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Abstract

The worldwide agricultural enterprise is facing immense pressure to intensify to feed the world’s increasing popula-
tion while the resources are dwindling. Fertilizers which are deemed as indispensable inputs for food, fodder, and

fuel production now also represent the dark side of the intensive food production system. With most crop produc-
tion systems focused on increasing the quantity of produce, indiscriminate use of fertilizers has created havoc for the
environment and damaged the fiber of the biogeosphere. Deteriorated nutritional quality of food and contribution to
impaired ecosystem services are the major limiting factors in the further growth of the fertilizer sector. Nanotechnol-
ogy in agriculture has come up as a better and seemingly sustainable solution to meet production targets as well as
maintaining the environmental quality by use of less quantity of raw materials and active ingredients, increased nutri-
ent use-efficiency by plants, and decreased environmental losses of nutrients. However, the use of nanofertilizers has
so far been limited largely to controlled environments of laboratories, greenhouses, and institutional research experi-
ments; production and availability on large scale are still lagging yet catching up fast. Despite perceivable advantages,
the use of nanofertilizers is many times debated for adoption at a large scale. The scenario is gradually changing,
worldwide, towards the use of nanofertilizers, especially macronutrients like nitrogen (e.g. market release of nano-urea
to replace conventional urea in South Asia), to arrest environmental degradation and uphold vital ecosystem services
which are in critical condition. This review offers a discussion on the purpose with which the nanofertilizers took
shape, the benefits which can be achieved, and the challenges which nanofertilizers face for further development
and real-world use, substantiated with the significant pieces of scientific evidence available so far.
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Background

Agriculture is one of the major sectors that contribute
to the self-sufficiency, and economic growth of many
countries, worldwide. Several factors hamper the growth
of this sector, including fragmentation of land use due
to increase in population, a mass exodus of the work-
force from farming to other industrial enterprises, and
limited availability of natural resources [47]. The use of
synthetic fertilizers was very limited till 1913 when the
Haber-Bosch process was discovered which resulted in
the immense growth in the production and use of nitro-
gen fertilizers. The green revolution in the 1960s led to
the use of intensive farming practices which resulted
in a substantial increase in crop yields, and agrochemi-
cals, especially fertilizers, played a significant role [29,
112]. The increase in cropping intensity and fertilizer use
undoubtedly played role in alleviating worldwide hunger
especially in Asia and Africa but this was not without its
side-effects like decreased nutrient use efficiency, micro-
nutrient deficiencies due to overuse of few major nutri-
ents (Nitrogen, phosphorus, potassium), deterioration of
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soil quality, and very detrimental effects on the surround-
ing environment. Further, according to a recent report of
Food and Agricultural Organization (FAO), the primary
natural resources like arable land and water are continu-
ously getting exhausted due to intensive urbanization and
societal changes. All these issues have become limitations
for the growth of agriculture, in the post-green revolu-
tion era [33, 135].

Despite the low uptake and high losses (many times
as high as 70% for nitrogen and potassium, and 90% for
phosphorus), synthetic chemical fertilization has proved
to fulfill the nutrient demands of crops worldwide, to
meet the demand for food by the exploding world popu-
lation which is going to surpass 10 billion by the end of
2050 [40, 154]. The pressure of fulfilling this demand as
well as the heavily subsidized cost of synthetic chemical
fertilizers, especially macronutrients, are the key rea-
sons for the abusive use of fertilizers by the farmers. The
indiscriminate use of fertilizers intensifies environmental
damage by abetting the emission of harmful greenhouse
gases (e.g. N,O), eutrophication of surface water bodies,
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contamination of groundwater, and distortion of natural
biogeochemical cycles. The biased fertilizer application
favoring macronutrients has also led to the deficiency of
essential micro-nutrients because the food brings to the
dining table what it is fed in the field [28, 172]. The imbal-
ances in the soil negatively impact the growth, yield, and
nutritional quality of food [144]. Some estimates indicate
that around two-thirds of the world’s population, includ-
ing both developed and developing countries, is facing
the risk of deficiency of essential mineral nutrients [9,
154]. At present there are an estimated 720—811 million
undernourished people, worldwide, and this figure will
reach 840 million by 2030 [45]. The current worldwide
scenario in fertilizer use is not only skewed but has also
surpassed the boundaries of essentiality and eschewed
the sustainability criteria.

Overcoming these daunting challenges of eradicating
worldwide hunger as well as saving the planet’s natural
fiber calls for an urgent improvement in the technology
of nutrient use by improving the nature of fertilizers or
by improving their application method, to improve use-
efficiency as well as decrease total nutrient use [22, 89,
129]. All improvements need to have a balance of eco-
friendliness as well as cost-effectiveness for acceptance
by the farming community. In this direction, nanotech-
nology has opened a good scope for both improvements
(increased uptake efficiency and precision application)
and therefore has the potential to revolutionize the agri-
cultural sector for agrochemical use [33]. Nanotech-
nology deals with the designing of ultra-small entities,
having at least one dimension in the range of 1-100 nm.
These nano-sized entities or materials represent the tran-
sition zone between the individual atom or molecules
and their bulk materials, and exhibit extraordinary prop-
erties as compared to the bulk counterparts in terms of
reactivity and other physico-chemical properties [21].
The properties of nanoparticles (NPs) are attributed to
their high surface area to volume ratio that enhances
their chemical reactivity as well as physical responses.
That means less amount of nanomaterial can do the same
or even better job than their bulk forms. Like many other
sectors, fertilizer research and development has also
adopted nanotechnology to overcome the challenges and
criticisms faced by the industry as well as by the farming
community in terms of indiscriminate natural resource
exploitation. In the agricultural sector, nanofertilizers
are the most desired output of nanotechnology and has
the motivation for controlled and prolonged release of
nutrient, in a signal responsive manner (to temperature
or pH), or for simply switching to an efficient mode of
application (e.g. foliar application) to increase nutrient
uptake efficiency and reduce losses. A small amount of
nanofertilizer should be sufficient to achieve the required
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production goal as compared to the conventional ferti-
lizers which need heavy application [172]. Nanofertiliz-
ers can enhance nutrient availability to plants, minimize
losses of nutrients via leaching, and would have minimal
impact on the environment. In totality, the goal is to min-
imize energy use, reduce environmental losses of nutri-
ents, and do this without losing (or rather improving)
crop productivity.

Despite all these perceived advantages, nanofertiliz-
ers are also surrounded by contradictions attributed to
the conflicting results of some similar formulations on
the same or different plant species, and sparse reports of
nanotoxicity and genotoxicity of some formulations [78,
81]. Further, based on the unique properties of some of
the engineered formulations, the term “nano” is some-
times even associated with a range beyond 100 nm, and
up to 1000 nm particle size which is also considered a
debatable issue [67]. Added to this, there are awareness
groups (ETC and Friends of Earth) that believe in a com-
plete ban on nanoscale formulations for agriculture use
until there is full clarity in the regulatory regime in terms
of their safety for humans and other dwellers of the natu-
ral ecosystems [53, 108]. The conventional (most com-
mon) practice of nutrient use is the granular fertilizer
application to the soil, wherein nutrient elements upon
dissolution of fertilizers are released in ionic forms for
plant roots to absorb along with water. Though there are
established advantages in the foliar application of NPs,
what advantage does a nano-sized nutrient particle pro-
vide as the nutrients in the conventional fertilizers are
available to the plants in ionic forms after dissolution,
and ions have a smaller size than NPs? Changes in the
application method to increase efficiency can also have
altogether different implications especially if the active
ingredients exist in nano-forms (e.g. more energy use
for application). The purpose of this review, therefore,
is to present in detail most of the aspects of nanoferti-
lizers including the size characteristics (compared to
conventional nutrient forms), exploited purposes, novel
properties and synthesis techniques, benefits, and possi-
ble hindrances in further development. The review also
provides an overview of conventional fertilizers viz-a-viz
nanofertilizers for nutrient forms, sizes, and behavior in
soil environment regarding plant uptake.

An overview of nutrient requirements of plants

Plants require some important elemental nutrients to
complete their growth and development over an entire
life cycle, and in absence of these nutrients the growth
processes are hindered, and development is stunted,
both in crop plants and the animals and humans feed-
ing on the produce from these crops (Table 1). These ele-
ments in ionic forms are the principal immediate source
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Table 1 Fertilizer nutrients related deficiency symptoms in plants, and nutritional disorders in animals and humans

Nutrient element Deficiency symptoms in plants Nutritional disorders in animals and humans Ref.

Nitrogen, N Severe chlorosis, necrosis of leaves, stunted growth, Protein malnutrition or intestinal malabsorption [66, 100]
reduced fertilization, and curtailed fruit yield

Phosphorus, P Bluish-green leaves, restricted growth Vitamin D deficiency, rickets in infants, and osteomalacia [38, 100]

Potassium, K Burning along with spotting in leaf margins, reduced
crop yield quality of fruit and vegetables
Calcium, Ca Chlorosis in young leaves

Magnesium, Mg Chlorosis in older leaves

Sulfur, S Inward puckered leaves, reduced shoot growth

Iron, Fe Interveinalchlorosis in younger leaves

Manganese, Mn Interveinalchlorosis with a grey spot on leaves

Boron, B Chlorosis in young leaves where terminal bud become
light green with shorter internode

Zing, Zn Interveinalchlorosis and stunt growth. Kaira and white
bud in rice and maize, respectively

Copper, Cu Chlorosis and necrosis in young tissue, male flower

sterility

Molybdenum, Mo
Chlorine, Cl
Nickel, Ni

Chlorotic mottling with necrotic spotting on leaves
Chlorotic molting and wilted foliage
Urea accumulation and necrosis in leaves

in adults

Hypokalemia, risk of cardiovascular diseases, and [75,100, 159]

impaired bone health

Rickets, osteoporosis. Osteopenia with disturbed meta-
bolic deficiency

Insomnia, cardiovascular disease, immune dysfunction,  [35,41, 100]
type 2 diabetes mellitus, migrane, and many more
Hyperhomocysteinemia, risk of cardiovascular diseases,  [65, 66, 100]
and stroke

Anemia, many infections, and inflammatory diseases [2,16]
Dermiatitis, reduced clotting protein level, increased [17,130]
serum calcium and also associated with Down’s syn-

drome, Mseleni, epilepsy, and osteoporosis

Impaired brain functioning, bone health, and immune [120]
response

The compromised immune system, retarded growth, [23,121]
and severe deficiency leads to Acrodermatitis entero-

pathica

Dysregulation of lipid metabolism, anemia, myeloneu-  [11, 158]
ropathy, enteropathies inflammatory disease and affect

the immune system too

Not observed [124,143]

_ [100, 160]
Reduced iron resorption leading to anemia, affected [13,84]

carbohydrate metabolism

of nutrients for plants. Justus von Liebig extensively laid
the foundation of the importance of mineral nutrients
for plant growth, and also established a scientific disci-
pline that led to the introduction and advancement of the
concept of mineral fertilizers. An ample amount of work
further conducted under this discipline by several other
workers established that some mineral elements are
absolutely important for plants to complete their lifecycle
and metabolic activities. These elements are referred to
as “essential elements’, and the term was coined by Arnon
and stout in 1939. A criterion was set for essentiality, and
based on it 17 elements are now considered essential for
plant growth. These essential elements are categorized
into two groups including (1) non-mineral elements
(consisting of 3 elements including C, H, and O which
constitute about 95% of total plant dry weight and are
taken up from the atmospheric CO, and soil water, and
(2) mineral elements which are taken up mostly from soil
(consisting of 14 elements N, P, K, Ca, Mg, S, Fe, Mn, B,
Zn, Cu, Mo, Cl, and Ni). The essential mineral elements
are taken up in ionic forms from the soil solution. These
mineral elements are further categorized into three broad
groups including, (i) grouping based on their utilization

and absorption by the plants (macronutrient and micro-
nutrient), (ii) based on their physiological function, and
(iii) based on their mobility in the phloem. These groups
are further categorized into subgroups based on various
essentiality criteria (Fig. 1).

