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Abstract: Nutrient deficiency in food crops is seriously affecting human health, especially those in
the rural areas, and nanotechnology may become the most sustainable approach to alleviating this
challenge. There are several ways of fortifying the nutrients in food such as dietary diversification,
use of drugs and industrial fortification. However, the affordability and sustainability of these
methods have not been completely achieved. Plants absorb nutrients from fertilizers, but most
conventional fertilizers have low nutrient use and uptake efficiency. Nanofertilizers are, therefore,
engineered to be target oriented and not easily lost. This review surveys the effects of the addition
of macro- and nanonutrients to soil, the interaction, and the absorption capability of the plants,
the environmental effect and food content of the nutrients. Most reports were obtained from recent
works, and they show that plants nutrients could be enriched by applying nanoparticulate nutrients,
which are easily absorbed by the plant. Although there are some toxicity issues associated with the
use of nanoparticles in crop, biologically synthesized nanoparticles may be preferred for agricultural
purposes. This would circumvent the concerns associated with toxicity, in addition to being pollution
free. This report, therefore, offers more understanding on the application of nanotechnology in
biofortification of plant nutrients and the future possibilities offered by this practice. It also highlights
some of the ills associated with the introduction of nanomaterials into the soil for crop’s improvement.

Keywords: nanotechnology; nanofertilizer; biofortification; nutrient security; plant improvement

1. Introduction

The quest to apply nanotechnology in agriculture arises from the fact that human population is
constantly on the rise, which necessitates the need for more food. Population survey has estimated
about 9.6 billion people by the end of 2050 [1]. Farm lands are losing their fertility due to human
activities on them and societal change in lifestyle. This invariably affects the production of crops
and could lead to famine and hunger, thus concerted efforts are necessary to improve plants for
enhanced production. Nanotechnology serves as the latest technology for precision agriculture,
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whereby strategies are formulated and channeled towards meeting with food demands of the increasing
human population.

There is a diversion from the traditional ways of crop production to technologies that could
increase agricultural productivities with required nutrients, cost effective and efficient resource use
that guarantees nutrient security, uplifts the value of production, boosts farmers’ economy, delivers
agri-value chain to rural partakers and supports pollution free environment [2]. This technology
uses improved materials to add value to agriculture, by exploiting the nanoscale properties.
Nanotechnology, as applied to agriculture, is bridging the gap in nutrient loss and fortification of crops.
Farmers are using this science in the nano-regime to boost the quality and quantity of agricultural
produce. The application of nanotechnology in agriculture includes nanobiotechnology, livestock,
nanotoxicology, agrochemicals, hydroponics, biotechnology, etc.

Urban agriculture that makes use of recent nanotechnologies has the potential to contribute
immensely to food security and healthy nutrition. Although there are associated risks from chemicals
which may have emanated from soils, water or air [3], the ultimate goals for application of
nanomaterials in agriculture spans reducing hazard chemicals, nutrient losses, pest control and
crop yield improvement [4].

The nutrients needed by the plants are fortified in the fertilizers, with the belief that they could
be absorbed by the plants. The lack of the micronutrients is manifested by abnormal growth of the
plant parts; however, sometimes the soil may not be deficient of the micronutrient, rather the roots are
unable to absorb and translocate the nutrients due to small root pore size. It is, therefore, imperative to
explore the strategies of improving crop quality and their essential nutrients to meet the food demands
of the growing populace.

The use of chemical fertilizers is an age long practice and has tremendously increased crop
yields. However, they lead to soil mineral imbalance, destroy the soil structure, soil fertility and
general ecosystem, which are serious impediments in the long term. To deal with the situation, it is
pertinent to develop smart materials that can release nutrients to targeted areas and contribute to clean
environment. Recent studies have shown that graphene is a promising material that could serve as a
carrier for plant nutrients. It is capable of slow and controlled release of nutrient for the plants benefit,
and ultimately increases the amount of crop production with low environmental impact [5].

Nanotechnology seems to be the alternative that could revolutionize this field of agriculture as
the entire nanotechnology industry had grown to $1 trillion in 2015 [6].

Plants remain the primary source of nourishment for humans, and food quality determines the
health of majority of the people. Staple foods are usually high calorific foods, consumed regularly in
high quantity, which becomes dominant part of a standard diet in a community. As a result, there
is high correlation between staple foods and nutrition of its consumers, especially among the rural
and poor communities who rarely have other sources of nutrient supplementation. Lack of essential
micronutrients in food is common in such areas. These have become a global issue with serious adverse
effects [7-11]. About 50% of children do not get the necessary vitamins and minerals and they become
vulnerable, thus impairing their intelligence and mental capabilities. According to Clemens [12], high
percentage of child death and global disease concern are traced to iron and zinc deficiencies. Several
methods have been postulated to combat nutrient deficiencies such as dietary diversification, use of
drugs and industrial fortification [13]. However, Sharma et al. noted that these interventions have
not been fully successful owing to economic level of the people, social content or some technicalities
in the method adopted [14]. Consumption of diverse food sources, although recommended as a
sustainable solution, is unaffordable to the poor populace, who are at risk of malnutrition. The use of
industries for the fortification of food nutrients has not been very successful, except for iodized salt.
Biofortification is a concept of increasing the nutrient content of food crops during their cultivation [15].
The uniqueness of biofortification over other interventions for combating micronutrient deficiencies is
that it is affordable and available for everyone. This is because these fortified crops are staple foods
widely consumed by many people. As a result, it neither incurs extra cost nor is affected by the social
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behavior of the people. Non-staple foods such as animal products and vegetables, although high
in vitamins and minerals, are very expensive. Significant number of the poor spend their income
on staple foods for provision of energy, with little left for fruits and vegetables and animal-based
proteins [14].

Biofortification strategies exist in enhancing nutritional content of crops and these strategies,
according to Stein et al. (2007), include agronomic and breeding methods [16]. Under agronomic
interventions, the use of fertilizers including inorganic, organic and biofertilizers are highlighted.
Inorganic fertilizers usually with sizes more than 100 nm are easily lost due to leaching and
volatilization, while organic matter utilization is hampered by its low mineral content and long-period
of nutrient release. Numerous attempts to increase the efficiency of nutrient uptake of crops and thus
biofortify them have not been so successful. Thus, the time is rife to apply nanotechnology in solving
some of these problems.

This research work is focused on exploring recent available literature on the use of nanoparticles
in biofortification. The global importance of nutrient fortification of crops in tackling malnutrition
is discussed, and methods of biofortification and the use of nanoparticles in biofortification
are highlighted.

2. Nutrient Fortification, Its Relevance and Types

Humans derive their nutrition from food, and require over 20 minerals and 40 nutrients for
healthy living. Unfortunately, human diets most often contain less of the required essential nutrients,
thus leading to malnutrition [17]. A fortified food reduces incidence of heart disease, anemia, blindness,
incidence of cancer and early death [7]. Poor maternal health, low intellectual capacity and stumpy
educational ability are consequences of micronutrient deficiencies. It also leads to reduced work ability
and earning power, with untold consequences for sustainable national development [15].

To tackle this global menace, there is need to fortify the crops. According to Smith and
Bouis et al. [18,19], several options to tackle micronutrient deficiencies exist: supplementation, dietary
variation, industrial fortification, and biofortification. Dietary variation or diversification can be seen
as consumption of different dietary sources (including fruits, vegetables and animal and animal-based
products) at the community or household level, targeted at addressing micronutrient deficiencies [20].
Arimond and Ruel [21] noted that children’s nutritional status and growth is positively influenced
by dietary diversification. The problem with dietary diversification is that foodstuffs containing high
micronutrients are not easily accessible because the affordability and availability in rural communities
is low. Notwithstanding, these animals and animal products also rely on nutrients in plants for their
nourishment [12]. thus, if these plants are not enriched in micronutrients, it becomes a vicious cycle of
deficiency in humans [22].

Supplementation, however, involves the intake of micronutrients in the form of capsules, tablets
or syrup. In fortification and supplementation, manufacturing and/or distribution infrastructure is
required, which in the long run may not benefit many, especially those in rural communities. Vitamin
A capsules intervention, which started in the 1990s, is an example of supplementation [23]. Moreover,
supplementation can easily lead to overdose. Murgia et al. opined that overdose of iron can exacerbate
diseases [24,25]. To be effective supplementation, as seen during some immunization, requires annually
costly campaigns and these drugs or fortified foods do not always reach the most targeted and most
affected rural community [26].

Gibson and Hotz [27] noted that staples and other food sources can be modified or altered to
improve the micronutrient content or bioavailability. In most resource poor settings, starch-based
diets with limited access to animal-based products or fruits and vegetables are predominant.
Strategies such as plant breeding, agricultural biofortification and genetic engineering during food
processing are means of dietary diversification. This is because sustainable availability of staple food
supplies preconditions food security at household or community level. In addition, increased and
sustainable yields from agricultural production will increase the potential access to adequate food and
food diversification.
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Industrial fortification of food materials has been practiced for a number of years, such as
iodized salt or vitamin D enriched milk. The crucial goal of the fortification strategy is to reduce
diseases and death rates associated with micronutrient malnutrition. In commercial food fortification,
micronutrients are introduced during the processing of the foods, which provides the appropriate
nutritional levels to humans when consumed. However, those concerned do not necessarily need to
change their diet. According to Pandav et al., only 29% of the populace has no access to iodized salt
globally; and, since 2003, the number of iodine-sufficient countries has increased from 46% to 68% [28].
Other forms of fortification may include enrichment of wheat flour with zinc, iron, vitamin B and
folic acid and introduction of vitamin A to edible oils and sugar. To avoid micronutrient deficiencies
in preschool and breastfeeding children, it is recommended that they take adequate breast milk,
powder and other food formula rich in micronutrient. Supplementation with vitamin A, according to
Edejer et al. [29], is one of the most efficient strategies for improving children survival. Vitamin A is
known to be associated with a reduced risk of diarrhea and causes of mortality [30].

