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Abstract

Globally, micronutrients are being encapsulated using various materials to enhance its release, so that plants can have maximum availability
of nutrients but to some extent plants are not getting hundred percent benefit of it. Initiating novel technologies and getting familiar with
them is the only way out to get highest and greatest benefit of it. Introducing Nanotechnology to AgroSciences and entering into nanoworld
can break all yield barriers by its excellent mechanism of nutrient release to crops. This entry summarizes reviews related to the potential of
nanoencapsulated micronutrients to hasten the nutrient use efficiency, their properties that make them remarkable, the interaction of
nanoparticles with plants, the methods used for nanofertilizer delivery to plants and comparison being done between the prevalent or old
technologies with the nanofertilizers to know the value of this novel technology. In the methods discussed for nanotechnology used nutrient
delivery, each method is discussed with its specific importance and being compared with one another to know which amongst them is better.
In addition, this entry also comprises of the ethics that normally arises with any new innovation or technology amongst the supporters and
opponents. This entry suggests the role of nanotechnology is of paramount in agriculture to fasten our yields and development in
AgroSciences. Now time is to tighten our belts and welcome these new technologies with utmost success.
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Introduction

Importance of micronutrients to world agriculture and
human health is well known. It is seen that over billions of
individuals are suffering from the deficiencies of
micronutrients worldwide. Zinc (Zn), iron (Fe), manganese
(Mn) and copper (Cu) are some of the micronutrients that are
included in limiting factors in terms of yield and are in some
way involve in stumpy food nutrition. And it has been found
that bioavailability of micronutrients is very less in about
fifty percent of the world’s cultivated soils. The reason is
their slow and steady re loading of soil minerals caused by
weathering, inadequate cultivation of soil and crop
fertilization Micronutrient deficiencies are mostly prominent
in soil conditions ranging from neutral to alkaline, especially
the micronutrients become less available under anaerobic
conditions in dry regions. The micronutrient use efficiency
(MUE) a very significant term which is necessary to be
defined here i.e. the yield of biomass per unit input of
fertilizer or nutrient content (Meena et al., 2014) In soil-plant
systems, interaction of fertilizer-micronutrient with
macronutrients can occur in a synergistic way, antagonist
way or a neutral response which may affect yields and thus
the quality of food.

From many years, traditional and novel fertilizer
technologies as well as the products are not that up to the
mark to harmonize the micronutrient delivery from fertilizer
as per the crop requirement during the growing season that
results in reduced MUE. Novel efforts nowadays are being
made for improving the yield of crop, food nutrition and
fertilizer-micronutrient use efficiency. This involves
encapsulations (micro and nano), nanomaterials, nanodevices
and nanoparticles. Nanocapsules, nanoparticles followed by
microcapsules, chelates, soluble salts following the order in
which there is an increment in micronutrient use efficiency
by the fertilizer products (Monreal et al., 2015).
Nanobiotechnology, an exclusive term can transform the
agricultural world globally in the upcoming years.

Advancement in the knowledge of technology terms has
significantly added value in order to find the solution of
many problems, be it agricultural sector, pharmaceutical
sector, water conservation and many more. One such
technology that emerged and recognized as novel is
Nanotechnology (Feynman, 1960; Nikalje, 2015). Nanotech,
a multidisciplinary approach that takes into account the
knowledge from biology, physics, chemistry, mathematics
etc is a science dealing with the things or materials that
measured with dimensions 1-100 nm. Thus, nanotechnology
is the manipulation in design, characterization, production,
and application of individual atoms or molecules at the nano
scale in such a way that resulting structures emerges out as a
new, better and improved properties (Joseph and Morrison,
2006). The objective of this review is to put stress on the
current knowledge basically for previously used
micronutrient fertilizers and provides new insights on latest
knowledge related to nanotechnology in micronutrient-
fertilizers. The review identifies technological gaps that
usually exist in the sphere of micronutrient release and
efficiency of using crop; and propound an innovative
foresight involving technical and scientific theories, with a
greater focus on augmenting the micronutrient use efficiency
of essential elements such as Zn, Fe, Mn and Cu by crops.

