www.momentive.com/en-us

NOURYON™ https://www.nouryon.com/products/
anionic-surfactants/

OXITENO™ https://www.oxiteno.com/

Sasol™ https://products.sasol.com/pic/products/home/
index.html

Solvay™ https://www.solvay.com/en/
solvay-around-the-world

STEPAN™ https://es.stepan.com/
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With Thickener

As for the surfactant, the choice of thickener is influenced by the same variables and
will be different for oil-based and water-based formulations (their function will be
discussed in Sect. “Viscosity™).

They can be natural, usually derived from polysaccharides, such as xanthan gum
and guar gum, or synthetic, usually an acrylic polymer or cellulosic derivative, such
as carboxymethylcellulose (CMC) and hydroxyethyl cellulose (HEC).

Other Additives

Depending on the industrial process or application in the field, additives can be
included in the formulation for better results, such as defoamers, chelates or com-
plexing agents, nutrient carriers, block co-polymers, spreaders, encapsulants, anti-
crystallizing agents, antifreeze, preservatives (especially if the thickener is any of
the gums), and antioxidants. However, it must be considered that each of these addi-
tives removes some water from the medium and, in some cases, can make particle
dispersion more difficult. The use in the formulation must follow the dose and rec-
ommendations of the supplier.

3.1.3 The Suspensions Tripod

There are several factors that influence the stability of a suspension. By altering
three of these factors during the development of the formulation, it is possible to
solve in practice the intrinsic difficulties of this type of formulation. This is called
the suspension tripod.

Two elements were studied by Stokes in his law for small rigid beads (Eq. 2):

V=gd(p,-p)/18uRe, <0.1 ©)

where V is the terminal settling velocity (m/s), g is the acceleration of gravity (m/
s?), d, is the particle diameter (m?), p,, is the particle density (kg/m?), p is the density
of surrounding fluid (kg/m?), p is the fluid viscosity (Pa s), and Re, is the Reynolds
Number (—).

For now, it is important to understand that if terminal settling velocity is high, the
sphere takes less time to reach the bottom and two variables have a direct influence
on that: sphere diameter and viscosity.

The larger the diameter of the sphere, the higher the terminal settling velocity,
and the higher the viscosity, the lower the terminal settling velocity.

However, Stokes’ work considered just one sphere (Fig. 6). When talking about
a nanosuspension, there are millions of suspended particles and, because of that,
several interactions between them.
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Fig. 6 Scheme of the
Stokes experiment

Fig.7 DLVO theory
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Hence, by Stokes’ law, there are viscosities, particle diameters, and PSDs as that
it is possible to consider approximations for a nanosuspension.

The other variable comes from studies from the 1940s. Two pairs of scientists,
Derjaguin and Landau (1993, but first published 1941—URSS) and Verwey and
Overbeek (1948) simultaneously studied interactions in a colloidal suspension
(Fig. 7).

The classic DLVO theory states that the energy resulting from all interactions
(V) is the sum of the energy due to van der Waals forces (attractive forces, V,) and
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Fig. 8 Tripod of
suspension stability
interdependency

Particle Size
Distribution

Viscosity (amount
of thickener)

the energy due to double-layer forces (repulsive forces, Vi) varying according to the
distance between the particles (Israclachvili, 2011), as shown in Eq. 3:

V, =V, +V, 3)

It is easy to understand that the interaction forces have a greater influence on
smaller particles. In order for two particles to not clump together, the repulsion
between them must prevail over the attraction.

Knowing these interactions in depth, it is possible to achieve the desired repul-
sion by adjusting these forces of interaction between particles with surfactants.
They are the last part of the tripod. These surfactants, which generally consist of a
hydrophilic head and a hydrophobic chain, are adsorbed on the surfaces of the par-
ticles through the hydrophobic part of the chain and preventing the particles from
being electronically attracted by others and exerting a steric effect.

Although treated separately, these three variables are interdependent in relation
to product stability, as shown in Fig. 8. The smaller the size distribution, the greater
the number of particles and number of interactions, requiring more surfactant,
which will affect viscosity.

Particle Size Distribution

As seen previously, the smaller the particle size, the slower the deposition speed.
However, if there are more particles, there are also more interactions between them
and longer process times.

Some materials show a significant natural increase in viscosity when they reach
a certain size, requiring more surfactant, a change to a more powerful one, or even
the addition of a second surfactant.

The greater the homogeneity of the PSD curve, the easier it is to find the ideal
quantity of surfactant and viscosity in the formulation.
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The reduction in particle size directly affects the surface area, considerably
improving the quality of the application and increasing and homogenizing the cov-
erage on the applied leaves.

In addition to the size distribution itself, three parameters are usually considered:

— d10: the volume of particles with diameters smaller than this value is 10%.
— d50: the volume of particles with diameters smaller than this value is 50%.
— d90: the volume of particles with diameters smaller than this value is 90%.

These parameters bring, numerically, a way of quality control to analyze batch
by batch if the product is in conformity or not.

Tip During development or in further studies, it is also necessary to analyze
the PSD graph since it is possible to have large variations in the curve even
though the parameters d10 and d50 are close in value.

Figure 9 presents three normal distributions to exemplify d10, d50, and d90.
Particle size distributions commonly do not follow normal distributions and may
even have more than one peak depending on the structure of the crystal or agglomer-
ate, as shown in Fig. 10, or, in the case of mixtures, with more than one component.

Tip There are fertilizers that contain mixtures of materials of different hard-
ness. It is important to adjust the process and the surfactant(s) to ensure less
variability in size distribution.

Viscosity
Viscosity can be defined simply as the resistance of a liquid to flow after a mechani-
cal stress is applied.

Most of the fertilizers discussed here can be defined as non-Newtonian fluids,
dependent on time and with thixotropic characteristics, meaning that at a constant
shear rate the viscosity decreases over time until reaching a constant final residual
viscosity.

It is reasonable to state that the deposition velocity is inversely proportional to
the viscosity of the suspension and directly proportional to the particle size.

Two factors of the formulation affect viscosity in micro- and nanosuspensions.
One is the particle size. As particle size reduces, the viscosity of the product tends
to increase, due mainly to the increase in the surface area and the number of parti-
cles in contact with the surfactant and water. At this stage, an adjustment is usually
necessary by adding a surfactant or even water.

The other is the thickener. The stability of the system must be controlled by add-
ing thickener, which basically increases viscosity, forming an associative network
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Fig. 9 Example diagrams of d10, d50, and d90

and raising a physical barrier to the liquid phase, therefore reducing the deposition
velocity.

Surfactant

The surfactant will be essential during the first mixing and for the final stability.
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Fig. 10 Example of PSD of CuCO; by dynamic light scattering

In the first part of the process where solid (extremely hydrophobic) raw materials
are added to the water, if the surfactant is not first added, much larger (and more
expensive) equipment would be needed to achieve greater agitation speed (adding
much more energy to the system), and the process would be significantly slower and
more expensive.

Regarding stability, during grinding and size reduction (if there is induction
charge generation), there is a consequent increase in the number of particles and the
surfactant will bind these particles, reducing the attractive van der Waals forces and
resulting in a steric effect.

Surfactants are also important in the application of these fertilizers, facilitating
penetration into the leaf, adhesion, the rebound effect, and reducing drift. In addi-
tion, they may allow other products to be added to the application mix without
chemical incompatibility.

3.1.4 Preparation of the Fertilizer

There are different sequences for adding the materials that make up a nanosuspen-
sion; these can vary from manufacturer to manufacturer and from product to prod-
uct. Below is a suggested test sequence that can be adjusted as needed:

Add water.

Turn on the impeller.



70 A. L. E. Fattobene

Add urea (if used) or another soluble raw material (except boron-containing).
Add surfactant.

Turn on the chiller.

Add insoluble raw material (turn on the mill immediately after adding 25 kg).

Tip When there is more than one insoluble raw material of very different
input particle size and hardness, add the harder and larger ones first. As the
softer materials grind more quickly, adding them first will cause an anoma-
lous size distribution that will be difficult to correct during the process.

After the addition of all raw materials, let them grind to the desired size (recircu-
lation or multiple-pass will be discussed in Sect. 3.2.1), noting the time for future
analysis and monitoring of the process.

When reaching the specific PSD of the product, measure the density, and start the
product viscosity adjustment step by the addition of thickener.

Tip If there is boron-containing raw material, add it after the end of the
grinding process and before the adjustments.

Sample to quality control to confirm the viscosity, density, pH, and nutrients
content.
Send for filling.

Tip Any grinding after the addition of thickener may deteriorate the product
due to the breakage of its chains. Therefore, avoid any grinding after its addi-
tion. If more grinding is really necessary, carry it out with caution and with
prior tests to ensure stability. However, other solutions, such as batch mixes,
can produce better results if there is space and, mainly, time available.

This is the suggested sequence for the development of the formulation. Obviously,
it can vary with new developments and experiences and as new technologies appear.

It is important to note that the sequence defined here will later be used in the
production process. Therefore, when the production process is dealt with in the next
sections, the predetermined sequence is the one described here.
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3.1.5 Quality Control during the Development Tests

The analyses related to quality control are described in Sect. 3.3. However, the
analyses will be cited on the basis of their importance in the development and in
which phase.

Density, pH, and nutrient content analyses will certify that the formula is bal-
anced and the levels are in accordance with the initial specifications.

The following analyses ensure that stability has been achieved according to the
suspension’s stability tripod:

The first is the analysis of PSD, the second is the viscosity analysis, and finally
the zeta () potential analysis, which is closely linked to the DLVO theory and, by
approximation, connected with the action of the surfactant to predict the stability of
the system. However, the analysis of zeta () potential is still not widespread in
companies, due either to the cost of the equipment or because the technology is not
understood. Therefore, in order to analyze stability in general, aging tests should be
performed.

The aging test alone brings a great deal of information showing what will happen
to the product in the future. But it is also a powerful tool when used in conjunction
with PSD and viscosity measurements because it is possible to understand which of
the variables may be affecting instability.

Except for the analysis of content, PSD, and, eventually, zeta () potential, it is
suggested that analysts in the research and development department carry out the
other analyses to monitor closely any variations during the development of the for-
mulation (mainly the aging test).

It is important to perform a prior cost analysis of the product at this point to
ensure that it is within the market price expectation after the company adds its profit
margin.

Tip A good practice is to repeat all the stability analyses on samples that
have reached 30 days of age, on other batches of raw material, and, if possi-
ble, by another analyst or laboratory operator. If the samples still show stabil-
ity, the robustness of the formulation is attested at the laboratory level.

3.1.6 Compatibility Tests

Compatibility tests are carried out on products that have already undergone advanced
stability tests. The tests are performed using the commercial doses of product in
mixtures that are usually applied in farms. In addition to water and the fertilizer
itself, adjuvants are added to adjust the pH and reduce foam and drift, and usually
herbicide, fungicide, and/or insecticide depending on the time of application.

The procedure is to verify that there will be no incompatibility in these mixtures
that would affect their application.
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A
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Fig. 11 Manganese carbonate suspension in mixture with glyphosate (Roundup Transorb™), at
(a) immediately after addition, (b) a few minutes after addition, and (c) a few hours after addition;
A without Croda’s Atlox PN-100™; and B with Croda’s Atlox PN-100™. Image reproduced by
permission of Croda
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For example, a mixture of manganese and glyphosate is known to be problematic
due to the chelating power of glyphosate, which, when specifically added to manga-
nese carbonate suspensions, can cause incompatibility problems not only with man-
ganese carbonate but with other components of the suspension. Other surfactants
can be used in the fertilizer formula or be added directly to the mixture to eliminate
unwanted reactions. Figure 11 shows the mixture of a MnCO; microsuspension
with glyphosate Roundup™ with and without Croda’s Atlox PN-100™ adjuvant at
three different times:

The difference goes beyond the visible. In a real application, the decanted usu-
ally clogs the filter/sieve or the spray nozzle, requiring the cleaning of the entire
system. After a few attempts and several cleanings, the farmer usually abandons one
of the products in the subsequent mixtures, causing problems with the crop.

This decanted is usually fully agglomerated, and the particle size can reach mil-
limeter size. With the additive, it is possible to see the homogeneity of the mixture
and it is possible to guarantee that the clogging problems mentioned above will
not occur.

So, the function of compatibility tests is, ultimately, to show if there is anything
that needs to be changed in the formulation itself or whether it can be corrected with
the addition of some adjuvant (containing surfactants) at the time of farm tank mix-
ing, to correct any problems that could not be addressed for some reason in the
formulation of the product (space for other chemicals, untested mixtures, changes
in the formulation of the other components of the mixture, and other possible cases).

3.1.7 Scale-Up, Field Trials, and Other Regulatory Processes
After the new product is approved by the quality and compatibility tests, it is time

to increase the scale to ensure product stability at a pre-industrial level with a greater
volume of raw materials and a number of process variables. If there is no equipment
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of intermediate volume, at least one test must be carried out directly with industrial
volumes and all analyses and aging tests performed again before the product is
launched. Often, situations unforeseen in the laboratory environment arise, and it is
necessary to adjust the formulation and/or processes to achieve an effective, high-
quality, and, where possible, low-cost process.

Once approved by all internal processes, it is time for the product to be tested in
the field. Samples are sent to determine dosages and the method of application. The
product will be tested in benchmarking tests against other products from the com-
pany itself and from other companies to ensure its functionality in the real produc-
tion situation of the target crops. This step will not be dealt with in depth in this text
because it is not the focus of the discussion, but it is relevant for the success of the
product in the market.

At this point, it is already possible to request product registration from the
Competent Authorities (if any), start assembly of the artwork for the label according
to the specifications and standards of each country, and perform the product regis-
tration in the internal systems (production, quality control, commercial, supply
chain, and taxation).

If the results of all the steps and analyses are positive, it is possible to proceed
with the commercial launch of the product and, from that moment on, it becomes
part of the production process to be discussed in the following sections.

3.2 Process and Equipment

The process and equipment are as important as all the chemistry involved and
described earlier.

Having a balanced formulation with the right components in the right quantities
alone does not guarantee obtaining a nanofertilizer.

The topics below will discuss the variables, the equipment, their characteristics,
and some physical variables that allow the production of the nanofertilizer.

3.2.1 Wet Grinding Process and Equipment

Wet grinding starts with the dispersion of particles of insoluble materials in water
inside the reactor (the suggested sequence of the main production process was
described in Sect. 3.1.4).

In this step, just as important as the energy input into the system through the
motor, is the guarantee that this energy will be used efficiently in dispersing the raw
material, making the first breakdown, and enabling the action of the surfactant.

The better the homogenization of the raw material in the mixture of water and
surfactant (and other soluble nutrients), the simpler and more efficient the grinding
will be, resulting in a product with stability and superior quality.
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After the mixing process, the product enters the mill, and other variables enter
the scene. The stress energy, the stress intensity, the stress number (or requests), the
effective specific energy, the residence time distribution, the mode of operation
(recirculation or multiple-pass), the type of mill and its characteristics (size, model,
and materials of the chamber, disks, or pins, etc.), and the beads (material, hardness,
and diameter) have a direct influence on the distribution of particle size, product
quality, and process time.

Besides that, as already mentioned in Sect. “Viscosity”, the reduction in particle
size increases the viscosity of the product. In addition, the grinding of a poorly dis-
persed product, in addition to influencing viscosity, significantly changes the quality
of the product, reducing its stability and increasing phase separation.

For that, the two main items of equipment are the reactor and the mill, but addi-
tional equipment will also be necessary, such as a chiller and pumps.

The reactor must have a high level of dispersion in both processes: the addition
of the raw material (which, in the final product, can reach 75-80% solids) and the
addition of the thickener in the final stage of the process.

The mill must be aligned with the volume of the reactor and with the desired
process time, which are closely linked to productivity. It must also be equipped with
disks (or pins) and chambers resistant to the type of fertilizer to be produced and
with a ball set in accordance with the inlet and outlet PSD specifications.

The chiller will be necessary to cool the mill chamber and, if the reactor has a
jacket or external coil, to cool the product in the reactor.

Tip The product must not exceed 50 °C during the dispersion and grinding
process to ensure that components such as surfactants do not degrade (check
the specification of each material to confirm the maximum temperature and
carry out some stability tests to confirm before using them in the formulation).
Furthermore, a high temperature can also damage the mill and the pump
(check temperature specifications for both pieces of equipment).

The pump regulates the flow between the reactor and the mill and the return to
the reactor. This flow will be responsible for the residence time of the product inside
the grinding chamber.

Tip Do not use pumps that cause strong pulsations, such as diaphragm
pumps, to move products to the mill. These pulses cause rapid sieve clogging
by increasing the pressure in the grinding chamber. This pressure increase can
reach the maximum indicated, causing the automatic stop of the equipment by
a safety device to protect the mechanical seal.
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Reactor

The reactors must be designed according to the type of fertilizer to be produced.

It is important to perform tests by companies that specialize in agitation systems
to reach the best working and agitation conditions.

Many variables influence the dispersion of a product inside the reactor, starting
with the ratios between its dimensions, as shown in Fig. 12:

The shape of the reactor’s base also directly influences agitation and must be
chosen in conjunction with the type of impeller. Figure 13 shows the types of reac-
tor bases.
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Fig. 12 An example of a reactor and its dimensions: H,, the total height; H, the useful height; &,
the occupied height; A, the total height of the cylindrical part; /,, the occupied height of the cylin-
drical part; 7, the reactor diameter; a, the height of the ellipsoidal base; b, the height of ellipsoidal
cover; ¢, the deflector spacing; D, the disk diameter; J, the deflector width; W, the disk height; and
N, the direction of rotation. Reproduced with permission of Prof. Dr. Murilo Daniel de Mello
Innocentini
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HAM

Fig. 13 Types of reactor bases. Reproduced with permission of Prof. Dr. Murilo Daniel de Mello
Innocentini

Table 3 Benefits and limitations of the types of reactor bases

1. 2. 3. 4. 5. 6.
Parameter Flat | Inclined | Conical |Hemispherical | Ellipsoidal | Torispherical
Drainage of liquids - + +
Mixture homogeneity | — - + + + +
Pressure resistance - - - + + +
Ease of construction + + + + + +
Stagnant regions - - + + + +
Occupied volume + + + — + +
Fixing of the shaftto |+ - + + + +
the bearing housings
Routing for the + — + + + +
discharge pipe

Table 3 shows the benefits and limitations of each type of reactor base in the total
drainage of liquids, homogeneity of the mixture, pressure resistance, and other
important variables that must be considered during the planning stage.

The diameter and height (in relation to the base of the reactor) of the impeller are
directly related to the diameter and height of the reactor. Figure 14 shows a reactor
where the ratio between height and diameter is near 1 and the ratio is near 1.5.

The massive study to determine the type of impeller used will give the product
more stability and waste less energy. The energy transfer from the motor to disperse
and mix the hydrophobic raw material in the mixture of water and dispersant is
performed by the impeller. Those most used for nanosuspensions are the high-shear
types and their variations. However, there are countless types of impeller and new
technologies appear every day (Fig. 15).

Mill

The modern history of mills began with ball mills, used mainly in the ceramic
industry between 1896 and 1958. The principle of operation is a cylindrical con-
tainer filled with stones, taken from rivers because they were more rounded in
shape, later replaced by ceramic balls of varied sizes but an average of 50-80 mm
in diameter. As a working principle, cranks were initially used, and later, motors
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Fig. 14 (a) Height to diameter ratio 1. (b) Height to diameter ratio 1.5. Reproduced with permis-
sion of Prof. Dr. Murilo Daniel de Mello Innocentini

that rotated the container on its transverse axis. However, these motors could not be
used at very high speed, or the balls were deposited at the bottom of the container
due to inertia and did not perform well. It was then found that the ideal speed for
carrying out the work was such that the balls rose to approximately 70% of the
diameter of the container and descended by gravity, performing the grinding. In this
type of mill, the production was by batch, and at each end of the process, the product
was removed together with the balls and, after separation by sieving, everything
required cleaning before charging with the new product. The balls were inspected
individually and the damaged ones changed. Figure 16 shows a ball mill.

In 1958, with the creation of the Attritor mill, Fig. 17, the size of the balls was
reduced to 5-10 mm and the energy was introduced to the product through an axis
with pins. By reducing the size of the balls, it was possible to attain smaller particle
sizes and thus reduce the grinding time. However, the production of this mill was
still in batches, and the balls were removed with the product and had to be cleaned
with each product change. The inspection was still carried out manually.

In 1963, continuous grinding was introduced. The procedure is very similar to
the Attritor mill, but with the difference of not having to remove the beads after each
production, as shown in Fig. 18. These are added to the grinding chamber and the
product pumped into the bottom of the chamber. At the top of the chamber, there is
a sieve to separate the product from the beads. The size of these beads is in the order
of 6 mm. Grinding is used in other applications such as for chocolate, paints, and
varnishes, among others. Bead sizes smaller than 6 mm have already been tested,
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Fig. 15 Different types of impeller. The last two are high-shear models. Reproduced with permis-
sion of Mauricio Villanova do Amaral
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Fig. 16 Ball mill. Image reproduced permission of Netzsch

but only for research purposes. One of the main limitations of this type of mill is the
inability to apply pressure, as the beads are then dragged to the separation screen
causing overflow.

In 1974, there was a significant change in grinding technology through the cre-
ation of the mechanical seal for mills. Therefore, it was possible to supply energy
through movement inside a pressurized chamber, positioned horizontally. Due to
these two factors, flow rates and productivity have increased considerably. In that
same period, there were already beads of 2-3 mm and glass beads had already been
created. Figure 19 shows two different technologies for horizontal mills:
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Fig. 17 Attritor mill.
Image reproduced by
permission of Netzsch

Fig. 18 Continuous
grinding Attritor mill.
Credit: Image reproduced
by permission of Netzsch

Tip Choose mills with speed adjustment for both pump and shaft. During the
cleaning process, it is important to set the shaft speed as low as possible while
keeping the beads in motion. The speed must neither be so large that the beads
abrade themselves and the internal components of the grinding chamber, nor
so low so that the product remains between and below them due to the differ-
ence in density between the products and water.
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Fig. 19 Horizontal mill. (a) Disc agitator. (b) Pin agitator. Images reproduced by permission
of Netzsch

Between the 1990s and 2000s, detailed refinements to mills made all the difference
to production capacity. The shape of the disks and pins, the sieve that prevents the
beads from leaving, the size and shape of the chamber, and the possibility of passing
coolant inside the shaft were studied. Materials for pins, shaft, and chamber were
developed to confer greater durability to the equipment (Fig. 20).