Fortified foods may only be accessible to urban consumers, who can easily see and buy them.
It is also very essential at crisis period, where food supply is inadequate and unbalanced. Thus,
these fortified diets rich in minerals and vitamins are distributed to avoid malnutrition. However,
it may be difficult to get to the rural consumers who cannot afford or have access to them. Thus,
the need for biofortification of crops is conceived as a strategy for nutrient fortification in crops
or staples while in the field. Dubock [31] noted that the primary priority in fortification should
constitute fortification of locally available food sources, while food supplementation should be an
interim measure. Biofortification is intended to cater to the poor populace, low-income earners and
everyone at large.

3. Biofortification of Crops

Malnutrition increase has resulted from consuming specific type of food without diversifying
them, especially consumption of staples high in calories [13]. Biofortification is a novel technique to
address this. Biofortification means growing varieties that are rich in minerals and vitamins. A typical
example is the development of new variety of sweet potatoes rich in vitamin A. With biofortification,
mass accessibility to better nutrient rich food is guaranteed. The target in biofortification is to produce
staple crops at low cost that are sustainable and have high nutritional value, able to reduce the
consequential side effects of micronutrient deficiencies. Although biofortified staple crops deliver low
level of essential nutrients and vitamins per day compared to supplements or industrially enriched
foods, they can satisfy the individual daily requirement of micronutrients [15]. They offer the rural
consumers the ability to obtain rich nutrient foods within the community, unlike with industrial or
commercial fortified foods. There are different biofortification techniques: agronomic biofortification,
conventional breeding, and nutritional genetic modification [16].

3.1. Crop Breeding and Genetic Modification as Biofortification Tool

Biofortification using crop breeding involves the science of improving micronutrient content of
staple crops, using the conventional breeding methods and current biotechnology [32]. Crops are
bred and genetically modified to improve absorption capacity and nutrient content. Plant breeding
methods, which tend to enhance the micronutrient content of various cereals, legumes and tubers,
exist. Biofortification by breeding has several advantages as a policy: it leads to development of staples
consumed daily and ardently caters for the poor. Again, these developed varieties can be used over
time, thus reducing cost and making it sustainable.

In conventional breeding, crops such as legumes and cereals with high micronutrient content
are selected, purified and multiplied [33]. Then, newly improved food crops of varying nutritional
contents can be conventionally developed and isolated from the varieties of the same plant. Breeding of
crops is principally committed to increasing micronutrients and vitamin A content in the common food
crops [34]. Crops produced through conventional breeding have gained more acceptance than those



Appl. Sci. 2019, 9, 499 5o0f 32

from gene modification. Collection of such high nutrient rich varieties has been on the increase since the
1960s in seed banks. According to Sharma et al. [13], orange fleshed sweet potato (OFSP) and quality
protein maize have been well accepted and can be seen as interesting examples of conventionally bred
biofortified crops. Iron beans and zinc rice are other examples. It is obvious that not all micronutrients
can be enhanced in crops through conventional breeding. As a result, this necessitates the role of
genetic nutrient modification in nutrient enhancement.

Genetic engineering of crops has facilitated modification of crops in unique ways and is a tool for
addressing global agricultural challenges. Improved knowledge of DNA led to speedy advancement
of agricultural biotechnology as a field. Agricultural biotechnology uses modern biology techniques
to alter living beings or their components for cogent purpose in crops. As a result, it permits
infusion of genes from the wild. Such cannot be done using conventional breeding. The overall
objective of nutritional genetic modification is to integrate high micronutrient traits in already proven
highest-yielding varieties [13]. This will motivate farmers to cultivate that new variety. Bilski et al.
reported that improving the Fe, Zn, and Se content of crops by utilizing the plant genetic makeup and
applying biotechnological process could solve nutritional inadequacies in human foods; unfortunately,
it is an expensive approach and involves a lot of time [35]. However, once these crop varieties are
obtained, no more resources are invested and generations yet unborn will benefit from them. In soil
low or lacking in these essential micronutrients, it becomes difficult for the crops to obtain enough
micronutrients, which makes agronomic biofortification using fertilizers essential.

Although plant breeding is the most practiced sustainable method in fortification [24,36,37],
development of new genotypes enriched with micronutrient is a long-time venture [38]. In addition,
available micronutrient in the soil limits the effectiveness of new genotypes in increasing micronutrient
content [39,40]. Moreover, these genetically-modified micronutrient-rich crops may not be adopted by
many. Consequent upon these limitations, agronomic biofortification is an alternative mechanism to
increase micronutrients content in staples to overcome the limitations accruing from crop breeding
biofortification technique.

3.2. Agronomic Biofortification

Agronomic method of biofortification of crops with micronutrients is envisaged as a fast and easy
way out of the inadequacies of these essential minerals in soils and plants. It involves cultivation of
varieties that are rich in minerals and vitamins. This method uses fertilization as a strategy to increase
micronutrient content of cultivated crops such as cereals and legumes. It is pertinent to emphasize that
the agronomic biofortification method could be more beneficial in developing countries [40].

To improve micronutrient content of crops using agronomic biofortification, White and
Broadley [41] suggested the use of phytoavailable micronutrient fertilizers, routine correction of
the soil alkalinity, crop rotational methods of planting and strategic introduction of symbiotic soil
microorganisms. Graham et al. also listed the following as agricultural tools for enhancing nutrient
content of crops: fertilizers, cropping systems and soil amendment [42]. Others have stated that
micronutrient fertilization, in addition to boosting crop yield, enhances crop nutritional quality, thus
addressing the attendant human micronutrient deficiency and health challenge [22,39,40,43,44].

It has been observed that micronutrient content of crops decreases even when the yield is
high, probably because of continuous mining of these nutrients without replenishment by especially
high yielding varieties [14,42,45]. Therefore, Dimkpa and Bindraban advised that the success of
any biofortification program will depend on adequate available micronutrients in the soil for plant
absorption or supplied externally through micronutrient fertilizer [46]. This is because the complex
interaction required in transporting nutrients from the soil to edible portion of the crop need to
be surmounted [47]. There is evidence of increasing nutrient and crop yield by application of
micronutrient fertilizers [48]. Bilski et al. showed increased Fe, Zn and Se content of six cereal
plants by growing them on coal combustion residues that was naturally rich in these nutrients [35].
The progress of agronomic fortification is a function of the application methods, fertilizer type and
packaging and the crop developmental stage during application [39,45].
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Conventional fertilizers are readily available for plant uptake but also easily lost through leaching,
which is a major challenge. NPK and other agrochemicals have been found to have low use efficiency
by plants because of fixation, leaching, microbial degradation, photolysis and volatilization [46,49].
As such, quantities of these inputs are usually lower than minimum effective doses that reach the crops.
Thus, repeated applications are required to attain maximum yield. This pollutes the environment,
including underground water sources. Use of fertilizers, which are usually in the form of salts or in
ionic form, results in ready availability and also rapid loss from the soil. However, the challenge to
sustainably produce crops with high nutritional values amidst the unfavorable biophysical conditions
and other limiting factors becomes the focus of the researchers. Along this line, the need for innovative
fertilizers is recently presented [50].

Moreover, arable land and water resources are increasingly limited. Therefore, to continue the
development of agricultural sector, use of modern technologies to increase resource use efficiency with
the least damage to environment must be pursued [51].

4. Inorganic Fertilizers

The need for inorganic fertilizers arises in order to supplement the soil nutrients needed for
crop production. The soil could be deficient in some nutrients because, e.g. constant use of the
soil, which negates recycling; post-harvest practices, which may take away the nutrients with the
harvested crops; etc. However, for sustainability and excellent crop production, there is need for
plant supplements, which could be in form of organic manure or inorganic fertilizers. Inorganic
fertilizers are synthetic fertilizers made from petroleum, the formulation of which could either be
single nutrients or combination of different nutrients. In the case of different nutrients, they are referred
to as multi-nutrient fertilizers and they contain majorly nitrogen, phosphorus and potassium among
other nutrients and can be complete or balanced. They are balanced when they are of the same ratio
and complete when they are needed in a particular formula. The soil supplies most of the nutrients
needed for plant growth, but sometimes the nutrients are depleted during harvest and need to be
replaced using fertilizers.

Fertilizers help plants to grow and absorb the appropriate nutrients required in crops. Most
conventional fertilizers contain the macronutrients, namely nitrogen, phosphorus and potassium,
with little calcium, sulfur and magnesium. Other micronutrients such as zinc, iron, copper and
manganese become lacking, making the crops deficient. A typical fertilizer with all nutrients should
have the following: N (2-4%), P (0.3-1%), K (1.5-5%), S (0.15-0.8%), Ca (0.2-1.5%), Mg (0.15-1%),
Zn (10-100 ppm), Fe (20-500 ppm), Mn (15-250 ppm), CI (4-50 ppm), Co (2.5-50 ppm), Cu (5-75 ppm),
and Mo (0.03-10 ppm) [52]. The confronting issues are: How much of the nutrients are absorbed by
the plants? Are they in a manner that could be absorbable? Do the crops get the complete nutrients
that fulfils the human requirement when consumed?

There is no doubt that inorganic fertilizers are made having full knowledge of the necessary
ingredients needed by the plants. With this complete formula of ingredients, when applied to the soil,
they are dispersed by water molecules and the nutrients are broken down into various forms that are
needed by the plants. There are various soil reactions and mechanisms that determine the quantity
absorbed by the plants.

