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Nanotechnology in agriculture and food sciences

Historically, agriculture preceded the industrial revolution of about 90 centu-
ries; the history of the technological innovation in agriculture and agri-food 
have produced profound changes in production, in the landscape and envi-
ronment, and in significant socio economic relationships, revolutionizing far-
ming operations with less dependence on farm workers to specific tasks. The 
latest series of technological innovations include the new genetics, biotechno-
logy, intensive farming of animals and new techniques of cell reproduction. 
The products of these technological innovations have affected differently large 
segments of agriculture, new varieties of seeds and animals, new varieties of 
chemical products, more pesticides, fertilizers and veterinary drugs. Nano-
technology, as an emerging technology, presents an important opportunity 
for the scientific and business community. Industrial development-intensive 
chemical agriculture in recent decades has produced high environmental costs 
associated with the loss of biodiversity, toxic pollution of land and waterways, 
increased salinity, erosion and decreased soil fertility. Nanotechnology is now 
imposing, albeit with light and shade and not in the all areas, as an element of 
development in modern agriculture and in the food sector where it can be a 
driving economic force in the near future. Nanoscience and nanotechnology 
are new frontiers of this century (Raliya et al., 2013). Nanotechnology ena-
bles plants to use water, pesticides and fertilizers more efficiently; industrial 
development aims important role in the development of novel methods for 
the production of new products, to replace existing production plants and to 
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reformulate new materials and chemicals with improved performance resul-
ting in lower consumption of energy and materials, reduced damage to the 
environment, environmental remediation, sustainability and enhancement of 
nutritional food, including crops intended for human consumption and ani-
mal feed. Ultimately, nanotechnology could be described as the science of 
designing and building machines in which every atom and chemical bond is 
precisely specified (Ditta, 2012). According to another definition, “nanoma-
terial” means a natural, incidental, or manufactured material containing par-
ticles 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. Nanoscale materials exhibit 
novel properties such as increased strength, enhanced optical features, anti-
microbial properties, and superconductivity. Nanotechnology is unlike some 
other sectors of the chemical industry, where significant capital is already in-
vested in the form of large plants and established supply chains in which 
production techniques are technologically and culturally embedded. It is not 
a set of special techniques, devices or products, but the set of capabilities that 
we have when technology is approaching the limits of the atomic physics. 
However, while research in nanotechnology began to grow for industrial ap-
plications almost half a century ago, the momentum for the use of nano-
technology in agriculture came only recently (Agrawal and Rathore, 2014) 
respect to their use in drug delivery and pharmaceutical products. Engineered 
nanoparticles (NPs) are now present in matrices that can interfere with food 
production (Sonkaria et al., 2012). In fact their industrial use for a wide ran-
ge of potential applications led to the contamination of environmental media 
(water, air, soil) with nanomaterials so it may raise concerns related to envi-
ronmental risk. Between 2006 and 2011, reports have shown that the num-
ber of nanotechnology-related products across the world grew by 521 per-
cent. By 2015, the market for nano products was expected to hit $ 2.4 trillion. 
Nanotechnology use may bring potential benefits to farmers through new 
agrochemical agents and new delivery mechanisms to improve crop produc-
tivity. Furthermore it promises to reduce pesticide use, increase food produc-
tion and to improve the food industry through the development of innovati-
ve products for preservation and packaging uses. Applications include 
nanoparticle-mediated gene or DNA transfer in plants for the development 
of insect-resistant varieties, food processing and storage, nanofeed additives, 
increased product shelf life, nanosensors/ nanobiosensors for detecting pa-
thogens, for soil quality and for plant health monitoring, nanoporous zeolites 
for slow-release and efficient dosage of water and fertilizers for plants and 
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release of nutrients and drugs for livestock, nanocapsules for agrochemical 
delivery in form of green slow-release fertilizer (Kottegoda et al., 2011), bio-
fuels, nanocomposites for plastic film coatings used in food packaging, anti-
microbial nanoemulsions for applications in decontamination of food, nano-
biosensors for identification of pathogen contamination, and improving 
plant and animal breeding (Espitia et al., 2013). Nanomaterials can enter the 
water cycle in various ways: for example, domestic sewage may be affected by 
textiles, detergents, cosmetics, pharmaceuticals or building materials, while 
bathing waters by sun protection products, and groundwater by industrially 
manufactured or processed nanomaterials which are discharged into various 
water cycles, or by fertilizers and landfill leachates. Nanotechnology promises 
to accelerate the development of biomass-to-fuels production technologies. 
Experts feel that the potential benefits of nanotechnology for agriculture, 
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 is one of the keys to in-
fluencing consumer acceptance. While the successful implementation is im-
portant for the growth of the global economy, nanotechnology offers much 
promise, in fact these novel properties and behaviors may also pose new risks 
so there is also a need to consider the possible environmental health and safe-
ty impact. On the basis of only a handful of toxicological studies, concerns 
have arisen regarding the safety of nanomaterials, and researchers and compa-
nies will need to prove that these nanotechnologies do not have a negative 
impact on the environment. There is increasing concern of the toxicity of 
engineered nanomaterials and their effects on biological systems and envi-
ronment, which remain largely unknown (Podila and Brown, 2013). Nano-
materials possess physical and chemical properties that can have an unpredic-
table impact on safety and human health; biological naturally occurring 
nanoparticles nanoclay, tomato carotenoid lycopene, many chemicals derived 
from soil organic matter, lipoproteins, exosomes, magnetosomes, viruses, fer-
ritin, have diverse structures with wide-ranging biological roles; biological 
nanoparticles are often biocompatible and have reproducible structure (Gior-
dani et al., 2012). The interaction of these nanomaterials with human organs 
and tissues initially aroused scientific interest for possible applications in bio-
medicine, later began a major concern in both scientific organizations and 
health-conscious environment. Population exposure to nanoparticles may 
occur directly or indirectly. Indirect exposure occurs both by nano particles 
produced by natural processes such as fires, earthquakes and volcanic erup-
tions, both from nano particles from air pollution caused by technological 
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advances that led to the accumulation of large amounts in the environment 
and can cause changes in the final products or changes of metabolites that 
may also lead to high risks (Cushen et al., 2012). A number of recent reports 
and reviews have identified the current and short-term projected applications 
of nanotechnologies in the food sector (Groves, 2008; Kuzma and VerHage, 
2008; Kuzma, 2010; Mura et al., 2013; Bouwmeester et al., 2007). There are 
already identified potential uses of nanotechnology in virtually every segment 
of the food industry with four key focus areas:

