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Abstract

Deficits in the mineral Zn are responsible for a sizable proportion of the world’s disease burden and child mortality. With the increasing
success rate of biofortification in major crops, the development of a genotype with enhanced Zn bioavailability will be an efficient and
sustainable solution to nutrient deficiency-related problems. Due to the complex chemistry of the human system, the absorption of Zn
from cereals is lower. This complexity is alleviated by phytate, a major phosphorus-storing compound in cereal and legume seeds, which
negatively affects Zn binding. The results of recent studies on the distribution of elements and micronutrient speciation in seeds provide
strong evidence for the presence of distinct Zn pools. This observation is supported by data from biofortified transgenic plant research.
Several studies identify nicotinamide, a metal chelator, as a pivotal molecule. The loading of Zn into grains has been reported to increase
with nicotinamide levels, which is a crucial finding. Intestinal Zn absorption can be greatly improved by nicotinamide. Furthermore,
bioavailability tests suggest that the use of nano Zn-enabled devices could be an effective strategy to enable plant biofortification, which
may significantly boost the Zn content in various cereal crops. This review comprehensively evaluated the scientific publications indexed
in WoS, Scopus, and various other reliable databases and explored insights into how nano-enabled technology could be a solution for
enhancing Zn content in cereal crops for combating malnutrition in humans.
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1. Introduction Hidden hunger, also known as malnutrition, is a seri-
Human health depends on high-quality, nutritious  Ous condition caused by an inadequate intake of micronu-
food [1], which is negatively impacted by food insecurity, trients in the diet. Cereal-based diets are trendy, especially
dietary imbalance, the consumption of food grains with low 10 countries with low incomes. Therefore, enriching them

nutritional value, a lack of dietary diversity, and more [2—4]. with micronutrients could increase microelement consump-
Food and nutritional insecurity may hinder dietary quality, ~ tion. Bio-fortified staple grains (such as wheat, rice, and
greatly increasing the risk of both undernutrition and obe- ~ Maize) with zinc possess the potential to greatly impact the
sity [5]. Micronutrient uptake and dietary diversity declined fight against hidden hunger around the world. Nearly 2 bil-
due to the rise in cereal and cash crop cultivation in inten- lion people across the globe are suffering from a deficiency

sive cropping systems [6,7]. This is especially true in the of zinc [9]. Zinc deficiency is associated with many major
rural areas of low-income nations because of the prevalence ~ health disorders, namely homeostasis and immune function
of cereals in the diet. As food and nutrition security is stilla ~ dysregulation, oxidative stress, apoptosis, and aging. Dur-
far-off goal for many developing countries, finding a way to ing COVID-19 infections, zinc supplements have been a
ensure food and nutrition security is becoming an important ~ Major source of immunity boosters [10]. Low levels of rhi-

task for the scientific community and policymakers. zospheric zinc availability are directly linked to dietary zinc
In contrast to the goal of achieving “Zero Hunger” by  deficiency [11]. Therefore, it is crucial for low-income and
2030, if the current trend continues, the number of peo-  developing nations to increase the amount of bioavailable

ple affected by hunger will surpass approx 840 million zine in their staple foods [12].
by 2030 [8]. Moreover, the income gap significantly af-
fects food patterns; as compared to high-income countries,
lower-income countries rely more on staple foods and less
on fresh vegetables and meat.

Zinc is one of the most important micronutrients for
plants; it is essential for their growth and development,
and is required for cell membrane stability, cytochrome
and chlorophyll production, photosynthesis, and cell trans-
parency [13]. Moreover, it is necessary for lipid synthesis,
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carbohydrate, protein and nucleic acid metabolism, gene
expression regulation, and phytohormone activity [14].
Zinc is the only necessary trace element found in all six
classes of enzymes (oxidoreductases, hydrolases, trans-
ferases, isomerases, lyases, and ligases) [15]. Biofortify-
ing crops is an environmentally friendly strategy to com-
bat human diseases and improve diets. The potential of
nanotechnology in agriculture is being pursued because of
the increasing food requirements to sustain the fast-growing
population throughout the world. Experts estimate that the
global population will rise to around 9.6 billion by 2050
[16]. Precision agriculture, which uses nanotechnology,
fills the gaps left by nutrient leaching and crop fortification
[17]. Farmers are employing this technology in the nano-
regime to simultaneously increase the quality and yield of
their harvests.

Recently, there has been much discussion about us-
ing nanotechnology to strengthen crops in human societies
[18]. Plants can be nano-biofortified in several ways, in-
cluding seed priming, soil and foliar application, and grow-
ing plants in media rich in candidate nutrients [19-22]. Zn-
based nano-fertilizers are more effective than traditional
methods in facilitating Zn delivery to plants [23,24]. Zn
nanoparticles (NPs) are particles with size ranges between
1 nm to 100 nm with unique mechanical, optical, electri-
cal, thermal, chemical, and magnetic properties different
from those of conventional and regular Zn particles [25].
NPs enter the plant through the roots or leaves, and move
to other parts of the plant, impacting their positive, neg-
ative, or neutral effects on plant growth and development
[24]. The ability of plants to produce high-quality proteins,
sugars, and lipids is enhanced by the presence of Zn-NPs
[26]. Previous studies have shown that the application of
ZnO-NPs positively affects crops’ agronomic and physio-
logical properties. Application of a 100 mg/L concentra-
tion of ZnO-NPs via foliar spray increased photosynthetic
activity in young Cucumis sativus plants [27]. When 500
mg/kg of ZnO-NPs and bulk ZnO were applied to Portu-
laca oleracea, flavonoid and Zn content were increased by
1000% and 581%, respectively, compared to the controls
[28]. According to Durgude et al. [29], the application of
ZnO nanocomposites at a concentration of 30 ppm enhances
zinc biofortification in rice. This review aims to draw atten-
tion to the connections between nano-biofortification and
human health in the era of food security and the potential
application of Zn-/ZnO-NPs-based agricultural products to
raise the nutrient content of crops.

2. Importance of Zn in Human Health and
Plant Growth Development

Zinc influences glycogen synthesis and gluconeoge-
nesis, two pathways involved in carbohydrate metabolism
[30]. In most cases, zinc does not affect plant respira-
tion. Zinc deficiency impacts the net photosynthetic rate by
50%—-70%, depending on the plant species and the degree

of nutritional deficiency. Zn is important element for car-
bonic anhydrase enzyme activity and Zn deficiency may be
reduced the activity of carbonic anhydrase enzyme activity
that reduced efficient photosynthesis [31]. Dicotyledon car-
bonic anhydrase is a large molecule and contains more zinc
than monocotyledon carbonic anhydrase (such as in cere-
als). Carbonic anhydrase activity in C3 plants is not directly
correlated with photosynthetic carbon dioxide assimilation
or plant growth when zinc availability varies [31]. One of
the enzymes that require zinc for photosynthesis is ribulose
1, 5-biphosphate carboxylase (RuBisCO), which is present
in beans, barley, rice, and pearl millet and is responsible for
catalyzing the first step in photosynthesis and carbon diox-
ide fixation [32]. Zinc may play a significant role in the syn-
thesis of starch, as evidenced by the fact that zinc deficiency
causes a decrease in the amount of starch, enzyme activity,
and the number of starch grains in plants [33]. Sugar and
starch levels in cabbage leaves were higher in zinc-deficient
plants, while bean root carbohydrate levels were lower [34].
Despite the unknown cause for impaired sucrose transport,
it may be associated with the role of zinc in zinc-deficient
bean leaves. Free amino acid levels were 6.5 times higher
in zinc-deficient bean leaves than in control beans, but they
fell after zinc was administered for 2—3 days, along with
the increase in protein levels [35]. Zinc is necessary for the
activity of the RNA polymerase enzyme, and it also pro-
tects ribosomal RNA from being destroyed by ribonuclease
[36]. Since zinc is essential for protein synthesis, meristem-
atic tissue must possess relatively high zinc concentrations,
where a high frequency of cell division and nucleic acid and
protein synthesis take place. The most fundamental effect
of zinc’s function in preserving DNA integrity and activity
on protein metabolism is on DNA [37].