Figure 21 shows the increase in power per liter (kW/L) supplied to the grinding
chambers of these types of mill with the evolution of the capacity (L) of the cham-
ber. With the increase in the power supplied, the reduction in particle size became
faster and faster, even for smaller grinding chambers, thus accelerating production
processes.

For the movement of the mill shaft that produces the movement of the grinding
media, the disks, and the material to be milled, power is required, which can be
calculated by Eq. 4 (Gupta & Yan, 2016) as developed by Bond. The dimensioning
of the engine, and, obviously, of the mill, is possible due to the following equations:

P,=1341eM, [15.6 oD e (1-0.937 oJB)(l —LH “4)

o(9-102c)

where Py, is the power required by the mill (wet grinding) (HP), M, is the mass
of beads (t), D is the useful inner diameter of the mill chamber (m), J; is the fraction
of ball filling of the mill (—), and @ is the fraction of critical speed (—).

This equation is suitable for mills with a diameter of >2.4 m and for a maximum
bead diameter of 45.7 mm. For beads smaller than 45.7 mm, it is necessary to use a
factor introduced by Bond (Gupta & Yan, 2016), defined as a slurry factor in Eq. 5,
which, in this case, must be subtracted from Eq. 4:

e1.341e M, 5)

azl.lozo(Mj

where Fs is the slurry factor (HP), dyax is the maximum ball diameter (mm), and
M, is the mass of beads (7).
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1

Fig. 20 Evolution of the horizontal mills. (a) Disk agitator. (b) Pin agitator, as shown in Fig. 19.
Image reproduced by permission of Netzsch

Development of Wet Grinding Machinery NETZSCH
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Fig. 21 Increase in power per liter (kW/L) inserted in the grinding chamber for (a) ball mills, (b)
attritors, and (c) agitator bead mills. Image reproduced by permission of Netzsch

For mills with a diameter less than 2.4 m, Eq. 6 (Gupta & Yan, 2016) has been
described in the work by Austin et al.:

13.00D" (@, —0.1)(1-0.937¢ )
(1+5.950.7;)(1+exp[15.7(F. —0.94)])

P, =1341e M, 0107 (6
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where Py, is the power required by the mill (wet grinding) (HP), M, is the mass of
beads (7), D is the useful inner diameter of the mill chamber (m), Jg is the fraction
of ball filling of the mill (—), and @ is the fraction of critical speed (—).

The technological developments mentioned above, the increase in power per liter
(or kg) supplied to the grinding chamber, and the possibility of reducing bead size
to the 0.1-mm range made it possible to produce nanosuspensions.

Until now, beads have been mentioned several times. In the next section, the
specifications of this component, so important for the grinding process, will be
presented.

Beads

As previously mentioned, in the first mills, river stones and then ceramic balls were
used as grinding media. Subsequently, glass, steel, aluminum, and a multitude of
other beads appeared for use as grinding media depending on the application. In
better-quality fertilizer suspensions, zirconium silicate and zirconium oxide (ZrO,)
beads are used. The latter is used for nanosuspensions because it offers greater hard-
ness and less wear compared to other beads. They can be stabilized with yttrium
(Y-ZrO,) or cerium (Ce-ZrO,), with the yttrium beads being slightly more durable.
The ZrO, beads have sizes of 0.1-30 mm. For fertilizer microsuspensions, sizes of
0.8-1.2 mm are commonly used, and for fertilizer nanosuspensions, sizes of
0.1-0.3 mm, as shown in Fig. 22.

Regarding the bead diameter, according to the manufacturers’ data, it is impor-
tant that they are in the order of 20 times the d97-value (largest size reached by 97%
of the volume of particles) of the input particles (raw material or fertilizer in pro-
cess). The d50-value (largest size reached by 50% of the particle volume) attainable
is in the order of 1/1000 of the diameter of the grinding beads. Therefore, two or
more sets of beads of different sizes are usually required to reduce the particle size
to nanometric sizes.

Equation 7 (Gupta & Yan, 2016) is used to calculate the mass of beads to be
added to the mill:

D2
My =" L, (1-9) )

where My is the mass of beads (7), D is the useful inner diameter of the mill
chamber (m), J; is the fraction of ball filling of the mill (=), L is the mill length (m),
P 1s the bead density or specific gravity (kg/m?), and ¢ is the porosity of the grind-
ing media at rest (usually 35-40%) (—).

Now that the beads have been defined and their mass calculated, it is time to add
them to the mill chamber. In addition to the beads, other variables act within the
chamber and are responsible for grinding. That is the subject of the following
sections.
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Fig. 22 (a) 0.8-1.0-mm ZrO, beads and (b) 0.1-mm ZrO, beads

The Stress Energy of the Grinding Beads and the Stress Intensity
on the Particles

Each collision between two beads with one or more agglomerates or particles is
called a stress event. Each of these collisions transfers kinetic energy from the beads
to the agglomerates or particles. This energy is called the stress energy and is pro-
portional to the stress energy of the beads (Kwade & Schwede, 2007). This energy
obviously comes from the mill through tangential velocity (v,) and the beads them-
selves, through their density (pg;) and diameter (dgg), as shown in Eq. 8:

SE oc SE y =d y Popv? (8

where SE is the stress energy (J), SEgg is the stress energy of grinding beads (J),
dgg 1s the diameter of grinding beads (m), pgg is the density of grinding beads (kg/
m?), and v, is the tangential velocity (m/s).

Following the example of two beads that collide, as mentioned above, with a
specific grinding energy (explained in the next section) capable of de-agglomerating
or, in the case of the particle, breaking it, means that the energy is effectively trans-
ferred to the agglomerate or particle. The measure of how effective this transferred
energy is in reducing particle size and product quality is called stress intensity
(Kwade & Schwede, 2007).

While the stress energy of the grinding beads is constant throughout the grinding
process, as it depends only on the tangential speed, diameter, and density of the
grinding beads, the stress intensities on the particles vary according to the grinding
time due to the reduction of their sizes (Kwade & Schwede, 2007).
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The Number of Stress Events

The number of stress events, or stress number (SN), Eq. 9, is directly linked to the
reduction in PSD. It is defined as the product of the number of shocks between
beads, the probability of effective shock with a particle or agglomerate, and by the
number of agglomerates/particles that can be dis-aggregated/broken (Kwade &
Schwede, 2007):

N,-P
SN =2 s 9
N ©)

p

where SN is the stress number (—), N, is the number of bead contacts (—), P, is the
probability that a particle is caught and sufficiently stressed when contacted by a
bead (—), and N, is the number of the particles to be caught inside the mill (—).

There is a relationship between the SN and the ratio of the particle size to the
grinding media size, the grinding time, and the rotational speed of the mill axis
when the input flow and the solids’ concentration are constant, as shown by Eq. 10.
This is the called reduced stress number (SNV,) (Kwade & Schwede, 2007):

2
SN o SN, = m(ij (10)

GB

where SN is the stress number (=), SN, is the reduced stress number (—), n is the
rotational speed of the mill axis (s™!), 7 is the grinding time (s), and x/dgg is the ratio
between particle size and grinding media size (—).

The stress energy of the grinding beads and the total SN are parameters in the
calculation of the specific effective energy, which is the parameter that directly
influences particle size, as can be seen below.

The Specific Grinding Energy

Specific grinding energy can be defined as the energy introduced into the grinding
chamber (Kwade & Schwede, 2007).

An important decision must be made during development, but it has its implica-
tions here. What is the best grinding strategy to choose? Single-pass, multiple-pass,
or recirculation? Figure 23 shows a scheme of these modes of operation:

The mode of operation (single-pass, multiple-pass, and recirculation) and hence
the specific energy input affects the residence time (discussed in the next section)
and, as a result, the particle size (as shown in Fig. 24) and the width of the PSD.

Figure 24 above shows a specific example and should be considered carefully. In
this specific case, for the same flow, the multiple-pass shows an advantage over
recirculation until the fifteenth pass, where the d95-values are equal. Several points
affect this choice between multiple-pass and recirculation modes, such as the avail-
ability of reactors, for example. A study can be carried out to compare recirculation
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Pump

Fig. 23 Scheme demonstrating the modes of operation: (a) single-pass mode, (b) multiple-pass
mode, and (c¢) recirculation

ZETA System
Single Pass, Multiple Pass and Recirculating Modes of Operation
Indicating the effect of the power inputand mode of operation
on the particle size distribution
—=— - Single pass through mill at specific flow rates
—=— - Recirculating operation at 600 Kilograms per hour mass flow rate
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Fig. 24 Effect of the mode of operation and the specific grinding energy on the particle size (d95)
(Way, 1997). Reprinted/adapted by permission from [Springer Nature Customer Service Centre
GmbH]: [Springer Nature] [Particle size reduction of pigments using a small media mill] by
[H. W. Way] [© Chapman & Hall] (1997)

at maximum flow to the multiple-pass at median flow. This makes sense because in
the recirculation mode the particles must pass through the grinding chamber many
times (with a shorter residence time) and in multiple-pass the idea is that the parti-
cles pass a few times, reducing the process time but with a longer residence time.

To support the decision, it is possible to calculate the specific grinding energy
(E,) for each type of process (recirculation: Eq. 11, or multiple-pass: Eq. 12):

(Ry =R )i S
E = j— for recirculation (11)
0 Mg
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where E,, is the specific grinding energy (J/kg), ¢ is the grinding time (s), P is the
power draw of the motor (W), P, is the no-load power (W), and ms is the mass flow
rate of the product (kg/h).

n P _ P .
E, =Y -0 formultiple - pass (12)
=1 Mg

where E,, is the specific grinding energy (J/kg), n is the number of passes (—),
Py, is the power draw at stationary operation (W), P, is the no-load power (W), and
mgs 1s the mass flow rate of the product (kg/h).

Pay attention that for recirculation the specific grinding energy is calculated for
the entire grinding time, while for multiple-pass the energies of each pass are added.

The effective specific energy (Es,) is proportional to the product of the stress
energy of the grinding beads SEgy, the ratio of the overall number of stress events
SN,» and the stressed overall mass of the product mys, as shown in Eq. 13 (Kwade
& Schwede, 2007):

SN, tot
m

E,, o< SEg,, - (13)

FS

where E, is the effective specific energy (J/kg), SEgy is the stress energy of grind-
ing beads (J), SN, is the overall number of stress events (—), and ms is the stressed
overall mass of the product (kg).

As seen above, this energy is responsible for the reduction in particle size and,
depending on process mode, for the width of the PSD. Because of this, it is the most
important parameter while scaling-up the production process.

The Residence Time Distribution

Residence time can be defined as the time that the product and, of course, the
agglomerates or particles remain inside the mill for the entire grinding time.

In continuous-flow mills, even considering the internal turbulence promoted by
the disks/pins and beads, there will be a speed gradient according to the Poiseuille
flow. This gradient will cause a distribution in the residence time and also in the
number of requests, following the same pattern as the displacement of the product.

Eq. 14 is used for the mean residence time (7 ) calculation for recirculation and
multiple-pass process (Kwade & Schwede, 2007):

f~t Yoc-Vou (14)
VSusp
where 7 is the mean residence time (s), 7 is the grinding time (s), Ve is the
grinding chamber volume (m?), Vg, is the overall solid volume (m?), and V,, is the
suspension volume (m?).
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When the residence time, the intensity, and the SN are the same in two or more
processes with the same material and input particle size, the result of the distribution
of particle sizes in the final product will be the same.

These four last sections demonstrate, without going into too much detail, what
happens inside the grinding chamber and what are the energies and variables
involved. The next section will present another strategy for nanometric raw
materials.

3.2.2 Dry Nanoscale Raw Materials

It is possible to source raw materials already pre-ground or manufactured via any of
the bottom-up or top-down processes and of nanometer size. However, when mixed
with the components to form a concentrated suspension and analyzed by DLS
(dynamic light scattering), parameters such as d50 and d90 often appear at the
micron scale.

The primary particles are actually on the nanometer scale but agglomerated. In
this way, even the strong agitation of a reactor cannot perform de-agglomeration,
and high-energy grinding is necessary.

The grinding time is generally considerably shorter, but, as a disadvantage, the
level of difficulty in stabilizing these suspended raw materials when compared to
the process with normal raw materials is much higher due to the high level of set-
tling and re-agglomeration.

The costs of nanosuspensions must be considered because raw materials have
both an effectively higher price and more complex molecules (and with a higher
price) that need to be stabilized.

Therefore, a study must be carried out for each case, analyzing the gains, bene-
fits, losses, and disadvantages of each process.

3.3 Quality Control

Quality control is an extremely important area in the production of a
nanosuspension.

Before (raw material analysis), during, and after manufacture, samples will be
taken to check various product parameters such as pH, electrical conductivity, den-
sity, viscosity, PSD, and element content (nutrients and contaminants).

The point of collection of these samples must be studied for each product and for
each analysis mentioned above, thus ensuring stability and compliance with the
product specifications.

While the analysis of content, pH, electrical conductivity, and density apply to all
fertilizers, viscosity and PSD are specific to concentrated suspensions, including
nanosuspensions.
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3.3.1 Process Analysis

There are some parameters that are analyzed during the production process. At this
stage of the process, practically all the parameters analyzed can be corrected with-
out major consequences for the final product, obviously with all the necessary atten-
tion and care. The analyses of these parameters are described below without further
details, which can, if necessary, be found in analytical manuals.

Particle Size Distribution

The measurement of PSD is performed by different forms of equipment and meth-
odology. For nanosuspensions, the two most common are DLS and the measure-
ment of size by scanning electron microscopy (SEM).

For DLS, the most used equipment has its own software installed that can pro-
vide the graph (Fig. 25) and the compiled information that can be customized
depending on the user’s needs.

There is also software that comes with SEM equipment. However, it is custom-
ary to use external image software, such as Image]™ (Abramoff et al., 2004)
(Fig. 26).

For each measurement in the image, the information is sent to a database that can
be exported to any spreadsheet software for analysis (Fig. 27).

Viscosity
As with the PSD, there are several methods and types of equipment for measuring

viscosity. In industry, dynamic viscosity reading is more common. However, more
important than the result is to maintain the same conditions and method for the
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Fig. 25 ZnO microsuspension PSD by DLS
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Fig. 26 Zinc oxide
nanosuspension
micrographs: (a)
magnification 300 KX; (b)
measured micrography
with magnification 100 KX

different samples. The viscosity is influenced by the temperature and time of the rest
of the sample, the measuring equipment, the rotation, and the size of the spindle, if
there is one. So, it is easy to understand that without a well-described and carefully
followed method, the information may be lost due to the instability of the product.

Tip Determine equipment, method, and conditions in product development
and implement in quality control. In this way, the particle size and viscosity
distribution information for the different batches will be consistent with
the tests.

pH

For nanosuspensions, pHs are usually alkaline (8—12), with the exception of molyb-
denum trioxide products (2-3). In general, it is not necessary to change the pH of
the final product. However, pH plays a role in achieving better stability because it
directly affects the zeta ({) potential.
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Fig. 27 Particle size distribution resulting from the analysis of Fig. 26b
Density

There are several methods for determining density. The most common are the den-
simeter and the pycnometer. The density of nanosuspensions ranges from 1.0 to
2.0 g/cm?, depending on the solid concentration and if the medium is water.

3.3.2 Final Analyses

These analyses show us if the product is within the standards pre-established by the
R&D and agronomic areas of quality control and certify that the fertilizer is ready
to be sold.

Small adjustments can still be made in the formulations, but if the process is car-
ried out according to the production order with the raw materials specified, as a rule
no adjustment is necessary, and the product is released for packaging.

In case of any problems or if major adjustments are required, whether in nutrient
content, viscosity, density, or even in particle size, a study is needed to determine
which path to follow in reprocessing the batch showing the variation.

Tip The most common methods of reprocessing are mixing two batches
(50/50) to form a new one, mixing a percentage (1-30% by weight) of the
batch out of specification with several new batches, or by adjusting the batch
itself depending on the parameter that is out of specification in this sequence.
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Nutrient Content

For nutrient content, the most common analyses are by X-ray fluorescence, atomic
absorption spectrometry (AAS), and optical emission spectrometry (ICP-OES),
which encompass most of the nutrients (Ca, Mg, S, Co, Cu, Fe, Mn, Mo, Ni, and
Zn) and contaminants (As, Cd, Cr, Hg, and Pb). For B and P (P,0Os), digital spec-
trometry can be used, for K (K,0), flame photometry, and for N, the Kjeldahl
method. Boron, P, and K can be determined by ICP-OES so long as adjustments are
made to the methodologies.

Tip The methods mentioned here are the most common to fertilizers, but
they are not the only ones and can vary from country to country. The idea is
not to discuss them here. Many countries publish a manual of official methods
for these analyses.

Most companies allow the product to be packed at that point if the above-mentioned
sample analyses show conformation with the specifications.

Zeta () Potential

Zeta (§) potential is a measure that can revolutionize fertilizer stability testing.
Current equipment is fast and accurate and can work with or without pH variation.

According to Hunter (1981), the zeta ({) potential is the measure of the average
electrostatic potentials that occur on the shear surface, as can be seen in Fig. 28.

The analysis is able to revolutionize stability testing. Today, many companies use
only the aging test, which works very well in determining which formulation is best
or whether a formulation produced will show poor stability. However, aging tests
can take up to 90 days, which, when finding a production or process issue and taking
a decision, or waiting to check whether the formula is stable during the development
period, is a long time.

The zeta (C) potential test takes a few minutes to carry out, and analysis allows
you to know whether the formulation is initially unstable.

The analysis of the zeta () potential does not exclude the aging test; they are
complementary analyses (Larsson et al., 2012). Therefore, even if a formulation
was stable by the zeta ({) potential test, it is important to perform the aging test to
make sure that it is stable.

Two gains are instantaneous with the adoption of zeta ({) potential analysis: gain
of space by reducing the quantity of sample required (mainly in the development)
and gain of time for decision-making.

Samples with zeta ({) potential of less than —30 mV and greater than +30 mV are
considered stable. Values between —30 mV and +30 mV are considered to indicate
instability, and the formulations tend to agglomerate, flocculate, or coagulate (Lin
etal., 2014).
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Fig. 28 Schematic of zeta ({) potential showing the surface charge, surface potential, and Stern
potential

Aging Test

The most common methods used for aging tests are to subject the samples to cold
and/or heat (FAO and WHO, 2016).

For cold, a refrigerator with temperatures of 4-8 °C is normally used.

For high temperatures, laboratory ovens are usually used at 42-44 °C, where
30 days are equivalent to 1 year, or 54 °C, where 15 days are equivalent to 1 year.

Tip At the beginning of product development, one should perform tests at
both temperatures and room temperature. The test at 54 °C is faster and saves
the company and the team a great deal of time. But, depending on the compo-
nents of the formulation, it may not be a true indication of what will happen
with the product over a year.

Figure 29 shows an oven running aging tests on several trials of various fertilizers.
It is possible to see some phase separation.

Micro- and nanosuspensions in general behave very well at low temperatures and do
not present any problems. On the other hand, they are more sensitive to heat because
the higher temperatures cause an increase in the average kinetic energy of the
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Fig. 29 Oven with
products during an
aging test

particles and the number of shocks between them. The increasing number of shocks
and, consequently, of effective shocks will multiply the probability of aggregation
as predicted by the DLVO theory. Hence, it causes a rise in the PSD and destabilizes
the suspension if the formulation is not stable.

The elevated temperature can also destabilize or denature the surfactant or
destroy the networks formed by the thickener, generating destabilization of the
formulation.

Tip At the beginning of a factory operation, a process, or a new product, it is
suggested to perform an aging test of all batches in order to verify possible
unforeseen variations due to differences in scale or between batches of raw
material or process variations.
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Fig. 30 (a) Stable zinc-based product at 0, 30, 60, and 90 days at 42-44 °C; (b) unstable zinc-
based product at 0, 30, 60, and 90 days at 42—44 °C. Photo by Daiane Aparecida Marino

Figure 30 shows a stable and an unstable nanosuspension fertilizer. While the stable
product remains homogeneous during the 90 days of the test, the unstable product
settles over time. It is not possible to see in the image, but generally, together with
this decantation, the agglomeration becomes so strong that it is impossible to resus-
pend the product again, even under strong agitation.

It is also possible to observe changes in the product color, crystallization, viscosity
increase, changes in pH, changes in packaging (stuffing, wilting, incompatibility),
formation or release of gases, oxidation, reduction, and a range of other problems
intrinsic to the formulation.

The results of these tests will be important in collecting information for the areas
of production and R&D for possible future changes in the formulation of a product
or even for eventual reprocessing or recall decisions.

The aging test is part of this phase of the production because it must be applied
to the final samples following the procedures described in the manuals of the quality
control area (all batches, one batch a day, two batches per week, one batch per
month). It is obviously neither possible nor necessary to keep the products in quar-
antine for 90 days waiting for the end of the aging test.

If a sample of one or more batches shows a nonconformity, the areas of produc-
tion, quality control, and commercial and R&D should jointly define the actions to
be taken to mitigate the problem and initiate the procedures to determine the cause
and prevent its re-occurrence.

3.4 Filling

After all quality control approvals, the nanosuspension is ready to be packed.
Suspensions are usually packaged in volumes of 1, 5, and 20 L. In some countries,
however, there are weight restrictions in regulations and/or laws. The most common
packages are of HDPE, as shown in Fig. 31.
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Fig. 31 The 20-, 5-, and
1-L HDPE packing. Photo
by Daiane Aparecida
Marino

Filling can take place manually or on several types of machines ranging from
semi-automatic to fully automated. Fig. 32 shows a 5-L semi-automatic machine (it
can also fill 20 L by performing a setup).

Of course, the machines and the level of automation will depend largely on the
volume and level of investment desired for the industrial plant.

Figure 33 shows a 1-L automatic rotating machine.

It is of utmost importance that the packages are of sufficient weight to support
the products, considering the densities mentioned in this chapter. Packaging suppli-
ers can not only support manufacturers but also perform packaging performance
tests with each of the developed nanosuspensions.

Packaging tests must also be performed to determine the maximum stack-
ing height.

Compatibility tests between the nanosuspensions and the packaging must be car-
ried out in order to avoid dryness, leakage, or collapse of the packaging during the
validity of the product (in the case of virgin HDPE packaging, problems of this type
are very rare).

Another area that requires testing is the caps. Some nanosuspensions, depending
on their formulation (those containing a significant amount of urea, for example),
can release gases during the period of validity, even without affecting nutrient con-
centrations or product stability. In this case, a vented cap should be used, as shown
in Fig. 34.

If there are no problems with gas release, it may be a good idea to seal the pack-
age, as shown in Fig. 35.