(i) agriculture-pesticide, fertilizer or vaccine delivery; animal and plant pa-
thogen detection; targeted genetic engineering; nanoagrochemicals and water 
pollution,

(ii) food processing-encapsulation of flavor or odor enhancers; food textu-
ral or quality improvement; new gelation or viscosifying agents in nanofood,

(iii) food packaging-pathogen, gas or abuse sensors; anticounterfeiting 
devices, UV-protection, and stronger, more impermeable polymer films, in 
agri-environment

(iv) nutrient supplements-nutraceuticals, cosmetic with higher stability 
and bioavailability.

Finally, the use of nanomaterials in the environment can cause changes in 
the final products or changes of metabolites that may also lead to high risks. 
On basis of these stresses a new discipline called “nanotoxicology” is born 
who is trying to study the interactions of these nanostructures with biological 
structures with the laying of a certain question about the gap: science and 
ethics in nanotechnology. Significant evidence indicates that manufactured 
nanomaterials and combustion-derived nanomaterials elicit toxicity in hu-
mans exposed to these nanomaterials. The toxicology studies worked on in vi-
tro cytotoxicity studies of cells, lately also in vivo studies have increased. The 
number of studies that have been published on the topic of nanosafety speaks 
for itself. We have seen an almost exponential rise over the past 15 years or so 
in the number of articles on nanotoxicology. Although only a couple of hun-
dred papers had appeared on the topic of “Nanomaterials: environmental and 
health effects” before 2000, this number has exploded to over 10 000 since 
2001. Most of these studies, however, do not offer any kind of clear statement 
on the safety of nanomaterials. On the contrary, most of them are either self-
contradictory or arrive at completely erroneous conclusions (Krug, 2014). 
The epidemiological studies are very complicated, for the interaction of mul-
tiple components and biological events that occur in vivo. The environmental 
effects require further research to determine whether the assessment methods 
currently used (organisms, cell cultures, exposure regimens, analytical me-
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thods) are applicable to the testing of nanomaterials in standardized toxicity 
tests to determine the effects of nanomaterials in ecosystems (Stanley, 2014). 
Their absorption, distribution, metabolism and excretion (ADME) evaluates 
these parameters for different nanomaterials in order to examine the interac-
tion of nanomaterials with model ecosystems (Fedeel et al., 2015). 