2.1 Role of Zinc in Human Health

Research into the human genome using omics tech-
niques found that zinc binds to around 10% of all human
proteins [15,38,39]. This remarkable discovery has dra-
matically uncovered the importance of Zn in molecules that
are involved in cellular processes. Several enzymes, tran-
scription factors, and other proteins rely on Zn for proper
functioning [40]. Zn-finger domains, LIM domains, and
zinc finger domains are examples of regions in these pro-
teins that might facilitate zinc interaction. The skeletal mus-
cles and bones are the primary Zn reservoirs in the body
(Fig. 1), but unable to hold more minerals than the organ-
ism requires. For the proper functioning of cells, it is neces-
sary to consume Zn daily [41]. Even though zinc is gener-
ally safe and has low toxicity, its lack or overabundance can
cause serious health problems [15]. Too much zinc could be
toxic, resulting in symptoms like nausea, vomiting, fever,
and headaches, while too little zinc can cause eye and skin
lesions, hair loss, immune dysfunction, taste abnormalities,
and growth retardation [42]. Supplementing with zinc al-
leviates zinc deficiency symptoms, demonstrating the im-
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Fig. 1. Human body zinc reserves and distribution. Zinc absorption from food occurs in the small intestine and then travels

throughout the body. The skeletal system, specifically the bones, and muscles, serves as a major Zn reservoir tissue.

portance of zinc as a trace mineral and the significance of
zinc homeostasis as a physiological process [43]. Zinc is
necessary for healthy development and differentiation, im-
mune system function, neurological processes, and protein
synthesis. There are reports of health benefits from sup-
plementing with zinc and zinc complexes containing other
compounds [44].

More and more physiological roles for Zn in cellular
responses have been uncovered recently. Zinc serves multi-
ple purposes within the cell, including as a neuromodulator
during synaptic transmissions and as an intracellular signal
transducer. Zinc homeostasis is partly maintained by var-
ious zinc transporters, which are also essential for normal
cellular processes [45—47].

2.2 Role of Zinc in Plant Growth Development

An estimated 9% of the eukaryotic and 6% of the
prokaryotic proteomes are composed of zinc-binding pro-
teins [48]. Enzymes such as carbonate dehydratase, alde-
hyde dehydrogenase, Zn/Cu superoxide dismutase (SOD),
and Zn-finger DNA-binding proteins contain zinc in plant
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species [49,50]. Zn-Cu-SOD protects membrane proteins
and lipids from oxidation by quenching the radicals pro-
duced by the regular metabolism of the body. This vita-
min is crucial for seed development because it increases cy-
tochrome production [51,52]. Multiple physiological pro-
cesses in plants require zinc, including the production of
tryptophan, a precursor of indole acetic acid, as well as
the transmission of inputs via mitogen-activated protein ki-
nases [53]. The control of auxin, the rejuvenation of pho-
tosystem 11, the stabilization of CO> quantity in the meso-
phyll, and other physiological responses are plant-specific
functions that depend on zinc availability [54,55]. Zinc ions
mitigate several detrimental effects on plant cells by inter-
acting with functional groups or displacing other cations
from binding sites [33,56,57]. For plants to thrive, Zn must
be absorbed, transported, and distributed throughout the
plant tissues, cells, and intracellular locations [33]. Despite
its significance, zinc deficiency causes stunted growth and
leaf discoloration, which can reduce nutrient absorption and
eventually lead to zinc deficiency in the human diet [33,48].
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3. The Enormity of the Agricultural Zinc
Deficiency

To increase the likelihood of plants absorbing the
added nutrients, fertilizers are fortified with plant-necessary
nutrients [58]. Plants show nutrient deficiency symptoms in
many ways, including unusual growth; however, in some
cases, even plants grown in micronutrient-rich soil may
show deficiency symptoms due to the inability of the roots
to uptake and transport the nutrients because of their small
pore size [59]. To sustainably feed the world’s growing
population, it is necessary to discover methods to enhance
plant nutrition and, by extension, the quality of the food
they produce. The use of chemical fertilizers has dramat-
ically increased crop yields and has been a long-standing
practice [58]. However, they cause an imbalance of soil
minerals and disturb the structure and nutrient status of
soil, and the overall ecosystem, which together has long-
term devastating effects [60]. According to recent research,
graphene has emerged as an effective material that can carry
plant nutrients [58]. It has minimal adverse effects on the
environment and can increase crop production by slowly
and deliberately releasing plant nutrients [58]. Biofortifica-
tion of crops is a long-term strategy to address human health
issues and reduce hunger. In recent years (Table I, Ref.
[8,19,20,61-75]), there has been much discussion about us-
ing nanotechnology to strengthen crops in human societies
[18].

Techniques like seed priming, soil and foliar appli-
cation, and growing plants in nutrient-rich media can all
be used to nano-biofortify the crops [61]. Several factors
should be considered when nano-biofortifying crops, in-
cluding:

(1) Identifying the most effective nanomaterials;

(i1) Calculating the ideal dosage without causing any
harm to plant physiology or growth;

(iii) Analyzing the impact of NPs on the absorption,
accumulation, and transport of other mineral elements.

One of the crucial micronutrients for plant growth is
zinc, which serves as a cofactor for many vital enzymes.
A worldwide shortage of zinc is a major cause of con-
cern. Agricultural output in West Asia has taken a se-
vere hit in recent years due to climate change impacts like
dust storms, widespread salinization of the land, and sig-
nificant droughts. Many studies have shown that provid-
ing plants with zinc helps them to manage environmental
stresses [76]. When zinc is applied externally either as a
foliar spray on leaves or as fertilizer in the soil, the bioavail-
ability of Zn in the edible part of the plant also increases.
Zinc enrichment through foliar fertilization (Fig. 2) is by far
found to be an effective and environment-friendly method
to elevate crop yields. Substances applied to leaves can en-
ter the plant either through the cuticle or the stomatal path-
way. The Zn content of rice can be significantly increased
by applying zinc foliar fertilizer during the flowering stage
[77]. However, the foliar spray is not successful every time.

Due to heavy rains, the foliar spray may wash off the leaves
and be leached into the soil, thus reducing the effectiveness
of foliar input [78]. Zinc fertilizer increases the Zn content
of harvested grains and improves crop yields. Zinc forti-
fication of Oryza sativa (rice) has been the subject of nu-
merous studies, which consequently deduced that adding
zinc to the soil improves crop yield when used with other
fertilizers [78]. However, the presence of fixed Zn ions,
humus, and clay minerals, along with aluminum and iron
oxides, renders Zn fertilization less effective in soil [79].
Thus, unutilized Zn fertilizer that builds up in farmland soil
may harm agricultural ecosystems. As a result, it is essen-
tial to discover a Zn fertilizer that can replace traditional
Zn inputs and have high positive performance with reduced
negative environmental impacts [20]. The severe zinc de-
ficiency in crops was first documented in 1937. However,
the first instance of human Zn deficiency was documented
in the 1960s [80]. A more significant section of the world
has experienced acute Zn deficiency after the green revolu-
tion due to newly introduced high-yielding varieties within
the system over the past 5 decades. These new crop va-
rieties often had lower yields and were Zn-inefficient com-
pared to older, locally adapted (landrace) varieties. To show
their maximum yield potential, these varieties require more
N, P, and K (nitrogen, phosphorus, and potassium, respec-
tively) fertilizers; in some cases, the pH of the soil must
be raised through liming [81]. In general, problems caused
by Zn deficiency have worsened with higher phosphorus
concentrations and high pH levels. Those varieties, how-
ever, are no longer high yielding. Instead, they now have
yield plateaus in areas where they were introduced to serve
the purpose [81]. A hidden Zn deficiency was later found.
For instance, during the early 1960s, Turkey was able to in-
crease its annual wheat grain production by 10 million met-
ric tons (Mt) while using the same amount of arable land.
This was made possible by the introduction of new wheat
varieties and an increase in the intensity with which wheat
was grown. However, Zn deficiency became increasingly
common in some regions, such as central Anatolia. Further-
more, in the 1990s, a research program funded by NATO
determined Zn deficiency as the root cause of low yields.
Wheat yields increased by a factor of 6—8 with the use of
Zn fertilizer in an area where they had previously been as
low as 0.25 t/ha. Overall, with the addition of 10 kg of zinc
per hectare, the yield of Triticum aestivum L. (bread wheat)
increased by 43% (range 5-550%) [82].

There are five different forms of zinc that plants can
absorb: (a) free and complex ions within soil solution; (b)
non-specifically adsorbed cations; (c) ions occluded mainly
in soil carbonates and Al oxide; (d) living organisms along
with other biological residues; (e) lattice structures of pri-
mary and secondary minerals [83]. Roots primarily uptake
zinc as a divalent cation (Zn?*). Root uptake of organic
ligand-Zn complexes has been reported [84]. Two mecha-
nisms occur in the plant when plants absorb the mineral
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Table 1. Extensive information on the various published studies involving the biofortification applications of ZnO-NPs.