Soil test is a preliminary operation that must be done before application of fertilizers. If the soil
is acidic, using urea fertilizer, for example, the NHj released from the reaction of the urea fertilizers
with sufficient water molecules is absorbed in the form of ammonium ions and, when they are basic,
there is no change. In neutral or near neutral pH (7-8), the ammonia may escape into the environment,
causing pollution such as greenhouse gases. These are the challenges that need to be addressed.

4.1. Nitrogen Fertilizers

Nitrogen, as a single nutrient, is needed by the soil to enhance crop productivity. It is commercially
sold in solid or liquid forms as anhydrous ammonia, urea, and urea—ammonium nitrates [53]. It is
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applied into the soil and reacts with water to release the fertilizer as ammonium ions, which are further
nitrified by bacteria to nitrate ions needed by the plants. Farmers sometimes apply fertilizers in excess
quantity so that they can get bountiful harvest, but such practices may be of disadvantage to the soil,
as it will change the structure and concentration of the soil. It may also lead to eutrophication when
the excess nitrogen compounds are leached into water bodies.

There could be addition of nitrification inhibitors, stabilizers or additives when the nitrogen
fertilizers are applied to reduce the loss of NHj3 formed during the course of reaction of the
fertilizers with the soil and water molecules. Such compounds may include NBPT [N-(n-butyl)
thiophosphoric triamide], boric acid, which can be used with urea or urea—ammonium nitrate fertilizers
and they function to slow the action of urease bacteria that transforms the fertilizers to NH3 [54].
Such action allows the fertilizers to be well absorbed by the soil, giving room for reaction with
enough water molecules. US environmental protection agency approved dicyandiamide (DCD) and 3,
4-dimethypyrazole phosphate (DMPP), in the late twentieth century, as a nitrification inhibitor [55].
The best form of the nitrogen fertilizers is to be in ammonium ions, which are easily absorbed by the
soil. In the form of nitrates, they are difficult to be absorbed by clay soil or organic matter, while, in the
form of ammonia, they tend to escape into the atmosphere.

Special farm practices are also important in the application of these fertilizers. When they are
applied on the surface, they tend to be converted to NH3 and escape very easily. The best practice,
therefore, requires the tilling of the soil and applying them in the inner part with adequate water.
The water molecules will enable them to be converted to ammonium ions but not too much water that
may eventually lead to leaching.

Urea is the most widely used nitrogen fertilizer due to its high nitrogen content, compatibility
with other nutrients, easy handling and application.

4.2. Phosphorus Fertilizers

Phosphorus is a major plant nutrient responsible for protein synthesis and it is an integral part
of the nucleic acid structure of plants. It is involved in cell division, development of new tissue and
complex energy transformations in the plant. Phosphate compounds act as energy reservoir, obtained
from photosynthesis and carbohydrates metabolism, which is later released for plant growth and
reproduction [56]. When there is required quantities of phosphorus in the soil, it promotes plant
root growth and quickens maturity of crops. However, soils deficient in phosphorus can lead to
accumulation of sugars in plants and exhibit reddish-purple color due to anthocyanin pigments.
Phosphorus is needed mostly in the early stages of crop production, as a study has shown that
cereals have the capacity of taking up to 75% of their P requirements in the first 5-6 weeks after crop
emergence [56].

Apart from the inorganic phosphorus fertilizers obtained from rock minerals apatite, other sources
of phosphorus fertilizers may include bone meal, and industrial wastes such as basic slag and Thomas
slag. The phosphorous fertilizers are grouped into three types depending on their solubility: water
soluble (monobasic calcium phosphate and ammoniated superphosphates), citric soluble (dicalcium
phosphate, Thomas slag, basic slag, defluorinated phosphate, and fused magnesium phosphate) and
sparingly soluble phosphate (tricalcium phosphates) [57]. Phosphorus can never be too much in the
soil for plant absorption, as it is slowly absorbed and greatly needed for an overall growth and health
of the crops.

4.3. Potassium Fertilizers

Plant processes and development cannot function properly without potassium. It is one of the
three major nutrients required for quality assurance, excellent appearance and great harvest of crops.
It is key to various processes ranging from reproduction, growth, photosynthesis, protein synthesis,
enzyme activation, water and stomata regulation among others [58]. When there is deficiency of
potassium in the soil for plant absorption, the plants become prone to diseases, resistant to wind and
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temperature changes and the overall growth and development process of the crop is affected [58].
Other symptoms may include appearance of spots under the leaves, curling of the leaf tips, interveinal
chlorosis, etc.

Potash or potassium fertilizers can be obtained from several sources either organically or
inorganically. Soil potash could be improved from compost made by agricultural wastes or food
by-products such as banana peels. Wood ash obtained from burning of wood can also be a good
source of potash and can be used to enrich the soil. Majority of inorganic potash used in agriculture
can be obtained from potassium chloride (KCl). Other contributors are potassium sulfate, potassium
nitrate, and potassium-magnesium salts. Commercially available potassium and other fertilizers are
shown in Table 1. To process the fertilizer, potassium bearing ores are obtained from natural mineral
deposits and crushed to reduce the sizes. Clay deposits are further removed and flotation process of
separating the potassium from other compounds is carried out. Other methods such as sizing, refining,
and crystallization are also carried out to obtain the fertilizers in different stages.

Table 1. Some macronutrients fertilizers and their composition Data from [52].

Fertilizers N P,05 K,O
Nitrogen fertilizers
Ammonium nitrate 34 0 0
Ammonium sulfate 21 0 0
Urea 45-48 0 0
Urea-ammonium nitrate 28-33 0 0
Anhydrous ammonia 82 0 0
Ammonium polyphosphate (a or b) 10-11 34-37 0
Phosphorus fertilizers
Ammoniated super-phosphate 3-6 48-53 0
Ammoniated super-phosphate 3-6 48-53 0
Di-ammonium phosphate 11-18 48 0
Mono-ammonium phosphate 11 48-55 0
Super-phosphate 0 18-50 0
Triple super phosphate 0 46 0
Ammonium polyphosphate 10-15 34-37 0
Urea ammonium phosphate 28 27 0
Potassium fertilizers
Potassium chloride (muriate of potash) 0 0 60-63
Protassium+®(sulfate of potash) 0 0 50
Potassium nitrate 13 0 44
Potassium-magnesium sulfate 0 0 22

4.4. Secondary and Micronutrients

Secondary nutrients are also needed in large amounts similarly to nitrogen, phosphorus and
potassium: calcium (Ca), sulfur (S) and magnesium (Mg). Micronutrients on the other hand are
needed in small quantities and necessary for crop development. Iron (Fe), boron (B), copper (Cu),
zinc (Zn), manganese (Mn), molybdenum (Mo), nickel (Ni), chlorine (Cl) and molybdenum are
important micronutrients. Their deficiency can impair crop yield, cause low absorption of other
nutrients and structural problems. In as much as nitrogen, phosphorus and potassium are the principal
nutrients for crop production, their excesses may lead to imbalance in the micronutrients. For instance,
when nitrogen and potassium are used in excess, they lead to deficiency in magnesium; and when
phosphorus is in excess, it causes imbalance in zinc content.

These secondary and micronutrients can be blended with the primary plants nutrients (NPK),
and applied to crops; and their quantities should be able to correct the soil deficiencies as well as be
bio-available. These nutrients behave differently in soils; some of them may be in adequate forms but
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may not be available for plant absorption (e.g., Fe and Mn). Boron on the other hand can be difficult to
accumulate, especially in sandy soils due to its high mobility [58].

However, their excesses are detrimental to the growth of crops, as too much calcium in the form
of calcium sulfate or chloride can lead to higher pH from the anions (C1~ and SO4?~) and thereby
result to some other nutritional problems. Higher levels of boron in starter fertilizers could also lead to
toxicity in some sensitive crops such as beans and grains [59].

5. Biofertilizers

Continuous farming and use of agricultural lands, over a period of time, lead to depletion of
the nutrients contained in the soil. Hence, the frequent resuscitation of the lands using fertilizers
is necessary. When the soil is impoverished, there is low crop production, which leads to poor
harvest, hunger and malnutrition. Farmers find it easy and convenient to use chemical fertilizers
for crop improvement, but their cost and inherent environmental pollution calls for urgent attention.
Biofertilizers or green fertilizers are natural ways of enriching the soil by using dead plant materials or
animal wastes, which are fed on by microbes to give the required nutrients for efficient crop production.

The microorganisms are key in this process of natural fertilization because, without them, the
plant or animal materials are not in the absorbable form by the growing crops and therefore are of
no use to the soil [60]. Alternatively, biofertilizers can be microorganisms that activate the soil and
plant natural processes for efficient nutrient uptake, high crop yield and quality, and tolerance to
abiotic stress. Such microorganisms are majorly bacteria that are contained in the soil and are called
plant growth-promoting rhizobacteria, including blue-green algae, phosphorus-potassium solubilizing
organisms, azotobacter, and Rhizopium [60]. They fix the atmospheric nitrogen and interact with
the decaying organic matter to make available nutrients for the plant growth. They are symbiotic
in behavior, as plants cannot grow well without them, and they also depend on plants for existence.
Apart from making nutrients available for plants, they also get involved in protecting the plants against
some pathogenic attack.

Other methods of the biofertilization involve the rotational practice of cereal-legume with
combined crop-livestock agricultural system. This method works to enhance the soil nutrients
through fixing of the atmospheric nitrogen by legumes and the livestock wastes combines with the
cereal-legumes to improve the soil texture and provide appropriate environment for the action of the
microbes. Organic farming or biofertilization generally gives high-value crops but can be practiced in
a small way, especially by rural farmers and the prices of the produce are high.