3.4.1 Nanosuspo-Emulsions and Nanoemulsions

Nanosuspo-emulsions and nanoemulsions must ultimately follow the same devel-
opment steps and have, for the most part, the same components (surfactants, nutri-
ents, other additives, and, eventually, thickener) as the concentrated suspension with
specific characteristics.
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Fig. 32 Filling machine
for 5-L packages during
the process

Fig. 33 Rotative filling
machine for 1-L packages.
Photo by Clelio Verissimo
de Almeida Veras

These formulas can be prepared from water-in-oil (w/o) or oil-in-water (o/w)
emulsions, the choice of which completely changes the characteristics of the formu-
lation, especially with regard to surfactants. It also drastically changes the method
of use, depending on the organic phase and the additives used. This phase can be
both beneficial and harmful for the mixture and for the plant that will receive the
application.
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Fig. 34 Two different
vented caps

Fig. 35 Magnetic
induction-sealed packaging

The production processes for nanosuspo-emulsions and emulsions are very simi-
lar. High shear is required during agitation in the reactor to ensure that the surfactant
is able to reach the particles (suspo-emulsions) and drops (emulsions) to form a
stable colloid.

In the case of nanosuspo-emulsions, the particles will already be of nanometric
size, but for nanoemulsions a high shear will be vital for reducing the size of the
drops of the insoluble liquid in the medium (Fig. 36).

Today, the focus of these fertilizers is still the slow release of nutrients and sub-
stances of interest (Mala et al., 2017). However, this technology may be increas-
ingly widespread, making the absorption and delivery of nutrients more efficient.
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Fig. 36 Illustration of an oil-in-water suspo-emulsion. Image reproduced by permission of Croda

4 Final Discussion

The path toward nanofertilizers is still long. There is much to be researched and
discussed. Better and cheaper processes are necessary, as well as formulations that
are more stable and safer for the environment and consumers. Additionally, exten-
sive compatibility tests must be carried out.

According to the statistics of the UN World Population Prospects 2019, the
world’s population will be approximately 9.7 billion people in 2050 (UN, 2019).
There will be 2 billion (26%) more people in 30 years—people who will consume
natural resources, energy, and, mainly, food and water. On the other hand, agricul-
tural land covers 4.8 billion ha in the world. About 32.6% of the total (1.56 billion
ha) is productive agricultural land (land under permanent crops and arable land)
(FAO, 2018; IFA, 2021). However, this area is not evenly distributed around the
world, with almost 90% of the remaining area in sub-Saharan Africa and South
America (FAO, 2003).

As in other areas of knowledge, such as technology, nanoparticles have been
revolutionized and have brought many benefits to the consumer. It is necessary that
academies and companies join forces in these revolutions to reach agriculture, bring
greater productivity, and make food richer in relation to nutrients, vitamins, and
other compounds of market and consumer interest.

But not only that, new and intelligent ways of applying these products will be
necessary so that all the technology incorporated in the product does not literally
fall to the ground (with the exception of soil fertilizer). Will dosages reduce? How
will one nutrient influence the absorption of others? Will they follow the same stan-
dards found today (Aref, 2011; de Oliveira Aradjo et al., 2018)? How to align new
technologies (and how they will behave) with climate change? What about the sus-
tainability challenge and the safety of the environment?

Last but not least, it is necessary to give quality information to farmers. They
receive and seek information through different media, but this is often of dubious
quality or without any support from science.
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The most expensive product may not be the best, just as the cheapest is usually
not. But more important than the price is knowing how to use each product to get
the most out of it, whether cheap or expensive. Which technology is involved in
each product? What is the final efficiency of each one? Which will affect productiv-
ity and food quality? Information is the word.

In short, the route to feeding and nourishing the world is being followed, but it is
necessary to stay focused on new technologies to increase the unit of food produced
per unit of land to support population growth, health, nutrition, and environmental
security (FAO, 2003).
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Abstract Nanotechnology has significant potential to improve seed performance.
In recent years, several studies have been published on the application of nanopar-
ticles in seeds. The effects of nanomaterials on seed germination and seedling vigor
have been assessed in different plant species. The modulation of reactive oxygen
species, enhancement of a-amylase activity and starch metabolism, effect on
drought resistance, effects on photosynthetic pigments and photosynthesis of seed-
lings, and inhibitory activity against microorganisms have been investigated. This
chapter highlights basic aspects related to the physiology of seed germination,
which is very important to understand the effects of nanomaterials on seed perfor-
mance. The types of treatments used for the application of nanoparticles in seeds
and the factors related to the efficiency of treatments are also covered. Approaches
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Keywords Nanomaterials - Seed germination - Seed vigor - Seed treatment -
Seed priming

F. G. Gomes-Junior (<) - L. A. Rohr
University of Sdo Paulo - Luiz de Queiroz College of Agriculture, Piracicaba, SP, Brazil
e-mail: franciscol @usp.br

F. A. Henning
Brazilian Agricultural Research Corporation - Embrapa Soybean, Londrina, PR, Brazil

© The Author(s), under exclusive license to Springer Nature 103
Switzerland AG 2022

L. Fernandes Fraceto et al. (eds.), Inorganic Nanopesticides and Nanofertilizers,
https://doi.org/10.1007/978-3-030-94155-0_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-94155-0_3&domain=pdf
https://doi.org/10.1007/978-3-030-94155-0_3#DOI
mailto:francisco1@usp.br

104 F. G. Gomes-Junior et al.
1 Introduction

The establishment of production fields for most cultivated species is usually carried
out using seeds, corresponding to about 80% of the economically exploited species.
The successful implantation of crops in the field is conditioned to the use of high-
quality seeds. Seed quality is conceptualized as a set of characteristics that deter-
mine its value for sowing, bringing together the genetic, physical, physiological,
and health attributes. However, seedling emergence in the field after sowing is not
always satisfactory and may vary depending on environmental conditions (biotic
and abiotic factors) and aspects related to the physiological potential of the seeds
used. The high performance in the establishment of an agricultural field is deter-
mined by the rapid and uniform seed germination and seedling emergence, which is
directly related to the ability to mobilize and assimilate the reserves stored in the
seeds to the growing points of the embryo; this process, which is coordinated by the
action of specific enzymes, varies with the level of seed deterioration. In this sense,
procedures that can improve the germinative performance of seeds are often recom-
mended. Currently, agricultural usage of nanoparticles is an attractive area of inter-
est. The use of nanotechnology in agriculture has been identified as a promising
solution and capable of guiding a new era of agricultural production. In seed tech-
nology, nanotechnology can be exploited to improve the performance of seeds after
harvest. Several research studies have been conducted using different types of
nanoparticles and showing their effects (positive or negative) on the germinative
performance of seeds. This chapter addresses aspects related to the application of
nanoparticles in seeds and their effects on germination and seedling growth, also
considering some factors associated with the efficiency of this treatment.

2 Seed Germination Process: Three-Phase Pattern
of Water Uptake

Many of the effects of nanoparticles applied to seeds have been associated with the
physiology of seed germination. For example, in tomato seeds carbon nanotubes
can penetrate the seed coat and support water uptake (Khodakovskaya et al., 2009).
Among other effects are those associated with the modulation of reactive oxygen
species (ROS), enhancement of a-amylase activity and starch metabolism, and
inhibitory activity against microorganisms. In this sense, for a better understanding
of the effects of nanomaterials on seed performance, it is considered very important
to know how the germination process occurs, which is characterized based on the
water uptake by the seeds. The process of water uptake by seeds (with permeable
seed coats) has a three-phase pattern, as proposed by Bewley and Black (1983) and
shown in Fig. 1. Initially, rapid imbibition occurs because of the water potential
gradient between the dry seed and external environment (Phase I). The initial rate of
imbibition is determined primarily by seed coat permeability, seed/substrate contact
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Fig.1 Three-phase pattern of water uptake by seeds during germination (adapted from Bewley &
Black, 1983). Hydration of seeds during germination shows three distinct phases, namely rapid
hydration (imbibition; Phase I), a lag phase (Phase II), and a steady hydration phase (embryo elon-
gation; Phase III), in accordance with the kinetics of water uptake

area, the hydraulic conductivity of the soil or substrate medium, and chemical com-
position of the seed (Copeland & McDonald, 2001; Marcos-Filho, 2016). At first,
after the beginning of water entry, the mechanisms for repairing damage accumu-
lated during maturation, drying, and storage of the seeds are activated, including the
restructuring of the membrane system, disorganized with drying at the end of matu-
ration (Marcos-Filho, 2016). In Phase I also begin the respiration and digestion of
the reserves stored in the seed. Simultaneously, the metabolic activity of the seed is
restored, which characterizes the beginning of the germination process. This stage
is followed by a period of limited water absorption (Phase II) and is the final stage
for dead seeds. Phase II is characterized by activities that are part of the preparatory
biochemical process (or growth induction) and is necessary for the synthesis of
enzymes, DNA, and pre-existing mRNA, consumed during Phase I (Marcos-Filho,
2016). During Phase II (also considered plateau phase), there is an increase in respi-
ratory activity (anaerobiosis), enzyme activity (in response to hormonal activity),
organelle activity, and protein synthesis. The reserve substances (proteins, carbohy-
drates, and lipids) present in the tissues of the seeds (endosperm or cotyledons) are
decomposed, and the soluble products of this process are translocated to the grow-
ing points of the embryo (Copeland & McDonald, 2001; Marcos-Filho, 2016).
Generally, enzymes that break down carbohydrates, lipids, proteins, and phosphorus-
containing compounds are the first to be activated during Phase II (Copeland &
McDonald, 2001). The plateau phase of the imbibition can be considered the period
of germination sensu strictu, which is terminated by the initial growth (Bewley &
Black, 1983). Thus, the assimilation of the digested and translocated products,
marking the transition between Phases II and III of the imbibition, creates
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conditions for the resumption of embryo growth, constituting the visible sign of
germination that, in reality, represents its end with the protrusion of the primary
root, characterizing the beginning of Phase III (Marcos-Filho, 2016). The protrusion
of the primary root through the seed coat is initiated by cell elongation, followed by
cell division in most seeds. The root becomes functional during this phase and is
responsible for the increased water uptake noted in Phase III (Copeland &
McDonald, 2001).

3 Strategies for Application of Nanoparticles in Seeds

One of the relevant aspects to be considered in evaluating the effects of nanoparti-
cles on the germinative performance of seeds is related to the procedure for apply-
ing these products to seeds. Nanoparticles are materials that have dimensions
between 1 and 100 nm (Astm E2456 — 06, 2012). Nanoparticles can be synthesized
by physical, chemical, or biological processes and have different types of classifica-
tion. Based on physical and chemical characteristics, nanoparticles can be divided
into carbon, metal, polymers, semiconductor, ceramics, and lipids (Khan et al.,
2017). Nanomaterials can also be grouped into the following categories: carbon-
based (single-walled (SWCNTs), double-walled (DWCNTSs) or multi-walled car-
bon nanotubes (MWCNTs)), metallic (gold, silver, aluminum), metal oxides (ZnO,
CuO, TiO,, Fe,0;, Si0O,, etc.), quantum dots (QDs), dendrimers and liposomes, and
nanogels (Sanzari et al., 2019).

Depending on the type of treatment used, nanoparticles can be more or less
absorbed by the tissues of the seeds and require specific care after treatment, such
as drying and appropriated storage conditions. In this sense, based on the reviewed
literature, three types of treatments have been frequently used for the application of
nanoparticles in seeds: seed priming, seed soaking, and seed coating (Fig. 2). Seed

Seed Seed priming Seed coating Seed soaking
Coating .
6% .=-'.‘..t| . Y .==.....“.
'.' i ...
..'. 9 .:I.l . 5
23 deannile %k ‘l‘ 2332020 000"
] i
s, wmp LS
Drying Storage Sowing

Fig. 2 Percentage of the research papers using soaking, priming, and coating for application of
nanomaterials in seeds based on 46 works in the reviewed literature (on the left) and representative
scheme of the procedure for each treatment (on the right)
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priming treatments involve the germination synchronization by activating the
metabolism of individual seeds, which usually present different physiological
potentials, seeking to reach a uniform level and as close as possible to the protrusion
stage of the primary root via controlled hydration (Marcos-Filho, 2016). Sowing in
the field normally is carried out after drying the treated seeds, followed by storage
until the appropriate time for sowing. Seed soaking treatments involve the direct
immersion of the seeds in the water or solution, but without any control of the seed
hydration. However, in this type of treatment, the very fast hydration may favor the
occurrence of injuries during the imbibition of the seeds (cellular damage). In addi-
tion, the lack of hydration control, the uneven distribution of water in the seeds, and
restriction to aeration can affect the reliability of the results. Seed coating includes
the technique of applying materials to coat the seed surface. This type of treatment
is more commonly used in the seed industry, with the application of different prod-
ucts such as fungicides, insecticides, micronutrients, germination promoters, growth
regulators, and symbiotic microorganisms. For both seed priming and seed soaking,
the nanomaterials can penetrate into seeds’ tissues, whereas in seed coating this
does not normally occur (Fig. 2). Seed priming and seed coating have the advantage
of allowing seed storage after treatment, unlike seed soaking that requires immedi-
ate sowing (De La Torre-Roche et al., 2020).

Most of the treatments applied to investigate the effects of nanomaterials on seed
performance have been based on seed soaking (Fig. 2), in concentrations of nanopar-
ticle dispersions or suspensions and seed imbibition on moistened germination
paper with nanoparticle solution. However, some researchers have also evaluated
the effects of nanoparticles applied via seed coating (Siddaiah et al., 2018; Montanha
et al.,, 2020) or as polymers (Chookhongkha et al., 2012). For example,
Janmohammadi and Sabaghnia (2015) evaluated sunflower (Helianthus annuus L.)
seeds after soaking in solutions containing different concentrations of nano-silicon
0.2,0.4,0.6,0.8, 1, and 1.2 mM) for 8 h. Likewise, wheat (Triticum aestivum L.)
seeds were soaked in different concentrations (1, 5, 10, 50, and 100 pg mL™") of
chitosan nanoparticles (Li et al., 2019). Regarding the seed imbibition on moistened
germination paper, Azimi et al. (2014) investigated the effect of SiO, nanoparticles
on tall wheatgrass (Agropyron elongatum L.) seeds. In addition, nanoparticles of
chitosan polymer solution dissolved with 0.5% v/v acetic acid were applied as a
coating substance on chilli seeds at 20 and 100 ppm (Chookhongkha et al., 2012).
Chitosan nanoparticles were also applied as seed coating treatment in pearl millet
(Pennisetum glaucum L.) using concentrations of 50, 100, 250, and 500 mg of low-
molecular-weight chitosan per 100 mL of solution, and this solution was treated at
the rate of 100 mL kg~ of seed (Siddaiah et al., 2018). In soybean seeds, Montanha
et al. (2020) emulated the procedures carried out by farmers and seed treatment
industry (seed coating) in a study of the application of zinc oxide nanoparticles
(ZnO NPs).
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4 Purposes of Seed Treatments with Nanoparticles

Research studies conducted using nanoparticles in seeds have been developed with
different objectives such as efficacy on pathogen control, effect on drought resis-
tance, and effects on photosynthetic pigments and photosynthesis of seedlings.
However, most of the research works have been carried out to evaluate the direct
effects of nanomaterials on germination and vigor (Fig. 3). For example, Azimi
et al. (2014) investigated the effects of SiO, nanosized concentrations (0, 5, 20, 40,
60, and 80 mg L') and three seed prechilling treatments (control, seed prechilling
before nano SiO, treatments, treatments of seed with nano SiO, before prechilling)
on germination and seedling growth of tall wheatgrass (Agropyron elongatum L.).
Similarly, Almutairi and Alharbi (2015) examined the effect of silver nanoparticles
(AgNPs) dosage on seed germination and seedling growth of three plant species:
maize (Zea mays L.), watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai],
and zucchini (Cucurbita pepo L.). Likewise, Duran et al. (2018) evaluated the effect
of bare and poly(ethylene glycol)-coated Fe;O, nanoparticles on the germination
and seedling development of common bean (Phaseolus vulgaris L.). On the other
hand, Dehkourdi and Mosavi (2013), besides evaluating the effect of different con-
centrations of anatase nanoparticles (nano-TiO,) on germination and vigor param-
eters of parsley [Petroselinum crispum (Mill.) Nym.] seeds (percentage of
germination, germination rate index, root and shoot length, fresh weight of seed-
lings and vigor index), investigated the influence of the nano-TiO, treatment on
chlorophyll content of seedlings. However, other applications have been given to

m Efficacy on pathogen control

u Effects on germination and vigor
parameters

m Effect on drought resistance

1 Effect on photosynthetic pigments
and photosynthesis

H Effects on cytology, morphology
and anatomy

u Effects on yield

M Effects on fruit quality

W Effects on plant rhizosphere

M Uptake, transport and accumulation

M Other

Fig. 3 Percentage of the research studies using nanomaterials in seeds according to the objective
of the study, based on 46 works in the reviewed literature
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the seed treatment using nanoparticles. Taran et al. (2014), as an example, investi-
gated the effects of colloidal solution of molybdenum nanoparticles on the micro-
bial composition in rhizosphere of chickpea seeds (Cicer arietinum L.). Some
researchers also focused on the application of nanoparticles for seed disinfection
and microorganism control. Thus, silver nanoparticles (AgNPs) were evaluated as
an alternative agent for seed treatment in managing Gibberella fujikuroi on rice
seedlings (Jo et al., 2015). In the same way, other researchers evaluated the effects
of chitosan nanoparticles, due to their great potential for a wide range of uses in
controlling plant pathogens. For instance, Chookhongkha et al. (2012) evaluated the
effect of chitosan nanoparticles on fungal growth and the quality of chilli (Capsicum
annuum L.) seeds, and Choudhary et al. (2019) evaluated the antifungal activity of
zinc-encapsulated chitosan nanoparticles in maize.

5 Factors Considered in Assessing the Effect
of Nanoparticles in Seed Treatment

In assessing the effects of nanoparticles on seeds, some factors can influence the
efficiency of treatments, such as the concentration (dosage), nanoparticle types, the
size of the particles, and the plant species. In this sense, Lin and Xing (2007) inves-
tigated the effects of five types of nanoparticles (multi-walled carbon nanotube,
aluminum, alumina, zinc, and zinc oxide) on seed germination and root growth of
six higher plant species (radish, rape, ryegrass, lettuce, corn, and cucumber). In
addition, the use of the correct concentration is essential to obtain positive results
from treatments with nanoparticles. Most research works aim to study distinct con-
centrations of different nanoproducts. Some examples are the works carried out
with parsley [Petroselinum crispum (Mill.) Nym.] using nano-anatase in varied con-
centrations (10, 20, 30, and 40 mg mL™!) (Dehkourdi & Mosavi, 2013), sunflower
(Helianthus annuus L.) using the nano-silicon concentrations of 0.2, 0.4, 0.6, 0.8, 1,
and 1.2 mM (Janmohammadi & Sabaghnia, 2015), chilli (Capsicum annuum L.)
using concentrations of 0.0, 0.25, 0.50, and 0.75 g of zinc oxide nanoparticles
(Afrayeem & Chaurasia, 2017), and wheat with different concentrations of zinc
oxide nanoparticles (0, 25, 50, 75, and 100 mg L~') and iron oxide nanoparticles (0,
5, 10, 15, and 20 mg L!) (Rizwan et al., 2019). Regarding the particle size,
Thuesombat et al. (2014) evaluated the effects of different sized silver nanoparticles
(20, 30-60, 70-120, and 150 nm diameter) on jasmine rice, Oryza sativa L. cv.
KDML 105 associated with different concentrations (0.1, 1, 10, 100, and
1000 mg L1). Regarding the response of nanoparticles depending on the species,
Pokhrel and Dubey (2013), for example, observed that maize seed exposure to a
wider range of zinc oxide nanoparticle concentrations (0.01-1000 pg mL™") did not
inhibit seed germination, unlike what occurred with cabbage seeds when the increas-
ing of zinc oxide nanoparticles dosage inhibited the germination.
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Related to seed size, Jain et al. (2017) evaluated the phytotoxicity of nanoparti-
cle, bulk and ionic forms of zinc at different concentrations on tomato, pear millet,
and wheat, with varying seed size and surface anatomy. Due to the presence of thick
cuticle on testa and root, pearl millet (xerophytic plant) was found to be relatively
less sensitive to ZnO nanoparticles as compared to wheat and tomato (mesophytic
plants) with normal cuticle layer. No correlation was observed between nanoparticle
toxicity and seed size. The results indicated that variations in surface anatomy of
seeds play a crucial role in determining the phytotoxicity of nanoparticles. The pres-
ent findings significantly contribute to assessing potential consequences of nanopar-
ticle release in the environment, particularly with a major emphasis on plant systems.

6 Effects of Nanoparticles on Seed Performance
in Different Species

Many studies have shown the physiological responses of seedlings to nanoparticles
during germination, but the influence of seed germination and root growth varied
significantly among the plants and nanoparticles (Hao et al., 2016), and as previ-
ously emphasized, some types of nanoparticles have also been used to control
pathogens. Based on the reviewed literature, the effects of nanoparticles have been
evaluated in more than 20 plant species (Fig. 4) and almost 50% of the research
studies are concentrated in only three species (rice, wheat, and maize). In spite of
this evidence, research results have revealed both positive and negative effects when
applying nanoparticles to seeds of several species, which will be covered below.

6.1 Positive Effects

Several nanoparticles applied to seeds have shown positive effects on germination
and seedling performance of various species. In spinach seeds, the higher germina-
tion and vigor were observed with the application of nano-TiO, (rutile) in concen-
trations of 0.25% to 4% (Zheng et al., 2005). In tomato, Khodakovskaya et al.
(2009) observed that the exposure of the seeds to carbon nanotubes (CNTs) can
increase the germination percentage and enhance the growth of seedlings; these
benefits were associated with the ability of the CNTs to penetrate the thick seed coat
and support water uptake inside the seeds. Likewise, the application of SiO,
nanoparticles significantly increased seed germination of tall wheatgrass from 58%
in the control treatment to 86.3% and 85.7% in concentrations of 40 and 60 mg L=,
respectively (Azimi et al., 2014). The authors also observed that the application of
SiO, nanoparticles increased the dry weight of shoot, root, and seedling of tall
wheatgrass. Similarly, research carried out by Janmohammadi and Sabaghnia
(2015) revealed that controlled imbibition of sunflower achene in nano-silicon
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Fig. 4 Percentage of the research works related to the application of nanomaterials in seeds, per
species, based on 46 works in the reviewed literature

solution followed by dehydration significantly enhanced seed germination. The
authors observed that when achenes were primed in low concentrations of nano-
silicon solution, it enhanced the percentage of germination, seed germination index,
seedling vigor index, and seedling fresh weight and dry weight, as well as decreased
mean germination time and Ts,. They attributed these positive effects of nano-
silicon on germination performance to a possible increase in cell division within the
apical meristem of seedlings. The application of silica nanoparticles was also inves-
tigated in maize seeds by Suriyaprabha et al. (2012). The positive effects of this
treatment were evidenced by increasing the germination rate when nano-SiO, was
used as a source of Si supplement compared with other bulk sources (micro-SiO,
and Na,Si0;). The effects of silica nanoparticles on seed germination and growth of
the bean (Vicia faba L.) investigated by Roohizadeh et al. (2015) were confirmed by
increases in the germination percentage.