Scientific name Concentration of ZnO-NPs  Characterization of ZnO-NPs  Application Methods Main finding References
Phaseolus vulgaris 1040 mg/L 20 nm Foliar Spraying ZnO-NPs at 30 ppm produced the highest seed yield. [72]
Triticum aestivum L. 20-1000 mg/L <100 nm In soil In comparison to ZnSO4, ZnO-NPs increased Zn in grain while not [20]
affecting Zn in leaf.
Triticum aestivum L. 25-100 mg/L 20-30 nm Seed primming ZnO-NPs increased photosynthetic pigments and crop yield. [19]
Phaseolus vulgaris L. 4% ZnO-NPs NA Seed primming Increased yield and Zn contents in the grain of red beans. [8]
Moringa oleifera L. 10 mg/L ZnO-NPs 16.49 nm Seed primming Improving germination, photosynthesis pigment contents, antioxidant [64]
enzyme activity, and Zn nutrient contents.
Oryza sativa L. 25 ppm 20-30 nm Seed primming Pre-sowing treatment with 25 ppm ZnO-NPs increases rice yield and grain [65]
Zn nutritive value.
Triticum aestivum L. 10 mg/L NA Seed primming Improved seed germination, vigor index, fresh biomass, water uptake, and [66]
photosynthetic efficiency.
Oryza sativa L. 10 pmol 10 nm Seed primming Increase seed vigor, seedling emergence, and DSR field plant growth and [67]
productivity.
Amaranth L. 10 ppm 15-30 nm Foliar Foliar application of biosynthesized ZnO-NPs enhanced fertilization that [68]
increases yield, zinc content, and zinc use efficiency.
Brassica oleracea L. 100 uM 25 nm Foliar ZnO-NPs applied foliar to cauliflower improve zinc biofortification. [69]
Solanum lycopersicum L. 100 ppm NA Foliar ZnO-NPs improved tomato growth, physiological traits, yield, and quality. [70]
Vigna radiate L. 20 ppm NA Foliar ZnO-NP positively affects growth, photosynthetic pigments, protein [71]
content, activity, and enzymatic and non-enzymatic antioxidants in mung
bean seedlings.
Glycine maxL. 2 mg/kg 18 nm In soil/pot culture ZnO-NPs increased grain yield and P uptake by 14% by regulating nutrient [73]
availability.
Sorghum bicolor L. 1,3, and 5 mg/L 18 nm In soil/pot culture ZnO-NPs increased nitrogen, potassium, and zinc contents of grain under [63]
drought stress to help in biofortification under abiotic stress.
Solanum melongena L. 50-100 mg/kg <200 nm Foliar Spraying ZnO-NPs increased crop production under drought. [61]
Sesamum indicium L. 3-10 mg/L 10 nm, Biogenic In soil/pot culture Biogenic ZnO-NPs improved sesame germination and growth. [74]
Eriobutria japonica L. 12 mg/mL <50 nm, Biogenic Petriplate culture Antimicrobial activity with fortification use. [75]
Triticum aestivum L. 40, 80, 120 ppm <50 nm, Biogenic Soil culture At a dose of 80 ppm, ZnO-NPs caused the greatest increases in height, seed [62]

weight, yield, and biomass.

NA: Not available; NPs: Nanoparticle; DSR: Direct Seeded Rice.
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in the form of divalent cations like Zn?>*, each dependent
on a different ligand secreted by the roots [85]. The first
method involves the release of hydrogen ions (HT), or-
ganic acids, and reductants, thus, releasing Zn?* ions in the
form of soluble zinc compounds, namely phosphate and hy-
droxides, for better absorption by the root epidermis [86].
Root epidermal cells can also receive Zn via the influx of
phytosiderophores, which form stable complexes with the
metal. However, this mechanism is specific to the roots of
cereal crops. Plants use phytosiderophores, which are or-
ganic compounds with a lower molecular weight, to chelate
and absorb metals [87,88].

Soil solutions generally have lower concentrations of
Zn (4-270 pg/L) than the average concentration of approx-
imately 64 mg Zn/kg. Solubility is found to have a strong
negative correlation with the pH of the soil, with concentra-
tions as high as 7137 pg/L being found in highly acidic soils
[89]. The primary factors that determine how much zinc
is available to plants are the ‘total Zn’ content, pH, oxida-
tion/reduction levels, calcite (CaCOg3) and organic matter
contents, concentrations of all ligands that create organo-
Zn complexes, rhizosphere microbial behavior, presence of
other micro and macro elements (particularly P) and their
concentrations, as well as the moisture content of the soil.
Moreover, Zinc in the soil is also influenced by high cal-
cium carbonate concentrations, relatively high organic mat-
ter (3%), neutral and alkaline pH, high available phospho-
rus profile, and high bicarbonate and magnesium content in
soils or irrigation water (particularly in rice fields). There
is a correlation between the presence of zinc and conditions
that involve prolonged water logging, such as paddy soils,
as well as high sodium, potassium, and calcium content in
the soil [77,89].

The fact that most plants have zinc concentrations
ranging from 30-100 g Zn?*/g dry weight demonstrates
that the zinc equilibrium method is not universal among
plants [90]. Zinc hyperaccumulators, such as Brassicaceae,
can accumulate more than 10,000 g Zn?*/g dry weight
without exhibiting toxicity symptoms. Regardless of this,
Zn?* concentrations above 300 g Zn?*/g dry weight are re-
garded as harmful to plants [77]. Several examples of the
positive effects of zinc on plants are shown in the studies
listed in Table 1. Therefore, a lack or excess of Zn?* in
the soil is believed to adversely affect multiple metabolic
processes in plants, causing stunted plant development, de-
creased photosynthetic activity, yellowing, and necrosis of
leaves [91].

4. Need for Nano-Inspired Approaches for
Biofortification

Human health depends on the quality of food con-
sumed, and plants continue to be our primary source of
nourishment [79]. The diet of communities consists of sta-
ples that are typically high in calories and are consumed reg-
ularly in large quantities [92,93]. Therefore, staple foods

are strongly associated with the nutrition status of their
consumers, particularly among people living in rural and
poor areas, where supplementary nutrients are scarce. In
these regions, foods often lack the necessary micronutri-
ents, leading to severe consequences and this is now an in-
creasing problem around the world [94]. Half of the chil-
dren go without the nutrition they need, causing them to
be more susceptible to illness and reducing their cognitive
potential. Iron and zinc deficiencies are responsible for sig-
nificant infant mortality and worldwide health issues [95].
Dietary diversification, drug therapy, and industrial forti-
fication are just a few of the proposed approaches to re-
solving nutrient deficiencies [96]. The long-term solution
advocated is food diversity, but the people on the brink of
malnutrition cannot afford it. Except for iodized salt, indus-
trially fortified foods have not been particularly effective.
Enhancing the nutritional value of a crop before, during,
and after harvest is known as biofortification [13]. Biofor-
tification is different from other interventions that address
micronutrient deficiencies because it is cheap and accessi-
ble to all people [97]. Many people rely on these fortified
crops as their staple diet. Thus, it does not incur additional
expenses and is unaffected by social habits [96]. Vegeta-
bles and other non-staple foods are expensive despite their
high vitamin and mineral content [13]. Many low-income
people spend most of their food budget on staples, provid-
ing them with minimal energy and leaving them with bare
minimums for more expensive foods like fruits, vegetables,
and meat [98].

Agronomic and breeding techniques are among the
biofortification strategies frequently utilized for enhancing
the nutritional status of crops [98]. Fertilizers, both organic
and inorganic, along with biofertilizers, are highlighted as
part of agronomic interventions. Organic matter is pre-
ferred because of its significantly lower mineral content and
prolonged nutrient release time, while inorganic fertilizers
that are generally available in sizes greater than 100 nm are
prone to volatilization and leaching. Many efforts to bio-
fortify crops by enhancing their ability to absorb nutrients
have been made but with limited success. Therefore, itis es-
sential to employ nanotechnology to address some of these
issues.

5. Approaches, Methodology, and
Characterization of NP Synthesis

5.1 Approaches of NP Synthesis

Top-down and bottom-up approaches are two of the
most common classical methods for producing NPs with
desirable shapes and sizes (Fig. 2A) [99]. Despite using dis-
tinct synthesis principles, these approaches yield NPs with
the desired properties [99,100]. Top-down methods involve
breaking up large materials into smaller pieces, reducing
them to eventually form NPs [99,100]. These NPs were
created via various methods, such as photolithographic pro-
cesses, grinding, sputtering, and milling [101]. There are
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synthesis of ZnO-NPs for crop fortification.

benefits and drawbacks to using each method to maximize
the output efficiency of NPs. The top-down approach is fea-
sible and can potentially produce a sizable number of NPs.
The disadvantages of top-down methods include the imper-
fection on the surfaces of NPs and the risk of damage [102].
As the optical, physical, and chemical functions of NPs are
dependent upon the surface architecture of NPs, top-down
synthesis of NPs is only applicable in a few cases [103].
Another prominent technique for NPs production at the mo-
ment is the bottom-up method, which entails the blending
or assembly of individual atoms, molecules, or clusters to
create a wide variety of NPs [104]. NPs can be produced
through self-assembling monomer and polymer molecules,
nano structural precipitation, laser pyrolysis, flame spray-
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ing synthesis, sol-gel processing, and bio-assisted synthesis
techniques [105]. Therefore, bottom-up is a versatile tech-
nique for creating nanoclusters that can be applied to vari-
ous settings.