6. Nanofertilizers

According to recent research works, nanotechnology has the possibility to revolutionize
agricultural systems [46,51,61]. It enables the platform for the use of elegant delivery structure
for agrochemicals which is safe, target bound and has easy mode of delivery. Nanofertilizers, due
to their high surface area to volume ratio, are more effective than most of the latest polymeric type
conventional fertilizers. Their nature could also allow slow release and promote efficient nutrient
uptake by the crops. This technology, therefore, offers the platform for sustainable and novel nutrient
delivery systems, which will exploit the nanoporous surfaces of the plant parts on plant surfaces.
With encapsulated nanoparticles, nanoclays and zeolites, there is increase in the efficiency of applied
fertilizer, restoration of soil fertility and plant health and reduction of environmental pollution and
agroecology degradation [51].

The components of nanofertilizers may include zinc oxide nanoparticles (ZnONPs), silica, iron and
titanium dioxide, ZnS/ZnCdSe core-shell quantum dots (QDs), InP/ZnS core-shell QDs, Mn/ZnSe
QDs, gold nanorods, Al,O3, TiO,, CeO;, and FeO [62]. The success of using nanomaterials as
fertilizers in plant growth depends on the species of the plants and some other factors such as
the size, concentration, composition and chemical properties of nanomaterials [4]. The vast knowledge
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of the fields of biology, biotechnology, material science, and engineering is key to development of new
technologies needed to expand the field on nano-agriculture for efficient crop production.

There are shortcomings associated with the conventional fertilizers, as most of the nutrients
are lost through leaching and they go further to pollute the underground water aquifers. In other
words, chemical fertilizers lead to environmental consequences such as greenhouse gas emissions
and hypoxia and these problems need urgent attention; hence, the search for alternatives such as
the nanofertilizers [63]. With nanofertilizer, there is slow release of the nutrients, which minimizes
leaching of the nutrients among other interesting properties.

Nanomaterials are of unique properties resulting from their low particle size, large surface to
volume ratio and excellent optical properties. Such properties, among others, afford nanofertilizers
the opportunities in plant development, nutrient security and diverse farm practices. Since the great
revolution of nanotechnology applications in the early 21st century, several fields of endeavor are
making use of this novel science in creating novel products. Human population is growing and
likewise crop production should also grow. Fertilizers have helped in making crops abundant for
human consumption; and taking advantage of nanoscience, improved varieties of fertilizers in form
of nanofertilizers can be processed. They get easily absorbed by the soil and enhance the quality of
the soil, thereby improving the growth of the plant. The mainstream application of nanotechnology
concentrates on electronics, optical devices, water purification, and health care with little awareness
on agriculture. Conventional fertilizers do not possess all the nutrients required for plant growth and
nutritional composition; on that premise and owing to the active nature of nanoparticulate materials,
it becomes an interesting venture to engineer materials to give nanofertilizers that can address nutrient
problems and environmental issues associated with fertilizers [64].

Nanofertilizers are more advantageous to the conventional fertilizers because they can triple the
effectiveness of the nutrients, reduce the requirement of chemical fertilizers, make the crops drought
and disease resistant and are less hazardous to the environment. They can easily get absorbed by plants
due to their high surface area to volume ratio. The sizes and morphologies of nanoparticles are however
strong factors that determine the level of bio-accessibility by the plants from the soil. The nanoparticles
may not be activated instantly to be taken up by plants, rather series of reactions ranging from
oxidation and recombination may take place to provide the plants with the right micronutrients.
Since the nutrients are in nanoscale, the fortification of the plant with such nanonutrients seems to be
an interesting option. The plants not only grow but also accumulate such nutrients, which bridges
the gap of nutrient deficiency. Moreover, nanofertilizers could be engineered in such a way as to
address particular deficient nutrients in plants. This is possible because the atoms on the surfaces of
nanomaterials could be structured to obtain characteristic different properties.

Li et al. [65] reported that metals and anionic nanoparticles are highly adsorbed by porous
materials, or the soil, which makes them overly available as food nutrients or even contaminants
when not desirable. In addition, in recent times, some researchers have developed and patented a
nanofertilizer called “Nano-Leucite Fertilizer”, which is eco-friendly and could reduce nutrient loss in
food, with overall increase in crop and food production [66]. In a nutshell, nanofertilizers might be the
best thing that could happen in agricultural revolution, as they have the potentials of enhancing soil
fertility in nutrient deficient soil. However, it may be seen as “one more tool in the toolkit”. Table 2
shows some approved nanofertilizers currently used around the world [62,67].
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Table 2. Some approved nanofertilizers used in the world today and their compositions. Data
from [62,67].

Nanofertilizers Constituents Name of Manufacturer
Nano Ultra-Fertilizer — organic matter, 5.5%; Nitrogen, 10%; P,Os, 9%; KO, SMTET Eco-technologies
(500) g 14%; P05, 8%; Ky0, 14%; MgO, 3% Co., Ltd., Taiwan
CaCO;3, 77.9%; MgCO3, 7.4%; SiOy, 7.47%; K, 0.2%;
Nano Calcium Na, 0.03%; P, 0.02%; Fe-7.4 ppm; Al;O3, 6.3 ppm; Sr,  AC International Network
(Magic Green) (1) kg 804 ppm; sulfate, 278 ppm; Ba, 174 ppm; Mn, Co., Ltd., Germany
172 ppm; Zn, 10 ppm

N, 0.5%; P,0s, 0.7%; K70, 3.9%; Ca, 2.0%; Mg, 0.2%; The Best International
S, 0.8%; Fe, 2.0%; Mn, 0.004%; Cu, 0.007%; Zn, 0.004% Network Co., Ltd., Thailand

Nano Micro Nutrient Zn, 6%; B, 2%; Cu, 1%; Fe, 6%+; EDTA Mo, 0.05%; Shan Maw Myae Trading

Nano Capsule

(EcoStar) (500) g Mn, 5%+; AMINOS, 5% Co., Ltd., India
WAI International
M protein, 19.6%; NayO, 0.3%; KyO, 2.1%;
PPC Nano (120) mL (NH,),S04, 1.7%; diluent, 76% Development Co., Ltd.,
Malaysia

Multiple organic acids chelated with major nutrients,

Nano Max NPK . . . . JU Agri Sciences Pvt. Ltd.,
o amino acids, organic carbon, organic micro ) . .
Fertilizer . e - Janakpuri, New Delhi, India
nutrients/trace elements, vitamins, and probiotic
TAG NANO (NPK, Proteino-lacto-gluconate chelated with . .
. . . . . N Tropical Agrosystem India
PhoS, Zinc, Cal, etc.) micronutrients, vitamins, probiotics, seaweed .
o L (P) Ltd., India
fertilizers extracts, and humic acid

Nano Green Extracts of corn, grain, soybeans, potatoes, coconut, Nano Green Sciences, Inc.,

and palm India
Biozar Combination of organic materials, micronutrients, Fanavar Nano-Pazhoohesh
Nano-Fertilizer and macromolecules Markazi Company, Iran

6.1. Zeolite-Based Nanofertilizer System for Sustainable Agriculture

Zeolites are mineral materials that are safe to the soil and function well to conserve available
soil nutrients, for efficient crop production and reduction in environmental hazards associated with
agricultural activities [68]. Natural zeolite, which comprises over fifty mineral types of basically alkali
and alkaline earth aluminosilicates, has been developed into nanofertilizer in recent times. This is
mainly due to its availability and inexpensive nature, and it has been applied in the cultivation of
maize [69,70]. Apart from providing some minerals for the plants, it is a smart carrier and regulator
of major mineral fertilizers. Zeolite acts as a carrier of nitrogen and potassium fertilizers, leading to
reduced application quantities with enhanced productivity [71]. Zeolite compound was found to mix
with humus materials and enhance the productivity of crops. Zeolite nanocomposites of nitrogen,
phosphorus and potassium (NPK), in addition to other nutrients and micronutrients of amino acids,
mannose, Ca, Fe, and Zn, have been reported, which have aided crop growth and are absorbed in
those crops, as explained in Figure 1 [6]. One disadvantage of zeolite is its inability to absorb and
adsorb anions, thus it is enhanced in this perspective with biopolymers [68].

The three-dimensional crystal structure of zeolite allows high cationic exchange, and, coupled
with its excellent porosity and extensive surface area, it is capable of retaining positive and negative
nutrient ions for a long time. These exposed surfaces have excellent interactions with cations and
polar molecules due to the effectiveness of the hydrated negative inorganic ions contained therein.
All these properties have positioned zeolite as one of the most sought materials to be used in fertilizers.
It also aids in the gradual release of the nutrients into the soil and absorption by the plants, which
will avoid the case of nutrient loss as in conventional systems [72]. As compounds of interest to
researchers in different fields, the International Agency for Research on Cancer (IARC) and Food and
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Drug Administration (FDA) have declared zeolites non-toxic, which enables their extensive use in
agriculture and food respectively in recent times [70].

The reduction of zeolites to nanoforms can be done by the top-down approach of ball milling,
which reduces their sizes and enhances the surface area for proper interaction or adsorption and
desorption of ions [73]. This property enables holding some ions and releasing some in a mechanistic
way appropriate for crop improvement and it is also environmentally friendly. Nanozeolite therefore
is strategized for improved properties, hence promoting the excellent use of other macro- and
micronutrients. In general agriculture, their functions are not only limited to enhancing the soil
nutrients, regulating soil acidity, enabling quality seed germination or acting as pesticides, but extends
to supplementing the nutritional requirements of most animals and exhibiting wound healing
properties [70]. Manikandan and Subramanian reported that there was high uptake of nitrogen by
plants, but low concentration on the soil and roots when urea fertilizers were applied with nanozeolite
(nanozeourea), because they aided the slow release of the nutrients [60]. Such practice prevents the over
concentration of nitrogen in the soil, which could be leached to cause eutrophication and greenhouse
effect. Zeolite-based agricultural systems are highly promising but there has been limited interest in
them over the years [60]. With the recent uncovering of potentials exhibited by nanozeolites, it is clear
that they can change the agricultural sector for the better.