The advantageous effects of chitosan nanoparticles on seed infection control and
germinative performance have been observed by several researchers. In chilli seeds,
Chookhongkha et al. (2012) observed lower seed infection when coating the seeds
with chitosan nanoparticles at 20 and 100 ppm compared with the treatments with
chitosan and fungicide (captan), without affecting germination and seed vigor. In
pearl millet, seed treatment with 250 mg kg~! of chitosan nanoparticles enhanced
seed germination (percentage) and seedling vigor (Siddaiah et al., 2018). The
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authors also observed that the seed treatment with chitosan nanoparticles induced
systemic and durable resistance and showed significant protection against downy
mildew (Sclerospora graminicola) under greenhouse conditions in comparison to
the untreated control. Likewise, research carried out by Li et al. (2019) with wheat
seed demonstrated that the application of 5 pg mL~!' of chitosan nanoparticles
induced the auxin-related gene expression, accelerated indole-3-acetic acid (IAA)
biosynthesis and transport, and reduced IAA oxidase activity resulting in the
increase of IAA concentration in wheat shoots and roots. The authors compared the
effects of chitosan nanoparticles and chitosan and affirmed that these results sug-
gested that chitosan nanoparticles have a more positive effect on seed germination
and seedling growth of wheat at a lower concentration than chitosan due to higher
adsorption on the surface of wheat seeds. In maize seeds, Choudhary et al. (2019)
observed that treatment with zinc encapsulated chitosan nanoparticle exhibited sig-
nificant disease control (antifungal action against Curvularia lunata) through the
strengthening of plant innate immunity by elevating antioxidant and defense
enzymes activities, balancing reactive oxygen species (ROS), and enhancing lignin
accumulation.

The effects of silver nanoparticles on seed germination of corn, watermelon, and
zucchini were evaluated by Almutairi and Alharbi (2015). The authors applied seven
concentrations (0.05, 0.1, 0.5, 1, 1.5, 2, and 2.5 mg L~!) of AgNPs and observed that
the three species revealed different dosage responses on germination percentage and
the measured growth parameters. The best dose of AgNPs for watermelon was
2 mg L', which enhanced germination percentage and germination rate for the
highest values. Exposure to 0.5 and 2.5 mg L~! of AgNPs appeared to be proper to
enhance zucchini seed germination, and seedling fresh weight increased with AgNP
treatments for the three species. Research carried out by Jo et al. (2015) that focused
on seed surface decontamination on rice using silver nanoparticles revealed that the
AgNP reduced viability of Gibberella fujikuroi from the seed surface and subse-
quently prevented the seeds from developing disease symptoms, including low ger-
mination and stunted growth of seedlings caused by the pathogen. Furthermore,
AgNPs did not affect seed germination or seedling growth of noninfested seeds.
Belava et al. (2017) evaluated the effects of silver and copper nanoparticles on
wheat—Pseudocercosporella herpotrichoides pathosystem and observed that both
silver and copper nanoparticles did not affect the growth and development of P. her-
potrichoides. The authors suggested that the effect of nanoparticles was determined
by the plant’s responses to the pathogen rather than the phytotoxic action of the
copper or silver nanoparticles, at least during the initial stages of the pathological
process. Research conducted by Mahakham et al. (2017) demonstrated that AgNPs
can be applied as a nanopriming agent for enhancing water uptake, seed germina-
tion, and starch metabolism of rice aged seeds. The authors observed that AgNPs
can surpass seed coat and support water uptake inside seeds, leading to promote
seed germination and starch metabolism, enhancing the a-amylase activity and
resulting in higher soluble sugar content for supporting seedlings growth. Other
research evaluating the effects of silver nanoparticles (AgNPs) and gold nanoparti-
cles (AuNPs) on onion seeds (Acharya et al., 2019) revealed that both nanopriming
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treatments exhibited positive effects compared to the unprimed onion seeds. The
authors observed that applying AuNPs as a priming agent at low concentrations
(5.4 ppm) resulted in enhancement of germination, plant height, leaf length, leaf
diameter, neck diameter, and leaf surface area at both early and later plant develop-
ment stages without toxicity symptoms. According to Acharya et al. (2019),
nanopriming modulated antioxidant enzyme activity in onion seeds. They observed
significantly higher activity of peroxidase (POD) in the nanoprimed seeds as com-
pared to the dry and hydroprimed seeds. Similarly, in rice, Mahakham et al. (2017)
observed reactive oxygen species (ROS) production in germinating seeds of
nanopriming treatment with AgNPs compared to unprimed control and other prim-
ing treatments. They affirmed that nanopriming stimulated the upregulation of
aquaporin genes in germinating seeds, suggesting that both ROS and aquaporins
play important roles in enhancing seed germination.

The uptake and translocation of superparamagnetic iron oxide nanoparticles
(SPIONS), with various surface charges, were evaluated on soybean [Glycine max
(L.) Merrill] by Ghafariyan et al. (2013). They observed that various concentrations
of SPIONs, with different charges, do not have significant effects on the germina-
tion index. Furthermore, positive and negative SPIONs showed positive influence
on root elongation, whereas plain SPIONs have no significant effect. Similarly,
Duran et al. (2018) investigated the effect of bare and polyethylene glycol-coated
Fe;0, nanoparticles on the germination and seedling development of Phaseolus vul-
garis L. The authors observed that seed soaking in Fe;O,-PEG at 1000 mg Fe L'
increased radicle elongation (8.1 = 1.1 cm vs 5.9 = 1.0 cm for the control) and
attributed the higher root length promoted by the Fe;O,-PEG in comparison to
Fe;0, and soluble-Fe to water uptake enhancement induced by the PEG coating.
The effects of seed priming with different concentrations of Fe-NPs (20, 40, 80, and
160 mg L") were investigated in diploid and triploid watermelon by Kasote et al.
(2019). The results revealed that Fe-NP priming treatments significantly improved
germination compared to unprimed treatment. Furthermore, different Fe-NP prim-
ing treatments modulated antioxidant potential and defense-linked hormones in
watermelon seedlings.

In onion seeds, Raskar and Laware (2014) investigated the effect of zinc oxide
nanoparticles (ZnO NPs) on cytology and seed germination and observed a signifi-
cant enhancement in shoot and root lengths only in lower concentrations of ZnO
NPs (10 and 20 pg mL™') in comparison to higher concentrations (10 and
20 pg mL™"). Still in onion seeds, the application of different dosages (0, 20, 40, 60,
80, and 100 mg L~!) of hematite nanoparticles (HNPs) revealed that HNPs in lower
concentrations led to increasing mitotic activity in onion roots, while in higher dos-
ages (80-100 mg L") minor inhibitory effects occurred (Rath et al., 2020). On the
other hand, a study carried out with chilli seeds using different concentrations (0.0,
0.25, 0.50, and 0.75 g) of ZnO NPs revealed that seed germination and root, shoot,
and seedling length increased at the highest concentration and decreased at lower
concentrations (Afrayeem & Chaurasia, 2017). The effects of ZnO NPs (750, 1000,
and 1250 mg kg~!) were also evaluated in chilli seeds by Kumari et al. (2019). They
observed higher germination and vigor (shoot and root length, and vigor index) in
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seeds treated with zinc oxide nanoparticles at 1000 mg kg~!, and attributed these
results to the increased activity of antioxidant enzymes and membrane stability.
Montanha et al. (2020) investigated the effect of zinc oxide nanoparticles (ZnO
NPs) on soybean seed germination and observed an increase in germination ratio,
seedling root, and shoot development when comparing with the control (untreated
seeds). Other research carried out by Raja et al. (2019) with blackgram (Vigna
mungo) using different concentrations (400, 500, 600, 700, 800, 900, 1000, 1100,
1200, and 1300 mg kg™') of ZnO and Cu nanoparticles revealed that ZnO nanopar-
ticles at 600 mg L~! and Cu nanoparticles at 400 mg L~! promoted maximum germi-
nation, root length, shoot length, and seedling vigor when compared to untreated
seeds. The effect of Zn and Cu nanoparticles was also investigated on drought resis-
tance of two ecotypes of wheat seedlings by Taran et al. (2017). The authors con-
cluded that in drought conditions, the colloidal solution of Cu, Zn nanoparticles
have a more positive effect on pro-oxidative/antioxidative balance and morphomet-
ric indexes of leaves more in seedlings of the steppe ecotype (Acveduc) than in
seedlings of the forest-steppe ecotype (Stolichna). They observed a decrease in
TBARS (thiobarbituric acid reactive substances) accumulation and an increase of
antioxidative enzyme (SOD and catalase) activity, which characterize the increase
of plant antioxidative status under the influence of nanoparticles in drought condi-
tions. Furthermore, the influence of the colloidal Cu and Zn nanoparticle solution
was manifested in changing the ratio of chlorophyll in the leaves (Chl a to Chl b),
along with a high content of carotenoids in the leaves. Research carried out by
Panyuta et al. (2016) evaluating the accumulation dynamics of lipid peroxidation
products in winter wheat plants at pre-sowing seed treatment with biogenic metal
nanoparticle solutions (Zn, Ag, Fe Mn, Cu) also revealed the reduction of TBARS
in seedling tissues as compared to the untreated seeds. However, in this case, the
authors investigated the effect of the nonionic colloidal solutions of nanoparticles on
the formation of defensive reactions of winter wheat seedlings on pathogen infec-
tion of Pseudocercosporella herpotrichoides (Fron) Deighton. They concluded that
metal nanoparticles may increase antioxidant properties of cells under phytopatho-
gen stress conditions and improve physiological conditions of plants. The effects of
silver sulfide nanoparticles (Ag,S NPs), zinc sulfide nanoparticles (ZnS NPs), and
their composite (Ag,S—ZnS NCs) were investigated on the germination performance
of soybean and wheat by Afsheen et al. (2020). The authors observed that the appli-
cation of metal sulfide NPs and NCs can help enhance the germination, root and
shoot length, and mean germination time (MGT) as compared to control treatment.

Evaluating the effects of zinc-functionalized thymol nanoemulsion (Zn-TNE) in
soybean seeds, Kumari et al. (2019) observed that the treated seeds showed better
seedling vigor index and higher activities of seed stored food mobilizing enzymes
(a-amylase and protease). Similarly, the seed treatment of spinach with iron pyrite
(FeS,) nanoparticles promoted an enhanced breakdown of stored starch resulting in
an increase of seedling emergence (Srivastava et al., 2014).

In corn seeds, polymeric nanoparticles were applied to improve seed germination
and plant growth under copper stress (Xin et al., 2020). Extensive use of copper (Cu)-
based agrochemicals such as fertilizers, pesticides, and nematicides has resulted in
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Fig. 5 The use of PSI-NPs to improve seed germination and seedling growth. Source: Xin
et al. (2020)

the widespread Cu-contamination of soils in agriculture. In this pioneering study, the
authors investigated the effects of newly synthesized polysuccinimide NPs (PSI-
NPs) on corn seed germination and seedling growth under different levels of Cu
stress. The results showed that PSI-NPs influenced seed germination in a dose-
dependent manner with an optimal rate of 200 mg L~!. In addition, the positive effects
of PSI-NPs on seed germination indexes were found to be positively correlated with
enhanced seed imbibition. The addition of PSI-NPs significantly mitigated Cu stress
as indicated by improved growth of shoots and roots, and higher antioxidant enzyme
activity observed with co-exposure to PSI-NPs as compared to Cu stress treatment
only (Fig. 5). Copper concentrations in seedling root and shoot significantly increased
with increasing Cu treatment rate. Higher uptake of Cu by the plant was observed in
the Cu-PSI-NP co-treatment than single Cu treatment. The alleviation effect of PSI-
NPs could be explained by the enhanced antioxidant enzyme activities and storage of
Cu as Cu-PSI complexes in plants with reduced phytotoxicity.

6.2 Negative Effects

The negative effects of the application of nanoparticles in seeds have also been fre-
quently reported, although in a smaller number of studies when compared to posi-
tive effects. The effects of different sized AgNPs (20, 30-60, 70-120, and 150 nm
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diameter) at different concentrations (0.1, 1, 10, 100, and 1000 mg L) on rice
seedlings were evaluated in terms of the level of seed germination and the subse-
quent growth and leaf morphology of the seedlings (Thuesombat et al., 2014). The
results revealed that the level of seed germination and subsequent growth of those
seedlings that germinated have both decreased with the increment in sizes and con-
centrations of AgNPs. The negative effects of AgNPs were supported by leaf cell
deformation when rice seeds were treated with 150-nm-diameter AgNPs at the con-
centration of 10 or 100 mg L' during seed germination. The impacts of different
concentrations of bulk (1, 2, 10, 100, and 500 ppm) and nanosized (1, 2, 10, 100,
and 500 ppm) TiO, on seed germination and seedling growth of wheat were studied
by Feizi et al. (2012). It was demonstrated that the use of nanosized TiO, in high
concentrations (100 and 500 ppm) had an inhibitory or no effect on wheat seeds.
Azimi et al. (2014) studied the effect of six SiO, nanosized concentrations (0, 5, 20,
40, 60, and 80 mg L) and three seed prechilling treatments (control, seed pre-
chilling before nano SiO, treatments, treatments of seed with nano SiO, before pre-
chilling) on germination and seedling growth of tall wheatgrass and observed that
under the 60 and 80 mg L~! treatments, seedling weight decreased.

The application of Fe;O,-PEG and bare Fe;O, nanoparticles on the germination
and seedling development of beans and their effects were investigated by Duran
et al. (2018). The results showed negative effects on seedlings’ radicle elongation,
indicating that Fe**/Fe* (aq) and bare Fe;0, at 1000 mg Fe L~! prevented its growth
and was toxic for the seedling development. The authors hypothesize that these
results are regarded to the hydrophilic nature of the PEG and that the polymeric
coating might have reduced the water potential, which caused greater water absorp-
tion by the tissues when compared to the negative response of Fe?*/Fe** (aq) and
bare Fe;O,. Similar effects were found by Zhang et al. (2015) while studying the
impacts of ZnO nanoparticles on seed germination and root elongation of corn and
cucumber. The results showed that ZnO NPs (1000 mg L") reduced the root length
of corn and cucumber by 17% and 51%, respectively. Nair and Chung (2015) evalu-
ated the toxic effect of different concentrations of silver nanoparticles (0, 5, 10, 20,
and 50 mg L7!) in seedlings of mung bean (Vigna radiata L.). In this study, the shoot
length and weight were significantly reduced upon exposure to 50 mg L~ of silver
nanoparticles, and significant reduction in root elongation and weight was observed
upon exposure to 20 and 50 mg L~! of silver nanoparticles. When investigating the
effects of different nanomaterial morphologies (multi-walled carbon nanotube, alu-
minum, alumina, zinc, and zinc oxide) on seed germination and root growth of six
higher plant species (radish, rape, ryegrass, lettuce, corn, and cucumber), Lin and
Xing (2007) observed that seed germination was not affected except for the inhibi-
tion of nanoscale zinc (nano-Zn) on ryegrass and zinc oxide (nano-ZnO) on corn at
2000 mg L', and that inhibition on root growth varied greatly among nanoparticles
and plants. Suspensions of 2000 mg L~' nano-Zn or nano-ZnO practically termi-
nated root elongation of the tested plant species. Similarly, Hao et al. (2016) evalu-
ated the effects of different nanomaterial morphologies on rice germination and
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concluded that all nanoparticles studied (Fe,O; nanocubes (5 mg L"), Fe,0; short
nanorods (10 mg L"), Fe,05 long nanorods (30 mg L~!), MWCNTs (100 mg L),
and TiO, NPs (150 mg L™")) inhibited germination. Furthermore, Boonyanitipong
et al. (2011) investigated the effects of zinc oxide nanoparticles (nano-ZnO) and
titanium dioxide nanoparticles (nano-TiO,) on rice roots. The results showed that
nano-ZnO had detrimental effects on rice roots at the early seedling stage and is
found to stunt root length and reduce the number of roots.

In the same work that presented positive effects on the use of silver nanoparti-
cles on three crop plants (corn, zucchini, and watermelon), Almutairi and Alharbi
(2015) also found negative effects. All AgNP concentrations tested (0.05, 0.1, 0.5,
1, 1.5, 2, and 2.5 mg L") presented toxic effect on corn, causing inhibition in root
length. Raskar and Laware (2014) investigated the effect on cell division, seed
germination, and early seedling growth of different concentrations (0.0, 10, 20, 30,
and 40 g mL") of ZnO NPs in onion seeds. The results presented that seed germi-
nation decreased in values in the concentration of 40 g mL~" and germination indi-
ces decreased in the concentrations of 30 and 40 g mL~'. Zhang et al. (2020)
evaluated the effects of biochar nanoparticles (BNPs) on seed germination and
seedling growth of three different plant species (rice, tomato, and reed plants). The
BNPs were collected from biochars derived from two feedstocks (rice straw and
wood sawdust) under 300 °C (low temperature), 500 °C (mid-temperature), and
700 °C (high temperature). The BNPs collected from high-temperature biochar
inhibited seed germination of rice and had an inhibiting effect on the reed that dra-
matically decreased shoot length and biomass. The authors explain that the inhibi-
tory effects of BNPs were caused not only by phenolic compounds on its surface,
but also by the blocking effect on epidermal openings resulting in a reduced trans-
fer of nutrients and water. Another approach studied not only different types of
nanoparticles (zero-valent iron—nZVI—and silver nanoparticles), but also their
difference in average particle size from 1 to 20 nm (Ag cool, Ag 5, and Ag 20) and
was evaluated using seed germination tests with ryegrass, barley, and flax exposed
to 0-5000 mg L' nZVI or 0-100 mg L~' Ag. For nZVI, germination tests were
conducted both in water and in two contrasting soils to test the impact of assumed
differences in bioavailability of nanoparticles. The results showed complete inhibi-
tion of germination at 1000-2000 mg L~' for nZVI. The presence of soil had a
modest influence on toxicity, and inhibitory effects were observed at 300 mg nZVI
L-! water in soil. Complete inhibition was observed at 750 and 1500 mg L™ in
sandy soil for flax and ryegrass, respectively. The three types of silver nanoparti-
cles affected seed germination differently for the three plant species tested. The
smallest particle type (Ag cool) had an inhibitory effect at a concentration as low
as 10 mg L7! in ryegrass, while the intermediately sized particle type (Ag 5) also
had a weak inhibitory effect at 10 mg L~! in barley, which increased at higher con-
centrations. No effect on germination percentage of flax was observed for any
types of silver nanoparticles, even at the highest concentrations (El-Temsah &
Joner, 2012).
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Undoubtedly, the use of nanoparticles on seed can bring negative effects on its
performance, and based on the studies presented above, the main negative effects of
its use were pinpointed in the decrease of seed germination, seedling weight, root
elongation, root number, and seedling’s radicle elongation, and in some cases, even
the inhibition of germination was noted. The harmful effects of the use of nanopar-
ticles on seeds are mainly due to high concentrations, the element’s composition,
and its forms. According to Brunner et al. (2006), toxicity of nanoparticles may be
attributed to two different actions: first, a chemical toxicity based on the chemical
composition, e.g., release of (toxic) ions, and second, stress or stimuli caused by the
surface, size, and/or shape of the particles. It is noteworthy that the toxicity of
nanoparticles varies greatly among nanoparticles and plant species; therefore, as
Murashov (2006) highlights, an appropriate experimental design and interpretation
are a key fact to provide a defensible scientific understanding of the biological
effects of nanoparticles.

7 Final Remarks

Although the use of nanoparticles in agriculture is relatively recent, several studies
demonstrated the applicability of nanomaterials in seeds of different species. Based
on the reviewed literature, it was observed that nanoparticles can play positive and/
or negative effects on seed performance and these effects are mainly variable
according to the type of nanomaterial, dose/concentration of the product, type of
seed, and size of the nanoparticles. Furthermore, the objectives of the studies have
been diverse, and most of them had focused on assessing the direct effects of differ-
ent types of nanoparticles on germination and characteristics related to seedling
vigor. It was also observed that the nanoparticle application in seeds has been
mainly via seed soaking, highlighting the need for studies closer to commercial
practices. Thus, there is a need for more research focused on the application of
nanoparticles via seed coating and seed priming. In the same way, there is a great
demand for more in-depth studies to investigate the effects of nanoparticles on
seeds, considering that toxic effects are also verified after their application and to
evaluate other plant species, since about 50% of the reviewed works were carried
out with only three species of Poaceae. Further research is also needed to assess the
effects of nanoparticles before and after seed storage since there is still no informa-
tion on storability associated with the effects of nanomaterials on seed performance.
In addition, there is a gap to be filled about the application of nanomaterials in
plants (via soil and/or leaf) and the possible effects on the quality of the seeds pro-
duced; this could be a path for the production of enriched seeds that may express a
better physiological and storage potential. Finally, there is still a long way to go in
relation to the application of nanoparticles in seeds; however, considering the ben-
eficial potential of these products, we believe that scientific progress will be signifi-
cant in the near future.
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Abstract The development of nanotechnologies for more sustainable agriculture is
an innovative strategy proposed to increase food production while decreasing mate-
rial inputs and reducing environmental impacts. Nanoparticles (NPs) applied to
seeds, soil, or leaves interact with plants at two major interfaces: the rhizoplane
(root-rhizosphere interface) or the phylloplane (atmosphere—leaf interface). NP
transformations occurring at these interfaces control their bioavailability, while
plant structures are barriers to NP absorption and bottlenecks for their translocation.
This chapter focuses on the complex interplays driving NP uptake, translocation,
and accumulation into plant tissues. Foliar treatments appear to present advantages
over soil application for the delivery of NPs to certain compartments. The adjust-
ment for nanoparticle’s shape and surface properties could allow specific targeting
(e.g., apoplast, symplast, organelles) and designed mobility to freely reach the
phloem or accumulate in the mesophyll. This chapter highlights the knowledge gaps
that need to be overcome for the safe and efficient development of nano-enabled
agriculture. The parameters influencing for NP movement across cuticle barriers,
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cell walls, and cell membranes are still to be identified. Consequently, NP mobility
in the root cortex and through the endodermis before entering the xylem or in the
mesophyll before loading the phloem is not predictable yet. The processes that drive
NP movement from the mesophyll cells to the sinks and their capacity to load the
phloem are also poorly characterized. In addition, plant physiological responses and
in vivo transformations, such as dissolution rates, or protein corona formation
around NPs, remain important knowledge gaps that need to be addressed to under-
stand, predict, and regulate NP translocation in plants and their bioavailability, thus
enabling safe and efficient, targeted delivery of NPs for agricultural purposes.