5.2 Physical Methods of NP Synthesis

NPs are synthesized in a variety of physical meth-
ods including plasma arcing, pyrolysis with sprays, ball
milling, electron irradiation, sputter accumulation, lithog-
raphy methods, layer-by-layer growth, thermal evapora-
tion, pulsed laser desorption, or the diffusion flame method
(Fig. 2B) [106]. These methods employ a tube furnace and
atmospheric pressure to create metal NPs via evaporation
and condensation. Nanomaterials can be manufactured us-
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ing various physical techniques, such as deposition, sput-
tering, ball milling, and plasma-based processes [105]. The
production rate of metal NPs using most of these methods is
extremely low. For example, 50% of nanomaterials are pro-
duced by ball milling [107]. The particle size distribution
is large because 6—8% of the sputtered material is smaller
than 100 nanometers. Furthermore, high amounts of power
are required for laser ablation and plasma techniques. Most
physical processes are too costly to be practical owing to
the low throughput, uneven size distribution, and excessive
energy requirements [107].

ZnO-NPs can be physically synthesized through high-
energy ball milling, melt mixing, physical vapor deposi-
tion, laser ablation, sputter deposition, electric arc deposi-
tion, and ion implantation [108]. ZnO-NPs are produced
at excessively high rates during most physical/mechanical
processes and are typically used in manufacturing. Since
its inception in 1961, the high-energy ball milling method
has become the most popular and widely used process for
the synthesis of various type of NPs [108]. Ball mills are
used to grind materials into extremely fine powder by sub-
jecting them to high-velocity collisions between the mill’s
steel balls [109]. Burmeister and colleagues reported high-
energy ball milling processes as efficient, cost-effective,
and simple techniques for preparing ZnO nanostructures.
ZnO nanopowder particles were identified to have a crys-
tallite size of 15 nm, a particle size of approximately 60 nm,
and a lattice strain of 0.67% using X-Ray diffraction (XRD)
and field emission scanning electron microscopy (FESEM)
[110]. Additionally, Salah ef al. [109] employed a similar
approach with ZnO for antimicrobial activity. Particles can
be removed from the surface of a solid or a liquid using a
laser ablation technique. Ismail and coworkers found that
the average diameter of ZnO spheres is 35 nm. In double-
distilled water, they used pulsed laser ablation [111]. The
energy absorbed by the laser causes the material to heat
up and evaporate at low reflux, but may turn into plasma
at high reflux. Vapor-solid-liquid (VLS), physical-vapor-
deposition (PVD), and chemical-vapor-deposition (CVD)
are other common and well-studied techniques [112]. Met-
als are deposited onto the surfaces using physical vapor
deposition (PVD) techniques. PVD utilizes two different
types of processing methods: evaporation and sputtering.
The term “sputtering” describes the process by which parti-
cles are ejected from a surface after being struck by higher-
energy particles. The sputtering process utilizes ions pro-
vided by plasma [113].

5.3 Chemical Methods of NP Synthesis

The chemical synthesis of NPs is performed using a
bottom-up strategy (Fig. 2B) [114]. One such process is
nucleation which reduces metal cations to metal monomers
using water-soluble cations as a precursor [115]. Where a
cluster of reduced metal atoms has assembled, the growth
of particles is automatically halted by the reducing agent

[116]. Consequently, the particles grew to a thermally sta-
ble size [117]. Atoms and smaller molecules interact to cre-
ate nanomaterials. Sol-gel synthesis, chemical vapor de-
position (CVD), pyrolysis, microemulsion, hydrothermal,
polyol synthesis, and plasma-enhanced chemical vapor de-
position are examples of different chemical synthesis meth-
ods [115]. Metal NPs (MNPs) are synthesized in a chem-
ical solution during chemical preparation; different chem-
ical reactions and chemical compositions are used for this
purpose. For instance, the most widely used method for
the preparation of MNPs is the chemical reduction of metal
ions inside reversed micelles in a nonpolar solvent [118].
The reversed micelles provide a safe environment for the
chemical reduction of a metal slat that has been dissolved
in water, and the ratio of water to the volume of reversed
micelles influences the particle size.

Zinc salts are typically precipitated and coprecipitated
upon reaction with a reducing agent (typically inorganic al-
kalis). To obtain the desired morphology and characteris-
tics of the NPs, the resulting soluble or insoluble precip-
itate is washed and calcined at various temperatures. By
adjusting the reaction conditions, the shape and size of the
ZnO can be controlled [119]. Colloidal techniques rely
on basic chemistry. In the literature, however, Faraday’s
synthesis of gold nanoparticle colloids via the reduction of
HAuC)4 with phosphorus was first reported in 1857 [108].
Colloidal chemistry is essential to sol-gel processes. Col-
loidal solutions, or “sols”, are solid particles with a diam-
eter of a few hundred nanometers that are suspended in a
liquid phase. Polycondensation and polyesterification are
the most common methods for creating gels, and they are
typically followed by aging to induce phase transformations
and Ostwald ripening [108]. To obtain metal oxide NPs, the
gels must be dehydrated at temperatures as high as 8000
°C and then densified at temperatures higher than 8000 °C.
Sol-gel techniques have the potential benefit of guarantee-
ing structurally uniform and highly pure ZnO [120]. Khan
and colleagues reported the formation of thorn-like ZnO via
the sol-gel method. Moreover, mechanical stirring added a
slight twist to the process [120].

The spray pyrolysis method, in which the zinc salt
precursor is heated in a flame to produce aerosol droplets,
is widely used. Dehydration causes the droplets to be-
come smaller and disperse throughout the gas. The final
steps are the decomposition and sintering of the necessary
material [121]. Another technique is inert gas condensa-
tion, which can be divided into physical vapor deposition
(without catalytic interaction) and chemical vapor deposi-
tion (with catalytic interaction). These techniques primar-
ily involve resistive heat evaporating a zinc source inside a
chamber. Various heat sources like electron, laser, or radio
frequency beams are also used. The vapors are compelled
to move from the heating chamber into the cooler, inert-gas
chamber, where they are gathered for further consolidation
[108]. The aggregation and coalescence of ZnO NPs is the
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main drawback of this method. The one-step levitational
gas condensation method for ZnO that Uhm and colleagues
reported is another significant technique. The apparatus is
comprised of a levitation and evaporation chamber, a 2.5
kW induction generator, and an oxygen concentration con-
trol unit. The obtained NPs, which had a diameter of 30 nm,
displayed excellent morphology [122].

5.4 Biogenic Methods of NP Synthesis

Biological methods of NP synthesis are becoming in-
creasingly popular in the field of nanotechnology [123].
Eco-friendly materials for the biological synthesis of NPs
include plant extracts [124], bacteria [125], and fungus
[126] (Fig. 2B). Since no toxic chemicals are used in
this synthesis of Ag-NPs, it is therefore environmentally
friendly and suitable for use in the pharmaceutical and bio-
logical industries. Green synthesis is superior to traditional
methods because it is cost-effective, safer for the environ-
ment, and can be easily scaled up to meet high production
needs [127].

5.4.1 Plant-Based NP Synthesis

Using plants and plant extracts as machinery for syn-
thesizing metal NPs is attractive because it avoids the use
of potentially dangerous materials and the hassle of cul-
turing and processing [127]. However, plant extracts are
more favorable due to the simplicity and low cost of the
methodology [11,127-130]. Plant extracts have been stud-
ied more than other biological catalysts for nanoparticle
synthesis. Plants can produce the NPs through in vivo and
in vitro synthesis processes [11]. Plants synthesize such
NPs by absorbing metals from the soil and water, hyper-
accumulating them, and then reducing them to nanoparticle
form. Phytoremediation and phytomining both make heavy
use of these methods [131]. Nonetheless, silver and gold
NPs used on plants have garnered the most attention [108].
Plant- and plant extract-based approaches for the synthesis
of ZnO are the recent focus, e.g., Carom-Trachyspermum
ammi seed extract [132], Nyctanthes arbor-tristis flower
extract [133], Ulva lactuca seaweed extract [134], Mu-
raya koenigii seed extract [135], Calotropis procera leaf
extract [136], Artocarpus heterophyllus leaf extract [137],
Moringa oleifera [138], Carica papaya leaf extract [139],
Nephelium lappaceum L. fruit peel extract [133], Moringa
oleifera leaf extract [140], Catharanthus roseus leaf extract
[141], Camellia sinensis leaf extract [142], Citrus auran-
tifolia fruit extract [143], Oryza sativa rice extract [144],
Passiflora caerulea L. leaf extract [145], sucrose (as a cap-
ping agent) [146], whey (as a chelating agent) [147], and
Citrus sinensis fruit peel extract [148].