nanoagrochemicals

A doubling in global food demand projected for the next 50 years poses huge 
challenges for the sustainability both of food production and of terrestrial 
and aquatic ecosystems and the services they provide to society. Recent agri-
cultural practices associated with the Green Revolution have greatly increased 
the global food supply (Brennan, 2012). They have also had an inadvertent, 
detrimental impact on the environment and on ecosystem services, highligh-
ting the need for more sustainable agricultural methods (Gogos et al., 2012). 
It is well documented that excessive and inappropriate use of fertilizers and 
pesticides has increased nutrients and toxins in groundwater and surface wa-
ters, incurring health and water purification costs, recreational opportunities, 
and decreasing fishery in Developing Countries (Chaudhry and Castle, 
2011). Agricultural practices that degrade soil quality contribute to eutrophi-
cation of aquatic habitats and may necessitate the expense of increased ferti-
lization, irrigation, and energy to maintain productivity on degraded soils 
(Marchiol, 2012). Agriculturalists are the principal managers of global usable 
lands and will shape, perhaps irreversibly, the surface of the Earth in the co-
ming decades. Degraded ecosystems have become a serious threat to human 
health and civilization. The benchmark for ecosystem degradation is linked to 
its failure to retain carbon and prevent escape of various forms of nitrogen 
from the soil to water bodies and the atmosphere. It leads to increased pests, 
reduced availability of clean water and biodiversity loss. Land degradation is 
often the result of land mismanagement, including: deforestation, overgra-
zing, monoculture, salinization, pollution of land and water sources by agri-
culture or industries, misuse of fertilizers and/or chemicals, poor farming 
practices, and soil erosion. Farmland is a fundamental resource for human 
survival and development, however, farmland fragmentation has become a 
serious problem, causing ecological damage and low crop production effi-
ciency in many parts of the world (Cheng et al., 2015). Despite many 
adjustments to agricultural policy, intensification of production in some re-
gions and concurrent abandonment in others remain the major threat to the 
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ecology of agro-ecosystems impairing the state of soil, water and air and re-
ducing biological diversity in agricultural landscapes. The impacts also extend 
to surrounding terrestrial and aquatic systems through water and aerial con-
tamination and development of agricultural infrastructures (e.g. dams and 
irrigation channels). Improvements are also documented regionally, such as 
successful support of farmland species, and improved condition of water-
courses and landscapes. All of this increases food insecurity and makes the 
affected areas, their populations and business operations more vulnerable to 
climate change. Manufactured nanoparticles can be produced from nearly 
any chemical; however, most NPs that are currently in use have been made 
from transition metals, silicon, carbon (carbon black, carbon nanotubes; ful-
lerenes), and metal oxides; few of these nanoparticles have been produced for 
several decades on an industrial scale, but various new materials such as car-
bon nanotubes, fullerenes or quantum dots have only been discovered within 
the last two decades. Agrochemical companies are reducing the existing che-
mical emulsions to the nanoscale and substituting active ingredients with 
their encapsulated nanosized equivalents in attempt to bring a number of 
benefits into potential applications of nanotechnology to pesticides, and 
other agrochemicals such as fertilizers and plant growth regulators (DeRosa 
et al., 2010). New incentives and policies for ensuring the sustainability of 
agriculture and ecosystem services will be crucial if we meet the demands of 
improving yields without compromising environmental integrity or public 
health (Garcia et al., 2010). Nanotechnology can improve crops yield, germi-
nation, nutritional values (Khodakovskaya et al., 2009), and can offer added 
value to crops or environmental remediation (El-Ramady, 2014). Particle far-
ming is one such fields, which yields nanoparticles for industrial use by 
growing plants in gold rich soil. The gold nanoparticles can be mechanically 
separated from the plant tissue following harvest (Owolade et al., 2008). New 
applied research also aims to make plants use water, pesticides and fertilizers 
more efficiently, to reduce pollution and to make agriculture more envi-
ronmentally friendly. Smaller companies are forming alliances with major 
players such as LG, BASF, Honeywell, Bayer, Mitsubishi, and DuPont to 
make complete plant health monitoring systems in the next 10 years using 
nanotechnologies. Opportunities for applying nanotechnology in agriculture 
lie in the areas of genetic improvement of plants, delivery of genes and drug 
molecules to specific sites at the cellular level in plants (Giraldo et al., 2014), 
plant nanobionics approach to augment photosynthesis and biochemical sen-
sing, nanoarray-based technologies for gene expression in plants to overcome 
stress and development of sensors and protocols for its application in preci-
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sion farming, management of natural resources, early detection of pathogens 
and contaminants in food products, smart delivery systems for agrochemicals 
like fertilizers and pesticides (Vidyalakshmi et al., 2009), and integration of 
smart systems for food processing, packaging, and monitoring of agricultural 
and food system security. Precision farming has been a long-desired goal to 
maximise output (i.e. crop yields) while minimising input (i.e. fertilisers, pe-
sticides, herbicides, etc) through monitoring environmental variables and 