Nano Encapsulated Micronutrients

Nanoencapsulation is simply the coating of
micronutrients within another material at sizes on the
nanoscale. The fusion of mesoporous materials [ordered and
functionalities] of only silica or in amalgamation with Al
(aluminosilicates) is exemplified here for nanoencapsulation.
Features and properties of mesoporous silica and
aluminosilicates include porous well- arranged and ordered
channels, ion-exchange and active sites for adsorption (Wu et
al., 2008; Xu et al., 2009; Zhao et al., 1996). Mesoporous
aluminosilicates have been noted to use as CuO nanoparticles
carriers and thus have the potential for macro and
micronutrients delivery to the soil (Huo et al., 2014) Over the
last several years, nanostructures and hollow core shell of
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nano-size have embellished into a cardinal explored field as
it has number of promising approaches and implementations
in the realms of agronomics and biomedicine (Burda et al.,
2005) Different studies like regulation of Zn discharge in a
solution by hollow-core shell of nano-sized Mn-carbonate
loaded with ZnSO4 concluded that these nanostructures
could act as a brilliant medium for the growth of plant by
supplementing micronutrients to the roots of the plant. These
nano-formulated structures also resulted in slow release or
discharge of Zn as compared to its salt ZnSO4, gratifying
root demands of plant via ion exchange reactions, thus
explaining the concept of nanoencapsulation (Yuvaraj and
Subramanian, 2015).

Properties of nanoencapsulted micronutrients facilitating
the higher nutrient use efficiency include-

1. They possess large surface area because of very small
size of particles thus, providing it more area to ease
distinct metabolic process in the plant system resulting
in production of more photosynthetic products.

2. They have high reactivity with other compounds
because of wide surface area and very minute size of
particles.

They are highly soluble in solvent such as water.

4. They penetrate more in to the plant due to nano-
fertilizers' particle size less than 100 nm.

5. They improve uptake capacity and efficiency of
nutrient utilization due to large surface area of nano-
fertilizer.

6. Nano-particles  encapsulating  fertilizers  within
themselves will hasten the bioavailability and uptake
capacity of nutrients to the plants (Tarafdar er al.,
2012).