5.4.2 Microorganisms-Based NP Synthesis

Microbes are considered to be green factories for pro-
ducing NPs. Bioremediation, biomineralization, bioleach-
ing, and biocorrosion are some biological applications that
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exploit metal-microbe interactions [149]. Despite its limi-
tations, it is one of the most eco-friendly and long-lasting
methods currently available. Metal and metal oxide syn-
thesis, especially ZnO, use prokaryotic and eukaryotic or-
ganisms. Furthermore, the synthesis can take place either
inside or outside the cell.

In nature, fungi serve as both decomposers and par-
asites. Fungal biomass is incubated with a zinc salt solu-
tion for a specified period in the dark during intracellular
synthesis, while fungal filtrates are treated with the precur-
sor solution and synthesis is evaluated during extracellu-
lar synthesis [150]. Using fungi as a source of ZnO has
been the subject of several studies. To study fungi in rhi-
zosphere soil, Jain et al. [151] isolated 19 cultures. Extra-
cellular synthesis of ZnO was found to be most promising
in Aspergillus aeneus isolate NJP12 when grown at room
temperature. Protein coating on the resulting NPs provided
stability [151]. Jacob and his colleagues used Aspergillus
niger fungal filtrate in a different experiment to develop
ZnO. The average size of the synthetically produced NPs
was 39.4-114.6 nm [152]. By using Aspergillus terreus fil-
trate, Baskar, and colleagues were able to prepare ZnO ex-
tracellularly. ZnO particles synthesized in this study ranged
in size from 54.8 nm to 82.6 nm [153].

Numerous studies have been conducted on the use of
bacteria as a green synthesizer for ZnO; for instance, the
bacterial strain Aeromonas hydrophila formed spherical-
and oval-shaped NPs with an average diameter of 57.72 nm
[154]. Basic combinations of cellular biochemistry, metal
ion transportation into and out of cells, microbes are resis-
tance to toxic metal mechanismand able to activated metal-
binding sites, accumulation of metal ions within cells, and
metal oxide nucleation have been proposed as NPs synthe-
sis through microbial routes [155]. ZnO with a diameter
of 5-15 nm was reported to be produced by Lactobacillus
sporogenes. The authors proposed a synthesis mechanism
predicated on the reduction of metals by oxidoreductases
that were triggered by the constituents of the nutritional me-
dia and changes in pH [156]. ZnO particles can also be
synthesized by actinomycetes, which share characteristics
with both fungi and bacteria among prokaryotes. For in-
stance, the aqueous extract of the brown marine macroalgae
Sargassum muticum is being studied as a potential compo-
nent of an environmentally friendly and economically vi-
able method. The resulting NPs were hexagonal wurtzite
with a diameter of 30—57 nm [157].

5.5 Characterization Techniques of NPs

NPs can be described by their size, shape, surface area,
and distance from each other [158]. The consistency of
these values is crucial in many contexts. Standard methods
for determining the nature of NPs include Fourier transform
infrared spectroscopy, powder X-ray diffraction, energy-
dispersive spectroscopy, atomic force microscopy, UV-
visible spectrophotometry, scanning electron microscopy
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(SEM), transmission electron microscopy (TEM), and dy-
namic light scattering (Fig. 2C) [159]. NPs of ZnO-NPs are
typically characterized using wavelengths between 350—
380 nm [160]. Dynamic light scattering (DLS) showed
that it could be used to characterize the surface charge and
size distribution of particles suspended in a liquid solution
[161]. Standard techniques for morphological characteri-
zation on the nanometer to micrometer scale include SEM
and TEM [127,162]. However, the resolution of the TEM
is one thousand times that of the SEM. Fourier-transform
infrared spectroscopy (FTIR) spectroscopy is an effective
method for elucidating the chemical composition of sur-
faces [130,131,163,164]. Surface chemical residues and or-
ganic functional groups of plant biomolecules (such as hy-
droxyls and carbonyls) can be identified by FTIR. Nanopar-
ticle crystal structure, characterization, and phase identifi-
cation can be established with XRD [165]. This method in-
volves penetrating the nanomaterial with X-rays and com-
paring the resulting diffraction pattern to reference patterns
to determine its internal structure. The elemental composi-
tion of the metal nanoparticle is determined using energy-
dispersive spectroscopy [165].

6. Application Methodology of
Nano-Enabled Zinc Fortification in Crops

6.1 Soil Application

The effectiveness of Zn fertilizer applied to the soil
depends on the pH of the soil; Zn is more accessible in
acidic soils. Specifically, each increment of pH has a one-
hundred-fold negative effect on soil solubility [166]. There
is evidence that liming acidic soils can decrease Zn avail-
ability [167]. The formation of insoluble calcium zincate,
a pH increase caused by CaCO3, and the direct sorption of
Zn to the precipitated CaCOs, are responsible for the Zn
deficiency in calcareous soil [168]. Approximately 30%
of the global farmland is covered by alkaline soil, which
has low Zn availability for plants [169,170]. Complexation
with organic matter, occlusion in minerals, diffusion into
micropores and interparticle space, solid-phase diffusion,
and co-precipitation with other metals are additional factors
besides pH that affect Zn fixation. Application of 40, 80,
and 120 ppm ZnO-NPs in sandy loam soil during pot cul-
ture experiment shows that 80 ppm of ZnO-NPs is the more
effective concentration for enhanced Zn content (19.94 g)
along with increases in plant height, seeds per spike, 100
seed weight, yield, and biomass [62]. Under drought condi-
tions, the application of ZnO-NPs at 1, 3, and 5 mg Zn/kg in
the soil can enhance the Zn content in grains of wheat up to
94% [63]. These concentrations of ZnO-NPs also acceler-
ate plant growth and development, promoting fortified edi-
ble grains with critically essential nutrients and higher pro-
duction under drought stress (Fig. 3). In soil, ZnO-NPs at
concentrations of 40 to 400 mg/kg can increase the Zn con-
tent in the soil as well as in grains of soybean, consequently
increases seed yield, antioxidant enzymes activities. This
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indicates the potential use of ZnO-NPs in addressing mal-
nutrition globally as the NPs improve Zn-deficient in soils,
thus boosting the yield of Zn-enriched soybeans [171]. In
soil application, ZnO-NPs can enhance the Zn content with
the production parameters of different crops (Table 1).

6.2 Seed Nanopriming

Seed priming is a pre-planting process that causes a
physical change in the seed that increases its germination
rate [172]. NPs-based pre-soaking treatments of seeds,
known as seed nanopriming, induce nanopore formation in
the shoot, which promotes the uptake of water (Fig. 3). Ad-
ditionally, it activates antioxidant mechanisms against re-
active oxygen species (ROS) in the seeds, which form hy-
droxyl radicals that loosen the cell walls and act as cata-
lysts for the rapid hydrolysis of starch and uptake of nu-
trients [173,174]. Seeds with a high zinc concentration
have been shown to boost seedling health and crop stand
(Fig. 3) [175]. Plants grown in nutrient-poor soil produce
nutrient-deficient seeds, reducing the overall vigor, growth,
and yield of subsequent generations of plants [175]. Since
plant roots absorb Zn via diffusion, a lack of moisture neg-
atively impacts Zn availability [167]. Therefore, the effec-
tiveness of Zn applied to the soil may vary depending on the
soil irrigation. The outcome of Zn nutrition can be highly
variable under rainfed conditions, where soil moisture con-
tent entirely depends on rainfall. Application of pre-soaked
ZnO-NPs from Zn-rich seeds increases plant growth and
yield under Zn-deficient conditions, particularly in rainfed
conditions (Table 1) [175].

Seed priming with 4% ZnO-NPs can improve the red
bean’s morphological and phenological traits, yield and
yield components, third trifoliate leaf, maturity, grain fill-
ing period, plant height, and number of seeds per pod
[8]. Nanopriming moringa (Moringa oleifera L.) with 10
mg/L ZnO-NPs can increase the percentage of germina-
tion, length, dry weight of the plumule and radicle, concen-
tration of photosynthetic pigments, phenolic compounds,
flavonoids, vitamin C, glutathione (GSH), Zn content and
antioxidant activity, including ascorbate peroxidase (APX),
catalase (CAT), and glutathione (PAL) [64]. Pre-sowing
treatment with 25 ppm of ZnO-NPs can enhance the agro-
nomic profile of rice by increasing yield traits and grain
Zn nutritive value [65]. The priming of wheat seeds with
ZnO-NPs at a concentration of 10 mg/L significantly and
positively influences seed germination performance, vigor
index, fresh biomass, water uptake, and photosynthetic ef-
ficiency [66]. Pretreating direct-seeded rice with 10 mol
ZnO-NPs increases seed vigor, promotes early seedling
emergence, and boosts plant growth, grain nutrients, and
productivity in Direct Seeded Rice (DSR) [67]. However,
under poor resources and stressed conditions, nanopriming
seeds may play an essential role in overcoming the Zn de-
ficiency problem.
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Fig. 3. Application methods of ZnO-NPs for fortification of crops.

