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Abstract: Healthy eating habits are one of the requirements for the health of society. In particular, in
natura foods are increasingly encouraged, since they have a high concentration of nutrients. However,
these foods are often grown in the presence of agrochemicals, such as fertilizers and pesticides. To
increase crop productivity and achieve high vigor standards in less time, farmers make excessive use
of agrochemicals that generate various economic, environmental, and clinical problems. In this way,
bionanotechnology appears as an ally in developing technologies to improve planting conditions,
ranging from the health of farmers and consumers to the production of new foods and functional
foods. All these improvements are based on the better use of land use in synergy with the lowest
generation of environmental impacts and the health of living beings, with a view to the study and
production of technologies that take into account the concept of One Health in its processes and
products. In this review article, we will address how caring for agriculture can directly influence
the quality of the most desired foods in contemporary society, and how new alternatives based on
nanotechnology can point to efficient and safe solutions for living beings on our planet.
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1. Introduction

Healthy eating is based on a society’s social and behavioral practices and customs.
Therefore, it should encourage the production and consumption of healthy regional foods,
such as vegetables, legumes, and fruits. In this context, policies capable of educating and
elucidating the direct impact between collective socio-environmental changes and their
impact on each individual’s life must be considered. In this way, the link between society,
industry, and health policies, strengthening notions associated with quality of life, leads to
health promotion and disease prevention [1].

Many aspects must be considered to establish that an individual has a healthy diet.
One of the least discussed issues associated with healthy eating habits is linked to food
and its cultural meanings. This is due to the fact that an individual needs to adapt their
habits to the society they are part of. However, society must also offer subsidies, in order
that individuals can establish healthy habits in their routines. In addition, guaranteeing
access, flavor, and cost must be a priority for everyone. Fresh foods, such as vegetables and
fruits, can be healthy products when cultivated and distributed organically and sustainably.
Processed foods, encouraged by marketing, are starting to be replaced by the association of
long life and healthy eating [2]. Foods are now seen as protagonists of long life, and healthy
and naturally colored foods, as a way to guarantee variety mainly in terms of vitamins and
minerals, and considering the cultural and behavioral aspects of a region, are preponderant
factors for the new era of food [3].

Another critical point is associated with food safety. Biological or physicochemical
contamination and possible health risks must be taken into account. In addition to a
healthy diet based on nutritious foods, adequate drinking water consumption and daily
physical activities are recommendations associated with a quality life, as the alignment of
the circadian clock is called [4].
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Environmental awareness has brought new principles to human nutrition, in which
the consumption of animals or animal derivatives has been decreasing. A new concept of
integrated feeding with living beings then emerges. The plant-based diet is so-called due
to the high intake of foods of plant origin. It is based on consuming whole, natural, and
minimally processed foods, for example, grains, vegetables, and seeds [5]. A diet based on
whole foods and vegetables is a source of good nutrients for the body, such as vitamins,
antioxidants, fiber, minerals, and bioactive compounds. In addition, several studies in the
modern literature already associate plant-based eating with a lower risk of developing
chronic non-communicable diseases, such as type II diabetes, cardiovascular disease, and
kidney disease [6–8].

Much should be discussed when we associate a plant-based diet and its impacts on
environmental sustainability and health, since a plant-based diet has a lower environmental
impact than a diet with moderate or high meat consumption. The Lancet EAT Commission
in 2019 advocated a population dietary shift toward plant-based food to deal with obesity
and climate change, including more vegetables, fruits, nuts, seeds, and whole grains in the
daily diet [9].

However, it must be discussed that the increase in plant-based diets can cause stress
in the agricultural producers’ market, since this diet is directly associated with seasonality,
for example. In addition, the presence of pests in plantations, factors with water stress, and
climate change, which are increasingly present on our planet, can lead to a new unbridled
trade with the use of agrochemicals (fertilizers and pesticides) that completely diverges
from a healthy diet. This is mainly due to the high degree of toxicity [10].

In this sense, bionanotechnology appears as a great ally. It can be an efficient and
eco-friendly alternative to agrochemicals that promote regenerative agriculture, integrated
with the approach associated with One Health. Bionanotechnology could be applied in
agriculture, remediation, water treatment, pest detection, and control, for example, devel-
oping porous nano zeolites capable of absorbing water or soil chemical contaminants [11];
nanocapsules capable of releasing the necessary pesticide concentration on demand [12]
nanomembranes that control the release of water, fertilizers, and herbicides and serve
as water purifiers [13,14]; nanosensors capable of monitoring soil and plants and detect-
ing contaminants and pests [15,16]; magnetic nanoparticles as an agent to combat soil
contaminants [17]; among other applications.

Nanotechnology currently enables different alternatives for agriculture, from plant
productivity, its interaction with microorganisms, its impact on soil health, and its mech-
anisms. Through nanotechnology, the scientific world develops new nanomaterials that
effectively play the role of agrochemicals, such as nanoparticles (NPs). These NPs can be
applied alone or in synergy with plant growth-promoting bioinoculants in different plant
organs to replace or minimize the use of agrochemicals [18]. In addition, the NPs have
high plant productivity, such as the use of zinc nanoparticles that increase the grain yield
of Pennisetum americanum L. by 38%, as well as its accumulation of chlorophyll by 24%,
the amount of total protein soluble by 39%, and biomass by 12% [19]. This is one of the
examples that show the increase in plant productivity caused by NPs.

The mechanism of action of NPs is being increasingly explored, but there are still many
questions about how NPs improve plant growth. It is believed that due to the size of the NPs,
which range from 1 to 100 nm, they can more easily enter the pores of the seeds and thus
manage to cross the plasma membrane by direct diffusion, endocytosis, or transmembrane
proteins. However, this passage through the membrane can be altered depending on the
characteristics of the NPs, such as charge, size, morphology, and hydrophobicity, among
others. From the entry of NPs into plant tissues, they can be carried by apoplastic or
symplastic transport pathways, since NPs can be mobilized from the root part to the
shooting part through the xylem and, if distributed through the shooting part, can be
translocated through the phloem. Another mechanism of action of AgNPs would be
through plasmodesmata and proteins, such as aquaporins. These proteins facilitate the
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entry of NPs into plant tissues, allowing for the NPs to exert their properties. In addition,
aquaporins, ion channels, stomata, and vessels transport NPs throughout the plant [20–22].

Understanding the mechanism of action of NPs and reducing the use of pesticides
through nanotechnological alternatives can bring many benefits to human beings and the
planet, such as increasing food safety, since many foods may contain pesticide residues,
reducing the toxicity of fertilizers and pesticides through controlled delivery from NPs, the
synergy between bioinoculants that promote plant growth and NPs to replace or minimize
fertilizers, among many other examples that will be seen in this article.

2. Agrochemicals: Correlation between Environmental Causes and Clinical Problems

Agrochemicals play a vital role in growing food. This importance developed due to
large-scale population growth that forced agriculture to increase the production of grains,
seeds, roots, leaves, and fruits, in order to feed the population. To achieve this high food
production, agriculture has made use of non-renewable natural resources, such as water
and land, as well as the excessive use of agrochemicals to maintain crop efficiency [23].

Fertilizers are agricultural inputs that increase the productivity and vigor of the crop
by promoting the availability of nutrients in the soil for plant growth. Its use is present
from large plantations to landscaping [24]. According to data provided by the Food and
Agriculture Organization of the United Nations (FAO), in 2000, around 109 kg/ha of
inorganic fertilizers, such as phosphorus, nitrogen, and potassium, were used to feed the
6127.7 million inhabitants. In 2014, around 137 kg/ha of inorganic fertilizers were used to
feed 7243.8 million people. It is predicted that by 2050 this consumption will increase from
150% to 175%, with a population between 9.4 and 10 million inhabitants [25,26]. Therefore,
the forecast is that the use of fertilizers will increase due to population growth. However,
there are several problems associated with the excessive use of fertilizers. First, the dose
applied per hectare cannot be significantly high. It is necessary to have homeostasis.
Otherwise, the beneficial effects will harm the plants, the environment, microorganisms,
and living beings.