Bioavailability of Micronutrient-Nanoparticles in Soils

Bioavailability of mineral nutrients is important for the
easy uptake by the plants (Barber, 1995). Bioavailability can
be elucidated as the assimilation of nutrients by the soil-
plant system followed by their absorption in the plant
(Comerford, 2005). Nutrients concentration, their essence and
inter-relation of nutrients are some of the factors that govern
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the total nutrients available to the plants. Formulation of
mineral micronutrients by nanosized structures may not only
enhance solubility but also aid in distribution of nutrients
insoluble in soil, drive down absorption and fixation rate of
soil and thus increase the bioavailability while in
conventional fertilizers there is comparatively reduced bio
availability to plants owing to low solubility and great size of
particle (Cui et al., 2010). Thus, nano-structured formulation
might boost the efficiency of fertilizer while saving the
fertilizer resource. It also amplifies the uptake proportion of
nutrients by the plant and hence enhances crop production.
Coating of nutrients by resin-polymer, waxes and sulphur for
water soluble fertilizers can meticulously managed the rate
and pattern of nutrient release (Cui et al., 2010). These nano-
structured formulations also have dynamic feature of
reducing fertilizer nutrients loss into soil cause by leaching
and therefore increasing the bioavailability of nutrients.
Physico-chemical properties of nanomaterials can be
determined by the Differential Adsorption concept, also
known as Corona formation and examination of such protein
corona formation elucidated the presence of inner ‘“hard
corona” in plasma with steady and gently swapping of
proteins (Cui et al., 2010). To understand the effects and fate
of nanomaterials, research of these phenomenon is a high
priority, especially when dealing with nano encapsulation.
Conduction of numeral studies to assess the effects of
nanoparticles on plants is being augmented. To research
however, majority of the studies have been done in pure
nutrient solution or the plants growing in media that is devoid
of soil. Take a case of intact Cu nanoparticles that were
absorbed by the roots and then translocate to the above parts
of the plant (Wang et al., 2013; Dimkpa et al., 2013). It was
meticulously noticed that after fourteen days of sand-wheat
system incubation, there was an increment in the average
sizes of copper and zinc oxide nanoparticles from <50 nm to
317 nm in case of CuO and from <100 nm to 483 nm in case
of ZnO (Dimkpa et al., 2013). This increment in size or
nanoparticle aggregates was ascribes to unknown factors
linked to plant or dissolution of nanoparticles. Due to their
high surface area and less particle size, nanoparticles are
more liable to accumulation in solvent phase, that can affect
their paramount characteristics like bioavailability and
toxicological parameters (Lin and Xing, 2008).
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Nano-Fertilizer Formulations and Their Smart Delivery
Systems
Nano fertilizer should be formulated in such a way that
they hold all desired properties such as high solubility,
stability, efficiency, controlled release with respect to time,
enhanced targeted activity with effective concentration, and
less eco-toxicity with safe, easy mode of delivery (Boehm et
al., 2003; Green and Beestman, 2007; Torney et al., 2007;
Tsuji, 2001).
Process of nutrients loading on these nanoparticles is as
follows-
(a) Assimilation of nanoparticles,
(b) Ligand mediated adherence on nanoparticles,
(c) Encapsulation of nanoparticles in polymeric jacket,
(d) Nanoparticles entrapment, and
(e) Nanoparticles synthesis formed of the nutrient itself.
The mode of fertilizer application influences their
efficiency as well as impact on plant systems. The following
methods can be used for nano-fertilizer delivery to plants:
Soil less Methods
Aeroponics: Aeroponics involves growing of plants in air
where spraying of nutrient solution occurs incessantly
(Weathers and Zobel, 1992). The construction is simply
followed by a square box of 1.2 m width and 5-10 m length
in which the roots are allowed to mist constantly but no water
layer formation takes place. However, one should take care
that the upper plants should obtain sufficient water. Often at
the bottom, a skeletal water layer formed; acting as a buffer
system to the plants (Erik Van and Heinrich Lieth, 2008).
Buffering is significant for plants here. Through this method,
gaseous environment can be maintained around the roots.
Due to the fact that it needs large extent of nutrients to
support quick and speedy growth of plants, this soil less
method is not prevalence.
Hydroponics: Hydroponics was pioneered by Gericke in the
year 1937 for inorganic salts that are soluble in nature
(Gericke, 1937). Hydroponics, also called as "solution
culture" technique since growth and maturation of plants
occur by the root’s immersion in liquid nutrient solution i.e.
deprived of soil. The factors that need to be looked gingerly
are nutrient solution volumes, oxygen demands and pH
maintenance, when the method of nutrient delivery is used.
Here, entry of nutrient solution takes place from one end and
exit of previous solution takes place from another end.
Parameters like pH, electrical conductivity, temperature, and
dissolved oxygen should be determined to maintain sufficient
water and nutrients management in the hydroponic chamber.
Since in the nutrient solutions, variations in ion
concentrations is a time dependent process, it leads to the
loss of proper nutrients balance in sealed hydroponic
chambers and it necessitates to carry out the real-time
measurements of all nutrients, but often there are some
technical issues in performing such measurements. To that
solution, there should be frequent evaluation of nutrient
solutions; tuning of nutrient ratios, this can improve and
restore the nutrient balance (Son and Ahn, 2016). Here, the
studies envisage, that the use of hydroponic systems is most
pertinent in situations where the nutrient media need to be
well controlled and when intact roots need to be harvested
(Nguyen et al., 2016).