Keywords Target - Fate - Nanobiotechnology - Plant-nanoparticle interaction

1 Introduction: Nano-Formulations Targeting Specific
Plant Compartments

Agriculture is one of the largest and most significant industries in the world. The
agri-food production chain causes relevant environmental hazards (biodiversity
loss, disruption of global nutrient cycles, soil, and water pollution) (Rodrigues et al.,
2017). The current use of fertilizers and agrochemicals is highly inefficient and pol-
luting, partly due to the poor design of the products and their application strategies.
Fertilizers and pesticides are applied annually by the ton (187 million metric tons
and four million tons, respectively) (Zhang, 2018). Only a small percentage of the
applied pesticides or fertilizers reach their target (Hofmann et al., 2020), and a
major part of the applied products is lost, either to the atmosphere (during spray
application), is degraded (volatilization or UV degradation) or is lost to the environ-
ment as run-off (approx. 50-70%) (Rodrigues et al., 2017). More efficient technolo-
gies are needed for the design of agrochemical and fertilizer that would protect the
crops, but also their agroecosystems.

These concerns have led the scientific community to propose alternatives to con-
ventional products to decrease environmental impacts and input quantities through
the development of new nano-based technologies for more efficient delivery and
increased efficacy (Lowry et al., 2019). These novel delivery systems for increased
efficacy and delivery efficiency of agronomic products have shown potential to pro-
tecting the crops, increasing crop yields and the nutritional value of foods, while
reducing losses of active ingredients (Als) (Rodrigues et al., 2017; Wang et al.,
2016). Nano-enabled products are an important tool and a promising opportunity to
develop materials for timed and targeted delivery of products for crop growth, nutri-
tion, and protection. Nanoparticles (NPs) can be formulated so that the Al delivery
becomes time- and stimuli-responsive (Rodrigues et al., 2017) (for biotic or abiotic
triggers (Camara et al., 2019)), releasing the product only when those specific con-
ditions are met.



Biological Barriers, Processes, and Transformations at the Soil-Plant—Atmosphere... 125

Examples of nano-enabled strategies for agriculture are the following (Rodrigues
et al., 2017; Hofmann et al., 2020; Lowry et al., 2019; Camara et al., 2019; Shang
et al., 2019; do Espirito Santo Pereira et al., 2021; Kah et al., 2019a):

* Gene editing for protection against environmental stresses (temperature changes,
droughts, floods, increasing salinity, etc.) by foliarly applying nanocarriers
loaded with genetic material (e.g., DNA plasmids or dsRNA).

» Plant protection against pests and pathogens, by delivering nano-enabled Als to
plant leaves, to crop soil, or by treating seeds.

 Fertilization, to increase yields and crop nutrition by providing micronutrients to
crops either by foliar or soil application, but also by coating seeds before sowing.

* Growth improvement by soil or foliar application of NPs containing Als improv-
ing photosynthetic performance and regulating plant stress hormones.

* Soil properties and health restoration and protection by directly applying NPs to
soils to promote optimal conditions for soil microbiome to be maintained and/or
improved but also for soil amendment to prevent soil degradation.

Among all of these NPs, inorganic materials are of particular interest for the
range of potential benefits they may provide, but also of concerns because of their
persistent nature in the ecosystems. One major challenge for developing more sus-
tainable phytoprotection and fertilization products through an efficient design of
these NP structures is their delivery to the crops. Depending on the type of product
applied and the goals aimed at, NPs will be provided to the plant either through (a)
seed coating, (b) the soil for root applications, (c) direct application to the foliage,
or (d) feeding/injecting into the plant stems or trunks. The NPs will thus interact
with different plant interfaces: the phylloplane (atmosphere—leaf interface), the rhi-
zosphere (soil-root interface), and the rhizoplane (root-rhizosphere interface). The
fate, transformation, and behavior of NPs will vary depending on which of these
interfaces they will be in contact with. This chapter focuses on detailing what cel-
lular barriers and plant bottlenecks need to be overcome for these NPs to reach their
target. It provides insight into their in planta transformation, transport, and bioavail-
ability. The NP properties that would allow for optimized design of nano-enabled
fertilizers and agrochemicals are also presented.

2 The Soil-Root Interface

2.1 The Rhizosphere, a Biologically Active Interface

The soil application of conventional fertilizers and micronutrients is currently inef-
ficient (DeRosa et al., 2015; Bindraban et al., 2015; Raliya et al., 2018). This is
mostly caused by run-off and rapid leaching of dissolved phases throughout the
critical zone or by physical-chemical processes leading to the immobilization of
inorganic elements in the solid phase. This hampers their diffusion toward the plant
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rhizosphere, where they must become available for root uptake. To reduce losses
and collateral damages, materials must be tailored to target the plant root—soil inter-
face (rhizoplane) and/or to enable biogeochemical transformations in the rhizo-
sphere toward a steady-state release of inorganic elements to the soil solution, in
physical-chemical forms (either ionic or nanoforms) that can be readily absorbed
and/or taken up by plant roots. NPs can potentially enable the slow release of inor-
ganic fertilizers and micronutrients applied to soil relevant to control their reaction
at the rhizoplane, thus allowing to achieve effective concentrations in the rhizo-
sphere with greater improvement in plant bioactivity (Rodrigues et al., 2017; Kah
et al., 2019a; Dimkpa et al., 2017; Adisa et al., 2019; Dimkpa, 2018). Indeed, sev-
eral studies have recently reported that NPs added to soils were more effective than
conventional fertilizers in improving plant nutrition (Kah et al., 2019a; Kopittke
et al., 2019). However, many of these observations were phenomenological rather
than mechanistic in nature; appropriate controls were often not included in the
experimental designs; and, in some cases, nano-specific effects were either unclear
or disappeared when chemical speciation and elements’ bioavailability in the root
medium were considered (Kopittke et al., 2019; Qiu & Smolders, 2017). Thus, a
better mechanistic understanding of the processes occurring in the rhizosphere is
needed for investigating the bioavailability of NPs applied to soil so as to under-
stand the conditions under which their application increases the efficiency of use.

The rhizoplane is a biologically active soil zone with complex plant—soil-micro-
bial interactions, which have been largely overlooked in nanoparticle soil studies. In
1904, Hiltner clearly identified the key role of both microbial activity and of chemi-
cals secreted by roots in controlling the conditions in the surroundings of the plant
roots and first described the “rhizosphere.” Operational definitions of the rhizo-
sphere have often restricted it to the 2 mm of soil around the root surface (Dotaniya
& Meena, 2015). However, it is now clear that the rhizosphere varies with plant
species, plant type (monocot vs. dicot), and soil type, and that this is not a region of
definable size or shape (McManus et al., 2018). Rather, it is a dynamic region where
radial and longitudinal gradients of biogeochemical conditions occur driven by soil
properties, by the root physical activity, and by root exudates, mediated by microor-
ganisms in the soil and plant microbiomes. In turn, the biogeochemical processes
occurring in the rhizosphere control a multitude of physical-chemical transforma-
tions regulating the fate of inorganic NPs and chemical element activities that con-
trol their bioactivity.

Three rhizosphere zones of relevance for the fate of NPs in soils have been iden-
tified (Fig. 1): the endorhizosphere refers to the apoplastic space between cells of
the root cortex and endodermis, which can be occupied by microbes and dissolved
ions (and eventually by NPs); the rhizoplane is the interface zone with the soil,
directly adjacent to the root and including the root epidermis and mucilage, relevant
for adsorption and eventual subsequent uptake of NPs; and the ectorhizosphere
extends from the rhizoplane out into the bulk soil. The mucilage is formed by high-
molecular-weight, insoluble polysaccharides secreted by root cells as the root grows
through the soil (McManus et al., 2018). It can assist plants in nutrient acquisition,
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Fig. 1 Parameters influencing NP bioavailability in the bulk and rhizosphere soil

aeration, water filtration, and in the sequestration of toxic metals; as it binds soil
particles, it may also play a relevant role in the binding of NPs and of their aggregates.

Plant roots can release up to 40% of their total photosynthetically fixed carbon in
the rhizosphere (mostly in organic forms) as a response to nutrient deficiency, toxic-
ity, or stress conditions (McManus et al., 2018). Root exudates are a complex mix-
ture of low-molecular-weight organic acids (LMWOAs), phytosiderophores,
phenolics, amino acids, proteins, sugars, vitamins, inorganic ions, volatile organic
carbon compounds, enzymes, and root border cells (Dotaniya & Meena, 2015;
Vives-Peris et al., 2020). These biomolecules enable plants to access nutrients by (a)
changing the pH or redox conditions in the rhizosphere, causing dissolution of min-
eral phases or the desorption of nutrients from clays, oxides, or organic matter into
the soil solution; (b) directly chelating with plant nutrients; or (c) rendering them
available for absorption through enzymatic activity. Two root exudation strategies
(Strategy I and Strategy II) enable plant acquisition of Fe and other micronutrients
under nutrient deficiency stress. Dicotyledons and nongraminaceous monocotyle-
dons release H* to increase free ionic Fe in the rhizosphere soil solution and increase
Fe uptake (Strategy I). In Strategy II, graminaceous species (Gramineae) release
Fe(IlI)-chelating, low-molecular-weight compounds, called phytosiderophores
(e.g., mugineic acid) (McManus et al., 2018). Fe(IlI)-phytosiderophore complexes
are formed at the mineral surfaces, transferred into the soil solution, and subse-
quently transported across the root plasma membrane (Ahmed & Holmstrom,
2014). Besides Fe, phytosiderophores also mobilize Zn, Mn, and Cu (Ahmed &
Holmstrom, 2014). Root exudates have a major direct and indirect effect on the
chemical reaction of metallic NPs and respective dissolved ions in the rhizosphere
as well as on their absorption by plant roots.
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2.2 Biogeochemical Processes in the Rhizosphere Influencing
NP Transformation and Immobilization

Several recent reviews described the role of soil type and soil properties on the fate
of NPs in soils and on their bioavailability for plants (Dimkpa, 2018; Cornelis et al.,
2014; Rodrigues et al., 2016; Anderson et al., 2017; Layet et al., 2017). Soil pH, soil
organic matter (SOM), clay, sesquioxides, ionic strength, cation exchange capacity,
or redox potential governs aggregation and sorption/desorption, while redox pro-
cesses of inorganic NPs in soil drive NP bioavailability either by adsorption onto the
root epidermis or by absorption through the root apoplast or symplast (Layet et al.,
2017). Over the last decade, a relevant effort was made to improve our analytical
capacity to detect NPs in soil and solution phases. The physical-chemical processes
that NPs will undergo as a response to soil conditions over time and how these will
influence NP fate in soils are now better understood. Among them, we could cite
homo- and hetero-aggregation, complexation, ion exchange, and electrostatic inter-
actions, pH and redox reactions leading to precipitation or dissolution to ionic spe-
cies and chemical speciation changes, changes in physical shape, surface coating by
dissolved organic matter (DOM), or biomacromolecules (Dimkpa, 2018; Rodrigues
et al., 2016; Rodrigues et al., 2020). Clearly, both the physical-chemical properties
of the bulk soil and the localized biogeochemical conditions resulting from plant
root exudates and microbial activity, such as those in the rhizosphere, determine the
reaction of NPs in soil and their bioavailability for plants (McManus et al., 2018;
Gao et al., 2017; Gao et al., 2018; Gao et al., 2019).

Current literature on the reaction of inorganic NPs in soil and their bioavailabil-
ity to plants allows us to conclude the following (Dimkpa, 2018; Kopittke et al.,
2019; Rodrigues et al., 2016; Anderson et al., 2017; Layet et al., 2017; Gao
et al., 2019):

* The biogeochemistry and bioavailability mechanisms of NPs in soils are highly
influenced by specific soil conditions/properties over time, including both short-
term kinetics and long-term aging processes.

* In the bulk soil, and particularly in acidic soil, the pH will be the main driver of
the short-term kinetic reactions and bioavailability of cationic elements, mainly
through ion release resulting from oxidative dissolution; in this case, SOM can
provide binding control of the solid-solution partition of dissolved ions and influ-
ence NP solubility in the bulk soil.

* Interactions of NPs and released ions with other cations in the solution phase of
the rhizosphere zone will influence their root uptake due to both competitive
binding and competitive absorption.

* Adsorption of inorganic anions can chemically alter the surface composition of
NPs rendering them more available for plant uptake. For example, phosphate
induces a change in the redox state of CeO, (from Ce(IV) to Ce(Ill)) causing the
formation of more readily phytoavailable cerium phosphate (Singh et al., 2011).

* Soil salinity can increase NP retention in soil and reduce their bioavailability by
increased aggregation and higher pore straining in soil (Cornelis et al., 2014).
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e At alkaline pH conditions, such as calcareous soils (pH > 8), aggregation pro-
cesses will prevail, although plant uptake of both NPs and ionic phases may still
occur; in this case, NP reactivity and bioavailability will be effective almost only
at the rhizosphere, driven by i) protons released by roots and associated biogeo-
chemical gradients at the root—soil interface as well as increase of the reducing
capacity of the rhizodermal cells, as part of dicots Strategy I to take up Fe from
soil; and ii) by complexation with LMWOAs and phytosiderophores released by
plant roots as a response to nutrient deficiency; notably, elements such as Cu and
Zn can compete with Fe at the Fe—phytosiderophore binding sites (as part of Fe
uptake mechanism of Strategy II monocots).

* As NP doses in soil increase, complexation by chemical compounds released by
plants and microbes at the rhizosphere (as a biological response to the presence
of the NPs in the root soil interface) will be dominant, and will control their bio-
availability in the rhizosphere (often increasing it); root exudation may be a
response to the increase of the dose of NPs at the root rhizoplane and/or to an
increase in metal cation uptake (McManus et al., 2018); for example, the release
of Cu-complexing root exudates (LMWOAs such as citrate and malate) by wheat
was reported as a response to CuO-NPs in the rhizosphere (McManus et al.,
2018). Here, the exudates complexed with Cu, removing free Cu ions from solu-
tion driving the dissolution of the CuO-NPs forward.

e The plant microbiome, notably endophytic bacteria, or fungi at the endorhizo-
sphere and microorganisms in the ectorhizosphere also secrete metabolites and
ligands that further complex metal ions dissolved from NPs and further increase
their solubility in the rhizosphere.

Nonetheless, the complexity and the dynamic nature of the reactions and interac-
tions of NPs at the nanoparticle-root interface and of the underlying mechanisms at
the plant physiological and molecular level still pose difficulties for a complete
understanding of observed reactivities/bioactivities of NPs in the rhizosphere and
for the characterization of nanospecific bioavailability effects on plants.

2.3 Reaching the Rhizoplane and Entering the Root

A fraction of the soil-applied NPs will reach the rhizoplane at the surface of plant
roots. Plant roots are organs that allow uptake of water and (micro)nutrients from
the soil. Environmental processes can prevent the NPs from reaching the root sur-
face. Plants that undergo strong redox cycles along flooding seasons can, for
instance, present an iron plaque formation at their surface. This iron plaque has been
shown to strongly limit the uptake of CuO NP by rice (Peng et al., 2018). Other than
chemistry changes due to water flooding, plant roots can release protons, amino
acids, organic carbon, and CO,, driving the rhizosphere biogeochemical conditions
(as described above). These chemical changes at the root surface will be important
drivers for the speciation of NPs, their association to the root surface, and the uptake
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of the metal species (McManus et al., 2018; Spielman-Sun et al., 2018). Viewing the
importance of the chemical reaction and interactions taking place at the root sur-
face, one could challenge the possible extrapolation between different matrix sys-
tems used to expose the plant to NPs through roots. For instance, a hydroponic
system will prevent root anchoring. Their constant oxygenation through bubbling
induces different redox and pH conditions, detaches the border cells from the root
tips, and consequently modulates root exudation (Oburger et al., 2014). If system
complexity needs to be decreased for experimental purposes, and if soil cannot be
used for testing NP uptake and translocation in plants, it might be beneficial that
scientific setups lean toward solid matrices more representative of a soil (e.g., sands
or gels).

Once reaching the root surface, a fraction of the NPs can be absorbed in the
roots. Morphological and physiological traits will be drivers for NP uptake. For
instance, monocotyledons present fibrous root systems (higher surface area), while
dicotyledons have a tap root system. This differential root architecture seems to
influence NP uptake, and specific surface area is positively correlated with Ce
uptake from CeO, NPs (Spielman-Sun et al., 2019). Furthermore, it is likely that NP
uptake will follow the water flow driven by plant transpiration. Studies have shown
a link between plant transpiration rate and NP root uptake (Spielman-Sun et al.,
2019; Schwab et al., 2016), but this question remains overlooked. Furthermore, the
correlation between root surface, water evapotranspiration, and NP uptake does not
always hold for NP presenting a surface charge (either negative or positive)
(Spielman-Sun et al., 2019). This is likely due to the electrostatic interactions
between NP and the root surface and/or mucilage, which are strong enough to
impair NP root uptake. Once reaching the rhizoplane, NP will interact with the root
surface and the biomacromolecules exudated by the roots. The mucilage, described
above, is exudated into the rhizosphere via the root cap (the border cells) and root
hairs. It is rich in carboxyl groups, conferring an overall negative charge to the
mucilage for rhizospherical pH. These NP-mucilage interactions have been shown
to be an important driver regarding NP uptake limitation for NP presenting a posi-
tive surface charge (Avellan et al., 2017) across various plant species (Spielman-
Sun et al., 2019).

The portion of NP that becomes mobile in the rhizosphere and that reaches the
root cells’ surface can either be adsorbed on the root surface or taken up in the root.
The pathways of root uptake are highlighted in Fig. 2. There are several barriers NPs
will have to cross before entering the plants through the roots: the cuticle made of
waxes that covers young roots and emerging lateral roots (Berhin et al., 2019), and
the cell walls of the hairs and/or the epidermis cells. Depending on the growth con-
ditions, the root compartment, and the plant species, root cell walls can undergo
suberization and/or lignification, making them—theoretically—highly imperme-
able (Schwab et al., 2016).

While hydrophilic NPs should not be able to directly cross the cuticle, recent
work has described a higher root uptake of NP presenting a hydrophobic surface
(Sharma et al.,, 2020). This suggests that the cuticle layers might not be as
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Fig. 2 Main barriers and bottlenecks for NP behavior at the root surface, their uptake and translo-
cation to the plant vasculature. See Fig. 3 for more details regarding the cell compartments involved
in apoplastic and symplastic translocation

impenetrable as what was previously hypothesized in the literature and that uptake
depends on the NP coating, corona formation, and resulting surface properties.
These processes are yet to be elucidated, and these routes of uptake deserve more
attention. Several studies also observed NP accumulation where the mucilage is not
too abundant, where the cuticle and the cell walls are thinner, or when cells are
ripped. For instance, NPs have been shown to enter the roots through cracks at the
root surface (“crack-entry” mode), at the primary root—lateral root junction areas
(Lv et al., 2015), at the root tip where cell wall lignification is absent (Schwab et al.,
2016; Avellan et al., 2017; Geisler-Lee et al., 2013), or through the cell wall of epi-
dermis cells and root hair (Peng et al., 2018; Navarro et al., 2012).

Uptake of pristine NPs and/or their transformation products (i.e., ionic metal
species) through the plant/root interface has thus been demonstrated multiple times.
However, while research has highlighted some of the drivers for these mechanisms,
the complex biological, environmental, and physical-chemical interplays that mod-
ulate NP uptakes are far from being predictable.
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2.4 Moving to the Xylem and Translocating above Ground

After entering the roots, NP will be immobilized in the root tissues, or be mobile
and enter the xylem. Before entering the xylem vessel and being transported to the
above-ground tissues, NPs will cross several root barriers: the root surface (its cuti-
cle and epidermis as described above), the cortex, the endodermis, and its Casparian
strip (see Figs. 2 and 3). The Casparian strip of the endodermis is a layer of intersti-
tial cell walls that are sealed by lipophilic lignin and suberin hydrocarbons between
the cortex and the vasculature. This separation forces solutions to reach the xylem
through symplastic routes. The endodermis and the Casparian strip should be the
main bottleneck for NP transport to the shoots, as they present elongated and packed
cells, with lignified cell walls.

Within the cortex, NPs will either follow an apoplastic or a symplastic pathway
(Steudle & Peterson, 1998) (Fig. 3). As also described in more detail in the follow-
ing section, the apoplast is the continuum of connected cell membranes and the
symplast of cytosols connected through plasmodesmata. NPs and their aggregates
have been observed in the root apoplastic space (Schwab et al., 2016) and symplas-
tic space (Geisler-Lee et al., 2013; Sun et al., 2014; Li et al., 2019). The capacity of
the NP to be mobile in the apoplast seems to be impacted by the NP surface charge.
Cell walls present a negative charge, and NPs with positively charged groups at their
surface have been shown to be less present in the apoplast than negatively charged
NPs (Avellan et al., 2017; Li et al., 2019). Furthermore, endocytosis seems to be
more efficient for negatively charged CeO, NPs (Li et al., 2019). This ease to reach
the symplast could explain the higher translocation of negatively charged NPs in
shoots observed in several studies (Spielman-Sun et al., 2019; Li et al., 2019;
Spielman-Sun et al., 2017; Sun et al., 2020).

Numerous studies have shown translocation of NPs of various solubility, from
the root to the above-ground tissue (leaves/fruits/grains) (Li et al., 2019; Spielman-
Sun et al., 2017; Sun et al., 2020; Zhang et al., 2012; Ma et al., 2017; Zhao et al.,
2015; Zhu et al., 2012; Wang et al., 2012; Raliya et al., 2015; Karas & McCully,
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1973; Li et al., 2020). This translocation is size-dependent, as shown for Au in pop-
lar trees (Zhai et al., 2014) or CeO, in cucumber plants (Zhang et al., 2011).
Investigations have shown the enrichment of smaller TiO, NPs (<50 nm) in the roots
and stem in comparison to the one present in the rhizosphere of wild plants growing
in polluted soils (Belhaj Abdallah et al., 2020). It remains difficult to predict NP
uptake based on their size. First, the lack of robust protocols makes it challenging to
quantitatively measure the size distribution of NPs that had translocated in planta,
even though tools are being developed (Laughton et al., 2020). Second, not only the
NP size influences NP translocation, but, as discussed above, the NP surface proper-
ties will also play a major role. For instance, NPs of similar size but opposing charges
exposed to plants roots with contrasting anatomy not only showed various translo-
cation factors but also varying distribution in the leaf tissues they reached, accumu-
lating in different compartments of the leaf veins and/or mesophyll (Spielman-Sun
et al., 2019). Lastly, the size cutoff for NP uptake will likely vary depending on the
plant internal morphology characteristics.