6.3 Foliar Application

The effectiveness of foliar Zn application is highly de-
pendent on the type of fertilizer used, crop characteristics
(particularly leaf characteristics), and the genetic potential
of the crop (Table 1) [176]. The foliar application method
has many benefits, including a reduced need for fertilizer,
eliminating Zn fixation, and preventing antagonist nutri-
ent interference with Zn uptake (Fig. 3). (Table 1) [167].
When applied to the leaves, Zn travels through the phloem
to reach the developing grains [169]. Foliar application of
Zn has been proven to be more effective than soil applica-
tion at raising grain Zn concentration in crops like wheat
(Fig. 3). [177]. When applied, foliar applications exert a
greater or lesser effect on increasing grain Zn concentration
[178]. Foliar applications of 10 ppm biogenic ZnO-NPs sig-
nificantly contribute to nutrient recovery, increased yield,
and productivity compared to nutrient inputs with higher
Zn contents in amaranth [68]. Applying 100 uM ZnO-NPs
via foliar spraying can potentially improve zinc biofortifi-
cation in cauliflower [69]. Tomatoes treated with a foliar
spray of ZnO-NPs with a concentration of 100 ppm show
improvements in growth parameters, physiological traits,
yield attributes, yield, and quality traits [70]. Research has
revealed that a concentration of 20 ppm of ZnO NP in mung
bean seedlings produces the best results concerning growth,
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photosynthetic pigments, protein content, activity, and the
amount of both enzymatic and non-enzymatic antioxidants
present [71].

7. ZnO-NPs Absorption and Translocation in
Plants

7.1 Physiological Approaches of Absorption and
Translocation of ZnO-NPs

Bio-transformations in the soil determine the bioavail-
ability and toxicity of NPs. In response to root contact, NPs
translocate to the aerial parts of the plants, where they ac-
cumulate in cells and organelles (Fig. 4). Plant roots are
responsible for the initial stage of bioaccumulation, which
is the uptake of NPs from the soil [179]. Numerous studies
have analyzed various NPs and proposed that NPs accumu-
late in plants through crystal phase dissolution, biotrans-
formation, and bioaccumulation, which play a role in the
spread of absorbed compounds from the roots to the rest of
the plant. Likewise, size plays a role in the accumulation
of NPs, toxicity, and the rate at which they are transported
into plant cells [180]. This is because the size of NPs de-
pends on how they enter into cells (i.e., plasmodesmata) or
plant cell organelles. Regarding the reactivity with cells or
plant structures, the surface area, shape, and agglomeration
of NPs are interconnected [181]. The area and morphology
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Fig. 4. Mode of actions of ZnO-NPs based nanofertilizers depicted diagrammatically (A) plant system; (B) from soil to root and

(C) transport through xylem and phloem in different parts of plants via symplastic and apoplastic pathway.

of the NP surface are crucial parameters in localizing the
point of contact between NPs and plant cells. Due to the
negative charge of the cell wall, the NPs can only cling to
the plant cells via their electrical charges. Hydrophobicity
on the plant surface was the third most important factor in
uptake and translocation after charge and particle size [182].
NP absorption, translocation, and aggregation in plants can
be better understood by observing the fundamental struc-
tures of the nanomaterials [183]. Standardized laboratory
experiments assessing NPs in plant tissues at various levels
are required to pinpoint the precise effect of NPs supported
by their physical-chemical properties. Therefore, a thor-
ough investigation is necessary to fully understand and ex-
plain the processes of absorption, translocation, and accu-
mulation, and knowledge of the composition of NPs [184].
The distribution and localization of NPs within plants and
their cellular organelles require careful tracking and mon-
itoring. Osmotic pressure, capillary forces, and translo-
cation through root epidermal cells have been reported as
pathways for the tiny NPs (diameters ranging from 3 to 5
nm) to access plant roots [185]. Due to the small pore size,
root epidermal cells are only partially permeable, prevent-
ing large NPs to enter the root (Fig. 4).

The uptake of some NPs is aided by the formation of
new pores in the epidermal cell wall [186]. The xylem can
grow vertically after NPs travel apoplastically to the cen-
tral vascular cylinder through cell walls and extracellular
spaces. However, NPs must symplastically cross the cas-
parian strip barrier to reach the central vascular cylinder
(Fig. 4). This is accomplished by binding to carrier proteins
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in the membrane of endodermal cells, which triggers endo-
cytosis, pore formation, and transport. When NPs are taken
up into the cytoplasm, they can be transferred to neigh-
boring cells via plasmodesmata [187]. The casparian strip
is a collection point for NPs that cannot internalize, how-
ever, NPs that reach the xylem are transported to the shoots,
where they are returned to the roots via the phloem (Fig. 4)
[102]. Additionally, NPs have been detected in plant nu-
clei, cytoplasm, and epidermal cell walls [188]. Nutrient
absorption can be altered by NPs that are not absorbed in
the root surface of the soil aggregate [189]. Seeds can ab-
sorb NPs directly through the parenchyma and into the in-
tercellular spaces, where they are diffused to the cotyledons
[190]. When leaves are applied with NPs, the particles are
absorbed through the stomata or the cuticles. The cuticle
is the first line of defense in protecting a leaf from foreign
particles, the cuticle is the first line of defense, keeping NPs
smaller than 5 nm out. NPs gain access to the plant vascu-
lar system via stomata and are subsequently transported to
the organs of photosynthesis and transpiration via apoplas-
tic and symplastic pathways, respectively [189]. NPs (10—
50 nm) are transported to new locations via the cytoplasm
of neighboring cells (symplastic route). Henceforth, bigger
NPs (in the range of 50 to 200 nm) are shuttled around in
the intercellular spaces of the body (apoplastic route).

Internalized NPs travel through the phloem sieve tubes
with the sugar solution. An effective sap sink is found in
the roots, young leaves, stems, fruits, and grains of plants,
thus NPs travel unrestrictedly via phloem transport and
accumulate to varying degrees [183]. As a nonselective
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path with least resistance, the apoplastic pathway is well
known. The apoplastic route is commonly accepted as the
most efficient route for translocating many water nutrients
and non-essential metal complexes [189]. The capacity of
NPs for adsorption following foliar application was found
to be primarily influenced by application method, particle
size, concentration, and environmental conditions [181].
Several factors that affect the trapping of NPs on the leaf
surface include morphology, chemical makeup, trichrome,
waxes, and exudates on the leaf [191]. ZnO-NPss were ex-
amined using synchrotron X-ray absorption spectroscopy
to determine their transformation after contacting differ-
ent plants [192]. The various forms of ZnO-NPs, such as
Zn-phosphate, accumulate most heavily in the roots and
shoots of Zea mays when exposed to hydroponic conditions.
It might be a consequence of increased rhizosphere ionic
Zn dissolution, plant uptake, or translocation [193]. Soil-
grown wheat crops exhibited similar Zn accumulation and
speciation [194]. The translocation of ZnO NPs from the
soil into glycine max was observed [195].

7.2 Molecular Approaches of Absorption and
Translocation of ZnO-NPs

Micronutrient transporters in plants are responsible
for the uptake of Zn from the soil. ZRT-IRT-like proteins
directly absorb the Zn?* after applying ZnO-NPs (ZIPs)
(Fig. 5). ZIP transposases are found in various organisms,
from bacteria and fungi to mammals and plants. ZIPs pro-
teins are predicted to have eight transmembrane helices, and
in most cases, there is a loop region located between trans-
membrane domains 3 and 4 that contains a histidine-rich
sequence that may bind metals, suggesting a role in zinc
transport or regulation (Fig. 5).

Gene expression studies in yeast and experiments on
roots show that the proteins encoded by ZIP1, ZIP3, and
ZIP4 possess a high affinity for zinc and may also aid in
transporting Cd and Cu into the plant. While ZIP1 and ZIP3
are expressed solely in the roots during Zn deficiency, ZIP4
is expressed both in the roots and the shoots. Plants typi-
cally utilize various members of multigene families to fa-
cilitate the ZnO-NPs metal transport along with ZIPs, e.g.,
YSL1, FER1, FER2, and PHT4 (Fig. 4) [196]. ZIPs trans-
porters are involved in the transport of external ZnO-NPs,
continuously supplying Zn to different parts of plants dur-
ing Zn deficiency [197].

Overall Zn transport from the roots to the shoot is af-
fected by the transport of Zn into the vacuole [198], and
metal chelators like nicotianamine (NA) are important for
this movement (Fig. 6) [199]. In ZnO-NPs, the zinc ions
are transported in the xylem either as a free cation or as a
complex with organic acids like citrate [200]. ZIP family
proteins are involved in the remobilization of sugars from
the leaves during grain filling, as well as the transfer of sug-
ars from the root or basal part of the shoot to the phloem
(Fig. 6). Phloem is the only route for nutrient transport in
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some cereals due to the discontinuous nature of the xylem
[201]. Zn is carried through the phloem in complexes with
NA or small proteins. Several members of the ZIP and
metal tolerance protein (MTP) families have been proposed
as transporters from maternal tissue into the endosperm cav-
ity, aleurone, and embryo (Fig. 6) [202].