Field Methods

Soil Application: The method of supplementing nutrients in
the form of chemical or organic fertilizers is known as soil
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application. Time duration of fertilizer in the soil, texture of
soil and its salinity, soil content, pH alterations and plant
sensitivity are some of the factors that must be carefully
analysed while making the choice among different methods
of fertilizer applications. Soil particles exhibiting negative
nature influence nutrient adsorption. Most of the agricultural
soil possesses less anion exchange capacity than cation
exchange capacity. To exemplify this- in anions due to
mobility of nitrate ions, it can be leached by water while
going via soil. In comparison with cations, as phosphate ions
binds (more strongly) to soil particles containing Fe**** and
AI** having hydroxyl group that interchanges with phosphate
(Taiz and Zeiger, 2010).

Foliar Application: Foliar application involves delivery of
micronutrients where leaves are directly sprayed with liquid
fertilizers. The best part of this method is to trim down the
time delay between fertilizer added and uptake of nutrients
by plant in their exponential phase of growth. It also
enhances the uptake of micronutrients such as Fe, Mn, Cu in
contrast to the method of soil application in which they are
more soaked on the particles of soil (Taiz and Zeiger, 2010).
If this method is employed for nano-fertilizers, it can show
agronomic boon, since the nutrient uptake involves stomata
and leaf epidermal cells. Since stomata are involved so, the
time of opening of stomatal pores has to be taken into
concentration.

To get better understanding of these methods, a short
summary is expressed in a tabular form (Table 1).

Prevalent Nano-
Fertilizers

Any material [natural or synthetic, chemical based]
intended to provide nutrition required for the growth of
plants upon its application to soils. These fertilizers act as a
magical bullet for enhancing the productivity of agriculture.
However, the use of fertilizers causes severe health hazards
(Bhandari, 2014). Nutritional value for the traditional
fertilizers only ranges from 30-35% for N, 18-20% for P and
35-40% for K, meaning very little concentration (much lower
than minimum desired concentration) reaches to the targeted
site due to the predicament of chemical leaching, hydrolysis
by soil moisture, evaporation and degradation by photolytic
and microbial method. Nano fertilizers are innovatively
created carriers of nutrients developed using particle ranging
from 1-100 nm dimensions. The surface areas of these nano
particles are sufficiently high and thus have the potential of
holding nutrients in large quantities. One of the main
advantages of using nano fertilizers is that the nutrients it
holds have a controlled and sustained release provided the
nutrients uptake complement with the crop requirement
(Preetha and Balakrishnan, 2017). In one study, it has been
showed that NPK concentration in balanced amount along
with micronutrients such as S, Zn and Mo results in higher
productivity of pulses in red soils and the soil rich in iron and
aluminium. There is about 13% increase in the yield of green
grams and 38% in black grams upon the use of adequate
amount of NPK formulations (Bhattacharya et al., 2004). The
regulation of nutrient release from the fertilizer is done by
forming the polystyrene layer that is sandwiched between the
carnitine layer (Liu et al., 2006). Nanofertilizers offers
benefits over prevalent fertilizers due to the reasons like they
increase yield of soil fertility, enhances quality of the crop,
non-toxic to both humans and environment, available at low
cost, and raises more profit. Moreover, nano materials

and Frequent Fertilizers versus
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enhance nutrients use efficiency and minimize the threats of
environmental pollution (Naderi and Abedi, 2012). Nano
fertilizers are propitious over these prevalent fertilizers as
they improve the nutritional content of crops and the quality
of the taste, optimum use of iron and increase protein content
in the grain of the wheat (Tabrizi et al., 2009).