Pesticides are agricultural inputs capable of killing pests that cause damage or im-
balances in plant growth, such as insects, plants, animals, and microorganisms. Its use
prevents losses in cultivation and improves the yield of planting and soil use, as its use has
become indispensable in agriculture. The term pesticide encompasses various agricultural
pesticides, such as fungicides, herbicides, nematicides, and rodenticides, among others [27].
The use of pesticides intensified in World War II (1939–1945) due to food urgency and
persists to the present day due to population growth. In the 50s, around 200,000 tons of
pesticides were used, and in the 2000s, around 5 million tons were used. As a result, about
3 billion tons of pesticides are used annually in world agriculture [28,29]. Pesticide prod-
ucts occupy about a third of all agricultural input production. To avoid losses and increase
crop yields, farmers make excessive use of pesticides, from coating seeds with fungicides
to the use of herbicides and insecticides by all plant organs in different periods of the plant
cycle. Currently, there are more than 500 different types of pesticides on the market, and
many of these products still need to be certified; therefore, they do not have information
about the composition and cytotoxicity, since this poses an even more significant clinical
and environmental problem [24,26,28,30]. According to the Stockholm Convention, twelve
main chemicals are hazardous to health and persistent in the environment. Within this list
of twelve products, nine are pesticides [31].

Many soils naturally have the presence of metals, such as Mercury (Hg), Lead (Pb),
Arsenic (Ar), Chromium (Cr), Cadmium (Cd), Zinc (Zn), and Copper (Cu), among others.
The imbalance between toxic metals and the excess of fertilizers affects, for example, the
homeostasis of the soil, causing its acidification in the pH that impacts everything from
plant growth to grain consumption. The pH is one of the main parameters of soil health and
is crucial for planting. In addition, many agrochemicals have metals and toxic substances
in their composition, thus causing physicochemical and biological changes in the soil and
plants, such as alteration of metabolic pathways and hormonal signals, degradation of cells
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and organelles, deterioration in soil use, among other characteristics that can cause loss of
planting productivity and poor soil use. From this, there is an excessive entry of metals
into the food web, which causes an imbalance in the ecosystem and the health of living
beings [24,32–34].

It is noteworthy that although zinc and copper are considered heavy and even toxic
metals, this may vary according to the mass of these metals that can come into contact
with plants or even be ingested by humans. The recommended dietary allowance (RDA)
of zinc for adults is 8 mg/day for women and 11 mg/day for men. The tolerable upper
intake level (UL) for adults is 40 mg/day, based on a reduction in erythrocyte copper-
zinc superoxide dismutase activity. Amounts between 30 and 200 µg Zn g−1 dry weight
(DW) help plant growth, whereas amounts > 400 µg Zn g−1 DW in soil treatments are
considered as toxic to the plant [35–37]. Regarding Cu, the RDA for adult men and women is
900 µg/day, and the tolerable upper intake level (UL) for adults is 10,000 µg/day
(10 mg/day), a value based on protection from liver damage as the critical adverse ef-
fect. Furthermore, 5–30 mg kg−1 Cu is considered as satisfactory in plant tissues. From
the point of view of soil contamination, the Cu threshold value is 100 mg kg−1, and the
guideline value is 150 mg kg−1 [38,39]. In this way, using these metals in agrochemicals or
nanotechnologies, such as metallic nanoparticles, can be beneficial or problematic depend-
ing on the amount used in soils and plants. In this sense, nanotechnology using a smaller
amount of these metals and obtaining results equal to or superior to existing technologies
can be one of the advantages of using these more modern technologies. Mainly under the
gaze of green nanotechnology.

Environmental issues associated with agrochemicals are intimately integrated with
the health of living beings, the environment, and microorganisms. For example, the excess
of agrochemicals in the soil is often carried by rain to water reservoirs, rivers, and lakes.
Plankton, fish, and all marine life are affected by this contamination from agricultural in-
puts [27]. Consequently, bioaccumulation and eutrophication, among other environmental
causes, will impact other beings in the food web, such as humans and animals that feed
on fish [24]. This impacts the world economy with the lower availability of fishing areas,
directly affecting the fishing industry, food, and the environment [40]. In addition, humans
are affected by consuming contaminated water or food and working directly with these
products as farmers. Moreover, some studies report the clinical effects of this contamination
by agrochemicals, such as hormonal, reproductive, immunological, neurological, respi-
ratory, carcinogenic problems, and even behavioral disorders [41–44]. The entire human
physiology is compromised from exposure to agrochemicals. Furthermore, there has been
a generalized loss of homeostasis for generations, whether by people who are physically
ill, such as cancer, or mentally ill, due to depression and psychological disorders [42]. For
example, women who have had direct or indirect exposure to agrochemicals are more
likely to develop breast cancer [45], and pregnant women have about a 30% chance of
having children who develop childhood brain cancer [46] and a greater chance of having
children with leukemia [47]. In addition, the fetus may present cardiac and neuronal
problems and morphological alterations in the lower and upper limbs [40]. Men may have
a 40% risk of developing prostate cancer compared to men who have not had contact with
agrochemicals [48]. It is noteworthy that exposure to agrochemicals at any stage of life,
from the womb to old age, can lead to chronic problems that develop in the long term, such
as Parkinson’s and Alzheimer’s disease [49,50].

Another issue is that if planting is started in contaminated soil or with a seed coated
with a toxic fungicide, the plant will start germinating and absorb the water available in
the soil along with metals and toxic substances. By absorbing these toxic inputs, they can
be internalized in plant cells causing susceptibility to abiotic stresses or even enter the
meristem, which is responsible for the cell differentiation of plant tissues. Suppose the toxic
input is internalized to the meristem, in this case, all differentiated plant cells can contain
their presence, and it can be carried throughout the plant cycle from seed germination
to the consumption of grains, fruits, flowers, and roots, among other vegetable organs.
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Moreover, this can be even worse with the addition of pesticides during plant development.
In this way, the animal that consumes this food can be contaminated with these toxic inputs,
altering its microbiota and metabolic regulations.

Farmers’ exposure to the application of agrochemicals is dangerous for their health
in several aspects. Cardiovascular diseases are directly related to this exposure, which
can lead to myocardial infarction, congestive heart failure (CHF), stroke, arrhythmia, and
sudden death. The oxidative stress of these agricultural inputs, combined with their
transport through the blood, makes the heart one of the organs most exposed to the risks of
agrochemicals [51]. Different places in the world, such as Thailand and Zimbabwe, have
studies that show the prevalence of organophosphate poisoning on the crescent exposure
of the farmer to agrochemicals, in addition to bioaccumulation of pesticides on the clothes
of those who apply the product, inhalation, and direct contact with the skin when there is
no correct use of individual protection equipment [52,53]. Furthermore, adjuvants used
in agrochemical application sprays may not be safe, as in the case with organosilicons
surfactants. Other types of surfactants may be vehicles for greater dissemination of toxic
compounds to the environment and the farmer, as well as raising the level of toxicity by
carrying and mediating the contact of organisms with the compounds [54].

Therefore, the human being that consumes this animal will also present the toxic
effects of agrochemicals (Figure 1) [55–57]. Following this rationale, we will see how
agrochemicals can impact living beings through the One Health vision in the following
topic.
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3. One Health Approach

In recent decades, several studies have sought to understand the impact that tech-
nologies used in different social areas and production chains can have on the production
environment, the product itself, and, finally, the final consumer, especially when this prod-
uct is related to food consumption [58]. The term “One Health” was used for the first
time in 2003–2004 at a conference at Rockefeller University, where the world’s health was
the main topic, given that the impact that technology has on a living being of a given
species can impact other genera, families, and kingdoms [59,60]. This approach is related
to agrochemicals when we observe several studies that indicate an impact of these inputs
on the health of animals, humans, and the ecosystem, since, in addition to the food web,
all living organisms are affected in agriculture as well as ecosystems of plantations [61].
More recently, the Food and Agriculture Organization of the United Nations (FAO), the
World Organization for Animal Health (OIE), the United Nations Environment Program
(UNEP), and the World Health Organization (WHO) are forming operational guidelines.
For a better understanding and definition of the term “One Health” and how the countries
and industries of the world can contribute to more sustainable approaches to improve the
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quality of life of human beings, following the tripartite is elaborated according to One
Health: The communication between the practical actions related to the concept, society
itself, and the sectors, in order that there are collaborations and training about this approach
around the world [62].

