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Abstract: Nanotechnology is one of the most important tools in modern agriculture, and
agri-food nanotechnology is anticipated to become a driving economic force in the near future.
Agri-food themes focus on sustainability and protection of agriculturally produced foods,
including crops for human consumption and animal feeding. Nanotechnology provides new
agrochemical agents and new delivery mechanisms to improve crop productivity, and it promises
to reduce pesticide use. Nanotechnology can boost agricultural production, and its applications
include: 1) nanoformulations of agrochemicals for applying pesticides and fertilizers for crop
improvement; 2) the application of nanosensors/nanobiosensors in crop protection for the identi-
fication of diseases and residues of agrochemicals; 3) nanodevices for the genetic manipulation
of plants; 4) plant disease diagnostics; 5) animal health, animal breeding, poultry production;
and 6) postharvest management. Precision farming techniques could be used to further improve
crop yields but not damage soil and water, reduce nitrogen loss due to leaching and emissions,
as well as enhance nutrients long-term incorporation by soil microorganisms. Nanotechnol-
ogy uses include nanoparticle-mediated gene or DNA transfer in plants for the development
of insect-resistant varieties, food processing and storage, nanofeed additives, and increased
product shelf life. Nanotechnology promises to accelerate the development of biomass-to-fuels
production technologies. Experts feel that the potential benefits of nanotechnology for agricul-
ture, food, fisheries, and aquaculture need to be balanced against concerns for the soil, water,
and environment and the occupational health of workers. Raising awareness of nanotechnology
in the agri-food sector, including feed and food ingredients, intelligent packaging and quick-
detection systems, is one of the keys to influencing consumer acceptance. On the basis of only
a handful of toxicological studies, concerns have arisen regarding the safety of nanomaterials,
and researchers and companies will need to prove that these nanotechnologies do not have more
of a negative impact on the environment.

Keywords: agriculture, food, nanotechnology, nanoparticle, nanopesticides, nanosensors,
smart delivery systems

Introduction

The practice of agriculture also known as “farming” is the process of producing food,
feed, fiber, and many other desired products by the cultivation of certain plants and the
raising of livestock. Agriculture is the backbone of most developing countries and it
provides food for humans, directly and indirectly. The world’s population will grow to an
estimated 8 billion people by 2025 and 9 billion by 2050, and it is widely recognized that
global agricultural productivity must increase to feed a rapidly growing world population.
The agri-food production is of vital importance, as it has been one of the primary drivers
of economy. In addition, it can offer routes to value-added crops. Agricultural practices
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are often in the public eye because climate change, energy and
resource constraints, and rapidly growing global population are
placing unprecedented pressure on food and water resources.
The Food and Agriculture Organization of the United Nations
predicts that annual meat production of 200 million tons will
be required by 2050 to respond to the food needs brought about
by increasing global population,' and this predicted increasing
demand for meat puts further pressure on agricultural land
because farmers need to grow crops to produce animal feed.
Land for food crops also faces increasing competition from the
need for crops for other purposes — such as the production of
biofuels and pharmaceuticals. Thus food production capacity
is faced with many challenges, which include a falling ratio
of arable land to population. Agriculture as a source of food
is becoming increasingly important in a world of diminishing
resources and an ever-increasing global population.” Given the
increasing world population, it is necessary to use the modern
technologies such as nanotechnology and nanobiotechnol-
ogy in agricultural and food sciences. Nanotechnology has a
tremendous potential to revolutionize agriculture and allied
fields, including aquaculture and fisheries. Nanoagriculture
focuses currently on target farming that involves the use of
nanosized particles with unique properties to boost crop and
livestock productivity.>

Agri-food nanotechnology is multidisciplinary in nature
(Figure 1). Nanotechnology application to the agriculture and
food sectors is relatively recent compared with its use in drug
delivery and pharmaceuticals.’ Nanotechnology has the poten-
tial to protect plants, monitor plant growth, detect plant and
animal diseases, increase global food production, enhance food
quality, and reduce waste for “sustainable intensification”.®'?
Food and agricultural production are among the most important
fields of nanotechnology application.!>8

Nanotechnology and nanomaterials
Nanoscale refers to size dimensions typically between approx-
imately 1-100 nm (or more appropriately, 0.2-100.0 nm)

Agriculture Hydroponics
Biotechnology Agrochemicals ‘
Agrifood
Nanotechnology Livestock ‘

I

Nanotechnology Nanobiotechnology

Nanotoxicology

Figure | Multidisciplinary nature of agri-food nanotechnology.

because it is at this scale that the properties of materials
differ with respect to their physical, chemical, and biological
properties from those at a larger scale. A single nanometer
(nm) is 1 billionth of a meter. Nanotechnology refers to the
understanding and control of matter at nanoscale, where a
unique phenomenon enables novel applications.!” However,
limiting size in nanotechnology to the 1-100 nm range
excludes numerous materials and devices, especially in the
pharmaceutical and agricultural fields, and some experts
caution against a rigid definition based on a sub-100 nm size.
Any form of a material that has one or more dimensions in
the nanoscale is known as nanomaterial. According to another
definition, “nanomaterial” means a natural, incidental, or
manufactured material containing particles in an unbound
state or as an aggregate or as an agglomerate and where, for
50% or more of the particles in the number size distribution,
one or more external dimension is in the range 1-100 nm.*
Materials that have one dimension in the nanoscale (and are
extended in the other two dimensions) are layers, such as
graphene, thin films, or surface coatings. Materials that are
nanoscale in two dimensions (and extended in one dimension)
include nanowire and nanotube. Materials that are nanoscale
in three dimensions are particles, for example precipitates,
dendrimers, fullerenes, colloids, and tiny particles of semi-
conductor materials (quantum dots). Nanomaterial-specific
properties derive mainly from their increased relative surface
area and quantum effects. Any material that is intentionally
produced in the nanoscale to have specific properties or a
specific composition is called a manufactured/engineered
nanomaterial. Such engineered nanomaterials have dif-
ferent properties when compared with their conventional
counterparts. A nanoparticle is a discrete entity that has all
three dimensions in the nanoscale. The sizes of different
organisms and molecules/biomolecules on the micrometric
and nanometric scale are given in Table 1.

Biological natural nanoparticles
Biological naturally occurring nanoparticles (nanoclay,
tomato carotenoid lycopene, many chemicals derived from
soil organic matter, lipoproteins, exosomes, magnetosomes,
viruses, ferritin) have diverse structures with wide-ranging
biological roles. Biological nanoparticles are often biocom-
patible and have reproducible structure. Potential biomedical
applications of natural and modified biological nanoparticles
have been reported.?!

Animals use nanotechnology, where nanostructures
help animals climb, slither, camouflage, flirt, and thrive.
A good example is the ordered hexagonal packed array of
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Table | Size of different organisms and molecules/biomolecules

on the micrometric and nanometric scale

Streptococcus
Escherichia coli
Poxvirus

Tobacco mosaic virus
Poliomyelitis virus
Influenza virus
Bacteria

Red bood cells
Phages T4

Caudovirales — icosahedral phages
Inoviridae — filamentous phages
Micro Electro Mechanical
(MEMS) devices
Carbon nanotubes
Single-walled carbon nanotubes
Multiwalled carbon nanotubes
Milk fat globule diameter
Milk casein micelles
Milk lipoproteins
Milk globular proteins
Egg albumin
DNA molecule
Hemoglobin
Myoglobin
Cytochrome ¢
Catalase
Ferritin
Virus
Protein
Microtubules
Ribosomes
Quantum dot (CdSe)
Dendrimers
Zein
Nanosensors
The peptidoglycan layer (cell wall)
in Gram-positive bacteria
The peptidoglycan layer (cell wall)
in Gram-negative bacteria
Adenosine triphosphate synthase
Cell membrane
Simple molecules
Sugar molecule
Water molecule
Hydrogen atom
Atoms

800-10,000 nm

1,300%x4,000 nm (width x length)
230%320 nm (width X length)
15-300 nm

27 nm

85 nm

100-1,000 nm

7,000-8,000 nm

24-200 nm

200%80—-100 nm (length x width)
About 65 nm

About 4-6 nm

10-100 nm

1-3 nm diameter
1-2 nm

2-25 nm

0.1-100 um
20400 nm diameter
10 nm

3—6 nm

Mean size <100 nm
About 2.5 nm wide
5.5 nm diameter
3.5 nm diameter
3.1 nm diameter
10.5 nm diameter
12.2 nm diameter
30-100 nm

5-50 nm

25 nm

25 nm

8 nm

10 nm

200 nm

<1,000 nm

20-80 nm

2-7 nm + 7-8 nm outer membrane

10 nm

About 10 nm
1-10 nm

I nm

About 0.3 nm
0.1 nm

0.1-1 nm

structures in the wings of cicadas (for instance, Psaltoda
claripennis Ashton) and termites (for example, family
Rhinotermitidae).” Studying nanostructured nipple arrays
of moth eye facets helps to design better thin-film solar
cells.? A combination of three functions in one biological
nanostructure (antiadhesive properties of insect ommatidia
grating in addition to their widely accepted antireflective

properties and ability to reduce glare to predators) can be
exploited for the development of industrial multifunctional
surfaces capable of enhancing light harvesting while reduc-
ing light reflection and adhesion.?* Butterfly wings contain
nanostructures that give rise to optical effects such as iri-
descence, the effect of changing color when viewed from
different angles.”® The tokay gecko uses nanotechnology
to stick itself to trees, walls, windows, and even ceilings.
Mimicking the agile gecko, researchers have created
synthetic “gecko tape” with four times the sticking power
of the real thing.?® It is well known that insects possess
ferromagnetic resonance which is temperature dependent
and that magnetic nanoparticles in social insects act as
geomagnetic sensors.?’