L

Healthy plant showing
active  response  to

nutrient absorption

Figure 1. Negatively charged zeolite platform enhanced by natural polymers and other nutrients for
optimum crop performance. Adapted from [74,75].

6.2. Synthesis and Role of Zinc/Zinc Oxide Nanoparticles in Fertilizers

The primary sources of zinc micronutrients for fertilizer fortification are zinc oxides (ZnO)
and zinc sulfates (ZnSO;4H,O or ZnSO4.7H,0). The use of zinc in living organisms cannot be
overemphasized as it is contained in most enzymes, necessary for hormones and chlorophyll regulation,
and for carbohydrate metabolism. In the nanoparticles form, ZnO can be absorbed, metabolized and
accumulated in plant systems. Zinc is a micronutrient and are therefore needed in small quantity;
higher concentrations of ZnO NPs can harm the development of plants, leading to inherent aberration
in seed germination, root growth and seedling biomass [76]. Nevertheless, its deficiency could hamper
the growth and overall development of plants.
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When there is deficiency of zinc in the soil, it leads to low or no zinc absorption in the crop,
thereby causing malnutrition in food and humans. One third of the human population has been
affected by zinc deficiency according to WHO reports due to low zinc content in most foods especially
the cereals [77-79]. Deficiency of zinc in our food together with other micronutrients causes hidden
hunger diseases. Since the body cannot produce this micronutrient, it has a required daily amount,
which, when not reached for a long time, leads to serious illness. Hence, such could be avoided by
fertilizing crops with adequate micronutrients.

The mixture of ZnO and zinc sulfate is used as fertilizer, since the oxide is not completely soluble
in water. Sadeghzadeh [78] reported that zinc deficiency in soils has been a problem that grossly affects
crop productivity, especially in alkaline soils.

In the application of these micronutrients to the soil, it is usually difficult to have uniform
concentrations due to the amount needed. They are most suitably applied with macronutrients, which
act as carriers, although zinc oxide and zinc sulfate can be moderately efficient alone as micronutrient,
unlike only zinc [80]. The dissolution and absorption of the micronutrients also depends on the carriers,
especially when they are liquids, as 2.0% of zinc could be dissolved in polyphosphate, ammonia, and
anhydrous ammonium nitrate (AAN), whereas only 0.05% of zinc is absorbed in orthophosphate [80].
Soil factors and properties such as mineral composition, ionic strength, and organic materials also
play important roles in the absorption and bioavailability of the nutrients. Calcareous soils with high
pH value and calcium carbonate (CaCO3) content affects the solubility and amount of zinc absorbed
into the soil [81]. The presence of the calcium carbonate exchanges Zn for calcium and precipitates
zinc carbonate. This continues to hamper crop production, even when micronutrients are applied
to counter the reaction of the minerals in the soil. Another hindrance to micronutrient absorption
is the nature of soils, as sandy soils hardly retain nutrients applied to them because they are easily
leached out, therefore, making the micronutrients unavailable for plant absorption. Soil pH is another
key factor that determines the availability of micronutrients in the soil. As the soil pH increases,
micronutrients availability decreases except for molybdenum. The mechanism in the case of zinc
is that, with increasing soil pH, the Zn is adsorbed on the soil surface together with other clay and
inorganic materials, and can be precipitated as Zn(OH);, ZnCO3 and Zn,SiOy4 [78]. With such behavior,
the solubility of the entire system is compromised, hence leading to inefficient desorption of the
minerals into the soil for the plant uptake.

Nevertheless, nanozinc oxide has immense applications in agriculture as it is not only applied as
fertilizers in crop production, but also extends to mechanistic blockage of excess UV radiation during
plant growth, aids in the soil recovery of lost nutrients, and is applied in genetic modification of crops
and nanofoods, as recommended diets to some ailing patients [66].

6.3. Iron Oxide Nanoparticles and Their Role in Plant Nutrient Fortification

Iron is among the Earth’s abundant elements and it majorly occurs as oxides of magnetite (Fe304),
maghemite (g-Fe;O3), and hematite (x-Fe;O3), among others. It is used in many applications due
to its inexpensive nature, yet it has not been extensively exploited in the field of agriculture. Its low
toxicity, availability, and superparamagnetic properties have positioned iron in recent times as one of
the transition metal nanoparticles of current interest for improved agricultural production. However,
the shortcomings of iron, being pyrophoric and extremely reactive, hinder its application [82].

Most foods are deficient in iron, which arises from poor iron content of the soil unavailable for
the plants to absorb. In calcareous soils, the applied iron fertilizers are transformed and may not be
available for plant absorption. To solve the problem, iron-chelated fertilizers are used. Iron fertilization
of crops in form of 'y-Fe,O3 nanoparticles is gradually gaining attention, as it holds prospects towards
elimination of iron deficiency in soils and crops. These nanoparticles increase seed germination, help
the root to grow and also enhance water content in the chlorophyll. Due to the dynamic nature of
nanoparticles, iron is released from y-Fe,O3NPs when applied to the soil and they migrate from the
roots to other parts tissues to supply the nutritional contents. Hu et al. reported an increase in the
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iron concentration of C. maxima shoots when the plants were exposed to both y-Fe;O3NPs and Fe3*
treatment compared to controls and Fe(Il)-EDTA treated plants [83]. Moreover, when the roots were
assessed, they observed that there were no significant changes in the Fe levels among all Fe treated
and control plants, which indicated that the iron had been transported to other parts. Most researchers
are of the opinion that nutrients get to other parts of the plant through the root, making it a major
pathway for nutrient absorption; however, it has also been reported that nutrients can be translocated
from the leaves to various parts of the plant tissues. Corredor et al. observed that carbon-coated iron
NPs sprinkled on the leaves migrated from the leaves to other parts of the plant [83,84].

6.4. Copper and Copper Oxide Nanoparticles (CuO NPs)

Copper is seen as the third most important metal due to its daily use, and it is important for most
living creatures [85]. Cu is an important micronutrient required by plants and should be administered
at very low doses. Bulk CuO has a long history in agriculture, especially as fungicide, and has
contributed to environmental pollution due to its insolubility, thereby easily being eroded into water
bodies. This property limits its usage but the development of nanotechnology offers new hope for the
application of copper as the environmental risks are reduced due to existence of copper in 0, +1 and +2
oxidation states, which exhibit different physicochemical properties [34].

In agriculture, copper oxide nanoparticles have found use in fertilizers, plant growth regulators,
pesticides, herbicides and as additives for soil remediation [86]. A study on the accumulation of CuO
NPs on lettuce and cabbage at concentration of up to 250 mg/L shows reduced water content and
growth of the vegetables [86]. Since they are leafy vegetables, in addition to absorbing CuO NPs from
the soil, they are also vulnerable to atmospheric pollution, as the nanoparticles are deposited on their
leaves, which is the part ingested by humans. The dosage on the vegetables tends to increase, since
the absorption is from both the leaves and soils. The absorbed quantities also depend on the type of
plant, the soil and environmental factors, as it has been reported that 0.3 mg/L Cu?* released from
1000 mg/L of copper nanoparticles increases plant growth and is not toxic to the plant [87]. However,
some reactions may lead to release of copper ions inside the plant cells that could be toxic. Toxicity of
copper nanomaterials results from their solubility in the medium of application and redox processes
arising from their interactions with other substances [3].

CuO NPs tend to be more toxic than copper nanoparticles due to their oxidative nature, even at
low concentrations, but positively impact on the photosynthetic process of the plant. CuO NPs have
also been reported to exhibit antimicrobial activities, which affect the microbial reactions in the soil
as some are resistant while others are not [3]. The resistance could be a result of release of Cu?* ions,
which bind with the cellular membrane of microorganisms thereby causing damage.

6.5. Titanium Dioxide Nanoparticles (TiO NPs)

TiO, nanoparticles (less than 4% concentration) have been reported to enhance nitrogen fixation
and promote the photosynthesis in spinach, thereby improving the overall growth efficiency of the
plant [88]. In the reports of Asli and Neumann [89], TiO, NPs of about 30 nm applied in Zea mays were
not translocated because the sizes of the nanoparticles were more than the pore diameter (6.6 nm) of
the root cells. In another study by Du et al. [90] on penetration of TiO, NPs in wheat plant, some of the
nanoparticles passed through the root cells while some did not. Based on that, it could be seen that the
nanoparticles were polydispersed and the smaller particle sizes less than 20 nm could penetrate the
root cells, while the bigger particles formed agglomerates in the soil medium and could not penetrate
the root cells. The presence of the nanoparticles in the soil could have contributed to changing the
concentration of the soil enzymes, thereby inhibiting their activities and leading to toxicity. Since they
were not translocated, their presence in the soil would affect the soil environment and the ecosystem.
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6.6. Cerium Oxide Nanoparticles (CeO,NPs)

Cerium oxide nanoparticles (CeO, NPs) are one of the sought after nanomaterials needed in
agriculture for crop improvement and nutritional effect [91]. Their impact on crops depends on the
concentration applied, the soil composition and the plant species. When the concentration of the
nanoparticles applied to the soil is in minute quantity, they bring about enhanced crop development
and nutritional value. However, they have some detrimental effects in higher concentrations, which
depends on the nature of the plants. There are some reports supporting the effect of the higher
concentrations of CeO, NPs on plants. One is the case of enhanced growth of lettuce (Lactuca sativa L.)
when treated with 100 mg kg~! CeO, NPs, but the growth of the plant was hindered at a higher
concentration of 1000 mg kg~! CeO, NPs [92]. A similar situation was reported in soybean plant by
Cao et al. [93]. They reported that CeO, NPs greatly improved the photosynthetic rate of soybean
under high moisture contents of the soil, but not under limited soil water conditions. The simple
mechanism is that, at low moisture content of the soil, the plant stomata are closed, resulting from
drought, which hinders transpiration and the uptake of CO, by the plant [91]. Other mechanisms
that portray the uptake of CeO, NPs by plants explain that positively charged CeO, NPs are better
adsorbed by plant roots than negatively charged CeO, NPs. This enhances the transport of Ce to
other plant parts as the positive surface charge is easily dissolved and attracted to the negative surface
charge in the plant rhizosphere. These results are correct within the ambits of laboratory or small-scale
application, while there could be different results when applied to the field due to different reactions
involved in the soil.