The endodermis and its Casparian strip (see Figs. 2 and 3) should strongly limit
the translocation of micro-sized objects. However, recent work with microplastic
has shown their uptake by wheat and lettuce roots and transportation to the shoots.
The authors have shown a “crack-entry” mode, where the microplastic could enter
the roots at sites of lateral root emergence and be transported through the apoplast
(Li et al., 2020). Similarly, NPs could avoid the Casparian strip and the endodermis
through the root apoplast on the root tip region, where it has not been formed yet, or
at lateral root junction, where it can be disconnected. As the route of uptake and the
pathways of translocation are still not fully elucidated, the size exclusion limit for
NP uptake remains unclear.

Current research on NP uptake, translocation, and transport report the occur-
rence of events, often studied in regard to the NP physical-chemical properties.
However, there is a lack of a mechanistic understanding on how these occur. While
studies have demonstrated how NP properties can impact the mobility and interac-
tion with plant structures, the influence of the plant morphology and physiology is
largely unraveled. Furthermore, as discussed in more detail below, in planta trans-
formations of NP have been reported, but the understanding of the underlying
mechanisms remains limited. Multi-stressor, collaborative, and integrated studies
are still needed to better comprehend NP fate in planta. Finally, this knowledge is
critical to improving NP bioavailability when applied on soil to optimize and
decrease the needed NP doses in order to guarantee their viability for agricultural
purposes. Indeed, based on the current application rates, the economic and resource
costs of most NPs applied through the soil remain very high for viable field applica-
tions in comparison to conventional practices (Hofmann et al., 2020). It remains
unclear if root delivery will be widely adopted for high-cost NPs designed for tar-
geted delivery to other plant compartments. Root application may still become an
effective method for nano-sized fertilizer formulations that require delivery to the
soil/root environment, but more research into fine tuning NP properties is needed to
achieve a high bioavailability in the soil-rhizosphere—rhizoplane—plant continuum.
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3 The Phylloplane

3.1 Above-Ground Application Strategies

Recent life-cycle analysis concluded that given the current embodied resources
needed to synthesize practical NPs, targeted applications such as foliar treatments
offer, to date, the best opportunity for crop over soil applications (Gilbertson et al.,
2020). Indeed, foliar treatments present the advantage of being directly applied to
the desired target and are not dependent on soil biogeochemistry. Foliar application
and trunk injection are two methods for above-ground introduction compounds in
plants. Trunk injection (including its multiple variations such as branch and root
feeding) can be an effective way of delivering NPs to plants by directly introducing
them into the vasculature, bypassing biological barriers, when compared with other
methods (Su et al., 2020; Fischer et al., 2019). However, high particle count around
the injecting point and high ionic strength in the sap can lead to NP aggregation to
a certain extent, which can impact their transport, particularly of more reactive NPs.
Furthermore, risks of damaging the plants through wounds are non-negligible.
Injection/feeding methods also need relatively robust plant structures (e.g., thick
trunk or sturdy branches), making them more suitable for perennial crops, such as
trees and vines, or high-value crops such as berries. Leaf spraying (Prasad et al.,
2012) and suspension dipping (Shen et al., 2020; Borgatta et al., 2018; Ma et al.,
2020) seem more appropriate for crops planted as seedlings such as vegetables and
herbaceous fruits crops.

Foliar application is an interesting delivery method when it comes to
micronutrient-based metal NPs (Liu & Lal, 2015) and functional NPs (Wu et al.,
2017). Also, it is relatively easy to apply on a large scale, making it an attractive
method for field applications. It has been demonstrated that material attachment to
the leaf surface and their uptake can be tuned through, for example, NP size and
coating (Kah et al., 2019b; Avellan et al., 2019) or specific catechol-based modifica-
tions for improved adhesiveness (Liang et al., 2018; Jia et al., 2014). The main dis-
advantage in term of bioavailability/uptake are environmental factors such as rain or
wind that can promote material run-off and the inherent biological barriers of the
leaf as described below.

3.2 Leaf Barriers

The cuticle, epidermis, hydathodes, trichomes, and stomata are structures present
on leaves that can influence nanoparticle foliar adhesion and uptake. The cuticle is
a hydrophobic layer, covering the aerial epidermis of all terrestrial plants (Fig. 4).
Functionally, the cuticle helps prevent moisture loss and generally serves as a bar-
rier between the leaf’s internal structures and environmental stresses like tempera-
ture and ultraviolet radiation (Yeats & Rose, 2013). The epidermis is the outermost



Biological Barriers, Processes, and Transformations at the Soil-Plant—Atmosphere... 135

1. Leaf Application 2. Uptake Stomatal Uptake

Cuticular Uptake Stoma
Cuticle

Epidermis

Xylem —4—@ - }I - >Mesophyll

3. Mobility

Phloem
Symplastic
route

4. Transfer
to developing tissues
Leaf, roots, fruits...

Chloroplast

Companion
cell

Apoplastic
route
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layer of the leaf cell structure and serves as a protective barrier and interface for gas,
water, and nutrient exchange (Javelle et al., 2011). In order to fulfill these two com-
plex, and often competing, tasks, the epidermis can develop into more specialized
cell types such as stomata and trichomes (Javelle et al., 2011). Stomata are pores on
leaf and stem surfaces that regulate the exchange of gases, mainly water vapor and
carbon dioxide, between the leaf and atmosphere (Hetherington & Woodward,
2003). Stomata have larger size exclusion limits than the cuticle, and their guard
cells’ cell walls have mechanisms that allow them to expand their pore sizes to
larger than 20 nm, further facilitating hydrophilic nanoparticle uptake via the sto-
mata (Eichert & Goldbach, 2008). Stomata density and aperture can vary in response
to environmental factors like temperature, light intensity, and carbon dioxide con-
centrations (Hetherington & Woodward, 2003). Trichomes also play a role in leaf
secretion, primarily serving to protect the plant from herbivorous insects, ultraviolet
radiation, excessive transpiration, and freezing (Hiilskamp, 2004; Mauricio &
Rausher, 1997). Hydathodes allow for guttation or the release of apoplastic fluid
from intercellular spaces to the outer leaf (Cerutti et al., 2019). Guttation occurs to
prevent harmful water and xylem sap accumulation in the leaf during periods of low
transpiration (Cerutti et al., 2019).
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Drop deposition of nanoparticle solutions is mostly used to study nanoparticle—
leaf interactions because this simulates nanoparticle spraying, which has the broad-
est agronomic potential. Before discussing nanoparticle uptake, adherence to the
leaf surface must first be addressed. In general, smaller NPs have been found to
adhere more to the leaf surface after the surface is washed (Avellan et al., 2019).
Amphiphilic NPs have shown a higher adhesion to the leaf surface than hydrophilic
NPs, likely due to the hydrophobic interactions between the amphiphilic particle
and the lipophilic cuticle (Avellan et al., 2019). Furthermore, protein coatings have
also been shown to target leaf stomata and trichomes, as demonstrated by Spielman-
Sun et al. (2020) with the LM6-M protein antibody used to target gold NPs due to
its affinity for a-1,5-arabinan, a chemical moiety found in stomata guard cells
(Spielman-Sun et al., 2020).

3.3 Entering the Leaf and Interacting with Mesophyll Cells

Nano-bio interactions at the leaf surface will influence nanoparticle uptake, trans-
location, and potential for aggregation within plant tissues. The above-cited leaf
structures all represent potential deposition surfaces following a foliar spray, and a
possible path of entrance into the leaves. Although research repported the associa-
tion of metals or NPs with trichomes’ head and base after leaf deposition (Avellan
et al., 2019; Spielman-Sun et al., 2020; Li et al., 2018), its role as a surface uptake
pathway remains unclear. Studies that specifically looked at trichomes’ density
impact on ZnO NP uptake in soybean and tomato leaves found that trichomes did
not impact NP absorption (Li et al., 2018). Regarding hydathodes, description has
been done of NP accumulation in the hydathode apertures (Hong et al., 2016;
Bombo et al., 2019), but the role of these structures on NP uptake is yet to be
demonstrated.

There are two highlighted pathways for NPs to enter the leaf mesophyll: cuticle
penetration and stomata infiltration (Fig. 4). Historically, and because it is the struc-
ture that can be observed the most easily, stomatal pathway is the route that has been
investigated the most. Numerous studies have shown the colocalization of NPs with
guard cells and/or the accumulation of NPs in the stomatal cavity (Avellan et al.,
2019; Bombo et al., 2019; Eichert et al., 2008; Schreck et al., 2012; Larue et al.,
2014a; Xiong et al., 2017; Kwak et al., 2017; Zhang et al., 2020). Demonstration of
cuticle penetration has also been done, but mechanisms remain unclear. Studies
have hypothesized cuticle penetration through (small, <2 nm) hydrophilic pores
(Eichert et al., 2008), cuticle disruption and/or pore formation (Zhang et al., 2020),
and direct crossing and/or crossing through the joints of the cuticular tissues
(Avellan et al., 2019). The later mechanisms could explain the observed NP accu-
mulation in the anticlinal wall of the epidermis cells on an area devoid of stomata
(Avellan et al., 2019; Zhang et al., 2020; Nadiminti et al., 2013), and uptake might
be possible through one or both routes, which can be dependent on factors such as
plant leaf anatomy and the NP properties. For example, monocotyledon plants such
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as maize (Zea mays L.) have been shown to take up hydrophilic NPs mainly through
the stomatal pathway, while dicotyledons plants like cotton (Gossypium hirsutum
L.), that present less hydrophobic cuticles, could take them up through both stoma-
tal and cuticular pathways (Zhang et al., 2020; Hu et al., 2020). ZnO NPs (15—40 nm)
have been observed entering the leaf through the stomata, cuticle, and hydathode
(Singh et al., 2018). Silica NPs (50 nm) in A. thaliana were found to only penetrate
the leaf through the stomata and distribute within the large extracellular air spaces
of the spongy mesophyll without penetrating the cell walls (El-shetehy et al., 2020).
Slightly hydrophobic coating (PVP) was found to enhance NP penetration through
wheat (Triticum aestivum) cuticle, compared to a more hydrophilic citrate coating
(Avellan et al., 2019). Surfactants that can decrease water surface tension and/or
dissolve the leaf cuticle also promote nanoparticle penetration through leaf surface
(Zhang et al., 2020; Hu et al., 2020). The route uptake of NPs through the leaf seems
to be influenced by morphological, physiological, environmental, and physical—
chemical factors. The cuticle uptake pathway is still overlooked despite the cuti-
cle being the major surface of the leaf compared to other structures. In order to
improve nano-enabeled agrochemicals designed for foliar applications, more
research is needed to further elucidate NP properties and cuticle surface parameters
and structural organization affecting cuticular adhesion and uptake.

After getting through the leaf surface, NPs will enter the mesophyll. There, NPs
can interact with mesophyll cells differently, depending on their size, charge, and
coating chemistry (Lew et al., 2018). Some NP will be mobile in the mesophyll,
where they will translocate through apoplastic and/or symplastic pathways. In apo-
plastic transport, NPs move through the apoplast, a highly flexible continuum of
extracellular matrix consisting of a cellulose/hemicellulose network, pectin (poly-
saccharide) and proteins, filled with apoplast fluid and air (O’Leary et al., 2016). NP
size is likely to impact their mobility potential within the apoplast due to the rela-
tively reduced pore size of the cellulose/hemicellulose networks, which is estimated
to be in the 5-20 nm range, although some flexibility is expected. Surface charge
may play a crucial role in NP mobility as the cell walls are mainly negatively
charged due to free carboxyl groups from the pectin, so the movement of positively
charged NPs is expected to be limited. While studies on the effects of NP surface
charge are scarce, a recent study found that positively charged NPs accumulate sig-
nificantly more in the extracellular spaces of dicots compared to negatively charged
NPs (Hu et al., 2020). Extensive studies involving ionic species, however, have
shown that cations substantially accumulated in the apoplastic space, which sup-
ports the hypothesis that indeed positively charged NPs may have difficulties trans-
locating through the apoplast.

For symplastic transport, NPs must first be internalized from the apoplast into
the cell cytosol. Direct passive diffusion through the phospholipid bilayer and active
transport through endocytosis are two mechanisms proposed for nanoparticle uptake
through the cell membrane. Surface charge seems to be the main determinant on
which type of active transport is induced (clathrin-dependent or -independent path-
ways) (Onelli et al., 2008), as protoplasts have been shown to internalize particles
up to 1 pm in size, leading to distinct mechanisms of the NP management by the
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cell, e.g., internalization, degradation, or recycling pathways. Positively charged
AuNPs were delivered to tubular vesicles and vacuoles, while negatively charged
AuNPs were transported to inner vesicles (Onelli et al., 2008). Understanding the
parameters influencing the movement of NPs through one or the other pathway is
still needed to predict NP mobility in the mesophyll association with cell organelles,
NP bioavailability, and phloem loading, allowing larger distance translocation to
other sinks.

Nanoparticle physicochemical properties such as hydrophobicity, shape, size,
and surface charge have been shown to influence passive diffusion. Models are
attempting to describe the passive crossing of lipid membranes. This could help
predict the ease for NPs to cross the protoplast membrane (mainly made of phos-
pholipids) and enter the symplast and further the chloroplast membrane (mainly
made of glycerolipids), thus potentially modifying photosynthesis processes (Wu
et al., 2017). This passive lipid membrane crossing seems driven by the density of
nanoparticle charges, as proposed by the lipid exchange envelope penetration
(LEEP) model (Lew et al., 2018). When interacting with the membranes, NPs can
induce a drop of the transmembrane potential across the lipid layers. This creates a
driving force between the lipid bilayer and the NPs, softening the lipid bilayer and
allowing the NP to cross it (Lew et al., 2018). This process has been experimentally
investigated to quantify the charge and zeta potential leading to sufficient charge
density for this phenomenon to take place. NPs with high net zeta potential and
small sizes can thus enter into plant protoplasts and further chloroplasts if the zeta
potential remains high enough after crossing the first lipid layer (Lew et al., 2018;
Wong et al., 2016). More studies are needed to validate this model in planta and
across a higher number of NP core composition, shape, and surface properties.

As NPs internalize into the cytosol, they can also be directed toward specific cell
types or organelles. This targeted delivery can be mediated by modulating NPs’
surface charge and size. NPs with a hydrodynamic size of 6—18 nm showed above-
average colocalization to leaf guard cells in both monocots and dicots when com-
pared to larger hydrodynamic sizes, while NPs smaller than 6 nm and 12 nm, in
monocots and dicots, respectively, showed above-average delivery to chloroplasts
in the mesophyll (Hu et al., 2020). A positive surface charge resulted in a signifi-
cantly higher association with chloroplasts in both monocots and dicots (Hu et al.,
2020), though high zeta potentials, either positive or negative, have shown to favor
adsorption and uptake to the chloroplast (Wu et al., 2017; Spielman-Sun et al.,
2020; Hu et al., 2020). This could be explained by the LEEP model described above,
where higher net charge densities could allow for crossing several lipid bilayers,
thus entering the protoplast and furthering the chloroplast. Finally, nanoparticle sur-
face functionalization with targeting molecules also affects their affinity for cell
organelles. The oligonucleotide of single-stranded DNA with the sequence (AT),s
functionalized single-walled carbon nanotubes (SWNTs) and chitosan-SWNTSs can
assemble with the chloroplast lipid bilayer, while PVA or lipid functionalized
SWNTs do not associate with plant chloroplast (Giraldo et al., 2014; Wu et al.,
2020). Quantum dots (QDs) functionalized with Rubisco small subunit (RbcS) tar-
geting peptide doubled QD colocalization with chloroplast compared to
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unfunctionalized QD (Santana et al., 2020). These studies underline the complexity
of nanoparticle affinity to specific plant organelles, relying on an interplay between
multiple factors (size, charge density, surface chemistry, and plant anatomy/species)
and not an individual nanoparticle physicochemical property (Lew et al., 2018;
Wong et al., 2016; Ma et al., 2010).

Once internalized into the symplast, the NPs that did not associate with the
organelles can move intercellularly through the plasmodesmata (Zhai et al., 2014).
Discussion on the size exclusion limit (SEL) of these channels is still ongoing, and
the reader is directed to a recent review that details their structure and multiple stud-
ies reporting on factors affecting both SEL and NP mobility on plasmodesmata
(Schwab et al., 2016). Current understanding thus leans toward a more fluid and
dynamic model as opposed to a rigid one, underlining the flexibility of the SEL for
NP mobility in these channels. For instance, 15-nm AuNP (Zhai et al., 2014), 20-nm
AgNP (Ma et al., 2010), and TiO, (Larue et al., 2012) have been shown to transport
between plant cells through plasmodesmata, which is larger than the basal SEL
(5-10 nm) (Lucas & Lee, 2004). As metal-based NPs cannot undergo conforma-
tional changes, it is suggested that dilation by NPs or even NP-induced structural
changes to the plasmodesmata (Larue et al., 2012) allow NPs to cross the plasmo-
desmata. Thus, tuning the NPs’ size and surface properties should allow for specific
targeting (apoplast, symplast, organelles) and mobility to freely reach the phloem or
accumulate in the leaf mesophyll.

3.4 Reaching and Loading the Phloem

The pathway of nanoparticle phloem loading after foliar application remains
unclear, in part, due to limited axial resolution of current imaging techniques that
prevents imaging of the space between leaf surface and phloem vasculature. An
imaging approach with better axial resolution and high sensitivity for nanoparticle
elements is needed to resolve the nanoparticle phloem loading pathway, e.g.,
synchrotron-based nano-XRF. There is a general agreement that water, nutrients,
and nonessential metal complexes preferentially translocate through the apoplast,
particularly due to its nonselective nature, as opposed to the symplastic route, as
described above (Fig. 3). Reduced size limitations (<36—-50 nm) may favor symplas-
tic transport (Raliya et al., 2016). However, to date, no definitive preference between
apoplastic or symplastic transport for nanoparticle mobility is known. It is impor-
tant to emphasize that several studies did show the translocation of metal from foli-
arly deposited NP into other developing plant tissues, indirectly demonstrating that
phloem loading occurs (Avellan et al., 2019). Nevertheless, regardless of the meso-
phyll translocation pathway, in order to reach the phloem, NPs need to enter the
phloem cells before systemic transport (Jensen et al., 2016). Plant phloem is respon-
sible for delivering photosynthetic products, including sugar and amino acids from
photosynthetic machineries (mature leaves) to sugar sinks like root, younger shoots,
or fruits (Jensen et al., 2016). Since phloem sap generally flows out of leaves,
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systemic transport of foliar-applied NPs in plants is normally considered to be
through phloem loading and transport (Avellan et al., 2019; Zhang et al., 2020).
However, the possible nanoparticle phloem loading process is still not understood.
No study so far has reported the interactions between NPs and phloem cells. The
plant processes for sugar phloem loading have been well studied, and the transport
mechanism of sugar generally involved three strategies that could potentially enable
NPs loading (Jensen et al., 2016). Specifically, these three strategies for sugar
phloem loading are apoplasmic loading (active apoplasmic), polymer trapping
(active symplasmic), and diffusion (passive symplastic) (Jensen et al., 2016). In the
apoplasmic loading, sugar is taken up into phloem by a sucrose transporter protein,
which is fueled by the activity of the plant proton pump that hydrolyzes adenosine
triphosphate (ATP) (Kiihn et al., 1997). In plants that load their phloem through
polymer trapping, small sugar molecules like sucrose flow into phloem companion
cells through plasmodesmata and are subsequently converted into larger sugars such
as raffinose, stachyose, and verbascose (Jensen et al., 2016). The larger sugar can
then move into the phloem sieve element via the plasmodesmata-sieve pore contact.
In passive symplasmic loading, sugar diffuses from mesophyll into the sieve ele-
ments through plasmodesmata in the companion cell wall (Turgeon & Gowan,
1990). Passive loading requires a sugar concentration gradient between phloem and
mesophyll, with no sugar accumulation in phloem (Jensen et al., 2016). NPs loaded
into phloem will thus first need to pass through plasmodesmata, which have a size
cutoff that requires NPs to be smaller than a certain size, in the nanometer range
(Zhai et al., 2014). This size cutoff is, however, in contradiction with studies that
detected larger NP translocation from exposed leaves to downward compartments,
as described below. Future studies are needed to better understand the nanoparticle
phloem loading process and the major mechanism associated.

4 In Planta Translocation and Transport

Nanoparticle fate and transport within the plant is a key issue of concern, especially
when considering the agronomic application of NPs on edible plants intended for
animal or human consumption. Several studies looked at the species preferentially
taken up, salt, chelated ions, or nanoparticles, and the transformation resulting from
the uptake and the translocation. Doolette et al. (2020) studied zinc oxide NP trans-
location in comparison to traditional zinc formulation (ZnEDTA) in wheat after
foliar application. It was found that zinc oxide NPs were translocated less to new
plant tissues and grains than ZnEDTA in zinc-stressed growth conditions (Doolette
et al., 2020). They also observed that a foliar application concentration of 75 mg
Zn/L versus 7.5 and 750 mg Zn/L had the highest rate of translocation, likely due to
zinc toxicity at high concentrations and insufficient application amount at small
concentrations (Doolette et al., 2020). The differential uptake between salts, che-
lated species, and NPs will likely be influenced by the plant species (and its leaf
surface properties) and the type of metal involved.
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Publications have highlighted the transport of the metal taken up from NPs
deposited on leaves to nonexposed plant compartments, as in the following:

* Flowers: from cucumbers leaves dosed with CeO, (Hong et al., 2014).

* Fruits: from cucumbers dosed with CeO, (Hong et al., 2016).

e Seeds: from rice leaves exposed to Se (Hussain et al., 2020).

* Nonexposed shoots: from rice leaves exposed to Fe,O; (Hussain et al., 2020),
different trees to Ag (Su et al., 2020; Cocozza et al., 2019), wheat to Au (Avellan
et al., 2019), tomato to TiO, (Raliya et al., 2015) or ZnO (Raliya et al., 2015),
basil to Cu(OH), (Tan et al., 2018).