Nanotechnology promises to improve current agricul-
ture practices through the enhancement of management
and conservation of inputs in crops, animal production,
and fisheries.?® In recent years, the food industry has made
great progress in areas such as the improvement of new
packaging products, the development of new functional
products, transport and controlled release of bioactive
substances, detecting of pathogens by using nanosensors
and indicators, and purification of water through the use
of nanoparticles.?*° The potential for improving the effec-
tiveness of agricultural active ingredients using nanosized
particles, including functionalized nanocapsules, has been
reported.’! Agricultural applications also include i) nano-
technology-enabled delivery of agriculture chemicals, ii)
field-sensing systems to monitor the environmental stresses
and crop conditions, and iii) improvement of plant traits
against environmental stress and diseases.**’

Nanoagrochemicals

Pesticides are commonly used in agriculture to improve
crop yield and efficiency. Nanopesticides are one of a
new strategies being used to address the problems of non-
nanopesticides.*® Nanopesticides cover a wide variety
of products, some of which are already on the market.
They cannot be considered as a single entity; rather such
nanoformulations combine several surfactants, polymers
(organic), and metal nanoparticles (inorganic) in the nano-
meter size range. The lack of water solubility is one of
the limiting factors in the development of crop-protecting
agents. Microencapsulation has been used as a versatile
tool for hydrophobic pesticides, enhancing their dispersion
in aqueous media and allowing a controlled release of the
active compound. Polymers often used in the nanoparticle
production have been reported.*
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First of all, polycaprolactone and poly(lactic) acid
nanospheres were used for encapsulation of the insecticide
ethiprole. In this case, results indicated that nanospheres
do not provide a controlled release of agrochemical active
ingredients but, due to their small size, they enhanced
the penetration in the plant compared to the classical
suspension.®’ In vivo experiments carried out with Egyptian
cotton leafworm Spodoptera littoralis larvae indicated that
the toxicity of nanoparticles of novaluron resembled that of
the commercial formulation.*!

Nanomaterials serve equally as additives (mostly for con-
trolled release) and active constituents.*> Controlled-release
(CR) formulations of imidacloprid (1-(6 chloro-3-pyridinyl
methyl)-N-nitro imidazolidin-2-ylideneamine), synthesized
from polyethylene glycol and various aliphatic diacids using
encapsulation techniques, have been used for efficient pest
management in different crops. The bioefficacy of the pre-
pared CR formulations and a commercial formulation were
evaluated against major pests of soybean, namely stem fly,
Melanagromyza sojae Zehntmer and white fly, Bemisia tabaci
Gennadius. Most of the CR formulations of imidacloprid
exhibited better control of the pests compared with its com-
mercial formulations; however, of the CR formulations,
poly(poly(oxyethylene-1000)-oxy suberoyl) amphiphilic
polymer-based formulation performed better than others for
controlling of both stem fly incidence and Yellow Mosaic
Virus infestation transmitted by white fly. In addition, some
of the developed CR formulations recorded higher yield over
commercial formulation and control.*#*

CR formulations of carbofuran and imidacloprid provided
better or equal control against the aphid, Aphis gossypii and
leathopper, Amrasca biguttula biguttula Ishida on potato
crop, than commercial formulations. The residue of car-
bofuran and imidacloprid in potato tuber and soils was not
detectable at the time of harvesting in any one of the formu-
lations.* Nanomaterials including polymeric nanoparticles,
iron oxide nanoparticles, gold nanoparticles, and silver ions
have been exploited as pesticides. Researchers have reported
various aspects of nanoparticle formulation, characteriza-
tion, effect of their characteristics, and their applications in
management of plant diseases.*

Nanoparticles in insects and their potential for use in insect
pest management have been reported.*” Nanotechnology in
the management of polyphagous pest Helicoverpa armigera
has been reported.* The pediculocidal and larvicidal activity
of synthesized silver nanoparticles using an aqueous leaf
extract of Tinospora cordifolia showed maximum mortal-
ity against the head louse Pediculus humanus and fourth

instarlarvae of Anopheles subpictus and Culex-quinque
fasciatus. Synthesized silver nanoparticles possessed excel-
lent antilice and mosquito larvicidal activity.*

Nanoencapsulation helps slow release of a chemical to the
particular host for insect pest control through release mecha-
nisms that include dissolution, biodegradation, diffusion, and
osmotic pressure with specific pH.*® Nanoparticles loaded
with garlic essential oil proved effective against Tribolium
castaneum Herbst.>! The use of amorphous nanosilica as
biopesticide has been reported.’? Nanocopper particles
suspended in water have been used since at least 1931, in
a product known as Bouisol as fungicide in the growing of
grapes and fruit trees.*

In the research and development stage, nanosized
agrochemicals or nanoagrochemicals are mostly nano-
reformulations of existing pesticides and fungicides.>* Nano-
formulations are generally expected to increase the apparent
solubility of poorly soluble active ingredients, to release
the active ingredient in a slow/targeted manner, and/or to
protect against premature degradation.’ Nanopesticides
offer a way to both control delivery of pesticide and achieve
greater effects with lower chemical dose. Agrochemical
companies are reducing the particle size of existing chemical
emulsions to the nanoscale, or are encapsulating active ingre-
dients in nanocapsules designed to split open, for example,
in response to sunlight, heat, or the alkaline conditions in
an insect’s stomach. The smaller size of nanoparticles and
emulsions used in agrochemicals is intended to make them
more potent. Many companies make formulations that con-
tain nanoparticles within the 100-250 nm size range that are
able to dissolve in water more effectively than existing ones,
thus increasing their activity.’® Other companies employ
suspensions of nanoscale particles (nanoemulsions), which
can be either water-based or oil-based and contain uniform
suspensions of pesticidal or herbicidal nanoparticles in the
range of 200-400 nm. Nanocapsules can enable effective
penetration of herbicides through cuticles and tissues, allow-
ing slow and constant release of the active substances. Viral
capsids can be altered by mutagenesis to achieve different
configurations and deliver specific nucleic acids, enzymes,
or antimicrobial peptides acting against the parasites.’’ Silver
nanoparticles at 100 mg/kg inhibited mycelia growth and
conidial germination on cucurbits and pumpkins against
powdery mildew.*® Silver nanoparticles have received signifi-
cant attention as a pesticide for agricultural applications.*
The potential of nanomaterials in insect pest management as
modern approaches of nanotechnology, has been
reported.®

34 submit your manuscript

Dove

Nanotechnology, Science and Applications 2014:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Nanotechnology in agri-food production

Treatment of Bombyx mori leaves with grasserie disease
with ethanolic suspension of hydrophobic alumina—silicate
nanoparticles significantly reduced the viral load.®' DNA-
tagged gold nanoparticles are effective against Spodoptera
litura and would therefore be a useful component of an
integrated pest-management strategy.®> Development of
nanobased viral diagnostics including kits can help to detect
the exact strain of virus and identify differential proteins in
healthy and diseased states during the infectious cycle and
the stage of application of therapeutics to stop disease, thus
increasing speed as well as power of disease detection.®®

Nanosilica has been successfully employed to control a
range of agricultural insect/pest and ectoparasites in animals.
Such nanoparticles get absorbed into cuticular lipids (used by
insects to prevent death from desiccation) by physisorption
and cause insect death by physical means when applied on
leaves and stem surfaces.** Antifungal activities of polymer-
based copper nanocomposites against pathogenic fungi,*
and silica—silver nanoparticles against Botrytis cinerea,
Rhizoctonia solani, Calllectotrichum gloeosporioides,®
Bipolaris sorokiniana, and Magnaporthe grisea®” have been
reported. Copper nanoparticles in soda lime glass powder
showed efficient antimicrobial activity against gram-positive
and gram-negative bacteria and fungi.®® A novel photodegrad-
able insecticide involving nanoparticles has been reported.®