Effect of foliar fertilization of nanofertilizer on
growth

Nanofertilizers increase the nutrients’ bioavailability
and uptake, thus elevating the process of metabolism and
supporting the meristematic activities resulting in the high-
rise apical growth (Mahil and Kumar, 2019). It has been
reported that NPK micronutrient formulation upon foliar
spraying resulted in the increased height and branches count
in black gram (Marimuthu and Surendran, 2015). Abdel-Aziz
et al. (2018) observed the improved production of leaves in
wheat, due to smooth infiltration of NPK formulation
through openings of leaves. In one study, increased dry
weight of peppermint leaf by 165% has been indicated upon
foliar spray of nitrogen nanofertilizer. (Rostami et al., 2017;
Alloway, 2008; El-Tohamy and El-Greadly, 2007;
Cakmak,2000). Increased growth of Ocimum basilicum L.
and dosage corn has been resulted upon foliar spray of iron
nano-fertiizer due to more crude protein and soluble
carbohydrates production. (Sharifi ef al., 2016; Peyvendi et
al., 2011). Dry weight of plants has also been increased by
the foliar application of nano titanium dioxide due to
enhanced assimilation of nitrogen, ROS scavengers and
electron transport chain (Morteza et al., 2013; Raliya et al.,
2015).

Ethical and Safety Issues in Using Nano-Fertilizers

As we know that the usual concomitant associated
ethical issues always coexist with any new scientific or
technological research, mainly targeting its containment and
regulation. Novel advancements in nanotechnology can
transform the agricultural world. The booming development
of nanotechnology in the field of medicine in vitro has
spawned interest in agriculture nanobiotechnology (Nair et
al., 2010). Nano biotechnologies dwell a foremost position
that can transform agricultural systems and crop production
globally. Encapsulation of micronutrients in nanomaterials,
nanoparticles and microcapsules, may render practical
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approaches to use fertilizer-micronutrients in a subjugated
manner that is what nanoencapsulation means and these
kinds of formulations for nano encapsulated fertilizers may
capable of diminishing the potential ecological impact (as
described in the whole review) with extreme site specificity,
thus resulting in economic savings to farmers and trim down
the burden on environment. Nanotechnology related ethical
issues are manifested here as different people (the ones who
see its great potential and the ones who express uncertainties)
have distinguishing opinions. Nanotechnology proponents
believe that it has the potential of transforming our lives
dramatically, while opponents of nanotechnology fear that
self-replicating "nanobots" could escape from laboratories
consuming all biomass on earth (end-of-world situation) and
reduce all life on earth and leads to a hypothetical scenario of
"gray goo". One of the major challenges faced by the world
before accepting nanotechnology is- Will the hidden
environmental and health threats of nanoparticles exist over
their potential benefits? Before fully implementing this
technology, the threats related to nanoparticles’ application
must be assessed. Nanotoxicology,” has been developed to
accommodate the risks, that is accountable for examining
various toxicological parameters or its potential as well as
promoting safe design and use of nanoparticles (Oberdo rster
et al., 2005).
Conclusion

In recent years there have been drastic fall in crop
production and because of that we have faced great economic
losses. The reason of this fall is- none other than but the
nutrient deficiency in plants. Moreover, the prevalent
methods of nutrient delivery are not that much efficient to
make all the nutrients bioavailable to plants. The astounding
entry of Nanotechnology has amazed the world in every field
of science and technology so, why not to use it to solve our
basic agony of increasing our yields in agriculture and
meeting the high population demands to have sustainable
future. The combination of nanotechnology and plants can
result in a running progress in the field of fertilizer-
micronutrient development for the smart delivery of nutrients
giving an ample nutritious food. Now the priority is to more
strengthen the field of nano-agronomy by exploring more
research efforts so that we can have its replete benefits.