Macronutrient elements

These are the elements that are required by the plants
in high concentrations. There is a total of six macronu-
trients (nitrogen, phosphorus, potassium, calcium, mag-
nesium, and sulfur), and the most important element in
the list is nitrogen (N). Theodore de Saussure in 1804
established N as the principal essential mineral element
among all nutrients that play a key role in the develop-
ment of the plant. Nitrogen constitutes around 1-5% of
the total dry weight of the plant, and it is the essential
constituent of the building blocks including amino acids,
proteins, nucleic acids, enzymes, hormones, vitamins,
secondary metabolites, etc. It plays a key role in photo-
synthesis as it is the main constituent of chlorophyll. N
also governs the uptake and utilization of other essen-
tial elements. It promotes fruit development, improves
the quality, imparts the green color to the plant, and
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Fig. 1 Categories of essential plant nutrients based on the relative essentiality, function, and mobility in soil and plants

improves vegetative growth [59, 60]. Although the earth’s
atmosphere consists of 78% of inert nitrogen gas (N,),
still it is deficient in agricultural soils and plants it can-
not be directly absorbed [135]. It is absorbed by the plant
roots in its inorganic form, and this is the only element,
among all essential elements, that is absorbed both in
cationic (NH,, ammonium) and anionic (NO;~, nitrate)
forms from the soil [22, 60, 112]. These NH," and NO;~
ions have a hydrated ionic radius of around 0.279 nm
and 0.345 nm, respectively [100] (Fig. 2). These forms are
absorbed by the plant through the specific transporter
systems. Due to preferable concentration and mobil-
ity, NO;~ (1-5 mM) is the dominant source in plant
absorption over NH,* (20-200 uM). The total concen-
tration of these inorganic forms of N present in the soil
is only about 2% of the total N pool in soil, and the rest
is organic N which constitutes about 98%, a form that is
non-absorbable by the plants [59].

After N, Phosphorus (P) is the second most abundantly
required nutrient for plant growth and is an important
constituent of nucleic acids (DNA and RNA), phospho-
lipids, and phosphor-proteins. Most importantly, it is the

main component of the adenosine triphosphate (ATP),
the key source of metabolic energy [57, 59]. In soil, P
occupies the highest content, among other nutrients, in
form of inorganic and organic P. Among these two, the
inorganic P is the dominant form (54 to 84%) and is fur-
ther categorized into three groups: solution P, labile P,
and non-labile P based on the availability which is highly
influenced by the pH of the soil. The primarily absorbable
form of P by the plant is the anionic forms dihydrogen
phosphate (H,PO,”) and hydrogen phosphate (HPO,*")
depending on the pH [60, 112]. The H,PO,™ has the crys-
tal ionic and hydrated ionic radius of 0.377 nm [100]. The
solution P, due to its high dissociation rate, is vulnerable
to rapid conversion into labile P. This labile P consists
of the bound or the P fixed to aluminum (Al), iron (Fe),
and calcium (Ca) among which the Ca—P constitutes the
highest proportion (40-50%). These forms are readily
available in terms of quantity as compared to soil solution
P but susceptible to cause P fixation where it becomes
unavailable or non-absorbable by plants. The non-labile
P is a less active fraction that is insoluble and unavailable.
Further, the organic P comes from mineralization by the
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activities of microorganisms and phosphate [59, 135].
The best-suited pH for optimum availability of P is 6.5 to
7.5 (Fig. 3). As pH decreases, HPO, fixes with Fe and Al,
and with an increase in pH, it gets fixed with Ca. Both
these conditions lead to the formation of insoluble and
unavailable compounds [109].

Potassium (K) is the 3rd most important among the
primary nutrients and regulates several important met-
abolic activities like transport of water and nutrients,
closing and opening of stomata, maintaining pH of
the cytoplasm, and has a role in the activation of more
than 60 enzymes. Potassium is known to enhance the
defense mechanism of a plant. The K in the soil comes
from the decomposition and disintegration of potas-
sium mineral rocks and it is absorbed as K' by the
plants. It has 1-5% concentration in the healthy tissues,
and it is a unique element that does not cause toxicity

even at the high accumulation [59, 60, 119]. The K* has
the crystal ionic and hydrated ionic radius of 0.138 nm
and 0.2798 nm, respectively [100]. The level of K in the
soil increases with alkalinity or increase in pH of the
soil and as pH decrease to acidic, it becomes less avail-
able (Fig. 3).

Calcium (Ca) is an essential structural and regulatory
component that has an important role in the formation
of the cell wall and calcium pectate that acts as a regu-
latory system for the entry of only non-toxic nutrients.
It maintains the chromosomal structure, regulates the
cell division, acts as cofactors for enzyme activation,
and is essential for meristematic activities in the root
tip [59]. This nutrient is absorbed by the plants in Ca**
form, and it has the crystal ionic and hydrated ionic
radius of 0.100 and 0.2422 nm, respectively [60, 100].
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The availability of Ca increases with an increase in pH
and decreases with acidity [109].

Magnesium (Mg) plays an important role in plants as
it is the central constituent of chlorophyll. It exerts a cru-
cial role in protein synthesis by activating the polypeptide
chain synthesis that leads to amino acid formation, and
it is also a structural component (bridging element) of
ribosomes, which are considered as the protein factory of
the cells. It also acts as a co-factor for several enzymes
and promotes the uptake and translocation of other
nutrients and macromolecules including phosphorous
and sugar with the plant. Weathering of biotite, olivine,
dolomite, epsomite, etc. is the source of Mg in the soil.
Plants absorb this mineral as Mg*" from the soil which
is present either in exchangeable or water-soluble form.
The Mg”*" has the crystal ionic and hydrated radius of
0.072 nm and 0.2090 nm, respectively [100]. As the soil
pH decreases the Mg?" ions tend to bind with AI*® and
result in Mg fixation. In acidic soils, around 65% to 70%
of this Mg gets saturated and becomes unavailable to
plants. Potassium, calcium, and magnesium are consid-
ered as the base cations, and their removal from soil leads
to an increase in acidity [52, 109].

Sulfur (S) has an important role in the growth, func-
tionality, and immune system of a plant where it provides
strength to the plant to fight abiotic stress and biotic. It
is a constituent of many enzymes, protoplast, and is also
involved in the energetics of the plant cells. In soil, sulfur

is present in both organic and inorganic forms where it
is taken up by the plant predominantly in its inorganic
SO,*” form. SO,>” is a highly mobile form that is trans-
ported through H' mediated sulfate transporter. The
transported SO,>~ is then stored in vacuoles and a part
of this gets reduced to SO,*>7, and finally to S*>~ for the
incorporation into cysteine and methionine amino acid.
Although sulfur is highly mobile in the soil, in the plants
it has only fair mobility due to which the newly grow-
ing tissues show deficiency symptoms under its reduced
availability [98, 169]. The SO,>~ has the crystal ionic and
hydrated ionic radius of 0.230 nm and 0.3815 nm, respec-
tively [100]. A lower pH in the soil favors the availability
of SO, to plants and a higher concentration of SO,>~ in
the soil further increases acidity in the soil due to the for-
mation of sulfuric acid [109].

Micronutrient elements

These are the essential elements that are required by the
plant in low concentrations. The concentration and avail-
ability of micronutrients are highly affected by soil pH.
The important nutrients in this category are iron (Fe),
manganese (Mn), zinc (Zn), copper (Cu), boron (B),
molybdenum (Mo), chlorine (Cl), and nickel (Ni). Iron
is the 4th most essentially required nutrient by the plant
to carry out the important metabolic activities includ-
ing photosynthesis, cellular respiration, lipid metabo-
lism, replication, gene regulation, electron transfer, and
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nitrogen fixation. It is an essential component of many
proteins, enzymes, and also the structural and functional
components of chloroplast, mitochondria, and vacuoles.
Plants absorb this mineral as Fe?* from the soil and due
to its immobile nature, its deficiency first appears on
younger leaves [141, 153]. The Fe?" has the crystal ionic
and hydrated radius of 0.072 nm and 0.078 nm, respec-
tively. The concentration and availability of Fe increase
with a decrease in pH of the soil [101]. Also, Fe is consid-
ered an acidic cation, and its higher concentration in the
soil causes acidity [109].

Like iron, manganese (Mn) is also involved in several
metabolic processes along with stress tolerance, photo-
synthesis, glycosylation, ROS scavenging, and ATP bio-
synthesis. Plants absorb this mineral as Mn*" that acts
as a cofactor for various enzymes including pyruvate
carboxylase, superoxide dismutase, arginase, glutamine
synthetase, and metalloenzyme cluster of OEC (oxygen-
evolving complex) in photosystem II. Its deficiency gen-
erally shows in young tissue first due to its non-mobile
behavior in the plant [8, 153]. The Mn*" has the crystal
ionic and hydrated radius of 0.080 nm and 0.083 nm,
respectively. The concentration of Mn increases with
decreased pH of the soil and becomes deficient at high or
alkaline pH [33, 101].