* Roots: from TiO, deposited on tomato (Raliya et al., 2015) or maize leaves (Lian
et al., 2020), ZnO on tomato (Raliya et al., 2015), Au on wheat (Avellan et al.,
2019) or watermelon (Raliya et al., 2016), and CeO, on cucumber (Hong et al.,
2016; Hong et al., 2014), but also Ag injected into citrus trees (Su et al., 2020).

» Rhizosphere soil of lettuce foliarly exposed to Cu(OH), (Zhao et al., 2016) and
of wheat to Au (Avellan et al., 2019).

These publications tracking metal movement after foliar exposure remain scarce.
The exudation in the rhizosphere is even more rarely investigated. However, this
approach could represent a way of delivering nutrients or pesticides directly to plant
roots and their surrounding soil, increasing efficiency over nontargeted methods
like soil drenching.

Furthermore, investigation of whether the metal deposited on leaves and translo-
cated in different plant compartments as the original NP or a transformed species
(i.e., dissolved and/or re-precipitated metal species) is rarely reported.
Biotransformation of engineered NPs such as SiO,, TiO,, Zn/ZnO, Fe/FeOx, Cu/
CuO/Cu(OH),, CeO, in plants has been studied in the last decade (Spielman-Sun
et al., 2017; Lv et al., 2019). The majority of these studies have focused on root
uptake and subsequent transportation and transformation of NPs in planta
(Spielman-Sun et al., 2018; Lv et al., 2019). The relatively labile metal/metal oxide
NPs can undergo dissolution, uptake, and (re)precipitation in plants after being
taken up. CeO, and ZnO NPs were reported to attach to plant root surface, dissolve
by root exudates like organic acids, enter plant root in ion form, and re-precipitate
in plants as metal phosphate or carboxylate (Lv et al., 2015; Zhang et al., 2012).
Some metals also undergo changes in valence state after being taken up and trans-
ported through plant roots (Spielman-Sun et al., 2019; Spielman-Sun et al., 2017).
Reports on NP transformation after leaf uptake remain scarce, but we can speculate
about the potential transformations that may occur according to the chemical com-
position of plant micro-environments where NPs could go through after foliar
uptake, including plant apoplast, cytosol, phloem, and xylem. Some articles have
hypothesized the formation of a protein corona as a facilitation of NP transport from
the leaves to the root through the phloem (Avellan et al., 2019). Some authors did
measure an organic coating around internalized TiO, after foliar exposure (Larue
etal., 2014b). The formation of a protein corona on NPs that enter plants remains a
significant knowledge gap that must be addressed to be able to understand, predict,
and tune the translocation of NPs in plants.
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After getting through the plant root or leaves surface (cuticle and epidermis) and
being taken up by plant leaves, NPs can be present in either apoplast or symplast
continuums, depending on their size and charge (Hu et al., 2020; Lew et al., 2018).
The plant apoplast and protoplast both contain sugar, cations (Mg*, Na*, K*, Ca*",
etc.), anions (Cl-, PO,*", etc.), amino acids, and proteins. The pH in cytosols is
normally neutral or slightly basic (pH ~ 7-7.5), while the pH in apoplast can be
slightly acidic (pH ~ 5-6) (Zhang et al., 2020; O’Leary et al., 2016). Metal oxide
NPs can dissolve under acidic pH (Dahle et al., 2015; Zhang et al., 2010); therefore,
NPs that are present in apoplast are more likely to dissolve than particles in proto-
plast. After entering the plant’s main vasculatures, NPs can be transported between
phloem and xylem. The pH in plant xylem and phloem is also vastly different. pH
in xylem is below 6.0 under normal conditions (Wilkinson et al., 1998; Gollan et al.,
1992), while the pH in phloem is above 7.0 (Zhang et al., 2020; Jensen et al., 2016).
Therefore, the pH condition in xylem could promote nanoparticle dissolution and
transformation, while NPs could be relatively stable in phloem given the slightly
basic pH conditions at the phloem sap. Other than pH, the major amino acids in
phloem such as glutamine and glutamates could also act as ligands that potentially
react with NPs (Turgeon & Gowan, 1990; Winter et al., 1992). Nanoparticle trans-
formation post foliar applications has not been well studied, and in situ nanoparticle
characterization is needed for the future studies to resolve nanoparticle transforma-
tion while being delivered in plants.

5 Conclusion and Future Perspectives

This chapter summarizes the current knowledge regarding the processes, chemical
or bio-transformations, and biological barriers that affect the uptake, transport, and
bioavailability of inorganic nanoparticles at the soil-plant—atmosphere interfaces.
Uptake of nanoparticles at the soil—plant interface is heavily influenced by soil type
and properties, encompassing not only the bulk soil environment, but also the bio-
geochemical conditions created by plant exudates and microbial activity in the rhi-
zosphere. Studies looking into NP root uptake often utilize simpler matrix systems
to study NP uptake (hydroponic systems, sand, gels), which partially disregard the
complexity of NP transformation processes in soil. Although this provides valuable
insight into how specific physical-chemical properties such as surface charge, size,
or shape influence NP root uptake, it does not take into account the highly complex
and dynamic nature of the reactions and interactions of NPs at the soil-root inter-
face that can eventually alter their properties and result in NP entrapment or root
adsorption. Studies have demonstrated the potential to target specific plant organs
by tuning NP physical-chemical properties. However, the interplays between the
ecto- and endo-rhizosphere microbiome, the plant responses, and the NPs’ fate in
planta remain overlooked. While translocation of NPs inside the plant seems to be
modulated by plant morphology and physiology, future studies on the matter, as
well as in planta transformations, are required to further understand the fate of NP
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upon root uptake. Finally, additional work is needed to either increase NPs’ efficacy,
reduce their cost, or improve strategies for them to reach the root target. As of now,
the use of NPs for targeted plant delivery of fertilizers in soil seems to remain eco-
nomically unviable for field applications when competing with current conventional
fertilization methods (Gilbertson et al., 2020). By contrast, foliar application and
seed coating with NPs seem viable strategies to deliver genetic material, micronu-
trients, or Als for plant protection, which could be a significant improvement for
more sustainable agricultural practices over conventional alternatives (Hofmann
et al., 2020; Gilbertson et al., 2020).

Research regarding foliar-applied NPs is more recent. In this case, application is
performed directly to the plant, and NPs are not under the effects of exogenous fac-
tors such as soil processes and conditions (root application). It thus presents a higher
potential regarding improvement of NPs’ bioavailability. Indeed, NP foliar applica-
tion can achieve significantly improved results compared to their conventional ana-
logs, at competitive resource consumption and costs. This makes foliar application
a good candidate for targeted delivery of NPs to specific plant compartments or
organelles in view of efficiently augmenting specific plant physiological processes.
However, room for improvement is vast, and, similarly to NP root uptake, there are
several key research questions that remain unanswered. Significant progress is
being made on the establishing mechanisms underlying leaf NP uptake and translo-
cation to the phloem. For example, it has been demonstrated that uptake can occur
through the leaf cuticle as opposed to exclusively by stomata infiltration. NP affinity
and adherence to leaf surfaces are beginning to be established in the literature with
factors such as NP size, amphiphilicity, and charge that appear to be critical factors
for NPs’ leaf adhesion. However, the interplays between NP properties, environ-
mental pressures, plant morphology, and physiology remain overlooked.
Furthermore, most of the studies have been focusing on crop plants, while research
on nano-enabled fertilization and protection on trees remains scarce.

The fate of NPs in planta after their leaf or root uptake remains poorly under-
stood. Demonstration has been done that both apoplastic and symplastic transport
could take place, yet the factors influencing one or the other routes are unknown.
While active works start to unravel the NP properties allowing to cross lipid layers
of various composition, our understanding of the capacity of NPs to cross cell walls
or to move through (rather small) plasmodesmata is still poor. Further, in planta
transformation has been demonstrated, but the mechanisms associated remain
unknown. Finally, while organic coating (bio- and eco-corona) had been hypothe-
sized to impact NP mobility and transport, this has been, to our knowledge, barely
addressed.

Not only it is necessary to understand the multiple nano—bio interactions and
mechanisms of NP uptake and in planta events, but there is also a need for quantifi-
able, comparable dataset to be built, considering NP properties, plant morphology,
and physiological responses, so that accurate models can be drawn. As of now, it
remains nonpossible to predict the fate of NPs in contact with various plant species
and interfaces. There is also an urgent need for data and scaling-up experimentation
in field conditions to assess the efficiency of not only different types of NPs but also
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of these methods (foliar vs. root) under a wide variety of scenarios. Integrated and
comparative studies, across multiple plant species, will be required to better com-
prehend the effects of NP application in terms of bioavailability and impacts regard-
ing crop yields, nutritious value, and soil biodiversity and health, while undergoing
biotic and abiotic stresses. These will help determine which type of method and NP
(or NP combinations) is better suited to deal with specific issues. Collaboration is
an important aspect to integrate into these studies. Several levels of knowledge are
required, from the soil geochemistry to the plant-microbiological relationships; the
molecular and physiological plant processes and the environmental and climatic
stresses, along with the associated risks, will be required for a complete analysis and
corroboration of the efficiency, safety, and viability of NP usage in agriculture.
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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

SOIL AND WATER
MNanoparticles and
nanomateriales
% o [®) a X
@ —_— e} e B ) RS
o O o x X
— QO «— x X e
@ © o o
Aggregation Single NP'S Tonic forms
Agglomeration and NMS (High potential toxicity)
(Low potential toxicity) (Intermediate potential toxicity) (Adsorption, absorption and
(Adsorption) (Adsorption and absorption) speciation)
+ + +
= Modification by chemical and photochemical weathering.
= Synergistic or sumatonal effects by association with radical exud biological pol i 1 toxins, etc.
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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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consequence that the transmembrane domains of integral proteins can protrude from 2 to 7 nm, the
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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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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)
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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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Abstract In recent years, engineered nanoparticles have been the focus of inten-
sive scientific and technological development in different applications, including
agriculture and food production/security. Copper-based nanoparticles have interest-
ing features, such as low production cost and potent antimicrobial actions at con-
centrations considered safe to humans and to the environment, making them good
candidates for agricultural applications. Moreover, copper-based nanomaterials can
be prepared not only by traditional chemical and physical methods but also by green
routes involving biogenic methods in a sustainable manner. Copper is involved in
plant growth, metabolism, and defense, and it has been used in agriculture as a key
player in fungicides in the combat of plant diseases. Recently, the design of copper-
based nanoparticles has opened new avenues to protect and defend crops, with supe-
rior results and lower toxic effects compared with bulk copper (massive copper). In
this scenario, the current chapter presents and discusses recent progress in the
design and applications of copper-based nanoparticles with potent antimicrobial
applications for agricultural pest management, green routes to synthesize the
nanoparticles, and recent progress in the applications of copper-based nanoparticles
as pesticides, as well as their phytotoxic activity. We hope that this chapter opens
new avenues in this important topic involving nanotechnology and agriculture.
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1 Introduction: Importance of Copper in Agriculture

The biological role of copper (Cu) arose during the evolution of photosynthetic
organisms, which changed the Earth’s atmosphere from anaerobic to aerobic due to
the progressive accumulation of oxygen (Burkhead et al., 2009). Under physiologi-
cal conditions, Cu exists in two forms: the reduced state (Cu*) and the oxidized state
(Cu?%), and it can bind to different substrates depending on its state. Cu has a signifi-
cant influence on plant metabolism due to its presence in several biomolecules and
its participation in numerous metabolic routes in the plant, as a metal cofactor in
certain metalloproteins involved in electron transport and oxidative stress response.
In chloroplasts, Cu is a constituent of plastocyanin (Pc), the most abundant Cu pro-
tein in plant chloroplasts, which acts as an electron carrier in primary photosyn-
thetic reactions. Cu is also a constituent of stromal Cu/Zn superoxide dismutase
(Cu/Zn-SOD), which protects against reactive oxygen species (ROS) generated dur-
ing the oxygenic photosynthetic reactions (Yruela, 2013).

In addition to being essential for plant metabolism, Cu has been used in agricul-
tural practice for years as an active ingredient of fungicides to enhance crop produc-
tion by controlling plant diseases. The most common Cu-based fungicide
formulations contain Cu sulfate, Cu hydroxide, Cu oxychloride, or Cu carbonate
(Husak, 2015). The Bordeaux mixture (a complex of Cu sulfate pentahydrate and
lime) has been used in viticulture as a plant protection product against the stated
fungal diseases since the eighteenth century, being the first fungicide to be used on
a worldwide scale. Nowadays, a Cu hydroxide- and Cu sulfate-based fungicide is
the only product allowed under organic standards, which is effective against
Plasmopara viticola (Vitanovic, 2012).

Since the Bordeaux mixture, there has been rapid growth in the development and
use of Cu-based fungicides, revolutionizing plant protection in the twentieth cen-
tury. Among the advantages conferred to the use of Cu in agriculture, we can high-
light the low cost, relatively high toxicity to plant pathogens, chemical stability, and
long residual periods (Lamichhane et al., 2018). Cu is used as an active ingredient
strictly for its protective function, as it has no curative or systemic activity and, once
applied, Cu particles may adhere to leaf surfaces to provide a protective film. This
film is a reservoir that, when in contact with water and low pH, releases Cu ions,
which act on the pathogen cells (Lamichhane et al., 2018). In other words, as
Cu-based fungicides do not penetrate and translocate well in plants, coverage of the
target is achieved through the application of large amounts of the product.

In this scenario, the frequent and extensive use of Cu-based fungicides, coupled
with the limited Cu mobility in the soil, results in the accumulation of this metal in
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the upper soil layers as a consequence of direct application, drift, or dripping from
leaf surfaces (Fan et al., 2011; Brunetto et al., 2016; Amlal et al., 2020). The long-
term foliar application of Cu-based fungicides can easily increase the concentration
of this metal to levels close to 200 mg kg~!, contrasting with Cu concentration in
noncontaminated agricultural soils that usually varies from 5 to 30 mg kg~' (Adrees
et al., 2015).

The heavy metals that act as micronutrients (e.g., Cu, iron, manganese, nickel,
and zinc), when present in soils in concentrations above the optimum level, compro-
mise plant growth and development due to changes in physicochemical properties
of soil. In addition, they trigger adverse effects in various physiological processes of
plants (Tiwari & Lata, 2018).

These metals cannot be degraded or destroyed, although their chemical forms
can change. Once dispersed in water, soil, and air, they can accumulate in plant tis-
sues (Cheng et al., 2017), posing a severe threat to human health through contami-
nation of the food chain (Nuapia et al., 2018). Despite the environmental problems
caused by the continuous use of heavy metal-based protective fungicides, there are
additional problems related to synthetic pesticides in general.

The conventional application of synthetic pesticides coupled with a lack of
proper rules and regulations causes serious environmental problems, releasing toxic
compounds that contaminate the surrounding medium through leaching or rainfall
runoff, reaching water bodies and even groundwater (Pradhan & Mailapalli, 2020).
Moreover, only a minimal quantity of the applied pesticides (less than 1%) reaches
the target species, while the remainder affects nontarget organisms, promoting
resistance in weeds, insects, and pathogens, in addition to having an environmental
impact (Usman et al., 2020).

In this context, nanotechnology has been studied in agriculture as a tool to
increase the effectiveness of different agrochemicals as fertilizers and pesticides,
helping to reduce the amount released into the environment (Kumaraswamy et al.,
2018). Nanomaterials can be used to synthesize nanofertilizers (nano-sized nutri-
ents, nano-coated fertilizers, or engineered metal-oxide/carbon-based nanomateri-
als) and nanopesticides (inorganic nanomaterials or nanoencapsulated active
ingredients) to provide targeted/controlled release of nutrients and agrochemicals.
Thus, they can deliver precisely the recommended dosage for plants, improving the
biological efficacy and with less environmental damage (Iavicoli et al., 2017; Bhan
et al., 2018).

Some studies have recently combined different nanotechnological approaches
with Cu bioactivity, showing promising effects on plants. As examples, we can cite
Cu nanoparticles (Cu NPs) (Hafeez et al., 2015), polymeric (chitosan) nanoparticles
containing copper ions (Cu**) (Choudhary et al., 2017a, b), nanocomposites of chi-
tosan/alginate loaded with Cu oxide (Leonardi et al., 2021), Cus(PO,), and CuO
nanosheets, and copper oxide nanoparticles (CuO NPs) (Ma et al., 2020) developed
as nanofertilizers to improve the efficiency of micronutrient use, aiming to enhance
plant growth and development.

However, the association between nanotechnology and Cu bioactivity has been
mainly used for the development of nanopesticides against plant pathogens
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(Giannousi et al., 2013; Kanhed et al., 2014; Saharan et al., 2015; Vanathi et al.,
2016; Choudhary et al., 2017b; Sathiyabama & Manikandan, 2018; Pariona et al.,
2019; Ma et al., 2020). In addition, this combination has been applied for the control
of storage pests (El-Saadony et al., 2020), for antibacterial composite food packag-
ing (Longano et al., 2012), and to extend the shelf-life of stored tomatoes (Solanum
lycopersicum L.) (Meena et al., 2020).

Here, we review recent progress in the design and use of Cu-based nanomaterials
in agriculture, highlighting their potent actions as an antimicrobial agent in pest
management.

2 Nanotechnology: Definition and Applications
in Agriculture

Notably, the field that addresses nanotechnology (also known as “nanoscience”) has
received significant attention in recent years from scientific research (Arya et al.,
2018; Camacho-Flores et al., 2015). As a form of technology and scientific study,
nanotechnology addresses the study of materials developed at the nanoscale (Arya
et al., 2018; Mohanpuria et al., 2008). Commonly, nanoparticles are classified as
particles with a size on the scale of 1-100 nanometers (nm); however, some recent
works address these same materials—also known as nanostructured materials—in a
size range of 1-1000 nm, taking into account the composition and formation of
these types of material, their properties, and applications in relation to their mass
macrostructure (Arya et al., 2018; Camacho-Flores et al., 2015; Jeevanandam
et al., 2018).

Several different kinds of nanoparticles (metallic, metal oxide, and hybrid
nanoparticles) have attracted considerable attention due to their physical, biologi-
cal, chemical, catalytic, optical, and, in some cases, magnetic characteristics, with
promising applications in several fields, including, more recently, agriculture
(Burdusel et al., 2018; Jeevanandam et al., 2018; Giannousi et al., 2017). Hybrid
nanoparticles represent an example of versatile nanomaterials with superior advan-
tages compared to monofunctional nanoparticles, allowing the design of nanostruc-
tures with different combinations in a unique stable nanostructure, which enables
improvement in their application, including in agriculture and food storage
(Burdusel et al., 2018; Kumar et al., 2018; Tavaf et al., 2017).

The considerable increase in agricultural production in recent years together
with growing concern about environmental issues has accompanied innovation in
the area of nanotechnology and nanobiotechnology, where science seeks the devel-
opment and improvement of materials such as metallic nanoparticles, cationic poly-
mers, and antimicrobial agents (Giannousi et al., 2017; Ahamed et al., 2014).
Cu-based nanoparticles have been used as a priming agent post-harvest and in food
storage, in addition to enabling some aspects of the harvest, such as an increase in
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productivity and a reduction in the impacts of abiotic and biotic stress factors,
including pest control (Kasana et al., 2017; Ahamed et al., 2014).

2.1 Copper Nanoparticles (Cu NPs) and Copper Oxide
Nanoparticles (CuO NPs)

Cu NPs particularly are a type of material with a low cost of production (Gawande
et al., 2016; Shobha et al., 2014; Evano et al., 2008). Despite the extensive history
of applications and large-scale uses of Cu in various fields, one must always con-
sider the instability that Cu® presents under an ambient atmosphere, causing its oxi-
dation (Gawande et al., 2016; Shobha et al., 2014; Hafeez et al., 2015). In this way,
methods are being explored for the development of more stable Cu NPs to avoid or
minimize the oxidation of this type of nanomaterial, aiming at the development of
structurally more complex Cu-based materials, leading to the formation of “core—
shell” nanomaterials (Gawande et al., 2016; Giannousi et al., 2017; Hafeez
et al., 2015).

Nanotechnology can provide advantages for the agricultural sector to develop
more sustainable activities (Hafeez et al., 2015; Gawande et al., 2016). Crop yield
is controlled by different and complex characteristics that can be explained by biotic
and abiotic factors linked to the genetic issues of each species (Hafeez et al., 2015).
According to some studies, the contamination of soil or water caused by various
microorganisms can cause disturbances to agricultural health as well as to human
health (Ahamed et al., 2014). As such, Cu NPs or CuO NPs find their places in agri-
culture as part of mitigating actions in irrigation and management, breeding, protec-
tion, fertilization, pest control, and production of numerous crops of wheat (Triticum
aestivum L.), cotton (Gossypium hirsutum L.), and lettuce (Lactuca sativa L.),
among others (Hafeez et al., 2015; Kasana et al., 2017; Pelegrino et al., 2020;
Pereira et al., 2021).

Cu itself is an important micronutrient, playing an essential role in plant nutrition
and health. Cu NPs and CuO NPs can promote soil remediation, protection against
pathogens, and plant growth (Seabra et al., 2014; Rajput et al., 2017; Pelegrino
et al., 2020). Some desirable advantages in the application of these nanomaterials
are demonstrated by their potential effects on the decrease in post-harvest plant
sensitivity, reducing the potential adverse effects observed during the storage, trans-
port, and exposure of the final product (Managa et al., 2018). In this way, Cu-based
nanoparticles can improve not only crop production, but also health and food safety
when applied in agriculture as fertilizers, herbicides, and antimicrobial agents
(Pelegrino et al., 2020; Wang et al., 2019; Kumar et al., 2015).
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2.2 Chemical and Biological Routes to Prepare cu NPs
and CuO NPs

There are several routes to synthesize Cu-based nanoparticles (Gawande et al.,
2016). Metallic and metal oxide nanoparticles can be prepared using physical,
chemical, or biological methods (Pereira et al., 2021). Each synthetic route dem-
onstrates advantages and disadvantages, including parameters to control nanopar-
ticle features, such as particle size, degree of agglomeration, surface charge, and
morphology (Gawande et al., 2016; Umer et al., 2012; Mijatovic et al., 2005).

Cu NPs and CuO NPs can be synthesized by chemical routes, such as condensa-
tion, chemical reduction, and oxidation (Gawande et al., 2016; Ahamed et al.,
2014). Basically, the synthesis of Cu NPs is based on the reduction of Cu?*.
Commonly, the chemical routes for obtaining nanoparticles are performed under a
controlled experimental setting, leading to nanomaterials with controllable size,
aggregation state, stability, and morphology (Gawande et al., 2016). However, in
some cases, chemical routes might involve high energy input and the presence of
toxic chemicals.