Table 1: Synopsis of the methods of nanofertilizer delivery in plants

Mode of the nano Name of the Amount of nutrient solution
fertilizer delivery Problems faced during the process | Factors that need attention .
method required
method
Sometimes there is a lack of a buffer Relative humidity; oxygen . . .
. . . I 00 High level of nutrients is
In vitro method | Aeroponics | around the roots for water, nutrients and |availability (aeration); constant .
) L . . . ) required
heat; lack of continuity in aeration nutrient delivery to plant roots
. . . Oxygen demands; pH Depe.nds. on the type of plan.t
. Raised (high) moisture rates may cause : . growing in the system or their
Hydroponics g . requirements; nutrient .
wilting of plants; attacks by pathogen . growth phase. Nutrient
solution Lo
solution is well controlled
Soil Soil texture;
, application Chances of Leaching of anions (nitrate S(.)l.l s;@hmty; plant Deper}ds on ?CC.eSSIblht){ of
In vivo method . o . . . sensitivities to salts; salt nutrients binding to soil
ions); availability of nutrients in soil . .
content; changes in pH; particles
longetivity of fertilizer in soil
A specific time of spraying the nutrient
solution or fertilizer because the stomata | Method of foliar application Lower concentration as
Foliar open during these time periods only; (as chances of plant damage | compared to other methods as
application possibility of plant damage if correct is possible); time of liquid fertilizers are directly
concentration of chemical application applied onto leaves
(fertilizer) is not applied




1752

References

Abdel-Aziz, HM.M.; Hasaneen, M.N.A. and Omer, A.M.
(2018). Foliar application of nano chitosan NPK
fertilizer improves the yield of wheat plants grown on
two different soils. Egypt. J. Exp. Biol. (Bot.)., 14(1):
63-72.

Alloway, B.J. (2008). Zinc in soils and crop nutrition.
Published by IZA and IFA Brussels, Belgium and Paris,
France: 135.

Barber, S.A. (1995). Soil nutrient bioavailability: a
mechanistic approach. John Wiley & Sons. 2™ edition:
1-384.

Bhandari, G. (2014). An overview of agrochemicals and their
effects on environment in Nepal. Appl Ecol Environ
Sci., 2(2): 66-73.

Bhattacharya, S.S.; Mandal, D.; Chattopadhyay, G.N. and
Majumdar, K. (2004). Effect of balanced fertilization on
pulse crop production in red and lateritic soils. Better
Crops., 88(4): 25-27.

Boehm, A.L.; Martinon, L.; Zerrouk, R.; Rump, E. and Fessi,
H. (2003). Nanoprecipitation technique for the
encapsulation of agrochemical active ingredients. J
Microencapsul., 20(4): 433-441.

Burda, C.; Chen, X.; Narayanan, R. and El-Sayed, M.A.
(2005). Chemistry and properties of nanocrystals of
different shapes. Chem. Rev., 105(4): 1025-1102.

Cakmak, I. (2000). Possible Roles of Zinc in Protecting Plant
Cells from Damage by Reactive Oxygen Species. New
Phytology, 146: 185-205.

Comerford, N.B. (2005). Soil factors affecting nutrient
bioavailability. In: Nutrient acquisition by plants.
Springer, Berlin, Heidelberg: (pp.1-14)

Cui, H.X.; Sun, C.J.; Liu, Q.; Jiang, J. and Gu, W. (2010).
Applications of Nanotechnology in Agrochemical
Formulation.  In: Perspectives,  Challenges  and
Strategies, Int. conference on Nanoagri Sao pedro,
Brazil (28-33)

Dimkpa, C.O.; Latta, D.E.; McLean, J.E.; Britt, D.W.;
Boyanov, M.I. and Anderson, A.J. (2013). Fate of CuO
and ZnO nano-and microparticles in the plant
environment. Env. Sci.Technol., 47(9): 4734-4742.

El-Tohamy, W.A. and El-Greadly, N.H.M. (2007).
Physiological responses, growth, yield and quality of
snap beans in response to foliar application of yeast,
vitamin E and zinc under sandy soil conditions.
Australian J Basic Appl Sci., 1(3): 294-299.

Feynman, R.P. (1960). There's plenty of room at the bottom.
California Institute of Technology, Engineering and
Science magazine.