8. Nanofertilizers an Essential Approach for
Zinc Fortification in Crops

Nanomaterials are unique materials due to their small
size, large surface area-to-volume ratio, and remarkable
optical properties. Owing to these properties, nano-
fertilizers are advantageous, facilitating advancements in
plant growth, nutrient security, and a wide range of farm-
ing methods (Fig. 7). There have been a lot of develop-
ments in the field of nanotechnology applications research
recently, and many sectors have started implementing this
cutting-edge technology into their processes to create prod-
ucts. With the increasing human population, it is essen-
tial to expand agricultural output. Fertilizers have been
useful in increasing food production; nanotechnology has
enabled the manufacturing of new and better fertilizer va-
rieties, nano-fertilizers. Nano-fertilizers are readily taken
up by the ground, improving soil quality and consequently
plant growth. Although nanotechnology has many potential
applications, most research and development efforts have
focused on electronics, optical devices, water purification,
and healthcare. Owing to the vigorous nature of nano-size
materials and the fact that conventional fertilizers lack the
elements necessary for crop development and nutritional
composition, there is a great scope for developing materi-
als that can carry nano-fertilizers, which can be utilized as
an eco-friendly solution to nutrient-related problems [203].
The use of Zn-NPs as a way to improve plant uptake is a
very recent approach. The effectiveness of Zn fertilizers
is also regulated by particle size. The number of particles
per unit weight and surface area both increase as particle
size decreases, which in turn speeds up the dissolution of
fertilizers like ZnO that are poorly soluble in water. The in-
creased zinc content of shoots in response to ZnO-NP sup-
plementation has demonstrated the effectiveness of apply-
ing Zn-NPs to increase the zinc content of crops. While fine
ZnSOy4 (0.8 to 1.2 mm in diameter) and granular ZnSOy (1.4
to 2 mm in diameter) were equally effective, granular ZnO
was completely ineffective. Reduced granule size is asso-
ciated with a gradual increase in Zn uptake. Therefore, re-
duced granules of 1.5 mm in size are used as they are lighter
than 2.0 mm and 2.5 mm granules. As a result, Zn fertilizer
has a larger surface area, allowing for more even distribu-
tion and absorption. With improved fertilizer efficiency,
better crop uptake and increased yields become possible.
The root development of Cicer arietinum was aided using
ZnO-NPs. ZnO-NPs have been observed to affect Cicer
arietinum seed germination and root development. Some of
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Fig. 5. Predicted diagrammatic structure depicting the protein structure of membranes of ZIP family of micronutrient trans-

porter that aids in transporting zinc at the molecular level in plants. C: C terminus; N: N terminus.

the following points may be considered while using ZnO-
NPs as nano-nutrients:

e Nano-dosing: the application of significantly high
doses to the plants may be toxic for the physiology and func-
tioning of the plant systems and, by extension, for humans
who consume these plants. Consequently, biofortification
cannot commence until the optimal nutrient dose has been
determined.

e Preparation and application method of nutrients: In
problematic soils such as saline soil, alkaline soil, and soil
with low or high pH, applying nutrients directly to plants
through foliar application of nano-nutrient is an effective
option. Nutrients that are made through a biological pro-
cess are specifically preferred due to their low toxicity and
environmental friendliness.

e Biofortification techniques, such as seed priming
with engineered nanomaterials, are being investigated be-
cause they may help fight hunger. Nutrient enhancement
through biofortification can be achieved in several ways, in-
cluding soil enrichment with candidate nutrient-containing
fertilizer, foliar spray, and seed priming with the candidate
nutrient.

New studies suggest that nanotechnology may one day
completely alter our agricultural methods [204]. This opens
up the possibility of using agrochemicals with a sophis-
ticated delivery structure that is risk-free, target-specific,
and simple to implement. Compared to even the most
cutting-edge polymeric-type conventional fertilizers, nano-
fertilizers have higher surface-to-volume ratios resulting in
increased efficiency. Furthermore, their composition may
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allow for a slow release, allowing the plants to absorb more
nutrients. Therefore, this technology provides a founda-
tion for developing novel and sustainable nutrient delivery
systems that utilize the nonporous surfaces of plant parts
(Fig. 4B,C). Encapsulated NPs, nano-clays, and zeolites
improve fertilizer efficiency and reinstate soil fertility and
plant health without causing environmental pollution and
agroecological disturbance [205].

Potential ingredients in nano-fertilizers include NPs
of zinc oxide, silica, iron, and titanium dioxide; ZnS/Zn,
Cd, Se core-shell quantum dots (QDs); InP/ZnS core-shell
QDs; Mn/ZnSe QDs; gold nanorods; Al;03, TiO2, CeOo,
and FeO; and many others [206]. However, due to their
nanoscale dimensions, nanomaterial concentrations, com-
positions, and chemical properties, the success of using
nanomaterials as fertilizers on specific plant species de-
pends on several factors [36]. Thus, developing agricul-
ture based on nanotechnology is essential for long-term
food security. This is only achievable with new tech-
nologies, which in turn require a deep understanding of
material science, biology, biotechnology, and engineering.
The nutrients carried by traditional fertilizers are prone to
leaching and contaminating underground water aquifers.
As a result of the catastrophic effects of chemical fertil-
izers on the environment including greenhouse gas emis-
sions and hypoxia, people are looking for substitutes, like
nano-fertilizers [203]. One of the many benefits of nano-
fertilizers is their unique property that allows nutrients to
be liberated slowly, thus reducing the likelihood of nutrient
leaching.
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Fig. 6. Diagrammatic representation depicting the molecular basis of translocation of ZnO-NPs into Zn supplement in wheat

plants. Translocation of Zn from roots to grain via shoots (stalk) assisted by ZIP (ZRT-IRT like protein), YSL (Yellow stripe like trans-
porter), MFS (Major facilitator super family transporter), MTP (Metal tolerance protein), HMA (Heavy metal ATPase), FER (Ferritins
transporter), PHT 1 (Phosphate transporter 1), NA (Nicotianamine), PHY (Phytate), and PSV (Protein storage vacuoles).

Nano-fertilizers have many advantages over tradi-
tional fertilizers, including increasing crop resilience to
drought and disease while simultaneously reducing chemi-
cal fertilizer use by three times. However, the intensity of
plant uptake of NPs from the soil is strongly influenced by
particle sizes and shapes. The NPs may need to undergo a
chain reaction, including oxidation and recombination be-
fore plants can take them up to use as a source of the mi-
cronutrients needed to thrive. The nano-size of the nutrients
enabled fortification with plants, rendering the micronutri-
ents an attractive prospect. The ability of plants to mul-
tiply by storing such nutrients addresses the shortcoming
caused by the lack of those nutrients. In addition, specific
nutrient deficiencies in plants could be corrected through
the use of nano-fertilizers that have been engineered for
this purpose. Different arrangements of the atoms on the
nanomaterial surface can be used in a variety of ways to
produce the desired effects. For effective crop production
and the lessening of environmental vulnerabilities related
to agricultural activities, zeolites, which are mineral mate-
rials, are used to protect the soil by conserving nutrients
available in the soil [207]. The newly developed natural
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zeolite is a nano-fertilizer composed of more than fifty dif-
ferent mineral types of basic alkali and alkaline earth alu-
minosilicates. This zeolite has been used in the production
of maize due to its accessibility and low cost [208]. Being
a smart carrier and regulator of principal mineral fertilizers,
it also supplies a small quantity of minerals to plants. Ze-
olite’s capacity to transport nitrogen and potassium implies
that less fertilizer can be applied while achieving the same
results [209]. The combination of zeolite compounds and
humus materials has been shown to increase crop yields.
Researchers have successfully developed nanocomposites
of zeolite containing nitrogen, phosphorus, and potassium.
Plants have been able to absorb various nutrients, including
amino acids, mannose, calcium, iron, and zinc, which have
all played a significant role in promoting their growth.Due
to the limited capacity of zeolite to uptake and store anions,
biopolymers are added to improve its performance in this
regard [207].