The agrochemical inputs used in plantations negatively or positively impact microor-
ganisms and aquatic and terrestrial animals, and the impacts are desired exclusively for
agricultural production. Within this scope, one of the significant challenges is biomonitor-
ing to understand the full impact that agricultural inputs, mainly agrochemicals, can have
on all living beings and the environment. With the constant advancement of biomonitoring
technologies, it will be possible to understand even better the impact of pesticides and
inputs of different chemical natures, such as the toxicity of metals, such as Cd, Pb, Cu, and
Zn, and how the performance of agrochemicals influences the ecosystem from the begin-
ning. Plants, soil, and human and animal health are consumers of food produced [63,64].
Similarly, several other inputs with varied chemical natures impact the water table, the
farmer, and the final consumer. This use of substances is harmful and toxic for human
physiology, but also for the microbiota of the soil, in which the planting carries out the mi-
crobiome of the plants and the microbiota of the final consumer. The chemical compounds
used in agriculture can select the microorganisms (bacteria and fungi) that will remain in
the soil. This can impact the growth of plants planted on this land to the final consumers
of agricultural production, such as humans and animals. Soil and plant microbiota can
be affected by herbicides, fungicides, and insecticides. For example, herbicides, such as
glyphosate, suppress the activity of phosphatases and can reduce the growth and activity
of azotobacter; fungicides, such as Captan and Thiram, decrease the growth and nitroge-
nase activity of Azospirillum brasilense; insecticides, such as Methamidophos, reduce the
microbial biomass by 41–83% [65]. Another issue relevant to pathogenic microorganisms in
plants, humans, and animals is the ability of agrochemicals to carry out constant selective
pressure and maintenance of resistant strains, even stimulating the horizontal transfer
of resistance genes and the interspecific dissemination of antibiotic resistance genes [66].
Environmental exposure and pesticide concentrations used in plantations can stimulate and
diversify the evolution of E. coli until reaching high levels of resistance to different classes
of antibiotics. In addition, mutations caused by agrochemicals affect the regulation of gene
transcription related to the formation of bacterial biofilms and defense against oxidative
stress, among other mechanisms that make bacterial cells more resistant to antibiotics [67].
In addition to microorganisms, terrestrial animals are directly affected, as in the case with
bees, which are vital pollinators for the ecosystem. These animals can suffer multiple
stresses, including exposure to low levels of agrochemicals, which increase their mortality
rate [68]. Moreover, the honey produced by bees that feed on the nectar of flowers in
areas exposed to agrochemicals is altered, and the animals that consume this honey may
suffer from its toxicity, which is directly related to the impact on the reproduction of their
species [69]. Aquatic animals, such as fish, are also affected by both toxic metals and com-
pounds directly and indirectly, which can affect the development of these animals, mainly
in more sensitive species, and the early stages of life and, in addition, the bioaccumulation
of heavy metals affects the entire the food web [70,71]. In this way, it can be observed that
the entire ecosystem can be impacted by chemical treatments carried out in agriculture, and
for the farmer, it is no different. In addition, the human gut microbiota is severely affected
by pesticides directly [58], and gastrointestinal disorders and neural diseases, including
neurodegenerative diseases, such as Parkinson’s or Alzheimer’s, are more likely to develop
with the consumption of foods containing agrochemicals [72,73]. This can also be of concern
for producing new foods and for vegan, raw food, and vegetarian people who consume
more plants and vegetables [74]. Therefore, many technologies used in agriculture cause a
network of consequences and problems that go directly against the concept of One Health
(Figure 2).
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4. Bionanotechnology and Agriculture

Bionanotechnology is a synergistic joining of two multidisciplinary sciences, nanotech-
nology and biotechnology. Nanotechnology is an interdisciplinary and transdisciplinary
science that studies the manipulation and improvement of matter at atomic and molecular
scales. The prefix “nano” has an etymological origin in the Greek language which means
dwarf. This prefix justifies the dimension of the nanometer, which corresponds to 1 billionth
of a meter, thus, 10−9 m. The sizes of nanomaterials, such as NPs, follow a nanometric
scale ranging from 1 to 100 nanometers [75]. Due to the nanoscale, it is possible to develop
new technologies, services, and products with differentiated structures and properties that
other scales do not have.

Furthermore, biotechnology is a multidisciplinary science that relates different areas
of knowledge, such as biochemistry, genetics, microbiology, physiology, immunology,
food engineering, and agronomy, among others. Therefore, biotechnology relates a set
of knowledge, techniques, and scientific methods to solve environmental, biological, and
medicinal problems through technological and innovative bias [76]. From these concepts
and application possibilities, bionanotechnology can be applied as an ally in agriculture to
replace and minimize agrochemicals, biomonitoring, and develop agricultural nanosensors.

Due to the importance of biomonitoring for understanding the impact of agrochemi-
cals on the ecosystem and keeping in mind the concept of One Health, nanosensors can
be crucial to understanding the fate of these chemical compounds used in agriculture and
how these residues are deposited along the way in the food web—enabling the analysis of
interspecific bioaccumulation in a more accurate way, including the bionanotechnologies
used in plants [77,78]. Understanding and monitoring soil conditions and plant devel-
opment, such as nutritional and hormonal pathways, is essential for the treatment with
nanomaterials. From this, it is also necessary to understand the nanomaterials’ cytotox-
icity, from the plant cells to the organisms of different animals, such as fish, bees, and
humans, among others. With this, it is possible to predict and avoid the bioaccumulation of
nanomaterials and the generation of another toxic technology for the ecosystem. Another
issue is that investigating the delivery of nanomaterials through nanosensors by all plant
organs helps in the construction of technologies with targeted mechanisms of action, in
the biosafety of use and consumption, and makes it possible to understand the life cycle of
the nanomaterial from its planning to the final destination [79,80]. Nanotechnology can
contribute to sustainable agriculture in several ways, including the use of NPs, quantum
dots, nanorods, nanoencapsulation, and nanoemulsions, among other products that reduce
the concentration of chemical compounds, which can be harmful and are already used on a
large scale, or avoid its use both in the synthesis process and in the product used, in order
to reduce the impacts on living beings and the ecosystem [78].
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The use of nanomaterials, such as metallic nanoparticles and metal oxide nanoparti-
cles, has gained prominence in agriculture in recent years due to their multidisciplinary
properties and applications ranging from seed production to food packaging [81]. Among
the different possibilities of synthesizing nanomaterials through biosynthesis or green
synthesis, it has been the most efficient method due to its approach that minimizes or
eliminates the use of compounds, processes, and concentrations of reagents, which may
be toxic to human health and for the environment [82]. Therefore, the green synthesis of
NPs, nanoemulsions, and nanoencapsulation has been used to reduce the use of fertilizers,
increase crop productivity, improve crop management, and protect seeds [82,83]. As a
result, several bionanotechnological techniques aim at plant improvement without genetic
modification or with the lowest use of bioinoculants, and thus present low cost, dynamic
synthesis, and agrochemical reduction.

Nanoscale drug delivery can be engineered with different materials and for varied
purposes, from targeting important biomolecules for metabolic processes and enhancing
plant growth to therapeutic effects and disease treatment. Mesoporous silicon-based nano-
carriers (MPSNPs) can carry macromolecules, such as proteins, enzymes, or even antibodies
on their surfaces. Solid lipid nanoparticles (SLN) can carry antioxidant molecules, natural
antimicrobial compounds, and hydrophobic agents that favor plant growth. Nano-capsules,
micelles, liposomes, nanoemultions, dendrimers, nanocrystals, nanogels, and other nan-
otechnologies are being studied and developed as drug delivery systems in agriculture [84].

Another exciting technology is using polymeric nanocarriers made from natural or
synthetic polymers that are biocompatible and biodegradable. The stability of these carri-
ers in the wood sap takes place through the colloidal stability of these nanosystems, the
biodistribution being addressed by binding biomolecules in tissue-specific receptors or
general receptors, in order that the bioactive molecule reaches all tissues efficiently [85].
In this sense, the supply of nutrients for the biofortification of plant cultures can be car-
ried out with carriers made with cellulose nanofibers, such as nanofibers, polymer-nano
cellulose-clay composites, nanocarriers derived from silk fiber, and carboxymethylcellulose.
These carriers can supply the deficiency of plant nutrients or improve their growth and
development [86].