Specific nanoencapsulated pesticides will have the abil-
ity to kill targeted insects only, thereby reducing the effec-
tive dose when compared to traditional pesticides. Further,
these are absorbed on the surface of the plant, facilitating
a prolonged release that lasts for a longer time compared
to conventional pesticides that wash away in the rain.”
Significant mortality of two insect pests, Sarocladium oryzae
and Rhyzopertha dominica, after 3 days’ exposure to nano-
structured alumina-treated wheat was reported.”" Halloysite
nanotube has potential to be applied as a nanocontainer for
encapsulation of chemically and biologically active agents
such as agromedicines and pesticides.”>”

It is essential to remove weeds for increasing the yield of
any crop and weeding using nanoherbicides is seen as an eco-
nomically viable alternative. Conventional herbicides have
proved highly effective in controlling weeds without damage
to crops or environment. However, chemical weed manage-
ment under rain-fed areas depends on the moisture availability
during the application of herbicides. Lack of moisture limits
the use and efficiency of the application. The nano-silicon
carrier comprising diatom frustules (pore size 1-100 nm)
has been used for delivery of pesticides and herbicides
in plants as well as in hormonal waste-water treatment.™

CR formulation is superior to its counterpart and results in
a higher yield and better crop quality. Such a formulation
also finds use in active-agent herbicides, pesticides, and plant
growth regulators.”7

The potential application of a layered single-metal
hydroxide, particularly zinc-layered hydroxide, as the host for
the preparation of a nanohybrid compound with a tunable CR
property containing two herbicides simultaneously has been
demonstrated. In this context, a nanohybrid containing both
herbicides (4-(2,4-dichlorophenoxy) butyrate [DPBA] and
2-(3-chlorophenoxy) propionate [CPPA]) labeled as ZCDX
was found a suitable host for the CR formulation of two
herbicides, namely DPBA and CPPA, simultaneously. The
monophasic, well-ordered zinc-layered hydroxide nanohybrid
containing two herbicides, CPPA and DPBA, was found to be
composed of a higher loading of DPBA compared to CPPA
between the zinc-layered hydroxide inorganic interlayers,
with percentage contributions of 83.78% and 16.22%, respec-
tively. The release rate of both CPPA and DPBA was found
to be different, suggesting that the anionic guest molecules’
sizes and the interactions between the host and guest could
control the release kinetics.”

Researchers reported a functional hybrid nanocom-
posite based on the intercalation of two herbicides’ anions
(2,4-dichlorophenoxy acetate and 4-chlorophenoxy acetate)
with zinc—aluminum-layered double hydroxide.”® CR for-
mulations of nanocomposites such as 4-chlorophenoxy
acetate—zinc—aluminium-layered double hydroxide and
4-dichlorophenoxy acetate—zinc—aluminum-layered double
hydroxide were reported.”#! Researchers reported manga-
nese carbonate core-shell nanoparticles loaded with pre-
emergence herbicide pendimethalin programmed to release
smartly based upon the requirements.*?

The field of nanotechnology opens up novel applications
in agriculture.®>8* Nanoencapsulation is currently the most
promising technology for protection of host plants against
insect pests. With nanoencapsulation techniques it is possible
to step down the chemical release under controlled situa-
tions, reducing the current application dosage and improving
efficiency.®

Nanoparticles can be used in the preparation of new
formulations like pesticides, insecticides, and insect
repellants.®*% Researchers have reported nanosilver and
titanium dioxide nanoparticle applications in management
of plant diseases.®

Fungicidal efficiency of sulfur nanoparticles against two
phytopathogens, Fusarium solani (isolated from an infected
tomato leaf, responsible for early blight and Fusarium wilt
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diseases) and Venturia inaequalis (responsible for the apple
scab disease) has been reported.”

Pheromones are naturally occurring volatile semiochem-
icals and are considered ecofriendly biological control
agents. Pheromones immobilized in a nanogel exhibited
high residual activity and excellent efficacy in an open
orchard. Environment-friendly management of fruit flies
involving pheromones for the reduction of undesirable
pest populations responsible for decreasing yield and crop
quality has been reported. Within this scope, the prepa-
ration of a nanogel from a pheromone, methyl eugenol
(Figure 2) using a low-molecular-mass gelator such as
all-trans tri(p-phenylene vinylene) bis-aldoxime (Figure 3)
was reported.

The nanogel formation is possible due to the self-assembly
of the gelator molecules in pheromone. The nanogel offers
stability at open ambient conditions, reduced evaporation
and sustained release of the pheromone, easy handling and
transportation without refrigeration, and reduction in the fre-
quency of pheromone recharging in the orchard. The protocol
also depicts an easy sampling technique for the trapping of
the pests in a guava orchard using the nanogels. Notably the
involvement of the nanogelled pheromone brought about an
effective management of Bactrocera dorsalis, a prevalent
harmful pest for a number of fruits, including guava.’!
Researchers studied the insecticidal activity of nanostruc-
tured alumina against two insect pests, Sarocladium oryzae
(L.) and Rhyzopertha dominica (F.), which are major insect
pests in stored food supplies throughout the world. Significant
mortality was observed after 3 days of continuous expo-
sure to nanostructured alumina-treated wheat. Therefore,
compared to commercially available insecticides, inorganic
nanostructured alumina may provide a cheap and reliable
alternative for control of insect pests, and such studies may
expand the frontiers for nanoparticle-based technologies in
pest management.*

Recent advances in nanoscale engineering have cre-
ated a new class of particulate bionanotechnology that uses
biomimicry to better integrate adjuvant and antigen. These
pathogen-like particles can come from a variety of sources,

H,C

3

H3C\O

Figure 2 Methyl eugenol.

Figure 3 Molecular structure of gelator all-trans tri(p-phenylene vinylene)bis-
aldoxime.

ranging from fully synthetic platforms to biologically
derived, self-assembling systems. By employing molecularly
engineered targeting and stimulation of key immune cells,
recent studies utilizing pathogen-like particles as vaccine
delivery platforms have shown great promise against high-
impact, unsolved vaccine targets ranging from bacterial and
viral pathogens to cancer and addiction.”® Controlling pests
and investigation of the plant pathology field on the basis of
nanobiotechnology is challenging.”*

The beneficial effects of different nanosize metals on
plant cells and seed germination has also been reported.
These controversial findings require clarification in order
to avoid confusion to the public. However, considering
these positive and negative effects of nanoparticles, it is
necessary to evaluate impact of nanoparticles on plant cells,
especially seeds that grow in agricultural soils. It is pos-
sible to avoid culturing sensitive plants in these areas and
replace them with plants that tolerate high concentrations
of nanoparticles.”

Nanofertilizers

Nanofertilizer technology is very innovative, and scant
reported literature is available in the scientific journals.
Substituting nanofertilizers for traditional methods of fer-
tilizer application is a way to release nutrients into the soil
gradually and in a controlled way, thus preventing autrifica-
tion and pollution of water resources.’*®’ Treatment with TiO,
nanoparticles on maize had a considerable effect on growth,
whereas the effect of TiO, bulk treatment was negligible.
Titanium nanoparticles increased light absorption and photo
energy transmission. In another experiment, a compound of
SiO, and TiO, nanoparticles increased the activity of nitrate
reductase in soybeans and intensified plant absorption capac-
ity, making its use of water and fertilizer more efficient.’® Ira-
nian researchers have produced the nano-organic iron-chelated
fertilizer that is environmentally sustainable. Nanofertilizers
have unique features like ultrahigh absorption, increase in
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production, rise in photosynthesis, and significant expansion
in the leaves’ surface area.”