applying targeted action. Precision farming makes use of computers, global 
satellite positioning systems, and remote sensing devices to measure highly 
localised environmental conditions thus determining whether crops are 
growing at maximum efficiency or precisely identifying the nature and loca-
tion of problems. By using centralised data to determine soil conditions and 
plant development, seeding, fertilizer, chemical and water use can be fine-
tuned to lower production costs and potentially increase production all bene-
fiting the farmer. With nanofertilizers emerging as alternatives to conventio-
nal fertilizers, buildup of nutrients in soils by eutrophication and 
contamination of drinking water may be eliminated (Manimegalai et al., 
2011). Pesticides are commonly used in agriculture to improve crop yield and 
efficiency, smart delivery system has a huge potential for improving efficiency 
of fungicides in agriculture systems. Development of these technologies in 
plant protection would allow their use in crop protection. The application of 
smart delivery systems for improving treatment of plant diseases with chemi-
cals (fungicides, insecticides, herbicides) could be immediate (Rai et al., 
2012). However, the more complex part is the translocation of the substances 
within the plant to reach the action point. Nanopesticides are one of a new 
strategy being used to address the problems of non-nanopesticides and ena-
bles companies to manipulate the properties of the outer shell of a capsule in 
order to control the release of the substance to be delivered. ‘Controlled rele-
ase’ strategies are highly prized in medicine since they can allow drugs to be 
absorbed more slowly, at a specific location in the body or at the say-so of an 
external trigger. Nanopesticides cover a wide variety of products, some of 
which are already on the market, U.S. EPA statement, several manufacturers 
have been interested in releasing nanoscale pesticides. Nevertheless, almost 
no major agrochemical companies, except Syngenta, have announced that 
they are manufacturing products, which contain nanomaterials having a dia-
meter less than 100nm. Syngenta has been selling its Primo MAXXR for se-
veral years. Primo MAXXR is by far the most widely used Plant Growth Re-
gulator (PGR) by golf course superintendents and other professional turf 
managers since its introduction in 1993. Syngenta claims that the particle 
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size of this formulation is about 250 times smaller than typical pesticide par-
ticles. According to Syngenta, it is absorbed into the plant’s system and can-
not be washed off by rain or irrigation. In 1998 Monsanto entered an agree-
ment with Flamel Nanotechnologies to develop “Agsome” nanocapsules of 
Roundup, which might have been more chemically efficient than the conven-
tional formula. They cannot be considered as a single entity; rather such na-
noformulations combine several surfactants, polymers (organic), and metal 
nanoparticles (inorganic) in the nanometer size range (Ray, 2013), it is mar-
keted as a “micro-emulsion” concentrate. The lack of water solubility is one 
of the limiting factors in the development of crop-protecting agents. Micro-
encapsulation has been used as a versatile tool for hydrophobic pesticides, 
enhancing their dispersion in aqueous media and allowing a controlled relea-
se of the active compound. Polymers often used in the nanoparticle produc-
tion have been reported (Perlatti et al., 2013), potential applications across 
the food chain (in pesticides, vaccines, veterinary medicine and nutritionally-
enhanced food), these nano and micro-formulations are being developed and 
patented by agribusiness and food corporations such as Monsanto, Syngenta 
and Kraft. Researchers have reported various aspects of nanoparticle formu-
lation, characterization, effect of their characteristics, and their applications 
in management of plant diseases. First of all, polycaprolactone and poly(lactic) 
acid nanospheres were used for encapsulation of the insecticide ethiprole, si-
lica nanocapsules were prepared by a recently reported emulsion and biomi-
metic dual-templating approach under benign conditions and without using 
any toxic chemicals (Wibowo et al., 2014). Nanonization is an attractive so-
lution to improve the bioavailability of the poorly soluble drugs, to improve 
therapies, in vivo imaging, in vitro diagnostics and for the production of 
biomaterials and active implants (Sheth et al., 2012). Nanoparticles in the 
pharmaceutical industry and the use of supercritical fluid technologies for 
nanoparticle production in drug delivery, application of nanotechnology is 
commonly referred to as Nano Drug Delivery Systems (NDDS). In this case, 
results indicated that nanospheres do not provide a controlled release of agro-
chemical active ingredients but, due to their small size, they enhanced the 
penetration in the plant compared to the classical suspension (Boehm et al., 
2003). In vivo experiments carried out with Egyptian cotton leaf worm Spo-
doptera littoralis larvae indicated that the toxicity of nanoparticles of novalu-
ron resembled that of the commercial formulation (Elek et al., 2010). Nano-
materials serve equally as additives (mostly for controlled release) and active 
constituents (Adak, 2012), controlled-release (CR) formulations of imidaclo-
prid (1-(6 chloro-3-pyridinyl methyl)-N-nitro imidazolidin-2-ylideneami-
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ne), 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 prepared CR formulations and a com-
mercial formulation were evaluated against major pests of soybean, namely 
stem fly, Melanagromyza sojae Zehntmer and white fly, Bemisia tabaci Gen-
nadius. Most of the CR formulations of imidacloprid exhibited better control 
of the pests compared with its commercial 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 hi-
gher yield over commercial formulation and control (Adak et al., 2012a; 