Gericke, W.F. (1937). Hydroponics—Crop production in
liquid culture media. Science., 85(2198): 177-178.
Green, J.M. and Beestman, G.B. (2007). Recently patented
and commercialized formulation and adjuvant

technology. Crop Protection., 26(3): 320-327.

Huo, C.; Ouyang, J. and Yang, H. (2014). CuO nanoparticles
encapsulated inside AI-MCM-41 mesoporous materials
via direct synthetic route. Sci. Rep., 4: 3682.

Joseph, T. and Morrison, M. (2006). Nanotechnology in
Agriculture and Food, Institute of Nanotechnology,
Nanoforum Organization.

Lin, D. and Xing, B. (2008). Root uptake and phytotoxicity
of ZnO nanoparticles. Environ. Sci. Technol., 42(15):
5580-5585.

Micronutrient encapsulation using nanotechnology : Nanofertilizers

Liu, M.; Liang, R.; Zhan, F.; Liu, Z. and Niu, A. (2006).
Synthesis of a slow-release and superabsorbent nitrogen
fertilizer and its properties. Polym. Adv.
Technol., 17(6): 430-438.

Mahil, E.I'T. and Kumar, B.A. (2019). Foliar application of
nanofertilizers in agricultural crops—A review. J. Farm
Sci., 32(3): 239-249.

Marimuthu, S. and Surendran, U. (2015). Effect of nutrients
and plant growth regulators on growth and yield of
black gram in sandy loam soils of Cauvery new delta
zone, India. Cogent Food & Agriculture, 1(1): 1010415.

Meena, V.S.; Verma, J.P. and Meena, S.K. (2014). Nutrient
Use Efficiency in Plants: Concepts and Approaches.
Malcolm J. Hawkesford, Stanislav Kopriva, Luit J. De
Kok, 10: 279.

Monreal, C.M.; DeRosa, M.; Mallubhotla, S.C.; Bindraban,
P.S. and Dimkpa, C. (2015). The application of
nanotechnology for micronutrients in soil-plant
systems. Virtual Fertilizer Research Center Report: 44.

Morteza, E.; Moaveni, P.; Farahani, H.A. and Kiyani, M.
(2013). Study of photosynthetic pigments changes of
maize (Zea mays L.) under nano TiO, spraying at
various growth stages. Springer Plus., 2(1): 247.

Naderi, M.R. and Abedi, A. (2012). Application of
nanotechnology in agriculture and refinement of
environmental pollutants. J Nanotechnol., 11(1): 18-26.

Nair, R.; Varghese, S.H.; Nair, B.G.; Maekawa, T.; Yoshida,
Y. and Kumar, D.S. (2010). Nanoparticulate material
delivery to plants. Plant Sci., 179(3): 154-163.

Nguyen, N.T.; McInturf, S.A. and Mendoza-Cézatl, D.G.
(2016). Hydroponics: a versatile system to study
nutrient allocation and plant responses to nutrient
availability and exposure to toxic elements. JoVE.,,
(113): e54317.

Nikalje, A.P. (2015). Nanotechnology and its applications in
medicine. Med chem., 5(2): 081-089.

Oberdorster, G.; Oberdorster, E. and Oberdorster, J. (2005).
Nanotoxicology: an emerging discipline evolving from
studies of ultrafine particles. Environ Health Perspect.,
113: 823-839.

Peyvendi, M.; Parande, H. and Mirza, M. (2011).
Comparison of the effects of nano-iron chelated with
iron chelate on growth parameters and antioxidant and
enzyme activity of Ocimum basilicum. New Cellullar
and Molecular Biotechnology Magazine. 1(4): 89-98.

Preetha, P.S. and Balakrishnan, N. (2017). A review of nano
fertilizers and their use and functions in soil. Int. J.
Curr. Microbiol. App. Sci., 6(12): 3117-3133.