Zinc oxides and sulfates are the most prevalent zinc
compounds used to fortify fertilizers. It would be impos-
sible to overstate the importance of zinc to living organ-
isms. Zinc is a component of the majority of enzymes that
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is necessary for hormone and chlorophyll regulation, and
essential for carbohydrate metabolism. In the form of NPs,
ZnO is absorbed, metabolized, and accumulated in plant
systems with relative ease. Zinc is a micronutrient, thus
only small amounts are required. Furthermore, excessive
ZnO-NPs concentrations can stunt plant growth and cause
abnormalities in germination, root development, and early-
stage seedling biomass [210]. However, the growth and de-
velopment of plants may be stunted if they lack zinc. Due
to its insolubility in water, ZnO is combined with zinc sul-
fate to create fertilizer. In alkaline soils, crop yields are
lower because plants are more susceptible to zinc deficiency
[211]. There is a need for a large quantity of these micronu-
trients, making it challenging for application to the soil in a
uniform manner. Unlike zinc, zinc oxide, and zinc sulfate
are only moderately effective when used alone as micronu-
trients [212]. These are efficiently utilized along with mi-
cronutrients, which act as carriers. While polyphosphate,
ammonia, and anhydrous ammonium nitrate could dissolve
2.0% of zinc, orthophosphate facilitates the absorption of
only 0.05% of zinc; the carriers play an important role in
the solubilization and absorption of the micronutrients, es-
pecially in the case of aqueous solutions [212]. The mineral
composition, ionic strength, and organic matter of soil are
critical to nutrient uptake and bioavailability. Solubility and
absorption of zinc are affected by the presence of calcare-
ous soils, which has an elevated pH and calcium carbonate
(CaCOgy concentration [213]. Zinc carbonate forms as a
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precipitate when CaCOj is present, and Zn is exchanged for
calcium. The physical application of micronutrients to the
soil has been found to have an insignificant effect on crop
nutrient status. Soil composition can also be a problem for
plants attempting to uptake the micronutrients from sandy
soils. Additionally, micronutrient availability is affected
by soil pH. Soil pH decreases the availability of micronu-
trients except molybdenum. When the soil pH rises, zinc
precipitates out as Zn(OH)3, ZnCOs3, and ZnsSiOy, and is
subsequently adsorbed on the soil surface, where in prox-
imity to other clay and inorganic materials [213]. By tak-
ing such measures, the system becomes less soluble, which
hinders the ability of plants to effectively desorb soil miner-
als. However, nano zinc oxide has vast agricultural applica-
tions, including genetic manipulation of crops, nanofoods,
recommended diets for the sick, soil recovery of lost nutri-
ents, acting as a blocking agent against excess UV radiation
during plant growth, and application as fertilizers in crop
production, but not limited to these.

9. Challenges Associated with
Nano-Biofortification

9.1 In COVID-19 Era

The COVID-19-led severe acute respiratory syndrome
is a global pandemic [214]. As a precaution, freedom of
movement has been restricted in most parts of the globe.
The Centers for Disease Control and Prevention (CDC),
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National Institutes of Health (NIH), and World Health Or-
ganization (WHO) have developed therapeutic guidelines
for infected people [215]. However, no universally ac-
cessible preventative measure has yet been established be-
sides handwashing and vigilance surrounding commonly
encountered oronasal symptoms and fever. The availability
of a biologically active substance for use as a preventative
measure during a pandemic is crucial. The ideal solution
would be affordable, accessible, and low-risk for the ma-
jority of the population. The mineral zinc has been shown
to inhibit viral replication and stimulate the immune system.
Clinical studies are warranted to determine whether zinc
consumption (within the recommended upper safety limits)
can be used as a prophylactic measure to protect against the
development of COVID-19. A low zinc status can affect
vaccination responses even after vaccination [10]. Zinc is
a vital mineral that facilitates the functions of over a hun-
dred enzymes, and is required for proper immune system
operation, synthesis of DNA and RNA, and proper cell in-
tegration. Because the body is unable to synthesize or store
zing, it is an important nutrient. Zinc needs to be consumed
at a rate of 10 to 15 mg per day by an adult Indian to meet
the RDI [216]. A higher incidence of COVID-19 has been
linked to immune suppression (Fig. 8). Among these fac-
tors is eating a healthy diet, which contributes to a healthy
immune system. The antioxidant nutrient zinc has an exten-
sive impact on the immune system. Zinc plays an important
role in the maturation and operation of neutrophils and nat-
ural killer cells, which mediate innate immunity. Zinc defi-
ciency also has an effect on macrophages, the cells respon-
sible for phagocytosing invading pathogens [216]. There
is a correlation between zinc deficiency and the develop-
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ment and activity of T and B lymphocytes. In addition to
its anti-inflammatory properties, zinc may also act as an
antioxidant. COVID-19, like SARS-COV-2, is caused by
an RNA virus. RNA viruses store their genetic informa-
tion in ribonucleic acid (RNA). The central enzymes of the
RNA-synthesizing machinery of RNA viruses are RNA-
dependent RNA polymerase (RdRp) enzymes, therefore,
RdRps are highly prioritized for antiviral drug development
[18,217].

A recent study shows that intracellular Zn?* concen-
trations effectively inhibit the replication of RNA viruses
like COVID and arteriviruses by inhibiting RdRp activ-
ity [18]. High concentrations of Zn?* and the addition
of ionophores (compounds that stimulate cellular import of
Zn%*) such as hinokitiol (HK), pyrrolidine dithiocarbamate
(PDTC), and pyrithione (PT) have been shown to inhibit the
replication of various RNA viruses in cell culture studies.
Through nano-fortification, Zn content in cereal and hor-
ticulture crops can be enhanced, fulfilling humans’ need
for daily routine zinc. The availability of Zn can prevent
major diseases like COVID-19. Nano-fortified crops fulfill
the need for Zn to support a healthy life for human beings

(Fig. 8).

9.2 Toxic Impact of Zinc Deficiency and Accumulation in
Plants

Zinc deficiency endangers crop production and food
safety due to its decreasing accessibility in arable soils
worldwide [218]. Low zinc contents, high pH, lower re-
duction potential, sustained flooding, rhizosphere microbial
communities, high organic matter, high iron/manganese ox-
ide contents, high calcium carbonate and bicarbonate con-
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tents, high sodium and phosphorus availability, high ex-
changeable magnesium/calcium ratio, and numerous other
factors all negatively impact the available zinc in soils
for plant growth [219]. Zn deficiency disrupts protein
metabolism because it leads to the breakdown of ribosomes
[220]. Low zinc levels inhibit RNA and protein synthe-
sis because zinc is an essential component of several en-
zymes required for protein synthesis, along with glutamate
ribonuclease, ATPase, and dehydrogenase [221]. Zn defi-
ciency reduces the production of protein via reducing the
protein synthesis process which varies among plant species.
Yellowing immature leaves, reduced leaf size, and wilted
stems are the most noticeable symptoms of zinc deficiency
in plants under severe Zn deficiency stress; nevertheless,
older leaves frequently exhibit leaf bronzing, restricted
growth, rolling, and wilting [222]. Phyto-siderophore and
organic acid ion generation, arbuscular mycorrhiza symbio-
sis, and improved resistance to oxidative stress caused by
zinc shortage are a few of the defenses plants have evolved
to survive [223]. These plant modifications influence the
transcription of Zn-required processes and boost zinc up-
take and transport mediated by zinc transporters [224,225].
The complete acceptance and propensity of the agricultural
sector to implement nanotechnologies are limited by ris-
ing concerns about bioavailability, the toxicity of NPs, and
an improper regulatory framework [226]. It is important
to note that NPs are a double-edged sword, and improper
application of them can have detrimental effects on plant
growth by inhibiting the production of proteins and pig-
ments in plants [227]. Plants react differently to high con-
centrations of NPs at the morphological, physiochemical,
and molecular levels [228]. Soil bio/geo transformations of
NPs are a key factor in determining their bioavailability and
toxicity [226]. In-depth analyses of the variables that influ-
ence the phytotoxicity of NPs have been conducted previ-
ously [229]. Studies have shown that various factors, such
as the type of nano-material, test plants used, NP concentra-
tion, NP size distribution, NP morphology, and NP surface
charge, play a role in determining the phytotoxicity of NPs.
Furthermore, these studies have reported that the mediated
effect of NPs on plant growth and development is concen-
tration dependent, with the use of high concentrations of
these NPs leading to problematic aftermath for plants, ani-
mals, and humans [230].

10. Conclusions

Plants and the human body require Zn, a micronutri-
ent, in small amounts. However, this trace amount has a
major role in the proper functioning of the plant and the
human system, as Zn is the cofactor for many enzymes.
As the concentration of Zn is low in the grain, it nega-
tively impacts the yield potential and thus impacts food
security. To overcome this, the crops are treated with the
correct amount of ZnO-NPs fertilizer with careful applica-
tion timings to increase Zn concentrations within the seeds
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efficiently. To ensure that everyone has access to zinc-
enriched diets, the biofortification of grains and other crops
like pulses are great ideas for the human population world-
wide, more specifically for those in rural areas. The nano-
biofortification strategy is a tool with great potential for
combating malnutrition. This method, especially in its bi-
ological nano-form, shares some of the benefits of nano-
fertilizers, such as efficiency and reduced usage. Nano-
biofortification is still in its early stages and requires ad-
ditional testing before being implemented worldwide.
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