Adak et al., 2012b). CR formulations of carbofuran and imidacloprid provi-
ded better or equal control against the aphid, Aphis gossypii and leafhopper, 
Amrasca biguttula Ishida on potato crop, than commercial formulations (Ku-
mar et al., 2011). Nanoparticles in insects and their potential for use in insect 
pest management have been reported (Elek et al., 2010; Al-Samarrai, 2012). 
The residue of carbofuran and imidacloprid in potato tuber and soils was not 
detectable at the time of harvesting in any one of the formulation (Jdyalaksh-
mi et al., 2009). Nanomaterials including polymeric nanoparticles, iron oxi-
de nanoparticles, gold nanoparticles, and silver ions have been exploited as 
pesticides. Nanoencapsulation helps slow release of a chemical to the particu-
lar host for insect pest control through release mechanisms that include dis-
solution, biodegradation, diffusion, and osmotic pressure with specific pH 
(Barik et al., 2008). Nanoparticles loaded with garlic essential oil proved ef-
fective against Tribolium castaneum Herbst. The use of amorphous nanosilica 
as biopesticide has been reported (Jayaseelan et al., 2011). Nanocopper par-
ticles 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 
(Hatschek, 1931). In the research and development stage, nanosized agroche-
micals or nanoagrochemicals are mostly nano-reformulations of existing pe-
sticides and fungicide. (Green et al., 2007; Kah et al., 2013). Nanoformula-
tions 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 (Kumar et al., 
2010). 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 ingredients in nanocapsules designed to split open, 
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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 contain nanoparticles within the 100-250 nm size range 
that are able to dissolve in water more effectively than existing ones, thus in-
creasing their activity (Perez-de-Luque et al., 2009). Other companies em-
ploy 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. Potential advantages 
described by the research community are the solubilisation of hydrophobic 
pesticides (hence no need for toxic organic solvents). However, it should be 
noted that manufacturing opportunities are not developed, as the precise me-
chanisms by which nanoemulsions form and how their properties controlled 
are still the subject of intense basic research. The benefit of nano-emulsions 
over coarser systems is not so clear. Information from our interviews with 
industrial representatives suggests that the use of tailor made adjuvants toge-
ther with micron particles is likely to override the nano-emulsions which are 
much more complicated with regard to preparation as well as stabilisation 
(Anton and Vandamme, 2011). Nanocapsules can enable effective penetra-
tion of herbicides through cuticles and tissues, allowing 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 (Perez-de-Luque et Rubia-
les, 2009). The ultimate expression of this technology would be development 
of a vector that encapsulates, protects, penetrates, and releases DNA-based 
BW [biological warfare] agents into target cells but is not recognised by the 
immune system. Such a ‘stealth’ agent would significantly challenge current 
medical counter measure strategies (Defense Intelligence Agency analysts, US 
government, Washington, DC). Silver nanoparticles at 100 mg/kg inhibited 
mycelia growth and conidial germination on cucurbits and pumpkins against 
powdery mildew (Afrasiabi et al., 2012). Silver nanoparticles have received 
significant attention as a pesticide for agricultural applications. The potential 
of nanomaterials in insect pest management as modern approaches of nano-
technology, has been reported (Rai et Ingle, 2012). 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 situations, reducing the current appli-
cation dosage and improving efficiency. Nanoparticles can be used in the 
preparation of new formulations like pesticides, insecticides, and insect repel-
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lants (Peisker and Gorb, 2013). Treatment of Bombyx mori leaves with gras-
serie disease with ethanolic suspension of hydrophobic alumina–silicate na-
noparticles significantly reduced the viral load (Goswami et al., 2010). 
DNA-tagged gold nanoparticles are effective against Spodoptera litura and 
would therefore be a useful component of an integrated pest-management 
strategy (Chakravarthy et al., 2012). Development of nanobased viral dia-
gnostics 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 (Scrinis and Lyons, 2007). Nano-
silica has been successfully employed to control a range of agricultural insect/
pest and ectoparasites in animals. Such nanoparticles get absorbed into cuti-
cular lipids (used by insects to prevent death from desiccation) by physisorp-
tion 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 cine-
rea, Rhizoctonia solani, Calllectotrichum gloeosporioides (Cioffi et al., 2004; 
Jo et al., 2009). 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 (Esteban-Tejeda et al., 2009). A novel photodegradable insecticide in-
volving nanoparticles has been reported (Guan et al., 2008). Specific nanoen-
capsulated pesticides will have the ability to kill targeted insects only, thereby 
reducing the effective dose when compared to traditional pesticides (Park et 
al., 2006). 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 (Dimkpa et al., 2013). Hal-
loysite nanotube has potential to be applied as a nanocontainer for encapsu-
lation of chemically and biologically active agents such as agromedicines and 
pesticides (Naderi and Danesh-Shahraki, 2013). It is essential to remove 
weeds for increasing the yield of any crop and weeding using nanoherbicides 
is seen as an economically viable alternative. Conventional herbicides have 
proved highly effective in controlling weeds without damage to crops or en-
vironment. However, chemical weed management under rain-fed areas de-