The essentiality of Boron (B) for the growth of the plant
cell was first recognized by Katherine Warrington in
1923, and later many investigators found it to be a criti-
cally essential micronutrient [153]. Plants take up B from
the soil in the form of soluble H;BO; and H,BO;™ [60].
It has an important role in sugar metabolism, flowering,
fruiting, and seed development. Further, it also plays role
in cell wall biosynthesis, lignification, fertility, and is nec-
essary for the nitrogen cycle, with an important role in
nitrogen fixation and nitrate assimilation. Boron plays a
role in the defense system of a plant, and therefore has
special importance, for commercial crops, e.g. for con-
trolling rust in wheat (Triticum aestivum), and gray mold
in grapes (Vitis vinifera) by inhibiting the spread of myce-
lia and germ tube elongation [55]. The concentration
of B is found to be maximum at pH 6.0-6.5, and under
alkaline conditions, the plant is unable to use B due to its
fixation. At lower pH, the water solubility of B increases
that also leads to its washing out or leaching [171].

Zinc (Zn) is an essential micronutrient required for
the optimal physiological and biochemical functions
of a plant. It regulates the defense system of the plant
by protecting the lipids and proteins of the cell mem-
brane from oxidative damage by playing role in the
activation of antioxidant enzymes including superox-
ide dismutase, glutathione reductase, and peroxidase.
Further, Zn has an important role in reproduction and
grain development by regulating the remobilization of
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photo-assimilates [30, 31, 85]. Zinc is absorbed by the
plant in the form of Zn*" ions. It regulates the trans-
location of P as well as controls the toxicity caused
due to excess P absorption in the plants. The Zn?* has
the crystal ionic and hydrated radius of 0.07 nm and
0.075 nm, respectively. The lower pH of soil favors the
availability of Zn, and as we move to higher pH, the cat-
ionic Zn converts into anionic form, zincate ion, that
forms a complex with calcium and reduces its availabil-
ity [27].

Copper (Cu) is another very essential micro-nutri-
ent for the growth of the plant as it regulates multiple
metabolic and biochemical reactions including cell wall
metabolism and signaling pathways during transcrip-
tion. Copper further influences nitrogen metabolism,
iron mobilization, protein trafficking, and has a role in
the biogenesis of the molybdenum cofactor. It exerts a
prominent role in photosynthesis, respiration, protein
synthesis, protein tracking mechanism, phenol metabo-
lism, regulates defense mechanism, enhances the fertility
of male flowers, and acts as a stable cofactor for multiple
enzymes. Cu is taken up by the plants from the soil in the
form of Cu?" ions. Cu is present in adequate amounts in
most soils but its deficiency occurs due to its non-mobile
behavior in the plant [153]. The Cu®*" has the crystal ionic
and hydrated radius of 0.072 nm and 0.073 nm, respec-
tively. The availability of Cu decreases with the increase
in the pH of the soil [101, 109].

Molybdenum (Mo) is a crucial component of many
proteins and enzymes specifically involved in nitrogen
fixation including regulation of nitrogenase and nitrate
reductase in legume plants. Apart from nitrogen fixation,
Mo has an important role in regulating purine catabo-
lism, amino acid (sulfur-containing) catabolism, ABA,
Ureide, and Mocobiosynthesis. Molybdenum is pre-
sent in the soil in several complex forms including fer-
rimolybdenite [Fe,(MoO,)], wulfenite (PbMoO4), and
molybdenite (MoS,) but is absorbed by the plant in a
water-soluble anionic (M0oO,~) form. This form is also
non-mobile within the plant, resulting in Mo deficiency
in young tissues first [72, 115]. The MoO,™ has the crys-
tal ionic and hydrated radius of 0.267 nm and 0.270 nm,
respectively. The availability and uptake of Mo increase
with the increased alkalinity [72].

Chlorine (Cl) is essential for the stabilization of mem-
brane potential, electric excitability, and intracellular pH
gradient attributed to its counter anionic (Cl™ fluxes)
behavior. It plays a major role in maintaining cell turgor
and osmoregulation. It is also involved in phosphoryla-
tion, photosynthesis reaction, and regulates the activ-
ity of many enzymes in the cytoplasm mainly enzymes
involved in splitting water. It is highly mobile in the soil
and is absorbed by the plant as a chloride ion (CI™) [160].
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The CI™ has the crystal ionic and hydrated radius of
0.180 nm and 0.181 nm, respectively.

Nickel (Ni) has been reported for its essential function
in many proteins, and as an activator of many enzymes,
most importantly urease and Ni-urease for the metab-
olism of urea nitrogen. Ni has an important role in
stress tolerance due to its ability to decrease the level of
methyglyoxalase by regulating the GSH homeostasis and
glyoxalase. It plays important role in ion metabolism too
[42]. Nickel is absorbed in the form of Ni?* from the soil,
and owing to its high mobility it is easily absorbed in the
higher amount by plants [14, 68]. The Ni*? has the crys-
tal ionic and hydrated radius of 0.067 nm and 0.069 nm,
respectively. As the pH of the soil increases from 5 to 6.5,
the uptake by plants and accumulation of Ni*" increases
[122].

Shortfalls in achieving sustainable development
goals via conventional fertilizers

The seventeen essential nutrients described in the ear-
lier sections are naturally present in the soil environment
but many times in their non-absorbable forms. The plant
availability is also controlled by several factors like soil
pH, soil moisture content, climatic conditions, nutrient
harvesting, nutrient ion fixation, etc. Soil pH has signifi-
cant control over the availability of a nutrient (Fig. 3). The
nutrient fertilizers need to be applied in excess, to com-
pensate for plant requirements as well as losses (leaching
and volatilization) so as not to affect crop yield, nutri-
tional quality, and fertility of the soil. Fertilizers played a
very important role in the realization of the green revo-
lution which resulted in a several-fold increase in crop
productivity and yield, especially in Asia. These chemical
fertilizers worked tremendously during the initial peri-
ods due to their immediate and predictable action, and
reliability. But with time, the efficiency of conventional
fertilizers has decreased, and consequently, the amount
of fertilizer use increased to achieve the yield targets.
This increased amount is further continuously increas-
ing every year due to further decreased plant availabil-
ity, and as a result, it has led to abusive use of fertilizers
with severe negative impacts on the environment as well
as human health. Most synthetic chemical fertilizers are
made water-soluble with the purpose of ease of appli-
cation and absorption of nutrients by the plant but due
to this characteristic, the nutrients also tend to runoff
with rainwater or leach down into the groundwater, and
ultimately pollute lakes, rivers, and aquifers. Drinking
water contaminated with these fertilizers can lead to sev-
eral health problems. Nitrogen fertilizers release nitrate
(NO;™) which is a highly water-soluble form of nitro-
gen. The nitrate may remain as it is for decades leading
to methemoglobinemia in infants (blue baby syndrome),

Page 9 of 28

and other neurologic and endocrine defects. Drinking
nitrate-contaminated water is even carcinogenic due
to endogenous nitrosation that can cause cancer of the
digestive tract [60, 112, 157]. These chemical fertilizers
affect the natural beneficial flora and the organic mate-
rial present in the soil by changing the physico-chemical
properties, mainly the soil reaction. Ammonium sulfate
and potassium fertilizers have been reported to increase
soil acidity [133]. Continuous use of chemical fertiliz-
ers with only a few nutrient elements, as is a common
practice by farmers, can degrade the soil structure and
exhaust the essential nutrient base, especially for micro
and trace nutrients [133]. Many a macronutrient fertiliz-
ers such as urea, which is a principal source of nitrogen
in many parts of the world has a good water solubil-
ity and ready N availability to plants, but it also leads to
loss of almost three-quarters of fertilizer nutrient during
growth session, causing severe damage to the ecosystem
[29]. Synthetic nitrogen fertilizers are the foremost con-
tributors to nitrous oxide emissions and have been esti-
mated to contribute as high as 20% to the world’s total
GHGs emissions [24, 111]. The nutrients are very essen-
tial for plant growth in a balanced concentration but an
excessive or imbalanced application can also cause toxic-
ity to plants directly or affect indirectly by encouraging
pathogens. For example, the excess of nitrogen in com-
parison to phosphate makes crops susceptible to mosaic
disease. Human exposure to chemical fertilizers can also
be harmful with chances of skin and respiratory prob-
lems, if not handled properly. Ammonia as a chemical
fertilizer has been reported to cause damage to lungs and
eyes upon prolonged exposure [5].

Purpose and benefits of moving

up from conventional-ionic to nanoparticle feeding
Fertilizer application to the crops in the form of nanofer-
tilizers is gaining immense attention, worldwide. Ions
have the size approximately in angstrom (107! m) to
picometer range (10™'* m) whereas nano-particles have
their size in the nanometer range (10~ m) (Fig. 4). The
lattice diameter of clay has the size in angstrom (A) where
nutrient ions in the picometer size get fixed in the inter-
spaces [100]. Let’s take an example of the ammonium ion
(NH,™) that has a diameter of 2.8 A which is close to the
inner lattice space diameter of 2.89 A. Due to this diam-
eter similarity, the ammonium ions get fixed into the clay
lattice and become unavailable to the plants and the plant
beneficial microbes. Further, ions are rapidly leached out
from the soil and contaminate ground water, as in the
case of nitrate ions. NPs are 10 to 100 times bigger in size
than ions (Fig. 2), and therefore they have lesser chances
of fixation in the clay lattice spaces, and therefore are less
likely to be leaching out from the soil system compared
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to ions. Further, the nanofertilizers with NPs embedded
in a matrix can be considered as a kind of lunchbox sys-
tem for the plants where plants can have their reserve
nutrient food and use it when conditions become opti-
mum for plant uptake. Stimulus responsive polymer
matrix can also provide enhanced release of nutrients
only when conditions are optimum (e.g. moisture, pH),
and therefore they would even be climate-smart (Fig. 5).
The essential nutrients like Mo, Cu, Mn, and Fe have
immobile nature in soil but are fairly mobile once they
enter into the plant system [8, 115, 153]. Providing such
nutrients a polymeric carrier in nanometer size can ease
their transport via the free passage and through molecu-
lar transporters, and provide a better option for their for-
tification in plants to overcome their deficiency. There
can be several purposes of formulating nano-fertilizers as
discussed in the following sections.