6.7. Noble Metal Nanoparticles

Noble metal nanomaterials have been used in agriculture and, among them, silver is the most
widely studied. Silver has a long history of antimicrobial effect and that property has been utilized to
remove unwanted microorganisms in the soils, plants and hydroponic systems with improved effect
from nanosilver [94]. Apart from promoting plant growth and seed germination, silver has also been
applied in the control of fungi, rot and various plant diseases [95]. On the other hand, there could
be some negative influence. Masrahi et al. reported that oxidative dissolution of Ag and polyvinyl
pyrollidone (PVP) coated silver nanoparticles in the soil system negatively affect the nitrification
processes [96]. Other noble metals such as gold nanoparticles have not been well utilized in plant
production, as they are not among the micronutrient required in crops. However, they have been
limitedly applied as pesticides and also support rapid plant growth. Gold nanoparticles at lower
concentration in the soil have been reported to enhance the shoot to length ratio in Lactuca sativa
seeds, without affecting the microbial concentration or causing any toxicity [87]. In other studies,
they improved the seed germination, growth rate and yield with early flowering, high pod length,
excellent chlorophyll and sugar content and enhanced free radical scavenging due to increased
flavonoids content [87,97]. The mechanism of free radical scavenging follows that plants contain
varied biomolecules such as flavonoids, phenolic substances, etc., and these substances by virtue of
their functional groups and antioxidant properties can complex with the metallic ions in the plant and
scavenge the free radicals that causes oxidative stress [60,98].

Mahakham et al. reported that exposure of 5-15 mg/L of phytosynthesized gold nanoparticles to
maize aged seeds significantly improved their germination and physiology without any toxicity [99].
The results obtained reveal active presence of the nanoparticles in the seed tissues, but were not
translocated to the root or shoots, possibly due to the low concentration used. On the contrary,
as applied in tobacco plants, gold nanoparticles have been observed to be absorbed in both the root
and the shoot of the plant, suggesting more bioavailability of the nanomaterials to some plant species
than the others [100].

Platinum nanoparticles are another group of noble metal nanomaterials with interesting
applications in plant growth. They have been reported to practically affect the growth mechanism
of plants by increasing the length and weight of the plant root system [101]. The reactions of the
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nanoparticles are such that, if there is agglomeration, it becomes difficult for the nanoparticles to be
absorbed and bio-accessibility is hampered. Astafurova et al. [101] reported enhanced plant protective
mechanisms due to increased flavonoids concentration resulting from nanoplatinum application.
In another study of platinum nanoparticles uptake using Sinapis alba and Lepidium sativum plants,
both plant species showed uptake of considerable amounts in the roots and shoots at different
concentrations [102]. In this study, both the metal salts and nanoparticles were bioavailable with
no recorded phytotoxicity and the Sinapis alba plant recorded higher nanoparticles translocation with
increasing concentration than Lepidium sativum.

Ngo et al. [103] used some nanocrystalline metals (Fe, Co, and Cu) to treat soybean seeds,
and recorded improvements in the chlorophyll index, number of nodules and amount of crops.
Nanocobalt powder exhibited the most interesting crop growth and development among the three
nanometals investigated.

6.8. Selenium Nanoparticles (SeNPs)

Selenium can exist in different forms including oxyhalides, selenides, halides, oxides, acids,
oxyacids, selenoenzymes and selenium nucleic acids [104]. Selenium occurs in the same group as
sulfur and can exist in oxidation states of —2, 0, +2, +4 and +6. They differ in some reactions with the
sulfur due to the unstable state of the +6 oxidation state and the poor shielding effect of the d-orbitals
introduced in the selenium. The most stable oxidation state of the selenides is the —2 state and, in this
form, they react with the highly electropositive elements.

Over one billion humans are suffering from selenium malnutrition, thus its supplementation or
fertilization in plants and animals is necessary for human wellbeing [105]. It had been reported to be
toxic, but recent research has shown that its toxicity depends on the concentration [106,107]. Selenium
can be obtained as supplements from food or meat, and the best method of enrichment to satisfy
human requirements is to enhance its level in agricultural crops by means of spraying or addition
as selenite or selenates in fertilizers [108]. Phosphate fertilizers, sewage waste and farmyard manure
are rich in selenium and can become sources of this micronutrient [106]. Selenium nanoparticles
have interesting physicochemical properties and are greatly bioavailable with good physiological
functions such as excellent antimicrobial, anti-cancer, antioxidant, etc. activities. They have been
greatly applied as supplements in plants and food and are widely used in nanomedicines due to
their low toxicity profiles [109]. They act as detoxifying agents when they contact heavy metals
such as mercury, cadmium, and lead and such property has enabled them to guard living organisms
against several diseases. Selenium compounds can easily functionalize with ligands. For example,
selenocystin binding with glutathione peroxidase can neutralize the free radicals present in cells,
thereby eliminating the harmful effect of the radicals. However, SeNPs hardly interact with most
compounds and as a result are slowly released into living systems [104]. Inorganic forms of selenium
seem to be more bioavailable than the organic ones, as demonstrated with tomatoes and strawberries.
These crops scavenge for selenium in soils and store them in the edible parts, and the quantities of
the inorganic forms are found to be more than the organic ones. Such actions reduce the inorganic
selenium in the soils, which is more cost-effective [108].

On a general note, selenium fertilization can interestingly improve the production of biochemical
compounds such as amino acids, flavonoids, glucosinolates, protein, and phenolics compounds [107].
Schiavon et al. [110] reported enhanced flavonoids and phenolic compounds in selenium-biofortified
tomato fruit. Dinkova-Kostova also reported an increase in glucosinolates, which hydrolyzes to form
isothiocyanates that possess excellent anticancer properties [111].

6.9. Carbon-Based Nanomaterials in Plant Fortification

Organic or carbon-based nanomaterials, including fullerenes, fullerols, single-walled carbon
nanotubes (SWCNTs), and multi-walled carbon nanotubes (MWCNTs), have been used in crop
production and they behave differently. Generally, carbon nanotubes (CNTs) are highly hydrophobic
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and do not dissolve in aqueous media, but form aggregates due to high van der Waals forces, while
SWCNTS are hydrophilic and can hardly penetrate the cell walls of the plants because of their large
sizes. Fullerol, which has been reported to be hydrophilic and of smaller size, can be transported into
the plant tissues by apoplastic means [112]. On the other hand, fullerenes and MWCNTs can easily
interact with the hydrophobic components of the natural organic matters and possibly find their way
into plant tissues. However, they have been reported to block the pores of the cell wall of Allium cepa,
making their translocation insignificant [113-115]. Overall, carbonaceous materials find their way into
the plant tissues [116,117].

MWCNTs have been reported to enhance the seed germination rate of tomato plant and decrease
cell concentration of cultured rice cell suspensions. However, there are no observable physiological
change or toxicity when applied to crops such as cucumber, lettuce, corn, rape, wheat, etc. [114,118].
Lahiani et al. reported that there were no toxic effects associated with long-term exposure of crops
to MWCNTs, rather there was positive impact on the general growth of the plants compared to the
untreated crops [119]. In the case of single-walled carbon nanohorns (SWCNHSs) used to assess the
germination of six crops (rice, tomatoes, barley, soybean, corn, and switchgrass), Lahiani et al. [112]
found that, at higher concentration of the SWCNHs (100 png/mL), all crops germinated except tomatoes.
In contrast, at lower concentration (25 pg/mL) of the nanomaterials, the tomato crop showed the
greatest rate of germination, while there was no result of early germination for soybean. Overall,
no toxicity was recorded and the results showed that different plants respond differently to varying
concentrations of the nanomaterials. To control some of the problems associated with the different
carbon nanomaterials, they could be functionalized with magnetic nanoparticles, which delivers
multiple functions of filling internal space with plant. This protects the chemicals and directs the
movement of nanocarriers within the plant structure [94].

6.10. Nanosilicon Dioxide

Silicon has not been well recognized as an essential micronutrient needed for plant growth
compared to others. However, it offers outstanding beneficial activities to plants ranging from
enhanced plant growth and yield to resistance to biotic and abiotic factors [120]. It regulates plant
physiological activities and acts as physicomechanical barrier. Plants that lack silicon minerals are
structurally weak and poorly developed. Nano-silicon dioxide is currently one of the interesting new
inorganic materials studied due to its extraordinary characteristics of excellent chemical purity, ultrafine
particle size, enhanced surface adsorption and energy, excellent dispersion and high thermal resistance.