pends 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 
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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. 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 de-
monstrated. In this context, a nanohybrid containing both herbicides 
(4-(2,4-dichlorophenoxy) butyrate [DPBA] and 2-(3-chlorophenoxy) pro-
pionate [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 contai-
ning two herbicides, CPPA and DPBA, was found to be composed of a hi-
gher loading of DPBA compared to CPPA between the zinc-layered hydroxi-
de inorganic interlayers, with percentage contributions of 83.78% and 
16.22%, respectively. The release rate of both CPPA and DPBA was found to 
be different, suggesting that the anionic guest molecules’ sizes and the inte-
ractions between the host and guest could control the release kinetics. Rese-
archers reported a functional hybrid nanocomposite based on the intercala-
tion of two herbicides’ anions (2,4-dichlorophenoxy acetate and 
4-chlorophenoxy acetate) with zinc–aluminum-layered double hydroxide. 
CR formulations 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 
manganese carbonate core-shell nanoparticles loaded with pre-emergence 
herbicide pendimethalin programmed to release smartly based upon the re-
quirements. Researchers have reported nanosilver and titanium dioxide na-
noparticle applications in management of plant diseases (Rao and Paria, 
2013). Fungicidal efficiency of sulfur nanoparticles against two phytopatho-
gens has been reported: Fusarium solani (isolated from an infected tomato 
leaf, responsible for early blight and Fusarium wilt diseases) and Venturia 
inaequalis (responsible for the apple scab disease) (Soni and Prakash, 2012). 
Pheromones are naturally occurring volatile semiochemicals and are conside-
red ecofriendly biological control agents. Pheromones immobilized in a na-
nogel exhibited high residual activity and excellent efficacy in an open or-
chard (Bhagat et al., 2013). Environment-friendly management of fruit flies 
involving pheromones for the reduction of undesirable pest populations, re-
sponsible for decreasing yield and crop quality, has been reported. The deve-
lopment of nanocomposites is a new strategy to improve physical properties 
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of polymers, including mechanical strength, thermal stability, and gas barrier 
properties (Kumar and Krishnamoorti, 2010). The most promising nanosca-
le size fillers are montmorillonite and kaolinite clays. Graphite nanoplates are 
currently under study. In food packaging, a major emphasis is on the deve-
lopment of high barrier properties against the migration of oxygen, carbon 
dioxide, flavor compounds, and water vapor. Decreasing water vapor perme-
ability is a critical issue in the development of biopolymers as sustainable 
packaging materials. The polymer composites incorporating clay nanoparti-
cles are among the first nanocomposites to emerge on the market as improved 
materials for food packaging. Nano-layer structure of clays increases the path 
of diffusion of gases or other substances that penetrating significantly impro-
ve the polymer’s barrier properties. The nanoscale plate morphology of clays 
and other fillers promotes the development of gas barrier properties. Several 
examples are cited. Challenges remain in increasing the compatibility betwe-
en clays and polymers and reaching complete dispersion of nanoplates (Pan-
dey et al., 2013). Challenges remain in processing of these nanodispersions 
and in maintaining stability over longer durations. Commercial products 
(e.g. ImpermR, AegisR or DurethanR) are included into two general catego-
ries: regular and high load. Regular products have nanoclay loading in the 
2-4% range and high load 5-8%. Regular load products bring 2 times barrier 
improvement for oxygen and water vapour. The food contact materials based 
on metal/metal oxide nanoparticles use especially Nano-Silver, Nano-Tita-
nium, Nano-Aluminium and Nano Zinc Oxide. Nano-Silver particles can 
significantly reduce bacteria and insure safer, fresher and tastier food (Boholm 
and Arvidsson, 2014). Nano-Titanium is used in filtration systems in fridges 
and vacuum cleaners. Nano-Aluminium enables to improve properties of the 
foil surface, for instance to develop anti-adhesive coating or black coating of 
baking foil which does not reflect heat in an oven. Nano ZnO is used as a 
non-organic antibacterial agent, which does not discolour nor does not need 
ultra-violet light to be activated. Products based on metal or metal oxide na-
noparticles used for food contact materials are already in the market, e.g. food 
containers, cutting boards, refrigerators, kitchenware and tableware, alumi-
num foil or plastic wrap. Recently a method has been reported combining a 
processing technique of modified emulsion templating and freeze drying; the 
resulting powder composites are stable, highly porous and form nanodisper-
sions when added to water. The technique has been demonstrated with the 
antimicrobial agent Triclosan (Liu et al., 2009). There has been considerable 
research into the use of nanosized quantum dots (QDs) to detect foodborne 
pathogens. These semiconductor nanocrystals have been used as fluorophores 
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for cellular imaging, as they possess superior properties to conventional fluo-
rophores. QDs have been coupled with specific antibodies to facilitate detec-
tion of organisms, including the parasites Cryptosporidium parvum and Giar-
dia lamblia and the bacteria Mycobacterium bovis, Escherichia coli O157:H7, 
Listeria monocytogenes, Salmonella, and Shigella. Indeed, a modified cellphone 
has been used as a detection system for E. coli. Toxins, including shiga-like 
toxin, cholera toxin, and ricin, have been detected using a QD protocol (Bil-
lington et al., 2014). 