Controlled release of nutrients

Controlled release of nutrients in the soil is needed to
minimize the losses (via leaching and runoff), provide
stability, and prolong the availability of the nutrients.
An ample amount of work has been conducted and
reported for the controlled release of nutrients. Mohan-
raj et al. [110] performed their study on rice (Oryza
sativa) for controlled release of NO;~ and NH,* from
nano-fertilizer and they found an increase in the dura-
tion of release, from 12 to 20 days, in comparison to

conventional ammonium sulfate. The release kinetic of
nutrients from chitosan-NPK nanofertilizer applied to
coffee (Coffea sp.) plant was tested by immersing the syn-
thesized nanofertilizer in a solution of pH 5.5 for 240 h,
and nutrient concentration was analyzed at successive
24 h intervals [56]. Up to 48 h, a very slow release of 13%
of nitrogen was observed that increased up to 60% after
72 h, and remain constant up to 192 h with only a slight
increase to 66.7%. Potassium release kinetic showed a
release of 55.4% in the first 72 h that become constant at
58% for next 240 h. Phosphorous represented the slow-
est release kinetic of 3% throughout the examination
period. A hybrid nanofertilizer (HNF) formulation was
prepared where nanourea-modified hydroxyapatite NPs
were generated for sustainable and slow release of nitro-
gen, calcium, and phosphate into the soil [150]. Here the
synthesized nanofertilizer was prepared from available
conventional fertilizers where firstly, the hydroxyapa-
tite NPs were prepared which were then modified with
synthesized nanourea and finally mixed with chemically
synthesized Cu, Fe, and Zn NPs to obtain the HNF. The
nutrient release study of HNF was performed on Abel-
moschus esculentus (Ladies finger) via both normal tap
water and soil water for 14 days. The results revealed a
sustained release for 7 days and a sequential increase of
Ca’*, NO*~, NO*~, Cu**, PO,*7, Fe?*, and Zn>* up to
14 days that led to enhanced use-efficiency and increased
yield as compared to the conventional fertilizers.
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Fig. 5 Potential benefits of nanofertilizers under different modes of application for crop production

Stimuli-response and site-specific release

To avoid the photolysis, volatilization, and degrada-
tion, as noticed in the case of conventional fertilizers,
stimuli-responsive nanofertilizers offer a better way by
providing site-specific, controlled, and smart release of
nutrients. Generally, these stimuli include response to
change in pH, photo or thermal conditions, enzymatic,
and redox reaction. Zhang et al. [166] performed a study
based on an anion-responsive nanofertilizer composed of
polyethylenimine-modified hollow mesoporous carbon
NPs for the delivery of selenium loaded via electrostatic
interaction. In this nanoformulation the concentra-
tion and valence of anions including, PO,*~, CO,*~ and
OH™ triggered the release of selenium in a controlled
or target-specific manner. The results revealed a 60%
increase in plant growth as compared to the control due
to the enhanced selenium utilization efficiency, without
reduced losses. Further, a redox responsive nanoformu-
lation was developed by Sun et al. [148] for the delivery

of abscisic acid in Arabidopsis thaliana plant under
hydric conditions. The release of abscisic acid was trig-
gered in response to the intracellular glutathione in this
mesoporous silica nanoformulation.

Dosage reduction

By using nanofertilizers instead of their conventional
counterparts, the amount of required fertilizer for crop
production can be reduced by a significant amount. This
reduction in the required fertilizer dose has multiple ben-
efits as it will reduce the negative impacts of fertilizers on
the environment, and would make it cost-effective too. A
study by Aziz et al. reported that the reduced amount of
a nanofertilizer, 10% chitosan-NPK fertilizer, was able to
give a significant increase in crop index, harvest index,
and mobilization index as compared to the conventional
fertilizer in wheat crop [18]. Similarly, Ramirez-Rodri-
guez et al. [136, 137] reported using urea-doped calcium
phosphate for the Triticum durum plant to reduce the
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required dosage of nitrogen. Their results revealed that
by reducing the N dosage to 40% in the form of nanofer-
tilizer in comparison to the maximum dose of conven-
tional fertilizer via foliar and root application, the growth
and yield were unaltered which meant that nanofertilizer
with 40% reduced amount performed better than the
conventional fertilizer. They also observed that uptake
of these fertilizers via root application was quite faster
(within 1 h) as compared to the foliar application which
takes 2 days. Recently, Tarafdar et al. [150] also found
that nanourea-modified hydroxyapatite nanoformula-
tion resulted in a reduced requirement dose of 50 mg per
week as compared to the conventional fertilizer dose of
5 g per week.

Minimize environmental losses
The runoff and leaching of mineral nutrients into the
water bodies (surface and subsurface aquifers) results in
their significant accumulation with time and results in
pollution of drinking water. The enrichment of surface
water bodies with lost plant nutrients also results in algal
bloom and eutrophication. Phosphate fertilizer over-
use is the main contributor to eutrophication [60, 112].
Phosphorus-based nanofertilizers hold a huge promise
for improving water quality and in checking water pollu-
tion, worldwide. Liu et al. [179] performed a comparative
study with a conventional phosphate fertilizer and syn-
thesized carboxymethyl cellulose stabilized hydroxyapa-
tite nanoformulation on soybean plants in a greenhouse
experiment with an inert growing medium. The formula-
tion provided sufficient P to the crop and had less mobil-
ity in the environment which in turn resulted in less
availability to the algae, and therefore it can be an impor-
tant alternative to convention P fertilizer [91].
Agriculture accounts for 11% of the global anthro-
pogenic emission of greenhouse gases (GHGs) mainly
attributed to the manufacturing of synthetic fertilizers,
specifically nitrogen fertilizers, and the use of fertiliz-
ers during crop production. Energy use and GHG emis-
sions (CO, eq.) in fertilizer production, transportation of
fertilizers and loss in the environment in gaseous (N,O,
NH,) or aqueous form (NO; -N) is a significant per-
centage of the total contributions to global warming by
all agricultural activities together. So, fertilizer manage-
ment to minimize losses and improve use efficiency can
be a promising strategy to surmount the issue of global
climate change. In this direction, nanofertilizers have
been reported to provide a better alternative [24, 111].
Mohanraj et al. [110, 111] reported two studies with a
significant decrease in GHG emissions in rice soil with
the use of nano zeolite-based nitrogenous fertilizer con-
taining NO,;~ and NH, " forms of N. The recorded size of
the two forms was 66 nm and 77 nm for NO;~ and NH, ™,
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respectively, with an irregular shape. The result of GHG
measurements showed that the N,O emission decreased
to 0.88 mg m~2 day ! with nanofertilizers in compari-
son to 1.67 mg m~2 day ! with conventional ammonium
sulfate. Further, CH, efflux also decreased significantly
with the nano-zeolite fertilizer use. A 50% decrease in the
overall emission of GHGs was reported due to nanoferti-
lizer use.

Better efficiency under stresses

Salinity stress is one of the major concerns in crop pro-
duction and it affects an estimated 20% of the cultivated
land, and 30% of irrigated agricultural land, globally.
Saline conditions can impose different types of limita-
tions for economical crop production including restricted
nutrient availability to plants, osmotic stresses, and phys-
ical barriers to root growth [127]. Siddiqui et al. [146]
formulated Nano-SiO,, and they reported it to be benefi-
cial for crop production under saline soil conditions. The
application of this nanofertilizer to tomato (Lycopersicum
esculentum) plants resulted in increased plant growth,
chlorophyll content, protein content, and seed germi-
nation along with the increased dry and fresh weight
of crop. A comparative effect of a conventional and a
nanoformulation of iron sulfate was tested on sunflower
(Helianthus annus) grown under two saline conditions,
with salinity levels of 0 and 100 mM NaCl concentration
[152]. The treatment was done via foliar application in
both cases, and results revealed that the chlorophyll con-
tent increased from 36% under conventional fertilization
to 57% with nanoformulation application. Biomass and
growth also increased with the use of nanoformulation.
Yet, at 100 mM, the extent of increase in these param-
eters was not very high but significantly as compared to
conventional fertilizer. Zinc nanofertilizer treatment in
the form of ZnO NPs has also been reported to improve
plant characteristics including plant height, tillers, spike
length, and grain yield in the wheat plant under saline
conditions [132]. Nanofertilizers may play a crucial role
in saline and hyper-saline environments. Membrane
permeability to nutrients in nanofertilizers is more than
conventional fertilizers, so the nutrients can easily enter
the plant [172]. Therefore, in saline conditions where the
plant is exposed to osmotic stress due to salts in the soil
solution, the cells need less water for absorbing nutri-
ents, in the case of nanofertilizers. Less water intake for
nutrients has its other advantages such as lesser intake of
harmful ions like Na™ into the plant system or decrease
in the water requirement by the plant. Salinity-prone
areas often have salt-laden ground-waters, and lesser
use of such waters for crop irrigation helps in lessening
the problem of secondary salinization. Nanofertilizers
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provide benefits for use in marginal soils and with the use
of salt-laden waters.

Drought stress is another major concern in crop pro-
duction. Nutrient management is critical under drought
conditions as transport of nutrients takes place via water
in the soil. Nanofertilizers have come up as an impor-
tant alternative strategy to cope up with drought stress.
Among nanoformulations, metal-based nanoformula-
tions have performed great in this area [34, 90]. Nano-
ZnO treatment improved the drought tolerance of the
maize (Zea mays) plants by promoting the endogenous
synthesis of melatonin which inhibits the accumulation
of malondialdehyde and osmolytes in the leaves [149].
It also resulted in the activation of antioxidant enzymes
which in turn control the drought-induced damage to the
organelles including chloroplast and mitochondria. Fur-
thermore, an ample amount of work has been reported
for Nano-TiO, and Nano-SiO, under drought-stress con-
ditions [4, 15, 79]. Nanourea-modified hydroxyapatite
nanoformulations have been reported to reduce fertilizer
requirement as compared to conventional fertilizers, and
their use also increased the water holding capacity of the
soil up to 80%. This increase in water holding capacity
was attributed to the high porosity of the nanoformula-
tion, and the prolonged observations found the soil to
retain this water holding capacity [150].

Categories of nanofertilizers

Nanofertilizers can be categorized into three broad
groups based on their constituents or based on the strat-
egy used for their preparation (involving both top-down
and bottom-up approaches). These three categories do
not have clear and specific boundaries, and they may be
considerably overlapping, and may also involve as well as
a combination of more than one principle [107].

Nanoscale input fertilizers

This category involves the reformation of already existing
fertilizers at the nanoscale dimension either alone or in
combination with other constituents in the form of emul-
sions and particles to reduce the size of the active ingredi-
ents. This category comes under the top-down approach
where nanoformulations are prepared via sizing down
the bulk material. This can be achieved via both chemi-
cal and physical methods. Nano-urea, nano-ammonium
salt (chemical), nano-peat, and nano-bacterial compo-
sitions (organic) are the representative fertilizers of this
category. The green approach of synthesis of NPs from
the plant extracts and microorganism-based extracts also
comes under this category. A nano-emulsion with neem
cake and plant growth-promoting rhizobacteria is an
example of this nanoscale fertilizer input category which
was designed to obtain the slow release of nutrients and
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growth hormones simultaneously [99]. The nanofor-
mulation was tested on the green gram (Vigna radiata),
and its application resulted in increased grain weight,
protein concentration, and yield. Further, a highly bio-
degradable and biocompatible nano-urea-NPK (nanoU-
NPK) was synthesized via a green method for slow and
gradual release [136, 137]. This nanoformulation acted
as a multi-nutrient fertilizer because of being a combi-
nation of constituents including calcium phosphate NPs
doped with nitrogen, phosphorous, and functionalized
with urea. This nanoU-NPK was tested on durum wheat
where it resulted in a 40% reduction in the amount of
nitrogen required as compared to the conventional urea
treatment.