The use of nanofertilizer leads to an increased efficiency of
the elements, reduces the toxicity of the soil, to at least reach
the negative effects caused by the consumption of excessive
consumption of fertilizers, and reduces the frequency of
application of fertilizers.'® The positive effect (uptake and the
penetration of zinc oxide nanoparticles in the leaves) of zinc
oxide nanoparticles on tomato plants opens an avenue for its
potential use as a future nanofertilizer. Pot studies with foliar
spray approach showed that plants sprayed with 20 mg mL™!
zinc oxide nanoparticle solution showed improved growth and
biomass production as compared to control plants.'°!:192

Fertilizers based on nanotechnology have the potential to
surpass conventional fertilizers. Innovation in nanofertilizers
requires a multidisciplinary approach. In nanofertilizers,
nutrients can be encapsulated by nanomaterials, coated
with a thin protective film, or delivered as emulsions or
nanoparticles.!”® Nanobased slow-release or CR fertilizers
have the potential to increase the efficiency of nutrient
uptake. Engineered nanoparticles are useful for mitigating
the chronic problem of moisture retention in arid soils and
enhancing crop production by increasing the availability
of nutrients in the rhizosphere."”” Coating and binding of
nano- and subnano-composites help to regulate the release
of nutrients from the fertilizer capsule.'® In this context,
researchers showed that application of a nanocomposite
consisting of nitrogen, phosphorus, potassium, micronutri-
ents, mannose, and amino acids enhanced the uptake and
use of nutrients by grain crops.'® Zinc—aluminium layered
double-hydroxide nanocomposites have been employed
for the controlled release of chemical compounds that act
as plant growth regulators. Urea-modified hydroxyapatite
nanoparticle-encapsulated Gliricidia sepium nanocomposite
displayed a slow and sustained release of nitrogen over time
at three different pH values.!® Nanoporous zeolite based
on nitrogen fertilizer can be used as alternate strategy to
improve the efficiency of nitrogen use in crop production
systems.!%” As superfertilizer, carbon nanotubes were found
to penetrate tomato seeds and affect their germination and
growth rates. Analytical methods indicated that the carbon
nanotubes penetrated the thick seed coat and supported water
uptake inside seeds.'”® Encapsulation of fertilizers within a
nanoparticle is done in three ways: the nutrient can be 1)
encapsulated inside nanoporous materials, 2) coated with
thin polymer film, or 3) delivered as particles or emulsions
of nanoscale dimensions.!” The roles of nanofertilizers in
sustainable agriculture have been reported.!°

Nanobiotechnology in agri-food

production
Nanobiotechnology opportunities include food, agriculture
and energy applications. In the food processing industries,
a few of the most common usages of nanobiotechnology
in quality monitoring of food products may be enumerated
as nanosensors/nanobiosensors and bacteria identification.
The nanosensors can be utilized to detect the presence of
insects or fungus accurately inside the stored grain bulk in
storage rooms. Researchers suggested models for use of
nanobiotechnology, either on a standalone basis or through
complementarity with the existing technologies.!'! In 2004,
the researchers had been able to alter rice color from purple
to green.? Cellular “injection” with carbon nanofibers
containing foreign DNA has been used to genetically modify
golden rice.''? Nanobiotechnology provided industry with
new tools to modify genes and even produce new organisms.
This is due to the fact that it enables nanoparticles, nanofi-
bers, and nanocapsules to carry foreign DNA and chemicals
that modify genes.'"® In addition, novel plant varieties may
be developed using synthetic biology (a new branch that
draws on the techniques of genetic engineering, nanotech-
nology, and informatics). In a recent breakthrough in this
area, researchers completely replaced the genetic material
of one bacterium with that from another — transforming it
from one species to another.!"* Nanotechnology possesses
the potential to augment agricultural productivity through
genetic improvement of plants and animals along with cel-
lular level delivery of genes and drug molecules to specific
sites in plants and animals.!!>!16

Using a medicinally rich vegetable crop, bitter melon,
researchers demonstrated the accumulation of carbon-based
nanoparticle Fullerol (C,(OH),,) in tissues and cells of root,
stem, petiole, leaf, flower and fruit at particular concentrations,
as the causal factor of increase in biomass yield, fruit yield,
and phytomedicine content in fruits. Fullerol treatment resulted
in increases of up to 54% in biomass yield and 24% in water
content. Increases of up to 20% in fruit length, 59% in fruit
number, and 70% in fruit weight led to an improvement of
up to 128% in fruit yield. Further, contents of two anticancer
phytomedicines, cucurbitacin-B and lycopene, were enhanced
up to 74% and 82%, respectively, and contents of two antidi-
abetic phytomedicines, charantin and insulin, were augmented
up to 20% and 91%, respectively.''” Chemists have successfully
made DNA crystals by producing synthetic DNA sequences
that can self-assemble into a series of three-dimensional
triangle-like patterns. When multiple helices are attached
through single-stranded sticky ends, a three-dimensional
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crystal is formed. This technique helps in improving important
crops by organizing and linking carbohydrates, lipids, proteins,
and nucleic acids to this crystal.''®

Chemically coated mesoporous silica nanoparticles help in
delivering DNA and chemicals into isolated plant cells. The
coating triggers the plant to take the particles through the cell
walls, where the genes are inserted and activated in a precise
and controlled manner, without any toxic side or after effects.
This technique has been applied to introduce DNA success-

fully to plants, including tobacco and corn plants.!!*->!

Nanosensors/nanobiosensors

in agri-food production

Nanobiosensors can be effectively used for sensing a wide
variety of fertilizers, herbicide, pesticide, insecticide, patho-
gens, moisture, soil pH, and their controlled use can support
sustainable agriculture for enhancing crop productivity.'®
Precision farming, with the help of smart sensors, could
increase productivity in agriculture, as this technology pro-
vides farmers with better fertilization management, reduction
of inputs, and better management of time and the environment.
Nanosensors and nanobased smart delivery systems could
help in the efficient use of agricultural natural resources like
water, nutrients, and chemicals through precision farming.
Precision farming’s enabling technologies include satellite-
positioning systems, geographic information systems, and
remote sensing devices that could remotely detect crop pests
or evidence of stress such as drought. Nanosensors dispersed
in the field can also detect the presence of plant viruses and
other crop pathogens, and the level of soil nutrients.'?%!%
Levels of environmental pollution can be evaluated quickly
by nano-smart dust (the use of tiny wireless sensors and
transponders) and gas sensors.!?* Nanobarcodes and nano-
processing could also be used to monitor the quality of
agricultural produce.'? Nanotechnology-based plant regula-
tion of hormones such as auxin helps scientists understand
how plant roots adapt to their environment, especially to
marginal soils.!?

The development of sensors/biosensors based on specific
interactions makes atomic force spectroscopy more effective
in detecting enzyme-inhibiting herbicides. A nanobiosensor
based on an atomic force microscopy tip functionalized with
the acetolactate synthase enzyme was successfully detected
for the herbicide metsulfuron-methyl (an acetolactate syn-
thase inhibitor) through the acquisition of force curves.'?”’
Bionanosensors also allow the more quantification and rapid
detection of bacteria and viruses, thereby increasing the safety
of the food for the customer.!?

Noble metal (palladium, platinum, and gold)/DNA/single-
walled carbon nanotube (SWCNT) hybrid nanostructure-
based gas sensor arrays were fabricated by means of inkjet
printing of metal ion-chelated DNA/SWCNTSs on micro-
fabricated electrodes, followed by electroless deposition
to reduce metal ions to metal. DNA served as a dispersing
agent to effectively solubilize pristine SWCNTs in water
and as metal ion-chelating centers for the formation of
nanoparticles. The results on the sensitivity and selectivity of
the gas sensors toward various gases such as H,, H,S, NH,,
and NO, indicated the enhancement of the sensitivity and
selectivity toward certain analytes by functionalizing with
different metal nanoparticles (eg, PA/DNA/SWCNTs for H,
and H,S). The combined responses give a unique pattern or
signature for each analyte by which the system can identify
and quantify an individual gas.'”

Nanosensors are expected to impact agricultural, food,
and environmental sectors. The Nanotechnology Signature
Initiative “Nanotechnology for Sensors and Sensors for
Nanotechnology: Improving and Protecting Health, Safety,
and the Environment” is the fifth to be launched by agencies of
the National Nanotechnology Initiative. Portable nanodevices
can rapidly detect insects, diseases, pathogens, chemicals, and
contaminants and can result in faster treatments.'*

Nanosensors based on using electrochemically functional-
ized SWCNTSs with either metal nanoparticles or metal oxide
nanoparticles, and metal oxide nanowires and nanotubes for
gases such as ammonia, nitrogen oxides, hydrogen sulfide,
sulfur dioxide, and volatile organics have potential applica-
tion in monitoring agricultural pollutants for the assessment
of impacts of these pollutants on biological and ecological
health and in increase of crop productivity and reducing land
burden. Researchers addressed the fabrication, functional-
ization, assembly/alignment, and sensing applications of
field-effect transistors based on carbon nanotubes, silicon
nanowires, and conducting polymer nanowires. Further, they
evaluated how such sensors have been used for detection of
various biological molecules and how such devices have
enabled the achievement of high sensitivity and selectivity
with low detection limits.'!