Some nutrients are impressive for the plant life cycle, such as phosphorus, although
they are healthy, among others. Phosphorus, for example, is a vital element for all plants,
as it is essential for growth, photosynthesis, protein structure, and the formation of nodules
for flow formation, among others. [87]. In cereals and legumes, the primary storage form of
phosphorus is in the form of phytic acid. In this form, plants absorb phosphorus less due to
the fact that the phytic acid can form insoluble complexes with proteins and minerals [88].
This is an example of several others that occur in agriculture. To solve this problem found
in phosphate fertilizers, nanotechnology has been used as nano fertilizers to modulate
phosphate solubility through hydroxyapatite nanoparticles that release phosphorus in a
controlled manner, reducing bioaccumulation and formation of insoluble complexes [89,90].
In a study with nanoparticles of hydroxyapatite coated with urea, they showed an increase
in the germination rate, in the aerial part, and in the dry mass of chickpea seedlings (Cicer
arietinum) [91]. Similarly, there are several studies that investigate the possibility of nanofer-
tilizer in maize (Zea mays) [90], soybean (Glycine max) [92], lettuce (Lactuca sativa L.) [93],
among other cultures. In this way, nanotechnology proves to be a promising technology for
solving problems that occur in translational fertilizers.

Among the different areas of nanotechnology in agriculture, seed treatment is in-
creasingly investigated by science. By treating the seeds, the vegetable is expected to
start its cycle with greater productivity, vigor, and less agrochemical toxicity during and
after cultivation. For example, the seed nano-priming technique using NPs and the seed
bio nano-priming technique using plant growth promoting bacteria (PGPB) in synergy
with NPs are promising technologies for agriculture [94]. This seed priming methodology
accelerates the imbibition phase and the induction phase of germination growth without
the pre-initiation of the phase of embryonic axis growth [79]. This allows the farmer to
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initiate germination at different times. From the development of the embryonic axis growth,
it is expected that the seedling will obtain improved growth and may have more resistance
to different abiotic and biotic stresses [81]. With this, there is a reduction in the use of
agrochemicals, from the coating of fungicides on the seeds to the use of insecticides and
herbicides throughout the plant’s life cycle, due to the controlled delivery of nanomateri-
als [79]. Furthermore, by joining nanomaterials with PGPB, a fertilizing effect is expected
for the plant, as well as more excellent resistance to diseases caused by biotic and abiotic
stresses [95].

For example, one can cite chitosan nanoparticles (nanochitosan) in synergy with PGPB
(Pseudomonas taiwanensis and Pantoea agglomerans) in maize seeds. This synergy between
nanomaterials and a consortium of bioinoculants resulted in an increase in photosynthetic
pigments by 65.62%, in the number of leaves by 67.18%, in plant height by 54%, and in
the flavonoid content by 167.61%. In addition, there was an increase in the activity of
antioxidant enzymes, such as catalase at 80.15% and peroxidase at 25.25%, which is an
essential characteristic of stress tolerance [96]. In another study, the growth and soil health
of maize seeds was treated with CSNPs in synergy with PGPB Bacillus spp. (bacterial
isolates PS2 and PS10). The work showed that treatment with nanochitosan increased
plant height and leaf area. These characteristics can be attributed to the action of plant
hormones. The nanochitosan also induced seed germination. This may be related to the
increase in seed permeability that allows for a greater entry of water and oxygen into the
cells, thus accelerating metabolism. In the same study, the authors evaluated soil samples
after treatment and observed that the amount of available phosphorus increased. There
was also an increase in alkaline phosphatase enzyme activity after the treatment with
nanochitosan, indicating a greater amount of substrate available in the soil. Therefore, the
increase in enzymatic activity in the soil can be an indicator of soil health, since this can be
related to an increase in microbial biomass [97,98]. Another study investigated the impact
of a liquid formulation of nanophosphorus and phosphate-solubilizing bacteria called
nanophos on maize crops. The soil treated with nanophos increased the shoot and root
part and the number of leaves of the plant. In addition, there was an increase in the protein
content in the leaves and the activity of antioxidant enzymes. This formulation increased
the activity of enzymes in the soil, such as phosphatase, arylesterase, and β-glucosidase,
among others [99].

Another example is using iron oxide nanoparticles (FeONPs) biosynthesized from
Syzigium cumini leaf extract in synergy with Rhizobium pusense in Vigna radiata plants.
The bionanofertilizing potential of this interaction showed a significant increase in the
length of the shoot (49%) and root (7%) and dry biomass of the shoot (21%) and root
(80%). Furthermore, proteins present in Vigna radiata seeds after the treatment with
R. pusense and FeONPs increased by 42% compared to the untreated control plants. The
amounts of proline and chlorophyll were also increased by around 37%. It is noteworthy
that this interaction did not cause damage to the membranes and tips of the roots [18].
In another study, bionanofertilizers were synthesized from Pseudomonas gessardi and
Pseudomonas azotoformans and nanocomposites formulated from soy and cerium oxide
(Ce) for application in Trigonella foenum-graecum. This study showed that NPs significantly
increased shoot and root height without Ce bioaccumulation in the soil [100]. In another
study, the synergy between silica nanoparticles (SiO2NPs) and the PGPB Bacillus cereus
in Capsicum annuum L was shown. Studies show that SiO2NPs increased phosphate sol-
ubilization and production of the plant hormone gibberellin due to the potentiation of
Bacillus cereus growth. This interaction also increased the antioxidant enzymes catalase
and superoxide dismutase, indicating that SiO2NPs induce defense-related responses. In
addition, there was an increase in shoot and root length, number of leaves, and number
and production of fruits [101]. More examples can be seen in Table 1.
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Table 1. Examples of the interaction between plant growth-promoting bacteria and nanomaterials in
plant organisms.

Nanomaterial Crops PGPB Effect References

Nanozeolite Zea mays Bacillus spp.

Increase in the chlorophyll and carotenoid
content, in the total sugar content, in the

protein content, in seed germination, in the
total phenolic content, in shoot and root

height. The number of leaves and leaf area
also increased significantly.

[102]

Nanotitania Triticum aestivum L.
Alcaligenes faecalis

Paenibacillus polymyxa
Bacillus thuringiensi

Biomass increase under conditions of saline
stress and pathogenic stress by the fungus

Fusarium culmorum.
[103]

Nanosilicon dioxide Zea mays

Pseudomonas
taiwanensis

Pantoea
agglomeranscom

Increase in the plant’s height, the number
of leaves, the content of chlorophyll,

soluble proteins, phenols, flavonoids, and
carotenoids. In addition, there was an
increase in the antioxidant enzymes,

catalase and peroxidase, and an
improvement in soil health.

[104]

ZnONPs Cucumis melo Bacillus fortis

The synergy between PGPB and ZnONPs
improved cadmium phytotoxicity. In

addition, there was an increase in
biochemical and plant growth parameters.

[105]

ZnONPs Solanum lycopersicum
L.

Bacillus subtilis
Lactobacillus casei
Bacillus pumilus

Increase leaf width, plant height, and fresh
and dry weight of leaves and roots under
saline stress conditions. Additionally, the
synergy between PGPBs and NPs resulted

in decreased DNA methylation.

[106]

FeONPs Trachyspermum ammi
L. Providencia vermicola

The synergy between PGPB and FeONPs
resulted in increased plant growth,

photosynthetic pigments, sugars, and
biomass under heavy metal arsenic stress

conditions.

[107]

CuONPs Triticum aestivum L.
Bacillus subtilis

Lactobacillus casei
Bacillus pumilus

Treatment with CuONPs and PGPB
increased wheat tolerance to saline stress

and showed an antigenotoxic effect.
[108]

Nanochitosan Zea mays

Pseudomonas
taiwanensis

Pantoea
agglomeranscom

An increase in seed germination, vigor,
average height, carotenoid, and chlorophyll

content. In addition, nanochitosan can
improve beneficial bacterial growth.

[109]

In addition to the interaction of NPs with PGPB, recent studies explore nanomate-
rials’ influence on plants. For example, the use of zinc oxide nanoparticles (ZnONPs)
as biostimulants to mitigate drought and high salinity in rice and wheat crops, respec-
tively [110,111]. The use of silver nanoparticles (AgNPs), titanium dioxide nanoparticles
(TiO2NPs), magnesium oxide nanoparticles (MgONPs), and magnetic nanoparticles to
minimize the use of fungicides and bactericides in seeds, leaves, and roots, as well as herbi-
cide/insecticide actions in tomato, maize, wheat, among other crops of significant economic
and food [112–116]. More examples of the effects of nanomaterials on plants can be seen in
Table 2. Moreover, bionanotechnology is already present in many formulations available
on the agricultural market, such as the organic nanoemulsion marketed by the company
Vision Mark Biotech called Nano Guard. This nanoemulsion is a pesticide based on natural
extracts with particles smaller than 200 nm that present stability and prolonged action
due to its controlled release. Moreover, Tropical Agrosystem nanoemulsion formulates its
pesticides from natural extracts and moves the pesticide market with revenues of more than
USD 50 million annually. These examples confirm the importance of bionanotechnology
in developing new agricultural alternatives that can reduce the use of agrochemicals with
compositions that are harmful to health and the environment [117].
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Table 2. Examples of the effects of bionanotechnology on plant health and agricultural productivity.