Another recent study reported an HNF formulation
wherein nanourea-modified hydroxyapatite NPs were
formulated for the slow release of nitrogen, calcium, and
phosphorus into the soil [150]. The synthesized nanofer-
tilizer was prepared from available conventional fertiliz-
ers, where firstly the hydroxyapatite NPs were prepared
which were then modified with synthesized nanourea and
finally mixed with chemically synthesized Cu, Fe, and Zn
NPs to obtain the HNF. The obtained particle sizes were
39.76 nm and 38.21 nm for nanourea and hydroxyapa-
tite, respectively, as determined with SEM. Further, the
successful intra-particle bonding and interaction were
evaluated via XRD analysis. The studies on the efficacy of
HNF were performed on Okra (Abelmoschus esculentus)
via soil treatment, and the results revealed a sustained
release with a sequential increase in Ca’t, NO*~, NO*-,
Cu**, PO, Fe*™, and Zn?*. The HNF maximized nutri-
ent use efficiency and improved yield as compared to
conventional fertilizer.

Nanoscale additives fertilizers

As the name indicates, this category involves the addi-
tion of a nanoscale material or formulation to existing
macroscale traditional fertilizers [107]. The addition of
nanoscale materials is not intended to improve the nutri-
tional performance of the fertilizer, they are rather added
to provide additional advantages like improved water
absorption, water retention, water transport, cell wall
extension, and soil stabilization [80].

In this category, carbon nanomaterials including car-
bon nanotubes (CNTs) and carbon nanofibers (CNFs)
are the most studied and explored for their potential in
improving productivity. CNTs are categorized as single-
walled carbon nano tubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs). CNTs are reported to
increase the water uptake in plants either by increas-
ing the molecular transport via xylem or via decreas-
ing the porosity in coarse-textured soils, and ultimately
reduce loss of water. Martinez-Ballesta et al. [102] used
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MWCNTs for enhancing the water uptake along with
improved growth in broccoli under salt-stressed soil con-
ditions. They hypothesized that the CNTs caused physi-
cal changes in cells and tissues of the roots resulting in
more Na' retention that led to increase uptake of water
by roots.

A comparative study between CNTs and CNFs was
performed for the stabilization of a clayey-sand soil in
terms of optimizing water content, hydraulic conductiv-
ity, specific gravity, pH, and dry density [10]. The results
of the study indicated that both nanomaterials resulted in
significantly different outcomes for hydraulic conductiv-
ity, which was significantly reduced by CNFs compared
to CNTs.

Nanoscale host fertilizer

This category involves fertilizers or nutrient supplements
that are adsorbed, entrapped, or encapsulated into the
nano-pockets, nano-pores, nano-films, or within any type
of nano-spaces of the host materials (Table 2). This cate-
gory involves a combination of both physical and chemi-
cal methods of synthesis. An ample amount of work has
been done in this category of nanofertilizers and reports
confirm that the coated or encapsulated nanomaterials
are rather better as compared to non-coated nanopar-
ticles in terms of stability, slow release of nutrients, and
bio-safety as well [27]. A study done by Abdel-Aziz et al.
[18] is an example of nanoscale host fertilizer where they
used chitosan (CS) and polymethacrylic acid (PMAA)
NPs (CS-PMAA) as host for loading of nitrogen, phos-
phorous, and potassium for the foliar application in the
wheat plant to enhance the growth as well as productivity
in sandy soils. They performed a comparative analysis for
two seasons under the outdoor conditions for foliar appli-
cation of different concentrations (10%, 25%, and 100%)
of both conventional NPK fertilizer, and CS-PMAA-NPK
synthesized via solution dropping method. The results
indicated a significant increase in all the measured vari-
ables, including the number of spikelets, grains per main-
spike, spike length, shoot length, plant height, etc. in the
treatment, compared to control. Comparatively higher
effects were achieved with CS-PMAA-NPK 10% treat-
ment where the plants reached their harvesting stage by
23.5% shortened life cycle period (130 days as compared
to 170 days) in comparison to control and conventional
NPK fertilizer. The uptake and translocation of NPs
occurred through phloem tissues which were confirmed
via TEM analysis.

Another similar study on testing of nano NPK ingre-
dients encapsulated in CS and PMAA was performed
on cucumber (Cucumis sativus) plants to evaluate the
effect of fertilizer on growth, yield, and quality under
greenhouse conditions [106]. The nano-particles were
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prepared via a top-down chemical synthesis approach
under 2 MPa pressure. The comparison of nanoformula-
tions was done to conventional fertilizers and untreated
control, and results revealed an increase in yield to an
extent of 4.84% and 53.42% in the first and second sea-
sons, respectively, along with improved quality and other
plant growth parameters. This study also revealed that
the interaction and response of the nanoformulations
did not follow the same pattern, and it varied with spe-
cies, type of nanoformulation, and growth stage at the
time of treatment. Deshpande et al. [36] synthesized
zinc-loaded chitosan/TPP NPs where the intermolecular
linkage between positively charged chitosan and nega-
tively charged sodium tri-polyphosphate (TPP) led to
the formation of mesh or pockets for loading of ZnSO,.
The nanoformulation was prepared with the objective
of agronomic bio-fortification of Zn in wheat via foliar
application. The Zn translocation into leaves and seeds
was evaluated using Zinquin and dithizone, respec-
tively, due to the good binding efficiency of these two
with Zn. The microscopic images revealed that zinquin
exerted an enhanced fluorescence in leaves from where
it was transported to the sink organ. The staining results
revealed that dithizone enhanced reddish-pink color in
the endosperm with nanoformulation treatment, as com-
pared to the control. The results from quantitative analy-
sis indicated an increase in grain Zn content by 27% to
42% in different varieties. This enhanced Zn in grains
represented a successful nutrient fortification in wheat.
In another study, ZnSO, encapsulated in chitosan NPs
was tested to promote crop yield and disease control in
maize [31]. 1 g of NPs contained 33.47 mg of Zn*", rep-
resenting 82% entrapment efficiency. The release of NPs
was reported to exert slow and sustained release effi-
ciency with an increase in pH from 1 to 7. The nanofor-
mulation showed significant antifungal activity against
Curvularia lunata, which is responsible for around 60%
of yield loss via Curvularia leaf disease. The formulation
was also noticed to strengthen the innate immune system
of the plant via enhancing lignin content, antioxidants,
defense enzymes, and by influencing ROS balancing. The
grain yield and the zinc content were increased by 39.8%
and 62.21 pg/g dry weight, respectively. In yet another
case, Kanjana [73] worked on a nano-zinc fertilizer where
Zn was loaded into TPP-crosslinked-chitosan NPs, and
coated with zein protein. The size of the particles was
obtained in the range of 70-86 nm and 80-300 nm for
uncoated and coated NPs, respectively. The zein coating
on these particles resulted in increased Zn entrapment
efficiency but decreased loading efficiency as the size of
the particles increased with increased coating percent-
age. The effect of these NPs was evaluated in pot experi-
ments with cotton (Gossypium hirsutum) plants via foliar



Page 15 of 28

(2022) 20:19

Bhardwaj et al. Journal of Nanobiotechnology

uonipuods asnoy

KjoAndadsal
AW 661 PUB AW L] =dZ Yum

Joz||IL=j0ueu

(/€] -U2alb Japun JusWILaI} |I0S azIe jue(d Jo YImolb aAIIDYT WU §'0SH PuUe WU 5% 1 :Q'H ddl+3sD MdN paruswajddns-aiejng
pIey
uado ue ul syuswiieall 3ybis Jo W3LAq 6/-6€ J0
pa3sISUOd pue (QgDyY) ubisap uononpoid  3zis 3piJed jenioe pue Abojoyd
[eg]  20|q Aj@19|dwod paziuopuey dzIe|N  SSewolq yim Bujuoipuod |1os -Jow [eouayds ‘AW 817+ dZ YYIN+SD HEVNIETNING
winissejod Jo 3seajal paj|o1 W3S AQ wiu |G| Jo 3zIs
bl - - -U0d Yum Buipeol wnwixely  3j1Jed [enide pue ‘Wl 65 :Q'H a1euble 4+ 192Z1]1143jOUrU WIN|SSRIO]
W3LAg
jue|d pjo skep o¢ wu 00€-08 40 3zIs 3jpnJed |enioe
uo Aeids uonesuadUod Wdd pg pue ‘ABbojoydiow [eousyds  Bupeod ueiold
[e/] Jo Jw Gz uonedydde eljo4  (wninsiy wnidAsson) uo1noD pases|al Pa||0J1uod pue MojS AW 9E + :(d7 ‘WU 0L :QH URZ~+ddl+SD
asnoyuaaib ay1 ul sAep G| SBUIIPa3S UO 1939 YImolb Abojoydiow |esuayds
[99] Ul sawi € uoned|dde Jeljo 9340 pue dsua1eIeYd [eDIsAydolg ‘AW 0§ + :dZ ‘WU 00S :a'H ddl+5D 132711149j0uUBU-YdN
uzJo
91l - - 95e3|2J P3||0JIUOD pUB MO|S adeys punoi 03 2IgND 3)l|09z-0ueN 13z1|1143j0uURU UZ
9snoyuaaib ay3 ul skep 07 sBul|pass uo 103y ymoib
[os1] Ul sawi € uoned|dde Jeljo (ds payjo)) 2340D pue dsu312eleyd [edisAydolg AW GE +:d7 'WU 00/ ‘Q'H ddL+SD 13z||11J3j0uURU /U7
KjloAnoadsal y pue g ‘N
sKep £ pue 'y, ‘7| 10j sbuljpaas 10942 oUW 10} ‘WIL AQ WU /0HC PUB '597/8 1921113
[8/] p|o-Aep-g uouopedijdde 100y (WnADs Wnsi4) Bdd  pue dIx0jouab Juspuadap-asog ‘868 4O 3zIs dpdiiied [enide ay | VYN +SD -19joueU YdN-VYVINg-Uuesouyd
BuIMOs Jo sAep G¢ Jaye auop N3IL
Sem uoliejnuiiojoueu Jo Aesds AQ WU 00€-00¢ ul 9z1s 9pdied
a1aymuonedijdde sejjoy pue bul |0J3UOD 35B3SIP |en1de pue ‘Abojoydiow |ed
[LE]  -moys 210439 Y f Butwud pass (sAbw payz) azieyy  yum pjaIA doud ayy lowoid o] -1ayds ‘AW € + 47 ‘Wu /8¢ \Q'H ddl+5D sajpiedoueu ) dul7
adeys-peaq 192113
[z8] 1USWpPUSWE |10 (bADS DZAIO) 921y uab011IU JO ISBII-MOS YUIM WU 8| Jo 9zIS aul|jeishiD  a1nedeAxoIpAH -19jourU 21edRAXOIPAY-BAIN
ISEWIETY)
[991] Juswipuswe 105 sue|d a|geIsban JuaISYIp 0L yYip2ds-21s pue pa||oIuoD adeys [eduaYyds yim wu 0L uogled -3 13Z1|1142j0URU WINJUD[SS
W3S Ag wu 0oz 9z1s 9ppnJed
SY99M G 10} |en1oe pue ‘Abojoydiow |ed
[9€]  >oom e ad1m1 uopedidde eijo4 1By sulelb ur uonesynioy diwouolby  -uayds ‘pE 7l + 1d7Z ‘WU SZE a'H ddl+SD J311Jed0UBU dUlZ
sa1eoydal WILAq
€ Yum ubisap o0jq 213|dwod Ajjenb pue  wu -8 Jo 3zIs 9|d11ed |enide ayy
[901] pazIWOopUel e Ul uoiebill| (SNAIIDS SILINOND) J13QWINOND)  PI3IA INJj U0 10312 aYi YD 0] Yyum Abojoydiow pajjoiuodun VYN +5D MdN-OueN
SUOSeas
7 10§ UOIPUOD JOOPINO U]
S|BAISIUI SHIIM-E [0S Apues ul
[81] 3esawn € yum uopedidde sejjo4 (wnansap wnoif) 1eaypy  Alanonpoid yimoib asueyus of e1ep oN YYWd+SD MdN-SD-oueN
‘Joy juswieas) jueld 1s9] wiy 1sualdRIRYD) 1SOH uoie|nwJiojouen