nanotechnology and agri-environment

The use of pesticides and fertilizers to improve food production leads to an un-
controlled release of undesired substances into the environment. Recent deca-
des have revealed the high environmental costs associated with industrial scale 
chemical-intensive agriculture, including biodiversity loss, toxic pollution of 
soils and waterways, salinity, erosion and declining soil fertility. Effect of car-
bon nano materials on pesticide residue in zucchini, corn, tomato and soybean 
has been investigated by Torre-Roche et al. It was found that pesticide residue 
uptake by the above plants was reduced in presence of carbon nanotubes. To-
day, 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 (Gruere et al., 2014). They showed that the use of nanomate-
rials improved the quality of the environment and helped detect and remediate 
polluted sites; however, only a small number of nanomaterials demonstrated 
potential toxic effects (Parda Saradhi, 2014). Carbon/ fullerene nanotechno-
logy is a rapidly growing area of research which finds use in plant, medicine and 
engineering. Carbon nanotubes (single-wall carbon nanotubes and multi-wall 
carbon nanotubes) in many cases can penetrate the seed coat and plant cell wall 
which depends on their size, concentration and solubility. The size of carbon 
nanotubes alone is of great significance in agriculture and biotechnology, the 
penetration of carbon nanotubes into the plant system can bring changes in 
metabolic functions leading to an increase in biomass and fruit/ grain yield 
(Serag et al., 2013). The impact of iron nanoparticles on terrestrial plants re-
vealed 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 
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was reported as an ideal homeostasis mechanism evolved by plants to modulate 
uptake of desired levels of ionic iron (Husen and Siddiqi, 2014). 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 syn-
chrotron microanalyses that common wetlands plants, as Phragmites australis 
and Iris pseudoacorus, transformed copper into metallic nanoparticles in and 
near roots with evidence of assistance by endomycorrhizal fungi when they are 
grown in contaminated soil in the natural environment (Manceau et al., 2008). 
Converting carbon dioxide to useful chemicals in a selective and efficient man-
ner remains a major challenge in renewable and sustainable energy research. 
Silver electrocatalyst converts carbon dioxide to carbon monoxide at room tem-
perature; 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% se-
lectivity at a rate (that is, current) over 3,000 times higher than its polycrystal-
line counterpart under moderate overpotentials of <0.50 V. The improved hi-
gher activity is a result of a large electrochemical surface area and intrinsically 
higher activity compared with polycrystalline silver (Rou et al., 2014). Growing 
and harvesting organic nanoparticles from plants represents an important step 
in the development of plant-based nanomanufacturing (Xia et al., 2010). 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 identifying the optimal concentration of indole-3-butyric acid for adventi-
tious root growth was developed, it represents a pathway for the generation of 
bulk ivy nanoparticles for translation into biomedical applications (Burris et al., 
2011). 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 (Xia et al., 
2011). The recent advances brought into methodology for biological and eco-
friendly synthesis and characterization of herbal and medicinal plant-mediated 
nanoparticles were reported (Thul et al., 2013; Chauhan et al., 2012). 