Nanomaterial Crops Effect References

MgONPs Gossypium hirsutum

Increase in plant height, due to Mg modulating the transport of
sap elaborated by the phloem to younger leaves, and in the size
and number of leaves, due to activation of the enzyme RuBP
carboxylase and assimilation of proteins and carbohydrates.

[118]

MgONPs Zea mays

Increase in shoot and root length, germination rate, and plant
vigor due to the biostimulant effect of MgONPs. Increased

chlorophyll and carotenoid content at lower concentrations of
MgONPs.

[119]

FeONPs Oryza sativa

FeONPs increased germination speed, water absorption, and
stimulation of α-amylase enzyme and total sugars. In addition,
they showed antioxidant effects from tests carried out with the

enzymes peroxidase, catalase, and superoxide dismutase.

[120]

FeONPs Triticum aestivum

FeONPs mitigated salt and Cd stress in wheat. The NPs made
available in the soil increased the presence of nutrients, such as
N, P, and K+ and reduced the concentrations of Na+ and Cl- in

wheat grains and Cd in the soil.

[121]

FeONPs and
ZnONPs Triticum aestivum

The NPs helped wheat in the abiotic stress caused by Cd. NPs
decreased the activity of superoxide dismutase and peroxidase
enzymes in leaves and reduced the concentration of Cd in the

root and aerial parts of wheat.

[122]

ZnONPs Oryza sativa

ZnONPs increased the number, width, and height of the leaves,
the length of the root and aerial part, the vigor, and the fresh

and dry mass of the seedlings. This increase is due to the
absorption and translocation of the zinc content by the rice

grain.

[123]

ZnONPs Solanum melongena
ZnONPs increased productivity and fruit growth under water
and salt stress conditions by 22.6% at higher concentrations (100

ppm) and 12.2% at lower concentrations (50 ppm).
[124]

TiO2NPs Phaseolus vulgaris

The penetration of TiO2NPs allowed for the uptake of water
inside the seeds, significantly increasing the length of the aerial
part and root part. Increased activity of antioxidant enzymes

catalase and peroxidase.

[125]

TiO2NPs Salvia officinalis
TiO2NPs increased dry mass by 30%, water use efficiency by
35%, and net profit rate by 44% in salvia plants under water

stress.
[126]

CuNPs Solanum lycopersicum

CuNPs increased the content of vitamin C (80%), phenols
(7.8%), glutathione (81%), and antioxidant enzymes, such as
superoxide dismutase and ascorbate peroxidase in tomatoes

under saline stress conditions.

[127]

Nanochitosan Catharanthus roseus

Decrease in the accumulation of malondialdehyde and H2O2,
and preservation of membrane integrity in conditions of water
stress. CSNPs induced alkaloid biosynthesis gene expression
and increased total chlorophyll concentration and stomatal

conductance.

[128]

AgNPs Triticum aestivum

AgNPs increased relative water contents by 12.2%, membrane
stability index by 26.5%, chlorophyll by 10%, chlorophyll b by

16.4%, and total chlorophyll by 19% in wheat plants under heat
stress.

[129]

Nanogypsum Spinacia oleracea

Nanogypsum can mitigate the effects of salinity-sodicity and
increase spinach productivity in saline-sodic soil. The

nanomaterial reduced soil salinity by 83%, fresh mass, leaf area,
and plant height.

[130]
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5. Conclusions

The consequences due to the excessive use of agrochemicals impact all beings in the
ecosystem, from changes in the microbiota to morphophysiology and body homeostasis.
All living beings are directly or indirectly affected, causing severe economic, social, and
environmental damage, especially considering the emerging causes of climate change that
accentuate various problems for our planet. Therefore, many issues need to be investigated
using the One Health concept and agriculture. Bionanotechnology can solve these problems
through nanosensors, nanoparticles, and agricultural nanoformulations. It is also worth
mentioning that studies involving bionanotechnologies and agriculture are recent and need
further explanations, ranging from the mechanism of action in different stages of plant
development to the final destination of metabolization in the soil and living beings. There-
fore, bionanotechnology is expected to positively impact living beings, mitigate problems
related to climate change, improve crop management and, above all, reduce the use of
agrochemicals and the risk of global contamination. The hope is that bionanotechnology
can be an agent of regeneration in all stages of life.
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2. Sadler, C.R.; Grassby, T.; Hart, K.; Raats, M.; Sokolović, M.; Timotijevic, L. Processed Food Classification: Conceptualisation and

Challenges. Trends Food Sci. Technol. 2021, 112, 149–162. [CrossRef]
3. de Mejia, E.G.; Zhang, Q.; Penta, K.; Eroglu, A.; Lila, M.A. The Colors of Health: Chemistry, Bioactivity, and Market Demand for

Colorful Foods and Natural Food Sources of Colorants. Annu. Rev. Food Sci. Technol. 2020, 11, 145–182. [CrossRef]
4. Charlot, A.; Hutt, F.; Sabatier, E.; Zoll, J. Beneficial Effects of Early Time-Restricted Feeding on Metabolic Diseases: Importance of

Aligning Food Habits with the Circadian Clock. Nutrients 2021, 13, 1405. [CrossRef] [PubMed]
5. Krizanova, J.; Rosenfeld, D.L.; Tomiyama, A.J.; Guardiola, J. Pro-Environmental Behavior Predicts Adherence to Plant-Based

Diets. Appetite 2021, 163, 105243. [CrossRef] [PubMed]
6. Joshi, S.; McMacken, M.; Kalantar-Zadeh, K. Plant-Based Diets for Kidney Disease: A Guide for Clinicians. Am. J. Kidney Dis.

2021, 77, 287–296. [CrossRef]
7. Bouchard, J.; Malalgoda, M.; Storsley, J.; Malunga, L.; Netticadan, T.; Thandapilly, S.J. Health Benefits of Cereal Grain- and

Pulse-Derived Proteins. Molecules 2022, 27, 3746. [CrossRef] [PubMed]
8. Marrone, G.; Guerriero, C.; Palazzetti, D.; Lido, P.; Marolla, A.; Di Daniele, F.; Noce, A. Vegan Diet Health Benefits in Metabolic

Syndrome. Nutrients 2021, 13, 817. [CrossRef]
9. EAT-Lancet Commission Summary Report. Available online: https://eatforum.org/eat-lancet-commission/eat-lancet-

commission-summary-report/ (accessed on 5 December 2022).
10. McClements, D.J.; Grossmann, L. A Brief Review of the Science behind the Design of Healthy and Sustainable Plant-Based Foods.

npj Sci. Food 2021, 5, 17. [CrossRef]
11. Rahman, R.O.A.; El-Kamash, A.M.; Hung, Y.-T. Applications of Nano-Zeolite in Wastewater Treatment: An Overview. Water 2022,

14, 137. [CrossRef]
12. Chen, H.; Zhi, H.; Feng, B.; Cui, B.; Zhao, X.; Sun, C.; Wang, Y.; Cui, H.; Zhang, B.; Zeng, Z. Thermo-Responsive Quaternary

Ammonium Chitosan Nanocapsules with On-Demand Controlled Pesticide Release and Maximally Synergistic Biological Activity.
J. Agric. Food Chem. 2022, 70, 7653–7661. [CrossRef]

http://doi.org/10.1016/j.tifs.2021.02.059
http://doi.org/10.1146/annurev-food-032519-051729
http://doi.org/10.3390/nu13051405
http://www.ncbi.nlm.nih.gov/pubmed/33921979
http://doi.org/10.1016/j.appet.2021.105243
http://www.ncbi.nlm.nih.gov/pubmed/33812937
http://doi.org/10.1053/j.ajkd.2020.10.003
http://doi.org/10.3390/molecules27123746
http://www.ncbi.nlm.nih.gov/pubmed/35744874
http://doi.org/10.3390/nu13030817
https://eatforum.org/eat-lancet-commission/eat-lancet-commission-summary-report/
https://eatforum.org/eat-lancet-commission/eat-lancet-commission-summary-report/
http://doi.org/10.1038/s41538-021-00099-y
http://doi.org/10.3390/w14020137
http://doi.org/10.1021/acs.jafc.2c01791