Nanotechnology-enabled devices will increase the use
of sensors linked to global positioning systems for real-time
monitoring of crops.'* In the field of sensor research and
development, bionanotechnology is poised to make signifi-
cant contributions and has the potential to radically alter the
way sensors are designed, constructed, and implemented.
Biomimetic nanosensor designs based on immobilized
tyrosinase for determination of toxic compounds and smart
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biosensors for determination of mycotoxines were reported.
Biosensor design showed good compatibility between mem-
branes and enzymes without a change of the conformation of
the enzyme molecule, and binding always takes place outside
the enzyme active centers.'*

Carbon—ceramic electrode modified with multi-walled
carbon nanotubes—ionic liquid nanocomposite was used for
electrochemical determination of the food dyes, sunset yellow
and tartrazine, in food and beverage samples.!**

Nanotechnology

and agri-environment

The use of pesticides and fertilizers to improve food produc-
tion leads to an uncontrolled release of undesired substances
into the environment. Today, nanotechnology represents a
promising approach to improve agricultural production and
remediate contaminated soil and groundwater. Researchers
reported the recent applications of nanotechnologies in agro-
environmental studies, with particular attention to the fate
of nanomaterials once introduced in water and soil. They
showed that the use of nanomaterials improved the quality
of the environment and helped detect and remediate pol-
luted sites; however, only a small number of nanomaterials
demonstrated potential toxic effects.!*® The impact of iron
nanoparticles on terrestrial plants revealed that orange—
brown complexes/plaques, formed by root systems of all
plant species from distinct families tested, were constituted
of nanoparticles containing iron. Further, the formation of
iron nanoparticles/nanocomplexes was reported as an ideal
homeostasis mechanism evolved by plants to modulate uptake
of desired levels of ionic iron.'*

Copper is an essential element in the cellular electron-
transport chain, but as a free ion it can catalyze production of
damaging radicals. Researchers showed using synchrotron
microanalyses that common wetlands plants Phragmites
australis and Iris pseudoacorus transformed copper into
metallic nanoparticles in and near roots with evidence of
assistance by endomycorrhizal fungi when grown in con-
taminated soil in the natural environment.'*”

Converting carbon dioxide to useful chemicals in a
selective and efficient manner remains a major challenge in
renewable and sustainable energy research. Silver electro-
catalyst converts carbon dioxide to carbon monoxide at room
temperature; however, the traditional polycrystalline silver
electrocatalyst requires a large overpotential. A nanoporous
silver electrocatalyst enables electrochemical reduction of
carbon dioxide to carbon monoxide with approximately
92% selectivity at a rate (that is, current) over 3,000 times

higher than its polycrystalline counterpart under moderate
overpotentials of <0.50V. The improved higher activity is a
result of a large electrochemical surface area and intrinsically
higher activity compared with polycrystalline silver.'

Growing and harvesting organic nanoparticles from
plants represents an important step in the development
of plant-based nanomanufacturing.'® It is a significant
improvement on the exploitation of plant systems for the
formation of metallic nanoparticles. An enhanced system
for the production of English ivy adventitious roots and their
nanoparticles by modifying GA7 Magenta boxes and iden-
tifying the optimal concentration of indole-3-butyric acid
for adventitious root growth was developed. It represents
a pathway for the generation of bulk ivy nanoparticles for
translation into biomedical applications.!** Recent research
has demonstrated that the adventitious roots of English ivy
are responsible for the production of an adhesive compound
composed of polysaccharide and spherical nanoparticles
60-85 nm in diameter.'*"'** The recent advances brought
into methodology for biological and ecofriendly synthesis
and characterization of herbal and medicinal plant-mediated
nanoparticles were reported.'#>!44

Nanocomposites/

nanobiocomposites
Composites made from particles of nanosize ceramics or met-
als smaller than 100 nm can suddenly become much stronger
than predicted by existing materials-science models. For
example, metals with a so-called grain size of around 10 nm are
as much as seven times harder and tougher than their ordinary
counterparts with grain sizes in the hundreds of nanometers.
A nanocomposite is a multiphase solid material where one
of the phases has one, two, or three dimensions of less than
100 nm, or structures having nanoscale repeat distances
between the different phases that make up the material.'*-147

Nanocomposites are polymers reinforced with small
quantities (up to 5% by weight) of nanosized particles, which
have high aspect ratios and are able to improve the proper-
ties and performance of the polymer. Polymer composites
with nanoclay restrict the permeation of gases. Examples
of polymer nanocomposites incorporating metal or metal
oxide nanoparticles utilized mainly for their antimicrobial
action include nanozinc oxide and nanomagnesium oxide.'*
Cellulose nanocrystals are an attractive material to incorpo-
rate into composites because they provide highly versatile
chemical functionality.'®

In food packaging, nanocomposites focus on the devel-
opment of high barrier properties against the diffusion of
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oxygen, carbon dioxide, flavor compounds, and water vapor.
Nanoclay (montmorillonite, a hydrated alumina-silicate-
layered clay consisting of an edge-shared octahedral sheet
of aluminum hydroxide between two silica tetrahedral
layers) minerals are found abundantly in nature and might
be incorporated into the packaging films. Bionanocomposites
suitable for packaging applications include starch and cel-
lulose derivatives, poly(lactic) acid, polycaprolactone,
poly(butylene succinate), and polyhydroxybutyrate.!*® The
most promising nanoscale fillers are layered silicate nano-
clays such as montmorillonite and kaolinite (a layered silicate
mineral, with one tetrahedral sheet linked through oxygen
atoms to one octahedral sheet of alumina octahedra).

Nanocomposites have a wide range of applications in
various fields including agriculture and food packaging.
The use of nanocomposites with new thermal and gas bar-
rier properties can prolong the post-harvest life of food, and
this application could facilitate the transportation and storage
of food.'!152

In dry land areas, variation in amount and distribution of
rainfall mainly influences the crop production. Water sorption
capacity is an important characteristic for nanoclay com-
posite super absorbents, especially when used under rainfed
condition. In this context, the water-holding capacity, water
absorbency, and water-retention capacity of a zinc-coated
nanoclay composite cross-linked polyacrylamide polymer
developed for promotion of rainfed rice crop was reported.
Water-holding capacity of the soil with nanoclay composite
was 8.5% more as compared to original soil.!**

For agricultural applications, polymer nanocomposites
are ecofriendly (ie, biodegradable and starch nanocomposites
are commonly used). In this direction, the development of
mulch films can be useful for farmers to retain moisture and
control weeds.'>*

NanolokTM PT isatrademark of InMat, Inc. (Hillsborough,
NJ, USA); itis a coating comprised of nanodispersed silicate
in polymer resin. Addition of clays and organo-modified
clays into superabsorbent formulation has generated
superabsorbent hydrogel nanocomposites.'** Starch-based
nanocomposite films reinforced with flax cellulose nano-
crystals play an important role in improving the mechanical
properties (tensile strength and Young’s modulus) and water
resistance of the starch-based materials.'>® Synthesis and
characterization of polymer nanocomposites derived from
organoclay with selected thermosetting and thermoplastic
polymers have been reported.'s’

Applications of biochar include carbon sequestration, soil
amendment, and sorption of several classes of undesirable

components from water, soil, or industrial processes.'*
Researchers reported developing low-dose, high-efficiency
biochar—nanoparticle composites, as well as initial field trial
results and detailed characterization of biochar—fertilizer
composite, to highlight the potential of such biochars.!® The
nanoporous and hydrophobic properties of biochar portend
interactions with engineered nanoparticles that are being
studied toward accurate nanotoxicity risk assessment.'®
Nanocomposite films of methyl cellulose incorporated with
pediocin and zinc oxide nanoparticles presented antimi-
crobial activity against Staphylococcus aureus and Listeria

monocytogenes.'!