Siddiqui and Al-Whaibi reported the improved seed germination of Lycopersicum esculentum
using 8 g/L of 12 nm nano-silicon oxide [120]. It is also reported that nanostructured silicon dioxide
helps to reduce the transpiration rate of plants, and improve the green coloration and shoot expansion
of plants [121]. Yeo et al. reported the reduced sodium uptake and transpirational bypass flow by
Oryza sativa due to treatment with silicon [122]. In the work of Faryadi and Sheikhahmadi, nano-silicon
dioxide supplements affected the weights of eggs and increased the bone ash content and calcium in
laying quails [123].

Since there is a drift from primitive to modern agriculture to meet the food demands of the
population, nano-silicon dioxide has been reported to possess the potentials of improving the growth
rates of different plants and vegetables with short maturity time. It is a new material that can lead to
excellent food safety and interesting agricultural experience. Table 3 summarizes the concentration
dosage of some of the nanoparticles and their merits and demerits to plant and food production, while
Figure 2 emphasizes the need for biofortification of plant crops.
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Table 3. Effects of some of the engineered nanomaterials on agricultural crops.
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Engmeere.d Positive EffeCt.S on Crop Negative Effects on Plants Required Dosage for Plants Biosafety Information References
Nanomaterials Production
Responses depends on the type of
10 mg/L for pepper (C. plants or genotypic differences of
Improves the germination rates ~ Higher conc. (100 mg/L) may lead to toxic annuum) and 30 mg/L for the plants and seed size.
SWCNT ; . . . . [124]
of crops effects such as necrosis and apoptosis salvia (S. macrosiphon) and tall small-seeded species, such as
fescue (F. arundinacea) lettuce, onion, and tomato may be
more sensitive and vulnerable
Absorption of nitrogen and There could be increased ROS formation,
. reduced chlorophyll content and cell The dosage to be used depends on
MWCNT phosphorgs in waste water to viability. There has been recorded DNA In tobacco, 100 mg/ L the plants. [124]
deliver to crops . .
damage in onion roots.
They impede the uptake of They inhibited chlorophyll accumulation in
Fullerene (Cgp) pesticides by some duckweed, photosynthesis and Mg uptake [125]
plant species. of phytoplankton.
. At IOW or llugh cor}cer}trat.lons, they can 5-50 mg/L for growth The needed dosage may exceed the
They can improve seed water cause impaired antioxidative glutathione . . . - .
. . . stimulation and uptake into environmental requirement, so
Graphene content when applied metabolism and increase the amount of ROS. . . . [125]
. seedlings, 400 and 800 mg/L caution must be taken in the
moderately It can also cause mechanical damages of cell . . L
for Glutathione formation application.
wall and other organelles
Nanozeolite
(building blocks of Improvement of soil quality, [126]
SiO4 and AlO4)
FeO NPs, . Reduce germination observed
root elongation, transforms and
nano-zero-valent i . . . at 250 mg/L (Hordeum vulgare [127]
. detoxifies chemicals in the soils . S
iron (nZVI) and Linum usitatissimum seeds)
It can lead to higher It can reduce the number of roots, length of <200 mg/kg
ZnO NPs ield in lantgs rice seedlings and inhibit chlorophyll Reduced germination observed [128,129]
y P photosynthesis at 2000 mg/L for Zea mays
Reduced germination observed
. May affect fruit flavor, at 2000 mg/L for Medicago
CeONPs Root elongation nutrition levels and metabolites content sativa, Zea mays and Cucumis [127]
sativus seeds
E;ﬁei?acteif)r:v i‘:ﬁf ?}zdczx}slﬁleens Sometimes, their high quantity penetration The size and quantity administered
TiO, NPs p P could damage seed embryo and affect 4 y [130]
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Table 3. Cont.
Engmeere‘d Positive Effed.s on Crop Negative Effects on Plants Required Dosage for Plants Biosafety Information References
Nanomaterials Production
. Toxicity depends on the plant
Enhanced Plant growth High doses lead to stunted grow.t h, cell <10 mg/L species. High levels lead to liver [126]
death and loss of leaf coloration .
Cu/CuO NPs and lung cell damage in human
. . Complete inhibition of
<0. . .
Impaired photosynthesis Above 1 mg/L <0.25mg/L photosynthesis at higher doses
It can affect plant height, shoot and root
biomasses;
. Used to deliver DNA, proteins, Cu, Mg, Na translocation can also be [126,131,
<
SiO,NPs and other chemicals in plants affected grossly <100 mg/L 132]
It can support the uptake of K in leaves and
reduce that of N and P.
AuNPs Improves root elongation Damages cell division process, e.g. in onions. [95]
Sulfidation could occur (conversion of the
nanoparticles to silver sulfides) which
It improves the chlorophyll impedes root hair gr'owth and thereby affects They have to be applied in very
content and can equall the absorption of nutrients. low concentrations. It may be have
AgNPs quazy At high concentrations of about Approximately 150 ppm " : Y . [133,134]
enhance catalase activity 1. d more positive effects when applied
ially in potato 3000-6000 pugmL ™", it can retard seed with K»SO,
espec germination, and root and shoot growth,
especially in rice Mung bean and
Chinese cabbage
The quantity needed depends on
Improves the root and shoot the plant, size and method of
SeNPs length. It equally enhances the At high quantities, it can become 0.05-0.1 mg/kg preparation of the SeNPs. Higher [135,136]

chlorophyll and other plant
metabolites

pro-oxidant and cause damage to plants

concentration may hinder the
production of the photosynthetic
pigments
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Figure 2. Schematic diagram of influence of micronutrients on crops Adapted from [137-140].

7. General Synthesis of Nanomaterials

There are two major ways of synthesizing nanomaterials: the top-down and bottom-up
approaches. Top-down methods are physical means, which are expensive and consume a lot of
energy and time, whereas bottom-up approaches are wet-chemical or biological means and are
preferred by most researchers. Top-down methods are physical means and include the mechanical/ball
milling, photolithography, sputtering, chemical etching, etc., while bottom-up approaches involve
physical, chemical and biological means and include sonochemical, microwave, photochemical, vapor
deposition, sol-gel, chemical and electrochemical deposition, atomic and molecular condensation,
spray, laser pyrolysis, etc. [141].

The biological method is one of the emerging green methods of synthesis because it uses
eco-friendly materials and aqueous solvents, saves time and energy, and is cost effective, sustainable
and non-toxic. The ultimate objectives of using biological means of synthesis, phytonanotechnology
or green nanotechnology is to reduce the environmental and human risks associated with other
methods of engineering nanomaterials. They provide nanomaterials that serve the essential needs of
the present century. Biological means of synthesis consist of the microorganism-mediated method
and plant-assisted green nanotechnology. More focus and interest have been give to the use of the
plant method, as all plant parts ranging, including the roots, barks, leaf, stem, fruits, sap, and even
fruit wastes, are applied in fabricating nanomaterials for various uses. Plants are considered as natural
reservoirs for various components such as flavonoids, phenolics, terpenoids, carbohydrates, proteins,
saponins, and acids that have potentials for reducing, stabilizing and capping metal or metal oxide
nanoparticles as well as functionalizing carbon-based nanomaterials. Since these biocomponents
in plants have functional groups that can act as organic ligands, they serve as electron donors
and effectively reduce the bulk metal or metal oxides to their nanoparticulate forms. This method
provides nanoparticles that have interesting characteristics including small sizes, eco-friendly nature,
biocompatibility, low toxicity, simple reaction procedures and enhanced surface morphologies with
unlimited applications.
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In the application of the biological method of synthesis, the plant-assisted method in particular is
seriously gaining attention because it is cost effective, easily manipulated, of high purity, sustainable,
parametric efficient and greens. It has thus far outweighed other options. For instance, in a typical
synthesis of SeNPs, sodium selenite, selenous acid or selenium oxide can be used as the precursor
compound and plants substrates from Vitis vinifera fruits, Bougainvillea spectabilis wild flower, etc. have
been used [142,143]. The synthesis involves different concentrations of the precursor compound and
the plant extract. The solution is mixed and stir-heated at a temperature the plant biocomponents
can withstand—not too high as to render them inactive. After a period, there could be observable
color changes, indicative of nanoparticles formation and the solution is centrifuged, washed and
dried to get the nanoparticles. Surega reported different positive influences of silver nanoparticles
synthesized by different plant extracts on improving crop production [144]. From the results, there was
interesting development on the root and shoot and the fruit yield, among others. Although there are
many reports on plant-mediated synthesis of nanoparticles, some gaps still exist on their application
in crop improvement.

8. Future of Nanotechnology in Plant Improvement

Sustainable agriculture, food availability and nutrient security are among the key sustainable
development goals of the century. It is therefore imperative to harness the advantages of
nanotechnology in achieving the feat by improving the nutrient availability of plants and minimizing
their losses on agricultural soils. Many processes occur in the ecosystem during plant production
and subsequent consumption of the food and their digestion. During these processes, whatever is
added to the soil to improve their production and nutrient enhancement may translate to the crop
harvested and also be extended to the nutritional level in organisms afterwards. The knowledge of this
phenomenon, therefore, sensitizes the new technologies of using nanomaterials in soil improvement
and crop production. Nanochemicals, by the virtue of their quantum sizes and surface area, have
improved properties and interesting applications. However, they may also have some toxic effects
on the environment when applied as fertilizers, pesticides, nanodelivery tools, food packaging, etc.
Figure 3 points out the possible beneficial nanoparticles and their demerits if not properly used.