Life 2023, 13, 509 13 of 17

13. Puri, N.; Gupta, A.; Mishra, A. Recent Advances on Nano-Adsorbents and Nanomembranes for the Remediation of Water. J.
Clean. Prod. 2021, 322, 129051. [CrossRef]

14. Intisar, A.; Ramzan, A.; Sawaira, T.; Kareem, A.T.; Hussain, N.; Din, M.I.; Bilal, M.; Iqbal, H.M.N. Occurrence, Toxic Effects, and
Mitigation of Pesticides as Emerging Environmental Pollutants Using Robust Nanomaterials—A Review. Chemosphere 2022, 293,
133538. [CrossRef] [PubMed]

15. Ghulam, A.N.; dos Santos, O.A.L.; Hazeem, L.; Pizzorno Backx, B.; Bououdina, M.; Bellucci, S. Graphene Oxide (GO) Materials—
Applications and Toxicity on Living Organisms and Environment. J. Funct. Biomater. 2022, 13, 77. [CrossRef] [PubMed]

16. dos Santos, O.A.L.; Sneha, M.; Devarani, T.; Bououdina, M.; Backx, B.P.; Vijaya, J.J.; Bellucci, S. Review—Perovskite/Spinel Based
Graphene Derivatives Electrochemical and Biosensors. J. Electrochem. Soc. 2021, 168, 067506. [CrossRef]

17. Spanos, A.; Athanasiou, K.; Ioannou, A.; Fotopoulos, V.; Krasia-Christoforou, T. Functionalized Magnetic Nanomaterials in
Agricultural Applications. Nanomaterials 2021, 11, 3106. [CrossRef]

18. Saleem, S.; Khan, M.S. Phyto-Interactive Impact of Green Synthesized Iron Oxide Nanoparticles and Rhizobium Pusense on
Morpho-Physiological and Yield Components of Greengram. Plant Physiol. Biochem. 2023, 194, 146–160. [CrossRef]

19. Rana, R.A.; Siddiqui, M.N.; Skalicky, M.; Brestic, M.; Hossain, A.; Kayesh, E.; Popov, M.; Hejnak, V.; Gupta, D.R.; Mahmud, N.U.;
et al. Prospects of Nanotechnology in Improving the Productivity and Quality of Horticultural Crops. Horticulturae 2021, 7, 332.
[CrossRef]

20. Nile, S.H.; Thiruvengadam, M.; Wang, Y.; Samynathan, R.; Shariati, M.A.; Rebezov, M.; Nile, A.; Sun, M.; Venkidasamy, B.; Xiao,
J.; et al. Nano-Priming as Emerging Seed Priming Technology for Sustainable Agriculture—Recent Developments and Future
Perspectives. J. Nanobiotechnol. 2022, 20, 254. [CrossRef]

21. Su, Y.; Ashworth, V.; Kim, C.; Adeleye, A.S.; Rolshausen, P.; Roper, C.; White, J.; Jassby, D. Delivery, Uptake, Fate, and Transport
of Engineered Nanoparticles in Plants: A Critical Review and Data Analysis. Environ. Sci. Nano 2019, 6, 2311–2331. [CrossRef]

22. Pérez-de-Luque, A. Interaction of Nanomaterials with Plants: What Do We Need for Real Applications in Agriculture? Front.
Environ. Sci. 2017, 5, 12. [CrossRef]

23. Alix, A.; Capri, E. Chapter One—Modern Agriculture in Europe and the Role of Pesticides. In Advances in Chemical Pollution,
Environmental Management and Protection; Capri, E., Alix, A., Eds.; Sustainable Use of Chemicals in Agriculture; Elsevier:
Amsterdam, The Netherlands, 2018; Volume 2, pp. 1–22.

24. Srivastav, A.L. Chapter 6—Chemical Fertilizers and Pesticides: Role in Groundwater Contamination. In Agrochemicals Detection,
Treatment and Remediation; Prasad, M.N.V., Ed.; Butterworth-Heinemann: Oxford, UK, 2020; pp. 143–159. ISBN 978-0-08-103017-2.

25. FAO Statistical Yearbook 2013—World Food and Agriculture—World|ReliefWeb. Available online: https://reliefweb.int/report/
world/fao-statistical-yearbook-2013-world-food-and-agriculture (accessed on 5 December 2022).

26. Khan, M.; Mobin, M.; Zahid, A.; Alamri, S. Fertilizers and Their Contaminants in Soils, Surface and Groundwater. In Reference
Module in Earth Systems and Environmental Sciences; Elsevier: Amsterdam, The Netherlands, 2017. [CrossRef]

27. Tudi, M.; Daniel Ruan, H.; Wang, L.; Lyu, J.; Sadler, R.; Connell, D.; Chu, C.; Phung, D.T. Agriculture Development, Pesticide
Application and Its Impact on the Environment. Int. J. Environ. Res. Public Health 2021, 18, 1112. [CrossRef]

28. Andreazza, A.C.; Scola, G. Toxicology Studies: Cells, Drugs and Environment; BoD—Books on Demand: Norderstedt, Germany, 2015;
ISBN 978-953-51-2140-4.

29. Carvalho, F.P. Pesticides, Environment, and Food Safety. Food Energy Secur. 2017, 6, 48–60. [CrossRef]
30. Arias-Estévez, M.; López-Periago, E.; Martínez-Carballo, E.; Simal-Gándara, J.; Mejuto, J.-C.; García-Río, L. The Mobility and

Degradation of Pesticides in Soils and the Pollution of Groundwater Resources. Agric. Ecosyst. Environ. 2008, 123, 247–260.
[CrossRef]

31. Gilden, R.C.; Huffling, K.; Sattler, B. Pesticides and Health Risks. J. Obstet. Gynecol. Neonatal Nurs. 2010, 39, 103–110. [CrossRef]
[PubMed]

32. Nagajyoti, P.C.; Lee, K.D.; Sreekanth, T.V.M. Heavy Metals, Occurrence and Toxicity for Plants: A Review. Environ. Chem. Lett.
2010, 8, 199–216. [CrossRef]

33. Huang, S.-W.; Jin, J.-Y. Status of Heavy Metals in Agricultural Soils as Affected by Different Patterns of Land Use. Environ. Monit.
Assess. 2007, 139, 317. [CrossRef] [PubMed]

34. Gupta, U.C.; Gupta, S.C. Trace Element Toxicity Relationships to Crop Production and Livestock and Human Health: Implications
for Management. Commun. Soil Sci. Plant Anal. 1998, 29, 1491–1522. [CrossRef]

35. Kaur, H.; Garg, N. Zinc Toxicity in Plants: A Review. Planta 2021, 253, 129. [CrossRef]
36. Institute of Medicine (US) Panel on Micronutrients. Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium,

Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc; National Academies Press: Washington, DC, USA,
2001.

37. Roohani, N.; Hurrell, R.; Kelishadi, R.; Schulin, R. Zinc and Its Importance for Human Health: An Integrative Review. J. Res. Med.
Sci. 2013, 18, 144–157.

38. Trumbo, P.; Yates, A.A.; Schlicker, S.; Poos, M. Dietary reference intakes: Vitamin A, vitamin K, arsenic, boron, chromium, copper,
iodine, iron, manganese, molybdenum, nickel, silicon, vanadium, and zinc. J. Am. Diet. Assoc. 2001, 101, 294–301. [CrossRef]

39. Kumar, V.; Pandita, S.; Singh Sidhu, G.P.; Sharma, A.; Khanna, K.; Kaur, P.; Bali, A.S.; Setia, R. Copper Bioavailability, Uptake,
Toxicity and Tolerance in Plants: A Comprehensive Review. Chemosphere 2021, 262, 127810. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jclepro.2021.129051
http://doi.org/10.1016/j.chemosphere.2022.133538
http://www.ncbi.nlm.nih.gov/pubmed/34998849
http://doi.org/10.3390/jfb13020077
http://www.ncbi.nlm.nih.gov/pubmed/35735932
http://doi.org/10.1149/1945-7111/ac0306
http://doi.org/10.3390/nano11113106
http://doi.org/10.1016/j.plaphy.2022.11.013
http://doi.org/10.3390/horticulturae7100332
http://doi.org/10.1186/s12951-022-01423-8
http://doi.org/10.1039/C9EN00461K
http://doi.org/10.3389/fenvs.2017.00012
https://reliefweb.int/report/world/fao-statistical-yearbook-2013-world-food-and-agriculture
https://reliefweb.int/report/world/fao-statistical-yearbook-2013-world-food-and-agriculture
http://doi.org/10.1016/B978-0-12-409548-9.09888-2
http://doi.org/10.3390/ijerph18031112
http://doi.org/10.1002/fes3.108
http://doi.org/10.1016/j.agee.2007.07.011
http://doi.org/10.1111/j.1552-6909.2009.01092.x
http://www.ncbi.nlm.nih.gov/pubmed/20409108
http://doi.org/10.1007/s10311-010-0297-8
http://doi.org/10.1007/s10661-007-9838-4
http://www.ncbi.nlm.nih.gov/pubmed/17546524
http://doi.org/10.1080/00103629809370045
http://doi.org/10.1007/s00425-021-03642-z
http://doi.org/10.1016/S0002-8223(01)00078-5
http://doi.org/10.1016/j.chemosphere.2020.127810
http://www.ncbi.nlm.nih.gov/pubmed/32763578