Nanotechnological applications
in agrowaste reduction and high-

value products such as biofuels
Currently, the discouraging energy trends and challenges
are a result of overreliance on limited fossil fuels tied with
ever-increasing energy demand. Among the solutions is the
nanotechnology approach to help in the smooth transition
to alternative and renewable energy sources. The use of
nanotechnology in transesterification, gasification, pyrolysis,
and hydrogenation, as well as in the reforming of biomass-
derived compounds has been reported.'® Cellulose-based
nanomaterials have been of increasing interest as potential
nanoreinforcing filler into biocomposites for industrial and
biomedical applications.'®® Nanomaterials could stimulate
microorganism metabolism. In such a situation, the use
of nanomaterials could improve the efficiency of the lipid
extraction and even accomplish it without harming the
microalgae. Nanomaterials such as calcium oxide and mag-
nesium oxide nanoparticles have been used as biocatalyst
carriers or as heterogeneous catalysts in oil transesterification
to biodiesel. The advances in application of nanotechnology
in microalgae lipid accumulation, extraction, and transesteri-
fication were reported.'®*

Nanotechnologies are among the appropriate tech-
nologies for the biofuels of the future. Most of the current
effort in second-generation conversion to liquid biofuels
is based on biomass cellulosics to ethanol and biodiesel.
The future supply of biofuels must be of such a scale that
nonfood feedstocks and new technologies are intensively
employed. 65166

Nanotechnology in hydroponics

Hydroponics (a branch of agriculture) is the technology of
growing plants without soil and is widely used around the
globe for growing food crops.!” Hydroponics technology
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in food production is less well known despite the fact that
many fruits and vegetables on display in supermarkets
are grown hydroponically. The most popular crops grown
hydroponically are tomatoes, cucumbers and sweet pep-
pers, melons, lettuce, strawberries, herbs, eggplant, and
chillies. Other applications include the production of fodder
and biofuel crops. Scientists have exploited hydroponics
in nanotechnology by “growing” metal nanoparticles in
living plants. 68170

Nutrient management in agricultural production is
increasingly important and is more effective in hydroponic
than in soil-based production.'” A nanophosphor-based elec-
troluminescence lighting device has the potential to reduce
energy costs significantly.!”” Such nanotechnology-based
light could reduce energy costs and encourage photosynthesis
in indoor, hydroponic agriculture.'”

Nanotechnology in organic

agriculture

An International Federation on Organic Agriculture
Movements Position Paper on the Use of Nanotechnologies
and Nanomaterials in Organic Agriculture rejected the
use of nanotechnology in organic agriculture.'”* However,
Nano Green Sciences, Inc. sells a nanopesticide that they
claim is organic.'” Canada has banned nanotechnology
in organic food production. An amendment was added to
Canada’s national organic rules banning nanotechnology as
a “Prohibited Substance or Method”.'”

Nanotechnology for crop

improvement

An enhanced production has been observed by foliar appli-
cation of nanoparticles as fertilizer.!”” A variety of nanoma-
terials, mostly metal-based nanomaterials and carbon-based
nanomaterials, have been exploited for their absorption, trans-
location, accumulation, and particularly, effects on growth
and development in an array of crop plants.'”!” The positive
morphological effects included enhanced germination per-
centage and rate; length of root and shoot, and their ratio; and
vegetative biomass of seedlings in many crop plants, including
corn, wheat, ryegrass, alfalfa, soybean, rape, tomato, radish,
lettuce, spinach, onion, pumpkin and cucumber. Enhance-
ment of many physiological parameters such as enhanced
photosynthetic activity and nitrogen metabolism by metal-
based nanomaterials in a few crops including soybean,'®
spinach,'8"1% and peanut'®® were also reported. Recently,
researchers showed that SWCNTSs containing cerium nano-
particles passively transport and irreversibly localize within

the lipid envelope of extracted plant chloroplasts, promoted
over three times higher photosynthetic activity than that of
controls, and enhanced maximum electron transport rates. !
Nanobiotechnology provides the tool and technological plat-
forms to advance agricultural productivity through genetic
improvement of plants and delivery of genes and drug
molecules to specific sites at cellular levels. The interest is
increasing with suitable techniques and sensors for precision
in agriculture, natural resource management, early detec-
tion of pathogens and contaminants in food products, and
smart delivery systems for agrochemicals like fertilizers and
pesticides.'®” The genetic implications of nanoparticle-induced
positive changes have been validated through decreased oxida-
tive stress to spinach chloroplast under ultraviolet-B radia-
tion'*® by nano-titanium dioxide, generational transmission of

fullerol through seeds in rice'®

and changes in gene expression
at plant and cellular level in tomato and tobacco'*!*! by multi-
walled carbon nanotubes. However, there is only one report
on the improvement of agronomic traits that documented
increased leaf and pod dry weight and grain yield of soybean
by exposure to nano-iron oxide.!*?

Germinating maize seeds in the presence of magnetic fluid
followed by exposure to electromagnetic field was observed to
cause a pronounced increase in nucleic acid level due to the
regeneration reactions of plant metabolism processes.'*

Magnetic nanoparticles coated with tetramethylammo-
nium hydroxide led to an increase in chlorophyll-a level in
maize.'”* Use of iron oxide in pumpkin was also observed
to increase root elongation that was attributed to the iron
dissolution.!*

Spent tea (solid waste) could be used for the production of
biodiesel, bioethanol, and also hydrocarbon fuel gases. Research-
ers reported three steps for the conversion of spent tea (Camellia
sinensis) into biofuels. First of all, spent tea was gasified using
cobalt nanocatalyst at 300°C and atmospheric pressure. This
catalytic gasification of spent tea yielded 60% liquid extract,
28% fuel gases, and 12% charcoal. Gaseous products contain
53.03% ethene, 37.18% methanol, and 4.59% methane. In the
second step of the experiment, liquid extract of spent tea obtained
from gasification, on transesterification gave 40.79% ethyl ester
(biodiesel). In the third step, Aspergillus niger s growth on spent
tea produced 57.49% bioethanol. The world today is consuming
several million tons of tea yearly. The present technology could
be utilized to produce alternate energy.'*

Nanofiltration
Nanotechnology has played a very important role in devel-
oping a number of low-energy alternatives, among which
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three are most promising: 1) protein—polymer biomimetic
membranes; 2) aligned-carbon nanotube membranes; and
3) thin-film nanocomposite membranes.!*’-!%

Water purification using nanotechnology exploits
nanoscopic materials such as carbon nanotubes and alu-
mina fibers for nanofiltration. Nanofiltration is a relatively
recent membrane filtration process used mostly to remove
solids, including bacteria and parasites, in surface and fresh
groundwater. The solar-powered system uses nanofiltra-
tion membranes to treat the local brackish (saline) water,
resulting in high-quality desalinated irrigation water.
The results of the Josefowitz Oasis Project indicated that
irrigation with desalinated water yields higher productiv-
ity from water and inorganic fertilizers compared with
current practices. Crops grown with desalinated water
required 25% less irrigation and fertilizer than brackish
water irrigation. In addition, in some cases, the yield of
crops increased.'”’

Monodisperse magnetite nanocrystals have a strong and
irreversible interaction with arsenic while retaining their
magnetic properties.?® Nanoporous graphene can effectively
filter sodium chloride salt from water and the water perme-
ability of this material is several orders of magnitude higher
than conventional reverse osmosis membranes.*’! Research-
ers reported a nanofiltration solar desalination system for
arid land agriculture.?”> Nanosieves save energy in biofuel
production.?®

Nanofoods

The agri-food industries have been investing huge money
into nanotechnology research. Food is nanofood when
nanoparticles or nanotechnology techniques or tools are used
during cultivation, production, processing, or packaging of
the food. It does not mean atomically modified food or food
produced by nanomachines.?** Nanotechnology may hold
the key to solving many critical issues facing the world’s
food supply today. Nanotechnology can provide manipula-
tion of food polymers and polymeric assemblages to provide
tailor-made improvements to food quality and food safety.?*
Further, foods among the nanotechnology-created consumer
products coming onto the market include a brand of canola
cooking oil called Canola Active Oil (Shemen Industries, Tel
Aviv, Israel), a tea called Nanotea (Qinhuangdao Taiji Ring
Nano-Products Co., Ltd., Hebei, People’s Republic of China),
and a chocolate diet shake called Nanoceuticals Slim Shake
Chocolate (RBC Life Sciences Inc., Irving, TX, USA). The
canola oil contains an additive called “nanodrops” designed
to carry vitamins, minerals, and phytochemicals through

the digestive system and urea.?® The shake, according to its
manufacturer, uses cocoa-infused “NanoClusters” to enhance
the taste and health benefits of cocoa without the need for
extra sugar. Nanotechnology will replace many fields with
tremendous application potential in the area of dairy and
food sectors.?”

Nanotechnology is the basis of many novel and func-
tional foods, and food colors, flavors, and textures can all
be manipulated and altered at the nanoscale level. Much less
nanoparticulate salt gives the same salty taste to foodstuffs
as conventionally sized salt grains.