SPa2U SAIIIINU JuR|d IO SUOIIRINWLIOY 13Z1]113) 1S0Y 9[PDS-OURU SUIOS JO SN pue sJIspa1deIey) g aqel



Page 16 of 28

JuswaiINbal Abojoydiow padeys-4sip sajpiedoueu
[ze19¢1] uoledldde 1001 pue Jejjo4  (wninp wn2iiif) ¥eaym wning 9S0P U3DBOJIU 3ONP3I O] YUM ‘WU g€ |-92IS 9)d11ed [enidy d-eD  2ieydsoyd wniojed padop-eain
Buimoys
pa3s Jo sAep GG Ja1ye pakeids
uopedydde Jejjoy pue buimoys ueld ayy Abojoydiow |esuayds 19z1|n
1] 210§3q Y 7 JUsW1ea1] Paas azlely  Jo A1ADe 921n0s Y1 aroidwl o) AW € /€4 1d7 'WU £6E5 :OH ddl+5D -19jouUeU (S pue nD) uesouyd
‘Joy juawieal) jueld 1s9] wiy JnsuLldeIRYD 1SOH uoie|nwiojoueN

(2022) 20:19

Bhardwaj et al. Journal of Nanobiotechnology

(PanunuOd) Z 3jqey



Bhardwaj et al. Journal of Nanobiotechnology (2022) 20:19

spray with 50 ppm Zn concentration. The application
of nanoformulation resulted in increased root length,
a higher number of leaves, and increased plant height
within 7 weeks as compared to non-coated NPs. So in all,
their results indicated the coating of zein protein further
improved the effect of nanoformulations for slow and
controlled release of Zn.

Sharma et al. [144] synthesized a host nanoscale fer-
tilizer for co-encapsulation of CuSO, and salicylic acid
(SA) for foliar application and seed treatment in maize
to get the enhancement of its source activity via the
slow and sustained release of nutrients for an extended
period. The synthesized particles were in a monodis-
perse stable form with a PDI (polydispersity index) and
zeta potential of 0.13 and +37.3 mV, respectively. The
synthesis was done via the ionic gelation method where
the entrapment efficiency of NPs was obtained to be near
60% and 55%, loading concentration of 35% and 26%, and
release efficiency of 64% and 35% for Cu and salicylic
acid, respectively. The treatment results in maize were
compared with the untreated control, and the enhanced
activity of a-amylase (1.7-fold), protease enzyme (three-
fold), and increased SVI (seeding vigor index) (1.5-fold)
was obtained with the nanoformulation. The antioxidants
activity, chlorophyll content, and sugar translocation
activity also increased after 24 h of treatment of nanofor-
mulation, due to the synergic effect of Cu and SA.

Potential roadblocks in the use of nanofertilizers
Nanofertilizers have perceivable advantages yet nanofer-
tilizers have not been able to make significant inroads
into industrial-level production or real farming-world
use. Most studies on nanofertilizers development and
use show benefits in terms of enhanced nutrient uptake
by the plants, increased crop yields, and decreased losses
to the environment [21, 70]. Yet, several issues hinder
the growth of nanofertilizer industry and subsequent
use of nanofertilizers in the real world, at least for the
time being. One of the major concerns with nanoscale
materials, in general, is the toxicity caused to the plants,
microbes and animals [26]. The potential toxicity related
concerns are discussed in the following sections.

Nanotoxicity and genotoxicity issues

Concerns have been raised regarding the toxicity effects
of nano forms, especially metal and metal oxide NPs.
Among nanoformulations, metal and metal oxide-based
NPs have been studied extensively and reported to
exhibit growth promotion and improved source activ-
ity in crop plants. Apart from their promising advan-
tage in increasing nutrient uptake and efficiency, metal
oxide NPs have also been reported to exert nanotoxicity
and genotoxicity related impacts in crop plants. A study
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revealed that the most commonly used metal oxide NPs
such as CuO, CeO,, TiO,, Ag, NiO, and ZnO can exert
nanotoxicity via oxidative stress and molecular-level
damage [96, 105, 108]. Fullerenes and single-walled car-
bon nanotubes are some non-metal NPs that have also
been reported to exert nanotoxicity [61, 138]. There are
very limited studies on genotoxicity in crop plants but
it could also be the most adverse impact of nano-parti-
cles which is now gaining the attention of the scientific
community [20, 74]. It is reported that the genotoxicity
of NPs is inversely proportional to the size and directly
proportional to concentration and time of exposure as
these factors favor the accumulation of NPs in plants.
The toxicity seems to increase with a decrease in size
[25]. Xiang et al. [161] noted the effects of both particle
size and morphology on toxicity effects. In this study,
large columnar ZnO-90 and small spherical ZnO-50 had
similar toxicities. Most toxicity-related studies are con-
fined to sizes less than 100 nm and therefore, size effects
above this range could not be ascertained. Smaller size
NPs, approximately 8—10 nm, can easily cross via nuclear
pores and have direct access to the genetic material. On
the other hand, larger NPs can only have direct access
to DNA during cell division. Further, many more stud-
ies supported these findings [97, 140, 155]. Genotoxicity
mechanisms of NPs can be categorized into two groups:
Direct genotoxicity (where NPs directly damage the
DNA either mechanically or via chemical bonding), and
indirect genotoxicity (which includes, ROS generation,
reduced DNA repair, and interaction with nuclear pro-
tein) [74]. The mechanisms involved in nanotoxicity and
genotoxicity are as follow:

DNA damage

Micronuclei formation, chromosome fragmentation and
disturbance, stickiness and bridging of chromosomes,
decreased mitotic index, and laggard’s chromosomes
are some of the prominent anomalies noted in plants
exposed to some metal oxide NPs and carbon nano-
tubes [74]. DNA damage via either direct or indirect
mechanisms can be the most devastating effect of NPs on
plants, and humans. Metals and their oxides have been
reported to exert direct genotoxicity. The work of Faisal
et al. [44] using Nickle oxide (NiO) NPs indicated direct
genotoxicity in the tomato plant where these NPs were
able to directly access the DNA and caused irreversible
damage in cells. Another study with cobalt oxide NPs
(Co30, NPs) reported indirect DNA damage in eggplant
that lead to apoptosis in plant cells [43]. The DNA dam-
age occurs as a result of degeneration of mitochondrial
cristae, peroxisome proliferation, NO generation, and
vacuolization. The mitochondrial damage was analyzed
by fluorescence of mitochondrial specific dye Rh123
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that leaks out in the cytoplasm as a result of swelling in
mitochondria.

Even at very low concentrations of 5, 10, and 20 mg, bio-
genic Ag NPs from Swertia chirata have been reported to
exert chromosomal aberration in both mitotic and mei-
otic cells in root tip and flower buds of Allium cepa [142].
Ghosh et al. [49] also noted loss of membrane integrity,
DNA strand breakage, and chromosomal damage with
the use of ZnO nanoparticles in Allium cepa, Nicotiana
tabacum and Vicia faba. Akhavan et al. [6] noted geno-
toxic effects on human mesenchymal stem cells through
DNA fragmentation and chromosomal damage even at
concentration of 0.1 ug mL ™" for reduced graphene oxide
nanoplatelets. Lovecka et al. [95] performed tests for
size-dependent genotoxicity effects of silver and gold NPs
in the Nicotiana tabacum L. plant. The study revealed
that the 12—-25 nm of silver nanoparticles (Ag NPs) exert
more damage to DNA in leaves as compared to the Ag
NPs having a size range of 22-25 nm. Similar results
were observed with gold nanoparticles (Au NPs). Further,
their study also revealed comparative toxicity of Ag NPs
and Au NPs where the toxicity exhibited by 30 mg kg™*
Ag NPs was reported to the similar to 100 mg kg™ of Au
NPs indicating that Ag NPs are more toxic for the plant
as compared to the Au NPs.

Cell wall membrane damage, physical trapping,
and wrapping of cells and tissue

Another nanotoxicity mechanism is the cell wall mem-
brane damage where the sharp edges of NPs are respon-
sible for damaging cell walls, resulting in the leakage
of cellular content in the surroundings and ultimately
resulting in cell death [7]. Mazumdar and Ahmed [104]
reported a study of Ag NPs toxicity in Oryza sativa
where the results of TEM image revealed that the parti-
cles ruptured the cell wall and damaged the vacuoles of
root cells. At lower concentrations (up to 30 pg/mL), no
damage was observed but at higher concentrations, the
cell wall was heavily damaged. The study indicated that
this mechanism of nanotoxicity is directly proportional
to the concentration of NPs.