Life 2023, 13, 509 14 of 17

40. Ahuja, I.; Dauksas, E.; Remme, J.F.; Richardsen, R.; Løes, A.-K. Fish and Fish Waste-Based Fertilizers in Organic Farming—With
Status in Norway: A Review. Waste Manag. 2020, 115, 95–112. [CrossRef]

41. Evangelista de Duffard, A.M.; Duffard, R. Behavioral Toxicology, Risk Assessment, and Chlorinated Hydrocarbons. Environ.
Health Perspect. 1996, 104, 353–360. [CrossRef] [PubMed]

42. Singh, N.S.; Sharma, R.; Parween, T.; Patanjali, P.K. Pesticide Contamination and Human Health Risk Factor. In Modern Age
Environmental Problems and their Remediation; Oves, M., Zain Khan, M., M.I. Ismail, I., Eds.; Springer International Publishing:
Cham, Switzerland, 2018; pp. 49–68. ISBN 978-3-319-64501-8.

43. Amaral, A.F.S. Pesticides and Asthma: Challenges for Epidemiology. Front. Public Health 2014, 2, 6. [CrossRef] [PubMed]
44. Asghar, U.; Malik, M.F. Pesticide Exposure and Human Health: A Review. J. Ecosyst. Ecography 2016, S5, 005. [CrossRef]
45. Cohn, B.A.; Wolff, M.S.; Cirillo, P.M.; Sholtz, R.I. DDT and Breast Cancer in Young Women: New Data on the Significance of Age

at Exposure. Environ. Health Perspect. 2007, 115, 1406–1414. [CrossRef]
46. Greenop, K.R.; Peters, S.; Bailey, H.D.; Fritschi, L.; Attia, J.; Scott, R.J.; Glass, D.C.; de Klerk, N.H.; Alvaro, F.; Armstrong, B.K.;

et al. Exposure to Pesticides and the Risk of Childhood Brain Tumors. Cancer Causes Control 2013, 24, 1269–1278. [CrossRef]
47. Mott, L.; Fore, D.; Curtis, J.; Solomon, G. Our Children at Risk: The 5 Worst Environmental Threats to Their Health; Natural Resources

Defense Council: New York, NY, USA, 1997.
48. Pesticide-Induced Diseases Database. Available online: https://www.beyondpesticides.org/resources/pesticide-induced-

diseases-database/overview (accessed on 7 December 2022).
49. Binienda, Z.K.; Sarkar, S.; Mohammed-Saeed, L.; Gough, B.; Beaudoin, M.A.; Ali, S.F.; Paule, M.G.; Imam, S.Z. Chronic Exposure

to Rotenone, a Dopaminergic Toxin, Results in Peripheral Neuropathy Associated with Dopaminergic Damage. Neurosci. Lett.
2013, 541, 233–237. [CrossRef]

50. Hayden, K.M.; Norton, M.C.; Darcey, D.; Østbye, T.; Zandi, P.P.; Breitner, J.C.S.; Welsh-Bohmer, K.A. Occupational Exposure to
Pesticides Increases the Risk of Incident AD. Neurology 2010, 74, 1524–1530. [CrossRef]

51. Sekhotha, M.M.; Monyeki, K.D.; Sibuyi, M.E. Exposure to Agrochemicals and Cardiovascular Disease: A Review. International J.
Environ. Res. Public Health 2016, 13, 229. [CrossRef]

52. Magauzi, R.; Mabaera, B.; Rusakaniko, S.; Chimusoro, A.; Ndlovu, N.; Tshimanga, M.; Shambira, G.; Chadambuka, A.; Gombe, N.
Health Effects of Agrochemicals among Farm Workers in Commercial Farms of Kwekwe District, Zimbabwe. Pan Afr. Med. J.
2011, 9, 26. [CrossRef] [PubMed]

53. Raksanam, B.; Taneepanichskul, S.; Robson, M.G.; Siriwong, W. Health Risk Behaviors Associated With Agrochemical Exposure
Among Rice Farmers in a Rural Community, Thailand: A Community-Based Ethnography. Asia Pac. J. Public Health 2014, 26,
588–595. [CrossRef] [PubMed]

54. Mullin, C.A.; Fine, J.D.; Reynolds, R.D.; Frazier, M.T. Toxicological Risks of Agrochemical Spray Adjuvants: Organosilicone
Surfactants May Not Be Safe. Front. Public Health 2016, 4, 92. [CrossRef] [PubMed]

55. Siddiqui, S. DNA Damage in Cicer Plant Grown on Soil Polluted with Heavy Metals. J. King Saud Univ. Sci. 2015, 27, 217–223.
[CrossRef]

56. Siddiqui, S.; Meghvansi, M.K.; Wani, M.A.; Jabee, F. Evaluating Cadmium Toxicity in the Root Meristem of Pisum sativum L. Acta
Physiol. Plant 2009, 31, 531–536. [CrossRef]

57. Liu, Q.; Wang, Z.; Zhou, L.; Qu, Y.; Lu, D.; Yu, L.; Du, Y.; Jin, W.; Li, W. Relationship between Plant Growth and Cytological Effect
in Root Apical Meristem after Exposure of Wheat Dry Seeds to Carbon Ion Beams. Nucl. Instrum. Methods Phys. Res. Sect. B Beam
Interact. Mater. At. 2013, 305, 9–15. [CrossRef]

58. Meijer, G.W.; Lähteenmäki, L.; Stadler, R.H.; Weiss, J. Issues Surrounding Consumer Trust and Acceptance of Existing and
Emerging Food Processing Technologies. Crit. Rev. Food Sci. Nutr. 2021, 61, 97–115. [CrossRef]

59. Wildlife Conservation Society. One World-One Health: Building Interdisciplinary Bridges. 2004. Available online: http:
//www.oneworldonehealth.org/sept2004/owoh_sept04.html (accessed on 5 December 2022).

60. Mackenzie, J.S.; Jeggo, M. The One Health Approach—Why Is It So Important? Trop. Med. Infect. Dis. 2019, 4, 88. [CrossRef]
61. Hoffmann, V.; Paul, B.; Falade, T.; Moodley, A.; Ramankutty, N.; Olawoye, J.; Djouaka, R.; Lekei, E.; de Haan, N.; Ballantyne, P.;

et al. A One Health Approach to Plant Health. CABI Agric. Biosci. 2022, 3, 62. [CrossRef]
62. World Health Organization (WHO). Tripartite and UNEP Support OHHLEP’s Definition of “One Health”. 2021. Available online:

https://www.who.int/news/item/01-12-2021-tripartite-and-unep-support-ohhlep-s-definition-of-one-health (accessed on 5
December 2022).

63. Dhananjayan, V.; Jayanthi, P.; Jayakumar, S.; Ravichandran, B. Agrochemicals Impact on Ecosystem and Bio-Monitoring. In
Resources Use Efficiency in Agriculture; Kumar, S., Meena, R.S., Jhariya, M.K., Eds.; Springer: Singapore, 2020; pp. 349–388. ISBN
9789811569531.