The argument now is: Do the pros outweigh the cons? The answer is obviously “yes”, as there
are new developments towards using eco-friendly materials for more acceptable nanoagriculture.
Moreover, plants may absorb the required materials and leave the rest in the soil. However, it is not clear
whether the toxic materials are absorbed or become non-toxic, and, regardless, the toxic component
would still be part of the ecosystem. To clear all doubts and apply the tenets of nanotechnology
towards sustainable agriculture and green chemistry, there is a drift from the use of toxic chemicals in
synthesis of nanomaterials to the use of biological organisms. These biological organisms have special
functional groups that affect the transformation of materials into their nanoforms and also possess
capping and stabilizing effects.

The merit of this novel technology towards agriculture is that there is reclamation of lost nutrients
in the soil; herb and pest control using green nanochemicals; supply of macro- and micronutrients
for proper plant development; nutrient absorption; security in the food crops; nanofood and nutrient
delivery; food packaging; etc. It therefore entails an overall development of the agricultural sector
starting from the field to the wellbeing of individuals or organisms that feed on the crops. This is a
future technology to be embraced in all ramifications. It is gaining serious attention already, but there
is still much work to be done.

Apart from crop improvement, another agricultural area of application of this smart technology
is in the use of nanobarcodes of gold and silver stripes in crop and food packaging, which reveals all
the information about the product. This is important due to the people’s fear of using nanoproducts.

In biosensing, graphene oxide has been applied in the enhanced detection of aflatoxins in food
materials [145]. Zhang et al [146] immobilized hemoglobin with silica coated gold nanorods, which act
as biosensor. The applications of nanomaterials in biosensing are relatively new and, in agriculture,
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the activities are more beneficial before and after crop planting or in the food. Further attempts
to develop the application of nanocomposites have led to increased hydrophilicity of synthesized
gelatin—gold-single-walled nanotubes with biocompatible surface that not only could be applied in
sensing but could also improve nutrient absorption by plant cell and lead to excellent growth [147].

1. Excellent crop yield
2. Adequate nutrients

3. Food security

4. Soil fertility
5. Food availability

pesticide \
ke

Merits  Slowxglea

Demerits

1. Harm to }zlman health and

Graphene as carrier of

environment . .
micronutrients

2. Genetic defects of crops

Figure 3. Improving the quality of soil and crops using appropriate nanoparticles Adapted from [148-151].

9. Biosafety of Nanomaterials in Sustainable Agriculture

Assessment of safety of nanomaterials is always a difficult issue as the materials depend on many
factors: substances or salts used, process method, biological substrates, size and structure, and reactions
in medium of applications [101]. During toxicity tests, the prepared stable nanoparticles may become
unstable due to aggregation, which modifies the required administered doses. Such behavior would
rip the nanoparticles of their unique behaviors and they become different materials [152].

The commonly studied nanomaterials include fullerene (Cyg); fullerol (Cgo(OH)y); carbon
nanotubes; and ZnO, TiO,, Fe30,, CeO,, Au, Ag, Cu, and Fe nanoparticles. They influence in
one or more ways soil fertility and plant nutrients fortification [114].

Nanomaterials may not be completely safe depending on the method of synthesis. Chemically-,
physically- and biologically-synthesized nanomaterials have being reported as toxic. Chemically-
synthesized nanoparticles pose greater toxicity due to the slow release of the chemical agents used in
their synthesis. The biologically-engineered nanomaterials are more biocompatible and relatively safer
to the environment and organisms.

Since the synthesis of nanomaterials involve different methods and reaction conditions, the
materials are formed in various sizes and morphologies, which gives them different properties. As a
result, there are many contrasting results obtained from these nanomaterials. Different factors affect
their behavior and toxicity: particle sizes, the materials of fabrication, etc. Nano-scaled materials can be
safe but, when in contact with other media, some inconsistent reactions may be triggered, making them
unsafe. To make this new technology safe and sustainable, there is a recent trend from using chemical
methods for nanomaterial synthesis to biological methods. This is necessary because the materials
of synthesis greatly affect the nanoparticles, which need to be observed individually. Individual
bionanomaterials are composed of biomolecules that may be harmful, and they behave differently
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when used in material synthesis. It is therefore important to continue to study the behaviors of these
nanomaterials and their decomposition products in organisms to ascertain their level of toxicity.

Fullerene (Cgp) NPs have been reported to be non-toxic to microorganisms in the soil, but are
toxic in aquatic environments, which clearly indicates that the environment affects the reactions and
behaviors of nanomaterials [96,153].

At the moment, chemicalized nanoparticles may contribute some toxicity to the environment or
where applied due to the medium of preparation, but the toxicity of the bionanomaterials are still
under intensive study. Thus far, the level of toxicity of bionanomaterials is still uncertain due to the
different materials used in the preparation and the various reactions with the medium of application.
However, it is promising to use these nanoparticles for future development of the agrarian sector.

Researchers at the School of Agricultural, Food and Biosystems Engineering (ETSIAAB) from
Universidad Politécnica de Madrid (UPM) have recently reported that zinc oxide nanoparticles serve
as the source of zinc micronutrient and can be well utilized as fertilizer feedstock without excessive
toxicity [154,155]. On the other hand, Garcia-Gomez et al. reported more lethal effects of using zinc
oxide nanoparticles in acidic soil than in calcareous soils [156]. In their experiment, using tomato
and bean plants, there was higher photosynthetic pigmentation of the plants with increasing zinc
concentration in the calcareous soil. In a nutshell, the toxicity of zinc oxide nanoparticles greatly
depends on the soil pH.

Plants interaction with zinc ions and zinc oxide nanoparticles are different. Previous studies
have shown that there are decreased macro- and micronutrients in plants when exposed to high
concentrations of ZnO NPs, due to blockage of the roots by the nanoparticles, which has not been
observed using zinc ions [157-159]. They block the uptake of other nutrients while becoming
concentrated on the roots. Zhang et al. showed higher Zn levels in the roots of Schoenoplectus
tabernaemontani than in the shoots, which reflects poor mineral translocation potential to other parts
of the plants as a result of excess ZnO nanoparticles treatment of the soils [160]. Theey carried out
their experiment out using zinc ions, and it observed that the roots accumulate more zinc in the
nanoparticulate form than in the zinc ions treatment. Further reasons are that ZnO NPs achieves
higher sorption into the plant organs with lower mobility than the Zn?* ions [129]. Zinc in any form,
however, should not be used in excess in the soil to avoid toxicity due to chlorosis and root morphology
impairment [157,161].

In general, metal and metal oxide nanoparticles are more detrimental to soil microorganisms
than organic nanomaterials. ZnO-NPs has been reported to affect the soil microbial metabolism and
reduce the numbers of the nutrient fixing bacteria such as the azotobacter, and P- and K-solubilizing
bacteria [130,162]. CuO NPs are also reported to inhibit the root growth of wheat plants [163,164].
Copper nanoparticles can affect the photosynthetic, respiratory and growth processes of the plant
at higher concentration and would pose dangers on humans when such crops are consumed.
Luetal. [165], used SiO; and TiO, NPs to enhance the activities of nitrifying bacteria and the
uptake of fertilizer and water in soybean. In spinach, TiO, NPs was used to improve the chlorophyll
concentration, enhancing the plant photosynthesis and dry weight [88,141]. They did not constitute
any toxic effects, rather they caused obstruction to the apoplastic flow through the cell walls.

AgNPs are reported to be toxic at higher concentrations of >60-100 pug/mL. At low concentrations
of about 30 pg/mL, they cannot penetrate the roots of plants and do not cause any harm [126]. In a
study conducted by Krishnaraj et al. (2012) on Bacopa monnieri plant, the biologically synthesized
AgNPs offered less or no toxicity and positively affected protein and carbohydrate synthesis with
lower phenol contents [166]. These reports generally imply that nanoparticles affect the crop nutrient
quality in diverse ways. In cucumber, ZnO added to the soil has improved the starch and protein
content of the plant, while reducing the copper and molybdenum micronutrient content [167,168].
However, in CeO, modulated soil, the nutritional content of the wheat grains used in the study was
not detrimentally affected by the nanoparticles. In other crops such as rice, soybean, tomatoes and
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cucumber, there was high accumulation of cerium, which shows different transport mechanism in
plants and root storage of engineered nanomaterials [168,169].

The use of nanomaterials to boost plants nutrient and agricultural production is obviously gaining
attention, but there should be more attention on the safety of these materials, as there is a thin line
between deficiency and toxicity [115]. Although there are successful developments in the use of
nanotechnologies in the field of agriculture, we cannot entirely rule out the dangers inherent in
their usage as well. Modern research has adopted this technology as a way towards unparalleled
development and, therefore, should also invest more in evaluating the safety of the materials to
improve on their processing, characterization and overall application standards.

10. Conclusions

Despite the reports on the endangering nature of some nanoparticles, nanotechnology remains in
the frontline as the alternative to change the agricultural sector for the better. Its advantages could be
greater than those of nuclear energy. The reasons are not far-fetched and include: their manipulative
ability that enhances the physicochemical properties; their high carrier system use, bioavailability,
and easy processability and engineering; and their low toxicity compared to other compounds. To make
this field of study more lucrative and applicable to agriculture without hassles, the plant-mediated
biological methods of synthesis, which utilize raw materials such as waste vegetables, plant extracts,
flowers, plant barks, roots, fruit peels and leather cuttings, should be exploited and expanded. There
should be regulations on the nanoproducts to protect the environment, the health of the users of such
products and the entire public health. Nanotechnology industries should be made to provide product
information for their nanomaterials. Despite the problems and challenges that could be associated
with the nanomaterials, it is now time to take it out of the laboratory stage into the field. In agriculture,
nanomaterials should be introduced in the nursery stage of crop production and monitored. They
should also be applied during land preparation to supply the required nutrients to the soil and for
biosensing, among others. Such practices could greatly improve nutritional health and sanitation, food
security and sustainability, and the environment, especially in developing countries.
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