Nanotechnology-based GuardIN Fresh (Fayetteville, AR,
USA) benefits perishable produce and floral products by scav-
enging the ethylene gas that hastens ripening.?”® TopScreen
DS13 (TopChim, Wommelgem, Belgium) is an easily recy-
clable water-based coating that contains a biopolymer with
a monodisperse distribution of nanoparticles with a regular
shape. This coating technology was developed to replace
hard-to-recycle wax-emulsion coatings for water barriers
in paper and board packaging. Paper and cardboard coated
with TopScreen DS13 is as easily repulpable as nontreated
paper or cardboard. By its very nature, this biopolymer has
no negative impact on the recyclability or biodegradability
of the packaging.?” NanoCeram-PAC (The Aquarian Envi-
ronmental Group Pty Ltd., Sydney, Australia) offers a much
greater external surface area that results in much more rapid
adsorption of soluble contaminants that may cause unpalat-
able taste and odor.?'°

Nanotechnology has the potential to impact food process-
ing significantly.?!! A combination of antibacterial agents and
nanosilver could prove to be more potent due to broadened
antibacterial spectrum with possibly lower doses. To achieve
this, a facile single-step green method of synthesizing silver
nanoparticles functionalized with an antibacterial peptide
from a food-grade lactic acid bacterium has been reported.
The synthesized enterocin-coated silver nanoparticles showed
broad-spectrum inhibition against a battery of food-borne
pathogenic bacteria without any detectable toxicity to red
blood cells.?'? Nanoporous ceramic pellets can be added to
the frying oil to prevent oil molecules from clumping together
while in use. Moreover, they extend the useful life span of
the 0il.21*2 Imperm (Eastman Chemical Co., Kingsport,
TN, USA), a nanocomposite of nylon and nano-clay,*'® can
help keep the oxygen out and the carbonation in. Beer in
nanocomposite bottles can keep for as long as 30 weeks.?'
Melamine contaminations in dairy products were reported
in 2008 from the People’s Republic of China. A quick and
easy way to detect melamine in milk using gold nanoparticles
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has been reported. In the presence of melamine, the mixture
changes from pink to blue.?'7-*!8

Intelligent or smart packaging communicates the
quality of the food within the package through devices
either incorporated into the packaging or attached to the
packaging. Potential nanosensors could indicate tempera-
ture, freshness, ripeness, and contaminant/pathogen status
on the package.?'**?* Nanoparticles added to feed mimic
cell surfaces inside the chicken. This may be due to the fact
that tiny pathogens (germs) get confused and bind to the
nanoparticles instead of real cells, then “flush” out as they
go through the digestive system — keeping chickens safer and
healthier for human consumption.?!*??

An optimized amperometric immunobiosensing strip has
been developed to detect foodborne pathogens. Conjugat-
ing secondary enzyme-labeled antibodies with gold nano-
particles had the ability to detect Listeria monocytogenes
at 2log colony-forming unit (CFU)/g in wild blueberry
samples and exhibited significant specificity over other
enteric pathogens such as Escherichia coli O157:H7 and
Salmonella typhimurium. These results indicate that modify-
ing the electrodes with gold nanoparticles is crucial in the
development and production of surface plasmon-coupled
emission biosensors.??

Engineered nanostructures as novel electron transfer
devices for biological and agricultural applications includ-
ing food and water safety, bioconversion, environmen-
tal remediation, and biosecurity have been reported.?**
Nanoclay-embedded plastics allow less air and water vapor
to pass, which means drinks stay fizzier and grains stay
drier. Nanoclay-embedded plastics were found to be up
to 100 times stronger than regular plastics and only a few
percent heavier.

Addition of nanoclays to dairy packages prevented the
diffusion of air into the product, thereby increasing the dura-
bility of the product without adding any chemicals to it. Such
nanomaterial addition to milk packages also increased the
durability of the milk 3 to 9 days. Nanowax for fruits caused
higher durability and transparency.?*

Bacteriocins are antibacterial proteins produced by
bacteria that kill or inhibit the growth of other bacteria.
Many lactic acid bacteria produce a high diversity of dif-
ferent bacteriocins. Though these bacteriocins are produced
by lactic acid bacteria found in numerous fermented and
nonfermented foods, nisin is currently the only bacteriocin
widely used as a food preservative.??

Combined effect of food preservative agent with
nanoparticles against food spoiling organisms such as

Micrococcus luteus, Bacillus cereus, Staphylococcus aureus,
and Escherichia coli was reported. Here, results revealed
that the producer organism producing peptides (bacteriocin)
have more antimicrobial activity against the above men-
tioned food-spoiling organisms, when used in combination
and alone, than commercially available nisin with gold

nanoparticles.?”’

Nanotechnology in animal
production/reproduction

and animal nanofeed applications
Improving the feeding efficiency and nutrition of agricul-
tural animals, minimizing losses from animal diseases, and
turning animal by-products and waste and environmental
concerns into value-added products are among applications
of nanotechnology in animal husbandry.?*

Surface-functionalized nanomaterials and nanosized
additives can bind and remove toxins or pathogens. Nanofeed
(a food supplement for animals) encourages the activation of
the animal’s own self-healing forces, equal to improved resis-
tance against diseases. Nanofeed also acts as an antioxidant
to maintain healthy cell activity and overall animal health.
Benefits can be seen in the reduction of antibiotics needed,
improved bone growth, improved phosphate utilization, and
reduction in mortality rates.’”® Zinc oxide in piglet feed pre-
vents diarrhea in young piglets to ensure minimum weight loss
and generally better performance. However, the high dosage
of zinc oxide needed for sufficient effects results in a high
level of excretion in the environment. The nanoproduct Fra
ZN C4 (Framelco, Raamsdonksveer, the Netherlands) Dry, a
nanocoated zinc oxide, ensures minimum weight loss at lower
dosage with less environmental excretion.?° The results of a
study of the effect of silver nanoparticles used as an additive
in diets for weanling pigs on the digestive microbiota and gut
morphology, and in productive performances and silver reten-
tion in tissues, suggested that silver effect may be mediated
through its antimicrobial properties, either by acting against
certain bacterial groups or just reducing the microbial load of
the small intestine.?*! Silver nanoparticles could be applied to
animal feeding?? and are also a potent antimicrobial agent for
use in broiler chickens.?** Magnetic nanoparticles were found
successful for the recovery of aflatoxin B1 and zearalenone
from feed utilizing monoclonal antibodies against aflatoxin B1
and zearalenone.”*

The US Department of Agriculture and Clemson
University have developed a chicken feed containing bioac-
tive polystyrene nanoparticles that bind with harmful bacteria
to reduce food-borne pathogens.?** Nanoclays (for example,
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modified montmorillonite nanocomposite) ameliorate the
deleterious effects of aflatoxin on poultry.?*

Reproductive performance of livestock animals influ-
ences the productivity of agriculture worldwide.?’ Artifi-
cial insemination technology has great potential to improve
livestock reproductive efficiency. In this context, both
sire-fertility testing and semen purification can potentially
be improved through the application of nanotechnology.
The identification of biomarkers — for example, ligands of
lectins from Arachis hypogaea and Lens culinaris, sperm
proteins ubiquitin and post-acrosomal, WW domain-
binding protein — and trials of nanoparticle-based tech-
nologies for fertility testing and the nanopurification of
bull semen for commercial artificial insemination have
been reported.?*®

Nanotechnology may serve the purposes of vegetarians
who are willing to eat high proteinous food without killing
the animals, in the form of in-vitro meat, cultured meat, or
laboratory-grown meat. In the quest to maintain nutritional
quality while achieving the quantities needed to fill the stom-
achs of hungry people in the coming years, nanotechnology
may be the modern weapon. The transportability of livestock
products with freshness is a great concern that may be ame-
liorated by the use of nanoparticles in the form of flexible
pouches, laminates, and edible coatings.?*

Nanotechnology in poultry

production

Nanoparticles’ use can produce poultry products at a much
faster pace with high safety.?* The antimicrobial properties
of nanobiotic-silver, when used in poultry nutrition, may
affect microbial populations without inducing microbial
resistance. Furthermore, nanobiotic silver may increase
anabolic activities. Gold nanoparticle-based diagnosis kits
detect poultry suffering from influenza virus.?*

Ply500 formulations were prepared by three facile
routes: covalent attachment onto US Food and Drug
Administration-approved silica nanoparticles (SNPs);
incorporation of SNP-Ply500 conjugates into a thin
poly(hydroxyethyl methacrylate) film; and affinity binding
to edible crosslinked starch nanoparticles via construction
of a maltose-binding protein fusion for the surface incor-
poration of the listeria bacteriophage endolysin Ply500.
These Ply500 formulations were found effective in killing
Listeria innocua (a reduced pathogenic surrogate) at chal-
lenges up to 10° CFU/mL, both in non-growth-sustaining
phosphate buffered saline as well as under growth conditions
on lettuce.?!