64. Giambò, F.; Teodoro, M.; Costa, C.; Fenga, C. Toxicology and Microbiota: How Do Pesticides Influence Gut Microbiota? A Review.
Int. J. Environ. Res. Public Health 2021, 18, 5510. [CrossRef]

65. Meena, R.S.; Kumar, S.; Datta, R.; Lal, R.; Vijayakumar, V.; Brtnicky, M.; Sharma, M.P.; Yadav, G.S.; Jhariya, M.K.; Jangir, C.K.; et al.
Impact of Agrochemicals on Soil Microbiota and Management: A Review. Land 2020, 9, 34. [CrossRef]

66. Hawkins, N.J.; Bass, C.; Dixon, A.; Neve, P. The Evolutionary Origins of Pesticide Resistance. Biol. Rev. 2019, 94, 135–155.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.wasman.2020.07.025
http://doi.org/10.1289/ehp.96104s2353
http://www.ncbi.nlm.nih.gov/pubmed/9182042
http://doi.org/10.3389/fpubh.2014.00006
http://www.ncbi.nlm.nih.gov/pubmed/24479117
http://doi.org/10.4172/2157-7625.S5-005
http://doi.org/10.1289/ehp.10260
http://doi.org/10.1007/s10552-013-0205-1
https://www.beyondpesticides.org/resources/pesticide-induced-diseases-database/overview
https://www.beyondpesticides.org/resources/pesticide-induced-diseases-database/overview
http://doi.org/10.1016/j.neulet.2013.02.047
http://doi.org/10.1212/WNL.0b013e3181dd4423
http://doi.org/10.3390/ijerph13020229
http://doi.org/10.4314/pamj.v9i1.71201
http://www.ncbi.nlm.nih.gov/pubmed/22145061
http://doi.org/10.1177/1010539512466426
http://www.ncbi.nlm.nih.gov/pubmed/23172707
http://doi.org/10.3389/fpubh.2016.00092
http://www.ncbi.nlm.nih.gov/pubmed/27242985
http://doi.org/10.1016/j.jksus.2015.02.004
http://doi.org/10.1007/s11738-008-0262-3
http://doi.org/10.1016/j.nimb.2013.04.046
http://doi.org/10.1080/10408398.2020.1718597
http://www.oneworldonehealth.org/sept2004/owoh_sept04.html
http://www.oneworldonehealth.org/sept2004/owoh_sept04.html
http://doi.org/10.3390/tropicalmed4020088
http://doi.org/10.1186/s43170-022-00118-2
https://www.who.int/news/item/01-12-2021-tripartite-and-unep-support-ohhlep-s-definition-of-one-health
http://doi.org/10.3390/ijerph18115510
http://doi.org/10.3390/land9020034
http://doi.org/10.1111/brv.12440
http://www.ncbi.nlm.nih.gov/pubmed/29971903


Life 2023, 13, 509 15 of 17

67. Xing, Y.; Wu, S.; Men, Y. Exposure to Environmental Levels of Pesticides Stimulates and Diversifies Evolution in Escherichia Coli
toward Higher Antibiotic Resistance. Environ. Sci. Technol. 2020, 54, 8770–8778. [CrossRef] [PubMed]

68. Siviter, H.; Bailes, E.J.; Martin, C.D.; Oliver, T.R.; Koricheva, J.; Leadbeater, E.; Brown, M.J.F. Agrochemicals Interact Synergistically
to Increase Bee Mortality. Nature 2021, 596, 389–392. [CrossRef] [PubMed]

69. El-Nahhal, Y. Pesticide Residues in Honey and Their Potential Reproductive Toxicity. Sci. Total Environ. 2020, 741, 139953.
[CrossRef] [PubMed]

70. Rani, R.; Sharma, P.; Kumar, R.; Hajam, Y.A. Chapter 3—Effects of Heavy Metals and Pesticides on Fish. In Bacterial Fish Diseases;
Dar, G.H., Bhat, R.A., Qadri, H., Al-Ghamdy, K.M., Hakeem, K.R., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 59–86.
ISBN 978-0-323-85624-9.

71. Werner, I.; Schneeweiss, A.; Segner, H.; Junghans, M. Environmental Risk of Pesticides for Fish in Small- and Medium-Sized
Streams of Switzerland. Toxics 2021, 9, 79. [CrossRef]

72. Palanisamy, B.N.; Sarkar, S.; Malovic, E.; Samidurai, M.; Charli, A.; Zenitsky, G.; Jin, H.; Anantharam, V.; Kanthasamy, A.;
Kanthasamy, A.G. Environmental Neurotoxic Pesticide Exposure Induces Gut Inflammation and Enteric Neuronal Degeneration
by Impairing Enteric Glial Mitochondrial Function in Pesticide Models of Parkinson’s Disease: Potential Relevance to Gut-Brain
Axis Inflammation in Parkinson’s Disease Pathogenesis. Int. J Biochem. Cell Biol. 2022, 147, 106225. [CrossRef]

73. Tang, B.L. Neuropathological Mechanisms Associated with Pesticides in Alzheimer’s Disease. Toxics 2020, 8, 21. [CrossRef]
74. Mann, S. Could We Stop Killing?—Exploring a Post-Lethal Vegan or Vegetarian Agriculture. World 2020, 1, 124–134. [CrossRef]
75. Filho, S.A.; Backx, B.P. Nanotecnologia e seus impactos na sociedade. Rev. Tecnol. Soc. 2020, 16, 1–15. [CrossRef]
76. de Meira Gusmão, A.O.; da Silva, A.R.; Medeiros, M.O. A Biotecnologia e os Avanços da Sociedade. Biodiversidade 2017, 16,

135–154.
77. Murali, M.; Gowtham, H.G.; Singh, S.B.; Shilpa, N.; Aiyaz, M.; Alomary, M.N.; Alshamrani, M.; Salawi, A.; Almoshari, Y.; Ansari,

M.A.; et al. Fate, Bioaccumulation and Toxicity of Engineered Nanomaterials in Plants: Current Challenges and Future Prospects.
Sci. Total Environ. 2022, 811, 152249. [CrossRef] [PubMed]

78. Prasad, R.; Bhattacharyya, A.; Nguyen, Q.D. Nanotechnology in Sustainable Agriculture: Recent Developments, Challenges, and
Perspectives. Front. Microbiol. 2017, 8, 1014. [CrossRef] [PubMed]

79. Yashveer, S.; Singh, V.; Kaswan, V.; Kaushik, A.; Tokas, J. Green Biotechnology, Nanotechnology and Bio-Fortification: Perspectives
on Novel Environment-Friendly Crop Improvement Strategies. Biotechnol. Genet. Eng. Rev. 2014, 30, 113–126. [CrossRef]
[PubMed]

80. Paschoalino, M.P.; Marcone, G.P.S.; Jardim, W.F. Os nanomateriais e a questão ambiental. Química Nova 2010, 33, 421–430.
[CrossRef]

81. Prasad, R.; Kumar, V.; Prasad, K.S. Nanotechnology in Sustainable Agriculture: Present Concerns and Future Aspects. Afr. J.
Biotechnol. 2014, 13, 705–713. [CrossRef]

82. García-Ovando, A.E.; Ramírez Piña, J.E.; Esquivel Naranjo, E.U.; Cervantes Chávez, J.A.; Esquivel, K. Biosynthesized Nanoparti-
cles and Implications by Their Use in Crops: Effects over Physiology, Action Mechanisms, Plant Stress Responses and Toxicity.
Plant Stress 2022, 6, 100109. [CrossRef]

83. Santos, M.; Leitão dos Santos, O.; Filho, S.; Santana, J.; Souza, F.; Backx, B. Can Green Synthesis of Nanoparticles Be Efficient All
Year Long? Nanomater. Chem. Technol. 2019, 1, 32–36. [CrossRef]

84. Vega-Vásquez, P.; Mosier, N.S.; Irudayaraj, J. Nanoscale Drug Delivery Systems: From Medicine to Agriculture. Front. Bioeng.
Biotechnol. 2020, 8, 79. [CrossRef]

85. Beckers, S.J.; Staal, A.H.J.; Rosenauer, C.; Srinivas, M.; Landfester, K.; Wurm, F.R. Targeted Drug Delivery for Sustainable Crop
Protection: Transport and Stability of Polymeric Nanocarriers in Plants. Adv. Sci. 2021, 8, 2100067. [CrossRef]

86. Dutta, S.; Pal, S.; Panwar, P.; Sharma, R.K.; Bhutia, P.L. Biopolymeric Nanocarriers for Nutrient Delivery and Crop Biofortification.
ACS Omega 2022, 7, 25909–25920. [CrossRef] [PubMed]

87. Škarpa, P.; Školníková, M.; Antošovský, J.; Horký, P.; Smýkalová, I.; Horáček, J.; Dostálová, R.; Kozáková, Z. Response of Normal
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