Karlsson et al. [76] performed a study with Cu metal,
Cu-Zn alloy, and CuO NPs, and revealed that the NPs
release their metal at the surface of the cell membrane
where CuO was responsible for the generation of reac-
tive oxygen species. Nhan et al. [118] presented the TEM
image of approximately 10 nm-sized CeO, NPs in the
leaves of the cotton plant reported to damage the chlo-
roplast membrane along with vascular bundle fragmen-
tation. A recent study by He et al. [61] showed fullerene
NPs (nC60) blocking the pores of root cells. The electron
microscopic images revealed the squeezed condition of
endothelial cells and also extensive damage in the inner
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wall of root cells. Further, a long-term exposure resulted
in complete blockage and altered membrane fluidity
under this study. Silica NPs were used for studying the
wrapping mechanism of cells where small silica NPs of
18 nm were reported to exert a freeze effect on the fluid
phospholipid [167]. On the other hand, larger silica NPs
caused wrapping of the membrane resulting in an exces-
sive increase in lipid lateral mobility that eventually led to
the collapse of vesicles. Hashemi et al. [58] noted physical
trapping of spermatozoa by graphene oxide nanosheets
resulting in the inactivation and death.

Oxidizing through ROS generation,
and nanobubbles
Reactive oxygen species (ROS) mediated stress is one of
the main mechanisms of nano-toxicity that can instigate
damage either via physical contact or through release
of toxic ions after dissolution of nanoparticles [1]. Four
types of ROS were identified by Liu et al. [93]: Super
oxide anion radical (O, ), hydrogen peroxide (H,O,),
hydroxyl radical (OH-), and singlet oxygen (*O,). Faisal
et al. [44] studied NiO—NPs toxicity in Solanum lycoper-
sicum where these particles exerted toxicity via excessive
ROS generation. This oxidative stress triggered the mito-
chondria to release caspase 9 and helped generating NO
that jointly favored the DNA damage and ultimately led
to apoptosis in root cells. The toxicity of such metal oxide
NPs via oxidative stress has been noted to be a dose-
dependent mechanism where the level of hydrogen per-
oxide, lipid peroxide, and other reactive oxygen species
increased with increasing concentration [71, 145].
Mukherjee et al. [114] performed a study in green
pea that indicated that the ZnO-NPs exhibited higher
nanotoxicity effects compared to the bulk ZnO. It was
observed that at a concentration of 500 mg kg™!, ZnO-
NPs induced oxidative stress in leaves due to the overpro-
duction (around 61% higher) of H,0O, as compared to the
control or bulk ZnO treatment. These NPs also caused a
reduction in the level of CAT and APOX, the free radi-
cal scavenging enzymes, in leaves and roots. Further,
the level of Thiobarbituric Reactive Species (TBARS),
a byproduct of lipid peroxidation was also found to be
increased in plants treated with ZnO NPs. Ultimately,
the study revealed that these NPs exhibit nanotoxic-
ity that confronts the defensive system of plants and
leads to damage of lipids, proteins, and DNA. Further, a
study by Okupnic et al. showed a very high level of ROS
generation via the treatment of very low concentration
(10 mg/L) of TiO-NPs having a size range of less than
25 nm in the Hydrilla verticillata plant [125]. Anjum
et al. [12] attributed the toxicity effects of nanoscale cop-
per particles (Nano-Cu) to the uncontrolled generation
and less metabolism of ROS in soil-pant system.
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Nano bubbles (NBs) have been found to have both
synergistic and negative effects [93]. Tests with spinach
and carrot seeds indicated that NBs can promote sprout-
ing growth but high-number density NB water can also
negatively affect hypocotyl elongation and chlorophyll
formation. Oxygen NBs demonstrated more toxicity in
gram +ve bacteria than in gram —ve bacteria [69]. These
properties of NBs can be exploited beneficially in the bio-
medical applications. Hydroxyl radicals (OH-) have been
confirmed to be the specific ROS produced by NB waters
[93]. Hydrogen NB water was noted to exhibit higher
scavenging of endogenous and exogenous ROS than the
water without NBs [92].

Short term and long term effects on humans

and animals

Nano particles/nano formulations have not only been
found to exert an untoward impact on plants and benefi-
cial microorganisms in the soil [54] but also some nano-
toxicological studies have pointed to the movement of
NPs from field to crop and from crop to food [81], raising
concerns about the short term and long term effects on
humans and animals. Exposure of NPs used in crops to
non-target humans and animals can be in several ways.
For animals, these NPs have been reported to be found
in sewage, aquatic and terrestrial environments where
they may come in direct contact with embryos, grow-
ing animals, and adults, and can affect various important
physiological mechanisms. A study done in the USA and
Europe reported the sewage treatment via TiONPs, Ag
NPs, CNT, Fullerenes, and Zn NPs exerting toxic effects
on aquatic animals and other living organisms [51]. ZnO-
NPs have been reported for their strong hepatocyte tox-
icity in fish due to dissolved salt released from NPs [46].
Further, AgNPs were reported to exert hepatotoxicity
through oxidative stress via ROS generation [32].

For humans, inhalation, oral intake, and skin expo-
sure can lead to various long-term side effects where
these NPs accumulate in the lungs, liver, heart, kidney,
spleen, alimentary tract, and cardiac muscles. TiO NPs,
commonly used as a food additive, is reported to gener-
ate oxidative stress and inflammations that lead to seri-
ous long term effect via apoptosis and chromosomal
instability. The food-grade NPs have also been reported
to intensify the existing colon cancer [123]. Gliga et al.
[50] performed a study on silver NPs for their long-term
exposure effect on lung bronchial epithelial cells. The
effect was analyzed via RNA sequencing and genome-
wide DNA methylation analysis. The transcriptome anal-
ysis revealed 1717 genes changed their expression among
which 998 genes were upregulated and the rest 719 genes
were down-regulated. The change in gene expression pat-
tern affects many natural pathways including fibrosis and
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epithelial to mesenchymal transition (EMT) pathway that
can become a major reason for bronchogenic carcinoma.
The study also did a comparative analysis of 10 nm and
75 nm-sized Ag NPs and revealed that smaller-sized NPs
are more cytotoxic than larger ones.

The toxicity assessment of nanomaterials on the
reproductive system and hormone secretion in animals
would need long-term studies and therefore, limited lit-
erature is available. Published literature indicated that
the adverse effect of nanomaterials on the reproductive
health and hormone secretion in animals is based on
the chemical structure, shape, size, agglomeration state,
surface area, and functionalization of NPs (Table 3). For
instance, it has been observed the intratracheal admin-
istration of carbon NPs (14 nm) at a dose of 1 mg has
the potential to cause low sperm count in mice [173].
Similarly, ZnO NPs induced cytotoxic action on murine
testicular germ cells in a dose-dependent manner has
been observed [48, 182]. Similarly testicular toxicity
of TiO,-NPs in a dose-dependent exposure manner in
rats has been observed by Hong et al. [63]. Later, Xu
et al. [162] mentioned that Si NPs toxicity adversely
affects the maturation process of spermatozoa in
the epididymis in mice by triggering oxidative stress
and damaging mitochondria, and resulted in energy
metabolism dysfunction. Another nanomaterial toxic-
ity study made by Yoisungnern et al. [163] on murine
sperm cells in rats indicated that Ag NPs reduces the
success rate of in vitro fertilization and slow down
the blastocyst formation. Lafuente et al. [87] reported
that oral sub-chronic exposure of PVP-Ag NPs in rats
can induce a negative influence on sperm morphol-
ogy in rats, even if the exposure happens during the
prepubertal stage. Further, they explained that reduc-
tion in sperm production and induced sperm lesions in
exposed mouse is due to the reductions of daily food
and water intake, biochemical dysfunctions, and oxida-
tive stress. Nazar et al. [116] showed that Au NPs and
Ag NPs administration for 35 days in mice resulted in
a significant reduction in sperm motility and normal
morphology, as well as sperm chromatin remodeling,
lower chromatin stability, and increased DNA damage.
Similar effects due to direct interaction of Ag NPs have
also been observed in bull sperms [165]. Silver nano-
particles during prepubertal development have been
noted to decrease adult reproductive parameters as
well as exert cytotoxic effects on testicular tissues [103,
139]. Besides this, Au NPs also noticed to impair sperm
functions and lessen sperm fertilizing ability [151].
Smith et al. [147] observed functional defects and
DNA damage in male mice due to oral administration
of TiO, NPs. Additionally, the effect on the fertility of
male offspring after maternal exposure of TiO, NPs has
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Table 3 Toxicity effects of nanomaterials on the reproduction and hormone secretion by animals
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Nanomaterial(s)

Tested concentrations Test animals Type of study

Salient experimental finings

Ref.

Anatase TiO,

Carbon black NPs

Carbon nanotubes (CNTs)

CdTe QDs

Mn,O3 NPs

TiO,

ZnO NPs

ZnO NPs

Zn0O NPs

ZnO NPs

ZnO NPs

ZnO NPs

Mn,0, NPs

Nano-TiO,

10-100 mg kg™

0.1 mg kg™

1.0mgmL™!

0.2-2 nmol per mouse

100-400 ppm

200-500 mg kg™!

0.04-16 pg mL™"

70 nm

5-300 mg kg~!

250-700 mg kg~!

50-450 mg kg™

100-400 mg kg™

20 nm

125-5mg kg™

Mouse

Mouse

Mouse

Mouse

Rats

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Rats

Mice

In-vivo

In-vivo

In-vivo

In-vivo

In-vivo

In-vivo

In-vivo

In-vitro and in-vivo

In-vivo

In-vivo

In-vivo

In-vivo

In-vivo

In-vitro

Increase in sperm malformation and
rate of sperm cell MN

Decreased in germ cell number and
spherospermia, interstitial glands
vacuole, malalignment, and vacuoli-
zation of spermatogenic cells in mice
testes

Increased ROS in testicular cells
Superoxide dismutase activity
decreased, and the malondialdehyde
content increased in the TiO, NP-
treated groups

Partial vacuolation of the seminifer-
ous tubules

Oxidative stress and reduction in the
thickness of the seminiferous epithe-
lium in the testis

Cause testes toxicity in a dose-
dependent manner

Reduce testosterone, spermatogonial
cells, primary spermatocyte, sperma-
tid, and Leydig cell

Reduce sperm count and function;
induce germ cell apoptosis

Decrease GSH and MDA levels; sertoli
cell membrane disfunctioning;
increase in ROS production; down-
regulating the expression of BTB
junction proteins and cell cycle arrest
at S-phase in spermatocytes

Negative effect on the spermatogen-
esis and male fertility through DNA
damage induced by ROS synthesis

Induced formation of multinucleated
giant cells in the germinal epithe-
lium caused a significant decrease

in seminiferous tubule diameter,
seminiferous epithelium height, and
maturation arrest

Degeneration and reduction in cell
types (e.g. seminiferous tubules, sper-
matogonia, primary spermatocyte,
spermatid and sperm cells, Leydig,
fibroblast cells and blood vesicles)

Reduction in sperms in the
epididymis and the concentration of
testosterone in serum

Decreased in sperm cell count, sperm
motility, live and normal sperms,
serum testosterone level; antioxidant
enzymes activity and increase in lipid
peroxidation

Decrease the sperm quality of rats,
resulting to the decline in fertility
after repeated intravenous injection
for 120 days

Reductions of FSH and LH concentra-
tions and suppression of spermato-
genesis

Songetal. [ 174]

Yoshida et al. [ 175]

Baietal. [173]

Lietal [176]

Negahdary et al. [117]

Guo et al. [178]

Liu et al. [93]

Han et al. [180]

Talebi et al. [181]

Mozaffari et al. [182]

Tang et al. [183]

Hussein et al. [184]

Zhang et al. [168]

Zhou et al. [170]
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Table 3 (continued)
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Nanomaterial(s)

Tested concentrations Test animals Type of study

Salient experimental finings Ref.