In contrast, biological routes to synthesize nanoparticles are considered a low-
cost, clean, nontoxic, and eco-friendly approach (Salvadori et al., 2013; Thakkar
et al., 2010). Our group has reported the plant-mediated synthesis of CuO NPs for
agricultural approaches (Pelegrino et al., 2020; Kohatsu et al., 2021). Green tea-
synthesized CuO NPs were applied on lettuce seedlings, in the range of 0.2 and
300 pg mL~". As expected, low nanoparticle concentrations (up to 40 pg mL™")
enhanced seed germination, whereas higher concentrations (higher than 40 pg mL™")
inhibited seed germination. Moreover, CuO NPs increased the levels of nitrite and
nitric oxide, molecules involved in plant growth and defense (Pelegrino et al., 2020).
In a further study, green tea CuO NPs were applied (either by foliar application or
soil irrigation) on lettuce under greenhouse conditions. Foliar administration of
CuO NPs (20 mg per plant) improved lettuce dry weight, number of leaves, CO,
assimilation, and macronutrient content, enhancing the nutritional value of the let-
tuce (Kohatsu et al., 2021).

Biogenic synthesis of nanoparticles is based on biological entities that act as
reducing agents, leading to the formation of the nanoparticles while promoting their
coating, which diminishes nanoparticle oxidation and degradation. Thus, nanopar-
ticles can be biologically synthesized by plants, fungi, some yeasts, and bacteria
(Krumov et al., 2009; Rahman et al., 2009; Honary et al., 2012). For instance, Cu
NPs were biologically synthesized by various plant extracts, such as gotu kola
(Centella asiatica L.), flowers (Aloe vera), latex (Calotropis procera (Aiton) W.T
Aiton), brown algae (Bifurcaria bifurcata R. Ross), and coffee (Coffea Arabica L.)
powder extract (Shobha et al., 2014). The Cu source employed can be copper nitrate,
acetate, or sulfate, leading to Cu NPs with different sizes and antimicrobial activity
(Kasana et al., 2017; Shobha et al., 2014; Lee et al., 2008; Mohanpuria et al., 2008).
Overall, biological routes are cost-effective and eco-friendly methods to synthesize
Cu-based nanoparticles, and these green routes demonstrate advantages over
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Fig. 1 Schematic representation of copper-based NP application in plants and expected effects

traditional chemical routes (Hafeez et al., 2015; Shobha et al., 2014; Salvadori
etal., 2013).

2.3 Copper-Based Nanocomposites in Agriculture

In addition to the use of Cu NPs and CuO NPs in agriculture, other kinds of nano-
materials, such as silver (Ag NPs), selenium (Se NPs), silica (SiO NPs), zinc (Zn
NPs), and gold (AuNPs) nanoparticles can be used as fertilizers, increasing seed
germination and crop growth, in addition to acting as natural pesticides and antimi-
crobial agents (Pestovsky & Martinez-Antonio, 2017).

Nowadays, versatile nanomaterials can be prepared by using a combination of
different kinds of nanoparticles, and thus the synthesis of hybrid nanoparticles con-
sists of the combination of nanomaterials with specific properties to compose a
single nanomaterial (Tung et al., 2016). Core—shell nanoparticles might present
advantages over simple nanoparticles, enhancing the nanomaterial biocompatibility,
stability, and dispersion in the environment in which they are inserted (Iravani,
2020). Some types of nanoparticles that additionally have a layer of another type of
nanomaterial or a non-toxic agent end up not only improving the property of the
hybrid nanomaterial but also protecting their core against oxidation, degradation,
and incompatibility (Wakaskar, 2018; Iravani, 2020; Pestovsky & Martinez-
Antonio, 2017).

In this direction, the antimicrobial actions of Cu NPs covered with silica were
reported in tomato plants (Carvalho et al., 2019). In a similar approach, Cu silica gel
coated with ZnO NPs was effective in bacterial control in plants, proving to be more
effective than commercially available Cu-based bactericides (Iravani, 2020;
Carvalho et al., 2019). Likewise, iron nanoparticles and Cu NPs increased the anti-
oxidant activity in wheat seeds, inducing resistance against abiotic stress (Pereira
etal., 2021). Although each of these nanoparticles, in isolated form, demonstrates a
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specific type of antimicrobial activity on crops, turning these nanomaterials into
hybrid nanosystems might enhance their advantages for agricultural applications by
increasing their antimicrobial activities. Thus, the use of Cu-hybrid NPs in pest
control is a promising topic to be further explored.

3 Applications of Cu-Based Nanoparticles as Nanopesticides

Currently, more than 30% of crop production is lost due to various plant diseases
caused by bacteria, fungi, viruses, and insects (Rai et al., 2018). Cu-based com-
pounds have been used since early times for pest control, as they are able to damage
biomolecules such as DNA, lipids, and proteins (Borkow & Gabbay, 2005). Among
various forms of Cu, copper sulfate (CuSO,), copper oxide (CuO/Cu,0), and copper
hydroxide (Cu(OH),) are the most commonly employed as pesticides, although they
present potential risks such as soil damage and environmental hazard (Wilbois
et al., 2009). In this field, nanoscaled pesticides demonstrate promising improve-
ment compared to conventional bulk pesticides, promoting better penetration and
higher efficiency of Cu (Parisi et al., 2014). Therefore, the evaluation of Cu-based
NPs on crops, both as a micronutrient and pesticide, has increased in the last decade.
Figure 1 illustrates possible applications of Cu-based nanoparticles in crops,
enabling their translocation and action as a micronutrient and/or pesticide.

It should be noted that Cu might positively or negatively affect plants, mainly
depending on its concentration. In this direction, the administration of Cu-based
nanomaterials in crops might allow sustained and controlled Cu release, avoiding
undesired effects. Among different Cu-based nanomaterials, nanostructured
Cu(OH), has been one of the most studied as a nanopesticide. The increasing num-
ber of scientific articles employing nanostructured Cu(OH), mainly results from the
commercialization of a formulation containing 20-nm needles of Cu(OH),, Kocide®
3000 (Li et al., 2019). In this sense, Kocide® 3000 has boosted the agricultural mar-
ket regarding the use of nano-formulations and the research field regarding the
evaluation of the benefits and impacts of Kocide® 3000, as well as comparisons with
other Cu-based nanoparticles. For example, the beneficial effects of Kocide® 3000
on crops were compared with bulk copper chloride (CuCl,) and CuO and with
nanoparticulated CuO and Cu NPs in sugar cane (Saccharum officinarum L.)
(Tamez et al., 2020). For nanoparticulated formulations, including Kocide® 3000,
significant changes were observed in root Cu levels, while the translocation of Cu in
the leaves was consistent with all forms of analyzed copper. Moreover, the accumu-
lation of Cu in sugar juice and alteration in the activity of antioxidant enzymes were
also observed in the highest evaluated concentration (60 mg kg™').

Regarding the application of Cu-based nanomaterials as nanopesticides, the
long-term effects of Cu(OH), NPs were monitored over one year in both soil micro-
organisms and plants (Simonin et al., 2018). Even after three sequential applications
of Kocide® 3000 (6.68 mg L), no negative side effects were observed in plants and
in the microbiota. Positive effects were verified in plants treated with the Cu(OH),
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product, evidenced by an increase of 27% in the biomass. In contrast, there were no
significant modifications in nontarget soil microbiota, corroborating previous publi-
cations (Hong et al., 2015; Zhao et al., 2016; Zhao et al., 2017).

Although presenting promising potential, it has been revealed that Cu(OH),
treatment using Kocide® 3000 was not efficient for reducing bacterial disease
(Qushim et al., 2018). Bacterial spot disease was favored by humid weather in
tomato plants, which were treated with various commercial products, including
Kocide® 3000. Results indicated that Cu(OH), nano-needles present in the formula-
tion did not reduce bacterial spot disease severity (Qushim et al., 2018). Furthermore,
in a study with tobacco (Nicotiana tabacum L.) hornworm (Manduca sexta)-infected
tomato leaves treated with either Kocide® 3000 or laboratory-synthesized Cu(OH),
nanowires, it was evidenced that the life-stage of the pest is a key point for the appli-
cation of Cu(OH), nanopesticides, as significant results were observed in the first-
instar larvae, but not in the second-instar larvae for both treatments (Li et al., 2019).
Interestingly, the growth retardation of tobacco hornworm was higher for Kocide®
3000 than for the laboratory-synthesized Cu(OH), nanoparticles. This tendency was
associated with the dissolution percentage of Cu ions (five times higher for Kocide®
3000), indicating that the release of the Cu ions is an important aspect for pest
control.

Besides Cu(OH), nanoparticles, other Cu-based nanoparticulated forms have
been used as nanopesticides, such as Cu NPs (Cumplido-N4jera et al., 2019), CuO
NPs (Giannousi et al., 2013; Ma et al., 2020; Vanathi et al., 2016), CuS NPs (Shang
et al., 2020), Cu-chitosan NPs (Vanti et al., 2020), and Cu-SiO, NPs (Xu et al.,
2020). Cumplido-Ngjera et al. (2019) evaluated the combination of Cu NPs and
potassium silicate in the control of Clavibacter michiganensis in tomato plants
(Cumplido-N4gjera et al., 2019). Cu NPs presented spherical morphology, with a
size of 42 nm. At both evaluated concentrations (50 and 250 mg L"), Cu NPs were
effective in reducing the plant contamination, inducing the activity of the enzymes
superoxide dismutase (SOD), phenylalanine ammonia-lyase (PAL), glutathione
peroxidase (GPX), and ascorbate peroxidase (APX). Besides changing levels of key
defense compounds in tomato plants, Cu NPs promoted a reduction of 16.1% in
yield loss (Cumplido-N4jera et al., 2019).

A similar pattern was observed using Cu NPs against Alternaria solani infesting
tomato plants (Quiterio-Gutiérrez et al., 2019). The contamination was significantly
reduced by Cu NPs, while the activity of antioxidant enzymes increased in the
leaves, and GPX activity also increased in the fruit. Moreover, Cu NPs increased the
content of nonenzymatic antioxidant compounds, such as vitamin C, chlorophyll,
phenols, and flavonoids.

In vitro studies have also evidenced the potential of Cu NPs as nanopesticides
(Banik & Pérez-de-Luque, 2017; El-Saadony et al., 2020). Biosynthesized Cu NPs
presented a spherical shape and a diameter ranging from 10 to 70 nm, coated with
characteristic biomolecules, such as phenols, amines, and alcohol (El-Saadony
et al., 2020). When evaluated against Tribolium castaneum at six different concen-
trations (from 50 to 300 pg mL™"), it was observed that Cu NPs were able to pro-
mote 100% mortality after 5 days. Moreover, better results were obtained for



202 D. G. Gomes et al.

biosynthesized Cu NPs when compared to chemically synthesized Cu NPs, which
might be attributed to the characteristic surface coating. A similar pattern was
observed for commercial Cu NPs tested against various pathogenic microorgan-
isms, employing concentrations from 100 to 400 mg L' (Banik & Pérez-de-
Luque, 2017).

CuS NPs are less commonly employed in crops compared to Cu(OH), NPs, Cu
NPs, or CuO NPs, although CuS NPs have demonstrated promising potential and
advantages depending on the targeted application (Shang et al., 2020). CuS NPs dem-
onstrated the highest antimicrobial activity in vitro compared to both control and CuO
NPs. In a greenhouse study, rice seedlings (Oryza sativa L.) were infected with
Gibberella fujikuroi and treated with CuS NPs, CuO NPs, and Kocide® 3000. Both
forms of Cu nanoparticles effectively inhibited the infection, highlighting the highest
efficacy of CuS NPs. In contrast, Kocide® 3000 demonstrated no effect against G. fuyji-
kuroi infection in rice seedlings. In foliar application, CuS and CuO NPs (50 mg L)
reduced the infection by 30%, while Kocide® 3000 achieved only 15%.

Cu NPs may also be allied to other molecules and/or nanoparticles. For instance,
a nanocomposite based on Cu NPs and chitosan demonstrated 98% inhibition of
phytopathogens Rhizoctonia solani and Pythium aphanidermatum, allied with ben-
eficial effects on chilli (Capsicum annuum L.), cowpea (Vigna unguiculata (L.)
Walp), and tomato plants (Vanti et al., 2020).

4 Phytotoxic Effects of Cu-Based Nanopesticides

Nanopesticides have been developed as an efficient alternative to reduce the impacts
of agricultural practices on the environment and on nontarget organisms, creating
better crop protection management. However, the effects of these agrochemicals on
plants have not been fully characterized, and more research is essential to distin-
guish the benefits and risks they confer to the agrosystem (Carley et al., 2020).

Different studies in the literature have discussed the dual effect of nanoparticles
on crops, which can exhibit both negative and positive impacts. The effects trig-
gered on the plant are dependent on factors such as plant species, size, structure,
shape, concentration, stability, and other chemical properties of nanoparticles
(Gabal et al., 2018). The toxicity of metal-based nanoparticles to plants may involve
at least three different mechanisms: i) released ions from nanoparticles may be toxic
to exposed plants, ii) nanoparticle interactions with environmental media may pro-
duce chemical radicals able to generate oxidative stress on plants, and iii) nanopar-
ticles interact directly with plants, leading to toxic effects on metabolism (Chen,
2018). Although engineered nanomaterials can suppress crop diseases by directly
acting on pathogens through ROS generation (Adisa et al., 2019), the same mecha-
nism, when excessively induced, causes phytotoxicity, leading to plant oxidative
damage (Ahmed et al., 2019).

Considering the diversity of studies over the years on Cu-based nanomaterials
applied as nanopesticides, a summary of applications and potential phytotoxic
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effects on plants is presented in Table 1. Some of these are discussed in more detail
in the text below.

The application of Cu-based NPs of different compositions and sizes against
Phytophthora infestans was tested in tomato plants (Lycopersicon esculentum var.
Belladona) in comparison to the performance of the registered commercially used
Cu-based products (Giannousi et al., 2013). Cu,0O NP was the most efficient formu-
lation against P. infestans (73.53%) in comparison to all products ten days after
application. In general, all Cu-based NPs were found to be effective, while the
applied dose of the products was reduced significantly without affecting their effi-
cacy. In addition, phytotoxicity symptoms such as small necrotic spots and some
chlorotic spots on the leaves were observed in plants treated with the Cu,O NPs and
Cu/Cu,O composite nanoparticles, 3 and 7 days after application, which disap-
peared 10 days after application. However, no phytotoxicity symptoms were found
in fruits and flowers. Cu/Cu,O composite NPs exhibited the highest phytotoxicity
(3.75%) compared to the other formulations. This behavior can be attributed to the
presence of the metallic core in the NPs, which can be considered more bioreactive
than the oxides. Although Cu/Cu,O composite NPs demonstrate excellent efficiency
in suppressing the pathogen growth, their application approaches the limit between
plant protection and phytotoxicity.

Young and Santra (2014) reported that a composite material of sol—gel silica host
matrix loaded with mixed-valence Cu could be an alternative to conventional bio-
cides against Xanthomonas alfalfa strain F1 ATCC 49120. Phytotoxicity studies
were performed using Vinca sp. and Hamlin orange (Citrus sinensis (L.) Osb) under
greenhouse conditions to observe potential plant tissue damage. Formulations were
sprayed at concentrations of 90, 450, and 900 ppm of metallic Cu, and observations
were taken at 24, 48, and 72 h after spray application. Except for CuCl, and Kocide®
3000 (commercial product), all other treatments containing Cu at 900 ppm induced
mild phytotoxic symptoms in Vinca sp. 24 h after application. In addition, Vinca sp.
exhibited moderate to high levels of plant tissue damage 48 h after application of
CuSiNG (water-soluble composite copper (II) loaded silica nanogels) and
MV-CuSiNG (composite mixed-valence copper loaded silica nanogel), which
remained after 72 h. On the other hand, Hamlin orange exhibited strong tolerance to
Cu-induced phytotoxicity even at the highest Cu concentration (900 ppm), regard-
less of the formulation.

Saharan et al. (2015) synthesized chitosan NPs loaded with Cu ions and evalu-
ated their growth promotion and antifungal efficacy in tomato seedlings (Solanum
lycopersicum Mill cv. Navodhya) under laboratory conditions. Seeds treated with
Cu—chitosan NPs (0.08% and 0.10%) showed improved seed germination and seed-
ling growth compared to all other treatments. On the other hand, at the highest NP
concentration (0.12%), slight decreases in seedling length, vigor index, and biomass
were observed compared to 0.08% and 0.10%, but not when compared to the con-
trol (water), chitosan (dissolved in 0.1% acetic acid), and CuSO, 0.1% (dissolved in
water) treatments. Furthermore, the 0.12% concentration was the most effective
treatment in disease control during the experiment.

As can be observed in studies from the last eight years that used Cu-based
nanoparticles as nanopesticides, there is a lack of information about the possible
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phytotoxicity conferred by the application of these nanoformulations. A few studies
have performed specific analyses or more careful monitoring to detect possible phy-
totoxic symptoms. As previously described, some symptoms appear some hours
after application and may disappear or intensify during the following days, depend-
ing on the plant species, nanoformulation type, and concentration (Li et al., 2020;
Ma et al., 2020; Sathiyabama et al., 2020; Cumplido-N4jera et al., 2019; Quiterio-
Gutiérrez et al., 2019). In addition to the complete characterization of antifungal
activity in vitro and in vivo, careful monitoring of plants (visible symptoms, mor-
phophysiological, and/or metabolic alterations) after nanopesticide application is of
utmost importance for better characterization of the effects of Cu-based nanopesti-
cides, highlighting the pros and cons of their use for plant protection.

Because the evaluations of effectiveness and potential uses are directly related to
the effects on plant growth, some studies in which Cu-based nanomaterials were
applied as nanofertilizers reported relevant information about phytotoxicity.

Lee et al. (2008) evaluated in vitro the growth of beans (Phaseolus radiates L.)
and wheat seedlings, as well as the bioaccumulation of Cu NPs applied at concen-
trations of 0, 200, 400, 600, 800, and 1,000 mg L~! with an exposure period of 48 h.
A decrease in seedling length was observed for both species, reaching the lowest
values at the highest concentration (1,000 mg L~!). Beans were more sensitive than
wheat to Cu NPs, with the induction of root necrosis. The no-observed-adverse-
effect concentrations for wheat root and shoot exposed to Cu NPs were less than
200 and 800 mg L', respectively. In addition, bioaccumulation increased with
increasing concentrations of Cu NPs. The cupric ions released from Cu nanoparti-
cles had negligible effects in the concentration ranges used in this study, which
suggests that the apparent toxicity resulted from Cu NPs.

Hafeez et al. (2015) carried out a study to determine the potential of Cu NPs to
enhance the growth and yield of wheat cultivar Millat-2011. Although germination
was not affected by Cu NP concentrations up to 0.8 ppm, it decreased significantly
with nanoparticle application in concentrations equal to or higher than 1 ppm, using
a medium composed of three layers of sterilized filter paper in Petri dishes. Cu NP
concentrations higher than 2 ppm were deleterious to wheat plants in solution cul-
ture, whereas lower concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 ppm) enhanced seed-
ling growth. When applied to the soil, Cu NPs (10, 20, 30, 40, and 50 ppm)
significantly increased the growth and yield of wheat compared with control. The
results showed that Cu NPs can enhance the growth and yield of wheat, but their
effects are dependent on the concentration and the growth medium.

Zuverza-Mena et al. (2015) evaluated the impact of Cu-based formulations on
agronomic and physiological parameters of cilantro (Coriandrum sativum L.)
plants. The treatments (Cu(OH),; Cu NPs; Cu pPs (micro-Cu); CuO NPs; CuO pPs
(micro-Cu oxide) or CuCl,) were applied at 20 or 80 mg Cu per kg of commercial
substrate. Cu NPs, CuO NPs, CuO pPs, and CuCl, reduced seed germination at both
concentrations, while only CuO pPs decreased shoot growth. All Cu-based treat-
ments impaired nutrient accumulation in shoots, except Fe and Ni. The results
showed that, even at a low concentration (20 mg kg™!), the Cu-based nanoparticles
or compounds might affect plant nutritional quality.
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Yang et al. (2015) evaluated the roles of dissolved metal ions in the CuO NP
phytotoxicity against maize (Zea mays L.) and rice. Root elongation was signifi-
cantly inhibited by CuO NPs in both species in a concentration-dependent manner
(25 to 2000 mg L"), which was not related to Cu?* release.

The data discussed here show that there is a narrow concentration range between
the protective and the phytotoxic effects induced by engineered Cu-based nanoma-
terials applied to plants as nanofertilizers and/or nanopesticides. Moreover, factors
such as nanomaterial concentration, plant species, and exposure route are determi-
nants for the intensity of each effect. Studies need to describe all the conditions
involved in the application of nanomaterials and provide as much information as
possible about their effects on plants to allow the continuous development of nano-
structures aimed at improving agricultural practices.

5 Final Remarks

In recent years, nanotechnology and agriculture have been areas of intensive interest
from the scientific, technological, and commercial fields. In general, engineered
nanoparticles can be used to promote plant growth and defense against pathogens
while increasing crop resistance under biotic stress. Cu is an important micronutri-
ent in plants, participating in several endogenous activities, acting in the metabo-
lism of carbohydrates and proteins as well as being directly involved in the role of
chlorophyll synthesis in photosynthesis. However, it is known that the use of Cu at
high concentrations can have negative effects on plants.

Cu-based nanoparticles are nanomaterials with potent antimicrobial effects that
can be used as pesticides in agriculture. The use of nanomaterials has several advan-
tages over massive (bulk) materials, including higher efficacy and less toxicity.
Recently, greener routes to synthesize Cu-based nanoparticles have been widely
investigated. These nanoparticles can be prepared using several approaches, their
surface can be coated or functionalized with active polymers or other metallic
nanoparticles, or they can be incorporated into inorganic or organic materials lead-
ing to the formation of hybrid nanoparticles. These strategies can minimize nanopar-
ticle toxicity and maximize their biological effects and biocompatibility. Moreover,
Cu-based nanoparticles might have superior effects to commercially used fertiliz-
ers, pesticides, and herbicides, which do not contain nanomaterials.

Considering the last few years, several signs of progress have been achieved in
using Cu-based nanoparticles as pesticides in agriculture. However, further studies
are still required to better understand the phytotoxicity of these nanoparticles. It is
essential to highlight that the safe and conscious use of nanomaterials in different
crops could minimize ecological impacts, such as pollution and ecotoxicity. Thus,
recent efforts have been focused on understanding and improving nanomaterials to
mitigate unwanted effects on plants and the environment. The use of Cu-based
nanoparticles as active agents in pesticides is a promising and realistic approach in
agriculture.
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