Raliya, R.; Nair, R.; Chavalmane, S.; Wang, W.N. and
Biswas, P. (2015). Mechanistic evaluation of
translocation and physiological impact of titanium
dioxide and zinc oxide nanoparticles on the tomato
(Solanum lycopersicum L.) plant. Metallomics., 7(12):
1584-1594.

Rostami, M.; Movahedi, Z.; Davari, M.R. and Siahpoosh, S.
(2017). Effect of foliar application of biofertilizer and
nano-fertilizers on morpho-physiological characteristics
of peppermint (Mentha piperita L.). In: Tropentag
2017-Future Agriculture: Social- ecological Transitions
and Bio-cultural shifts. Malayer University, Iran.

Sharifi, R.; Mohammadi, K.K. and Rokhzadi, A. (2016).
Effect of seed priming and foliar application with
micronutrients on quality of forage corn (Zea mays).



Tanya Kalra et al.

Environmental and Experimental Biology., 14: 151-
156.

Son, J.E.; Kim, H.J. and Ahn, T.I. (2016). Hydroponic
Systems. In: Plant Factory, 213-221.

Tabrizi, E.F.M.; Yarnia, M.; Khorshidi, M.B. and
Ahmadzadeh, V. (2009). Effects of micronutrients and
their application method on yield, crop growth rate
(CGR) and net assimilation rate (NAR) of corn cv. Jeta.
J. Food Agric. Environ., 7(2): 611-615.

Taiz, L. and Zeiger, E. (2010). Plant physiology, 5th edition
sinauer Associates. publisher Sunderland, 782.

Tarafdar, J.C.; Xiong, Y.; Wang, W.N.; Quinl, D. and
Biswas, P. (2012). Standardization of size, shape and
concentration of nanoparticle for plant application.
Appl. Biol. Res., 14(2): 138-144.

Torney, F.; Trewyn, B.G.; Lin, V.S.Y. and Wang, K. (2007).
Mesoporous silica nanoparticles deliver DNA and
chemicals into plants. Nat. Nanotechnol., 2(5): 295-
300.

Tsuji, K. (2001). Microencapsulation of pesticides and their
improved handling safety. J. Microencapsul., 18(2):
137-147.

Van, O.S.; Gieling, T.H. and Lieth, J.H. (2019). Technical
equipment in soilless production systems. In: Soilless
culture Elsevier: 587-635.

1753

Wang, P.; Menzies, N.W.; Lombi, E.; McKenna, B.A.;
Johannessen, B.; Glover, C.J.; and Kopittke, P.M.
(2013). Fate of ZnO nanoparticles in soils and cowpea
(Vigna unguiculata). Environ. Sci. Technol. 47(23):
13822-13830.

Weathers, P.J. and Zobel, R.-W. (1992) Aeroponics for the
culture of organisms, tissues and cells. Biotechnol.
Adv., 10(1): 93-115.

Wu, Z.Y.; Wang, H.J.; Zhuang, T.T.; Sun, L.B.; Wang, Y.M.
and Zhu, J.H. (2008). Multiple Functionalization of
Mesoporous Silica in One-Pot: Direct Synthesis of
Aluminum-Containing Plugged SBA-15 from Aqueous
Nitrate Solutions. Adv. Funct. Materials, 18(1): 82-94.

Xu, Y.; Wu, Z.; Zhang, L.; Lu, H.; Yang, P.; Webley, P.A.
and Zhao, D. (2009). Highly specific enrichment of
glycopeptides  using boronic  acid-functionalized
mesoporous silica. Anal. Chem., 81(1): 503-508.

Yuvaraj, M. and Subramanian, K.S. (2015). Controlled-
release fertilizer of zinc encapsulated by a manganese
hollow core shell. Soil Sci. Plant Nutr., 61(2): 319-326.

Zhao, X.S.; Lu, G.Q. and Millar, G.J. (1996). Advances in
mesoporous molecular sieve MCM-41. Ind. Eng. Chem.
Res., 35(7): 2075-2090.