Nano-TiO, 10-40 g mL™ Rat

In-vivo

Inhibition of testosterone production
by inducing dysfunctioning of the
CcAMP/CGMP/EGFR/MMP signaling
pathway

Hong et al. [64]

been noticed by Kyjovska et al. [86]. Toxicity of CeO,
NPs has been reported to cause congestion and degen-
eration of seminiferous tubules and decreased sperm
motility and counts and increased total sperm abnor-
mality in mice [3]. In male rats, oral administration of
nanosized TiO, and Ni NPs trigger toxic effects on the
reproductive system by causing marked changes in the
weight of the testis and epididymis [113]. It was also
noticed that male rats exposed to silver nanoparticles
(AgNPs) induced alterations in the testis seminiferous
tubule morphometry [94]. It has been observed that
Mn;O, NPs (~20 nm) significantly decrease the sperm
quality of rats, resulting in a decline in fertility after
repeated intravenous injection for 120 days [168]. A
recent study has reported that nano-TiO, can penetrate
through the BTB and enter the testicular tissue, lead-
ing to damage to the testis and epididymis, and reduces
sperm concentration via disrupting meiosis and related
signaling pathways [62, 64].

There are a limited number of reports that demon-
strate the effects of nanomaterials on hormone secre-
tion in animals. Karpenko et al. [77] reported that
CeO, NPs have toxic effects on sex hormones and
sexual glands. The level of testosterone increased after
70 days [77]. Another study reported that AgNPs can
alter the sex hormone concentration in the plasma and
testes and the expression of genes involved in steroi-
dogenesis and steroids metabolism in male rats when
exposed to Ag NPs/Ag SPs [39]. The toxicity of Ag NPs
has also been reported to interrupt the functions of sex
hormones by reducing the number of Leydig cells and
sperm parameter indices [19]. Adult male rats exposed
to Mn,O5; NPs had a significant reduction in the hor-
mones such as luteinizing hormone, follicle-stimulating
hormone, and testosterone [117]. Adebayo et al. [3]
observed a significant reduction in serum testosterone
hormone after intraperitoneal injection of 100 pg kg™
of CeO, NPs to mice thrice a week for five consecutive
weeks. Similar reports of reduction in sperm motil-
ity, velocity, kinematic parameters, and concentrations
of luteinizing hormone, follicle-stimulating hormone,
and testosterone have been noticed in male rate when
exposed to AgNPs [126]. Recently, Hong et al. [64]
reported that Nano-titanium dioxide (nano-TiO,)
inhibits testosterone synthesis in male mice or rats by

dysfunctioning the cAMP/CGMP/EGFR/MMP signal-
ing pathway.

The margin of benefits over the convention

The benefits of using nanofertilzers seem to come from
not only size changes but also due to the changed mode
of application (e.g. foliar application instead of soil appli-
cation). It is still not very clear (due to lack of one-to-one
comparisons) whether the liquid foliar fertilizers, which
have nutrients as ionic species, would have the same
advantage as that of nanofertilizers with nutrients as par-
ticles. Further, if the foliar feeding (of dissolved ions or
NPs) has an advantage then is it significant enough to
compensate for increased energy use in the production
and field application of nanofertilizers keeping in mind
that the total nutrient requirement of a crop may not be
fulfilled by one or two rounds of nanofertilizer applica-
tion to crop as used to be the case for the conventional
fertilizers which have higher loads of nutrients, and
often excess doses are applied? Nanoparticles have been
shown to have special properties due to enhanced sur-
face area (proportional to reduced size), and that may
have significant advantages in case of chemicals/materi-
als needed for crop production in small quantities (pes-
ticides, micronutrients) but maybe not with fertilizer
nutrients which are needed by crop in higher quantities
(e.g. macronutrients). Macronutrients (N, P, K) drive
most of the crop productivity but at the same time, they
are also the main contributors to water and air pollution
[89]. The real advantage would come from the increased
efficiency of macronutrients, and with the use of nano-
fertilizers for macronutrients, as reduced amounts of
these nutrients only would lead to significant environ-
mental benefits such as reduced nitrate and phosphorus
pollution, and reduced N,O emissions. Optimization
of doses in their case may be highly important because
just size-based or uptake-efficiency-based assumptions
may not suffice meeting crop requirements as there is a
threshold amount of nutrient (especially macro) that a
plant would need to meet the productivity goal. Other-
wise, application of less than needed amounts might lead
to the mining of that macro-nutrient from the soil unless
supply comes from a complimentary source such as bio-
logical fixation or in-situ crop residue recycling or ex-situ
application of organic matter/ manures. The cost of new
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technology, for production at the industrial scale, can
also be a roadblock and may delay switching to nanofer-
tilizers [67].

Most nanotoxicity and genotoxicity related studies have
involved metal oxide NPs, and only a few studies involved
NPs of elements that fall in the crop micronutrient cat-
egory (e.g. Zn, Mn, and Cu). Yet, these are not the typi-
cal salts that are used as fertilizers for crop production.
For nanofertilizer industry and research, the focus should
be on salts which are commonly used as fertilizers. Then
only one to one comparison of nanoforms and conven-
tional forms can be done. For example, most micronu-
trient fertilizers are sulfate salts (ZnSO,, FeSO,, CuSO,,
etc.). Metal oxides are rarely used as fertilizers. There are
also pieces of evidence that establish that polymer sta-
bilization significantly reduces toxicity compared to the
non-coated NPs [27]. Few other studies also revealed
that the polymeric nanoformulations themselves may
not exert any kind of toxicity and therefore it is accept-
able and better to move with the biodegradable and safe
polymeric NPs. At the same time, a few other studies
point to the negative impacts of polymeric NPs as well.
A study by Khalifa et al. [78] revealed the negative impact
of CS-PMAA-NPK NPs on root elongation, and starch
accumulation at the root tip. Under this study, even the
lowest concentration of the formulated NPs exerted com-
plete mitotic arrest in the root tip cells of Pisum sativum.
The results of the comet test assay revealed the genotoxic
effect of the nanoformulation at all tested concentrations.
Therefore, sufficient toxicological studies need to be
undertaken to substantiate their safety for field use. Yet
unlike the biomedical field where one or two species (test
animals) are considered for the trial, in agricultural sys-
tems, there are more than 7000 cultivated plant species
with different physiologies. Testing responses of all these
plant species to a nanofertilizer would be a daunting task
to deal with perfection, and therefore protocols common
to all crops and species need to be developed. Added to
that, the parameters like the base materials, fabrication
method, size range, morphology of particles, functional
groups, coatings agents, and the way of application of
the nanomaterials also affect the interactions and the
outcome and therefore add more complexity [131]. Yet
another major concern regarding the use of nano-fertiliz-
ers is the buildup of NPs in plant tissues without trans-
formation and assimilation or even physical entrapment
on plant surfaces. This is especially important for crops
where fleshy, succulent, and leafy parts are consumed
such as vegetables. It may not be as big a concern in grain
crops wherein most of the fertilizer application takes
place much before the grain formation, and the vegetative
parts (e.g. straw) are not commonly consumed by human
beings. Larue et al. [88] noticed entrapment of Ag NPs
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in lettuce (Lactuca sativa) leaf surfaces and cuticle area.
Priester et al. [134] noted uptake and distribution of ZnO
NPs in soybean (Glycine Max) plant tissues. In the same
study, they even noted hampering of nitrogen fixation, an
important ecosystem service in legumes, in the presence
of CeO, NPs. These studies indicate that the type of crop
can also be a limitation for the adoption of nanofertilizers
especially in the case of vegetable crops where consum-
able parts are directly exposed to fertilizers.

Conclusions

The growing resource limitations in crop production,
and severe environmental impacts associated with the
energy-intensive modern crop production systems, par-
ticularly high-volume (often indiscriminate) fertilizer
use, urgently call upon us to switch to more efficient
forms of fertilizers and application methods. The cur-
rent levels of nutrient use efficiency achieved for most
crop production systems, worldwide, are unsustain-
able and unacceptable. Most of the literature regarding
the nanofertilizers point to a significant reduction in
the nutrient loading in fertilizer to achieve the same or
higher nutrient use efficiency when the nutrients are in
nano-forms. Nano fertilizers can achieve better efficiency
due to a several-fold increase in surface-to-volume ratio
of nano-forms of nutrients, and due to their suitability for
foliar application where environmental losses are further
minimized. The nutrients in the conventional forms of
fertilizers are available to plants in ionic forms only after
solubilization in water (soil solution). Most nutrient ions
have their hydrated ionic radius between 0.07 nm (Ni*")
and 0.380 nm (SO,*7). The ions being 100 to 1000 times
smaller than nanoparticles have higher chances of getting
lost (leaching, runoff) with water or getting fixed in the
clay lattice spaces, making them unavailable to plants.
That is why most conventional agronomic protocols
have recommendations for an excess amount of fertilizer
application, than that required by plant, to compensate
for losses. In this regard, nano-forms of nutrients pro-
vide better chances of retention in soil (fewer fixations
due to size mismatch with lattice spaces, better entrap-
ment in soil capillaries), and therefore more uptake by
crop plants. There are also genuine concerns regarding
nanotoxicity and genotoxity issues with nano formula-
tions but most toxicity studies have either been with ele-
ments and forms related to pesticides or with salts that
are not conventionally used as fertilizers in crop produc-
tion. For nanofertilizer industry a better way forward
should focus on macro elements (N, P, K) as a substan-
tial environmental benefit by switching to nanofertilizers
can be achieved by replacing the bulk of these nutri-
ents. With the advancement in knowledge and tech-
nology to overcome the shortcomings in nanofertilizer
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production (energy use, technology expense) and adop-
tion (unknown interactions in the environment, toxic-
ity), the use of nanofertilizers will pave a way to arrest
environmental degradation, especially in the regions
with high food demand and hence intensive farming with
indiscriminate fertilizer use. Reclaiming the health of the
ecosystems damaged due to the bulk use of fertilizers,
reviving the damaged ecosystem services, and mitigating
climate change by committing to promising technologies
is an urgent need of the planet. Nano-fertilizers offer the
best chance, at present, to achieve this goal in the agricul-
tural sector.
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