Nanotechnology for aquaculture

and fisheries

Aquaculture plays an important role in global food production.
The world’s fastest growing area of animal production
is the farming of fish, crustaceans and mollusks and the
highly integrated fish farming industry may be among the
first to incorporate and commercialize nanotech products.
Aquaculture is the farming of fish and seafood and is one
of the fastest growing sectors of the animal food produc-
ing sector.?* Nanotechnology has a wide usage potential in
aquaculture and seafood industries.?** Little is known about
the effect of nanoparticles on aquatic organisms. Young carp
and sturgeon exhibited a faster rate of growth upon iron
nanoparticle feeding.*** A nanoselenium-supplemented diet
could improve the final weight, relative gain rate, antioxidant
status, and the glutathione peroxidase activities and muscle
selenium concentrations of crucian carp (Carassius auratus
gibelio). Moreover, nanoselenium was found more effective
than organic selenomethionine in increasing muscle selenium
content.?* Further, the growth and performance of the fish
which were experimented on were found higher at nanolevel
delivery of these nutraceuticals.?*® Direct use of silver nano-
particles in water to treat a fungal disease has been found
toxic to young trout,”*’ but a water filter coated with silver
nanoparticles prevented fungal infections in rainbow trout
farmed indoors.*®

For fish health in aquaculture, nanotechnological applica-
tions include antibacterial surfaces in the aquaculture system,
nanodelivery of veterinary products in fish food using porous
nanostructures, and nanosensors for detecting pathogens in
the water.***° Nanopurified water could be used for irriga-
tion and fish culture.?!

Nanomaterials have shown great potential in a wide
range of environmental applications due to the extremely
small particle size, large surface area, and high reactivity.>
Nanoscale iron—manganese binary oxide was an effective
sorbent for removal of arsenic (III) and arsenic (V) from
both synthetic and actual field groundwater.>

Calcium—alginate polymer is an excellent choice as an
entrapment medium as it is nontoxic and has little solubility in
water. The use of nanoscale zero-valent iron (diameter 10-90
nm with an average value of 35 nm) entrapped in calcium—
alginate beads showed great promise for aqueous arsenic
treatment.”* A water-cleaning product for swimming pools
and fishponds called “NanoCheck” (Altair Nanotechnologies,
Reno, NV, USA) uses 40 nm particles of a lanthanum-based
compound which absorbs phosphates from the water and
prevents algae growth.?”> Lanthanum oxide nanoparticles
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were utilized to scavenge phosphate from microbial growth
media for the use of targeted nutrient starvation as an anti-
microbial strategy. The effect was shown on Escherichia
coli, Staphylococcus carnosus, Penicillium roqueforti, and
Chlorella vulgaris.*® Nanotechnology can be used to clean
ground water. The US company Argonide (Sanford, FL,
USA) is using 2 nm diameter aluminium oxide nanofibers
(NanoCeram) as a water purifier. Filters made from 2 nm
diameter aluminium oxide nanofibers (NanoCeram) can
remove viruses, bacteria, and protozoan cysts from water.
Nanoscale iron oxide particles are extremely effective at
binding and removing arsenic from groundwater.

Pretreatment of rare earth oxide nanoparticles with
phosphate in a neutral pH environment prevented their
biological transformation into urchin shaped structures and
profibrogenic effects.””” Nanocochleates are unique lipid-
based supramolecular assemblies composed of a negatively
charged phospholipid and a divalent cation. Nanocochleates,
50 nm cylindrical (cigarlike) nanoparticles, can be used to
deliver nutrients such as vitamins, lycopene, and omega fatty
acids more efficiently to cells, without affecting the color or
taste of food.”® Researchers have met with moderate suc-
cess at developing nanoencapsulated vaccines against the
bacterium Listonella anguillarum in Asian carp®® and white
spot syndrome virus in shrimp.?

Nanoparticles have promise for improving protection of
farmed fish against diseases caused by pathogens. Chitosan
nanoparticles are promising carriers for an oral plasmid DNA
vaccine. For example, oral administration with chitosan/
pDNA induced an antibody immune response in fish against
Vibrio parahaemolyticus (0S4).21:262

Particle farming
Scientists have found a way to grow and harvest gold from
crop plants. Nanoparticles could be industrially harvested.
For example, alfalfa plants grown in an AuCI, rich environ-
ment showed absorption of gold metal by the plants. The gold
nanoparticles can be mechanically separated by dissolving
the organic material (plant tissue) following harvest.?¢*
Researchers reported the uptake of silver by living alfalfa
plants from a silver-rich solid medium and the subsequent
formation of silver nanoparticles.?** After immersing gera-
nium leaves in a gold-rich solution for 3—4 hours, the leaves
produced 10 nm-sized particles shaped as rods, spheres,
and pyramids.?®® The husks containing natural silicon
nanoparticles can easily be extracted and used in battery
manufacture.’®® Phytosynthesis of metal nanoparticles has
been reported in plants.?’

Toxicology aspects, associated

risks, and regulatory aspects

In terms of global food and livestock production, the main
aspects of nanotechnology are improved quality and nutri-
tional value. In spite of potential benefits that nanotechnol-
ogy offers in the agri-food sector (food production, feed for
livestock, food ingredients, packaging, and nanobased smart
systems), little is known on safety aspects of the application
of nanotechnologies in food production and the incorporation
of nanoparticles in food. Moreover, consumers still lack
knowledge about nanotechnology.

Risk-assessment procedures are not specific to agri-food
nano-materials, resulting in uncertainty regarding the nature
and extent of potential risks in most cases. Applications for
nanomaterials currently used for meat, and food generally,
include the use of nanoparticles and nanomaterials as food
ingredients/additives that are placed directly into food or as a
part of food packaging.?® There is a need to pay attention to
public views regarding new technologies in the food business
during the product-development stage to avoid some of the pit-
falls encountered by the genetically modified food industry.>®
The release of engineered nanoparticles may cause adverse
effects on edible plants.?’® The potential risks and benefits of
using nanosilver as an antibacterial agent in consumer and
health care products are being debated globally.?"!

Elevated cerium content was detected in plant tissues
exposed to cerium oxide nanoparticles, suggesting that cerium
oxide nanoparticles were taken up by tomato roots and trans-
located to shoots and edible tissues. In particular, substantially
higher cerium concentrations were detected in the fruits
exposed to 10 mg L' cerium oxide nanoparticles, compared
with controls. This study sheds light on the long-term impact
of cerium oxide nanoparticles on plant health and its impli-
cations for our food safety and security.””? Lack of regula-
tory harmonization and empirical data are impeding global
strategies for products commercializing nanotechnologies.?”
Thus, there is an urgent need for regulatory systems capable
of managing any risks associated with nanofoods and the use
of nanotechnology in the food industry.?™

In 2012 a new biocidal product regulation (EU 528/2012)
was adopted in the European Union. The regulation specifi-
cally requires assessment and approval of active nanomaterial
biocidal ingredients.

The environmental and societal implications of nanotech-
nology was assessed.?’

The European Parliament Committee on the Environment,
Public Health and Food Safety rejected a proposed regulation
that would define “engineered nanomaterials” in food, on
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February 12, 2014. Such definition could lead to existing
nanomaterials not being labeled due to an exemption pro-

vided for food additives approved on a European Union
1iSt.276‘277

Conclusion and perspective

Many diverse opportunities for nanotechnology exist to play an
important role in agriculture and food production as well as in
livestock production. The potential uses and benefits of nano-
technology are enormous. Productivity enhancement through
nanotechnology-driven precision farming and maximization of
output and minimization of inputs through better monitoring
and targeted action is desirable. Nanotechnology enables
plants to use water, pesticides, and fertilizers more efficiently.
Nanotechnology use may bring potential benefits to farmers
through food production and to the food industry through
development of innovative products through food processing,
preservation, and packaging. Anticipated agri-food nanotech-
nology applications include nanosensors/nanobiosensors for
detecting pathogens and for soil quality and for plant health
monitoring, nanoporous zeolites for slow-release and efficient
dosage of water and fertilizers for plants and of nutrients and
drugs for livestock, nanocapsules for agrochemical delivery,
creating biofuels, nanocomposites for plastic film coatings
used in food packaging, antimicrobial nanoemulsions for
applications in decontamination of food, nanobiosensors for
identification of pathogen contamination, and improving plant
and animal breeding.

Even so, less effort is going into applications of nano-
technology in agri-food sectors. Further, existing efforts are
more oriented to reduce the negative impact of agrochemical
products in the environment and human health, rather than
the utilization of nanotechnology applications to improve
their properties for food and livestock production.

Experts envision numerous nanoparticulate agroformu-
lations with higher bioavailability and efficacy and better
selectivity in the near future. Multidisciplinary approaches
could potentially improve food production, incorporat-
ing new emerging technologies and disciplines such as
chemical biology integrated with nanotechnologies to tackle
existing biological bottlenecks that currently limit further
developments. The potential benefits of nanotechnology
for agriculture, food, fisheries, and aquaculture need to be
balanced against concerns for the soil, water, environment,
and the occupational health of workers.
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