nanobiotechnology in agri-food production

Nature is a great teacher, and nanotechnology applications in agriculture can be 
successful if natural processes are simulated in greater scientific sophistication/ 
articulation for successful implementation. For example, the goal might be to 
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make soils more capable in order to improve efficient nutrient use for greater 
productivity and better environmental security (Haghighi and Pourkhaloee, 
2013). In a recent article in the journal Nature Materials, a researcher at the 
Cavendish Laboratory of Cambridge University urged her material scientist 
colleagues to consider agriculture not as a “feedstock with an essentially uncon-
trollable composition,” but as “a rich and diverse category of materials”, many 
of them “nanostructure composites, in which self-assembly may play a key role 
(Athene, 2004). Nanobiotechnology opportunities include food, agriculture 
and energy applications. Kraft, Nestle, Unilever and others are employing na-
notech to change the structure of food – creating “interactive” drinks containing 
nanocapsules that can change colour and flavour (Kraft) and ice creams with 
nanoparticle emulsions (Unilever, Nestle) to improve their texture. Others are 
inventing small nanocapsules that will smuggle nutrients and flavours into the 
body (what one company calls ”nanoceuticals”). As noted earlier, nanotechno-
logy has the potential to revolutionize agricultural and food (agrifood) produc-
tion as illustrated in Tab. 1. Potential applications of the technology include 
controlled nutraceutical delivery systems for food; on farm applications to deli-
ver drugs or pesticides to livestock or crops; and smart-sensing devices for agri-

Antibodies attached to fluorescent nanoparticles to detect chemicals or foodborne pathogens
Antimicrobial and antifungal surface coatings with nanoparticles
Biodegradable nanosensors for temperature, moisture and time monitoring
Cellulose nanocrystal composites as drug carrier
Delivery of growth hormones in a controlled fashion
Electrochemical nanosensors to detect ethylene
Lighter, stronger and more heat-resistant films with silicate nanoparticles
Modified permeation behaviour of foils
Nanocapsulated flavour enhancers
Nanocapsule infusion of plant based steroids to replace a meat’s cholesterol
Nanocapsules for delivery of pesticides, fertilizers and other agrichemicals more efficiently
Nanocapsules to deliver vaccines
Nanocapsules to improve bioavailability of nutraceuticals in standard ingredients.
Nanochips for identity preservation and tracking
Nanoclays and nanofilms as barrier materials to prevent spoilage and oxygen absorption
Nanocochleates (coiled nanoparticles) to deliver nutrients more efficiently without affecting colour 
or taste
Nanoemulsions and nanoparticles for better availability and dispersion of nutrients
Nanoencapsulation of nutraceuticals for better absorption, better stability or targeted delivery
Nanoparticles to deliver DNA to plants (targeted genetic engineering).
Nanoparticles to selectively bind and remove chemicals or pathogens from food
Nanosensors for detection of animal and plant pathogens
Nanosensors for monitoring soil conditions and crop growth
Nanosize powders to increase absorption of nutrients
Nanotubes and nanoparticles as gelation and viscosifying agents
Single molecule detection to determine enzyme/substrate interactions
Vitamin sprays dispersing active molecules into nanodroplets for better absorption

Tab. 1 Examples of potential applications of nanotechnologies in Agrifood sector 
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culture environment interactions (Huang et al., 2009). Nutrient management 
with nanotechnology must rely on two important parameters, ie, ions must be 
present in plant-available forms in the soil system, and since nutrient transport 
in soil-plant systems relies on ion exchange (eg, NH4

+, H2PO4
−, HPO4

2−, PO4
3−, 

Zn2+), adsorption-desorption (eg, phosphorus nutrients) and solubility-preci-
pitation (eg, iron) reactions, nanomaterials must facilitate processes that would 
ensure availability of nutrients to plants in the rate and manner that plants 
demand (Cao et al., 2011). Nanobiotechnology provided industry with new 
tools to modify genes and even produce new organisms (Knauer and Bucheli, 
2009). This is due to the fact that it enables nanoparticles, nanofibers, and na-
nocapsules to carry foreign DNA and chemicals that modify genes (Torney et 
al., 2007). In addition, novel plant varieties may be developed using synthetic 
biology (a new branch that draws on the techniques of genetic engineering, 
nanotechnology, and informatics). In a recent breakthrough in this area, resear-
chers completely replaced the genetic material of one bacterium with that from 
another transforming it from one species to another (Galbraith, 2007). Using 
a medicinally rich vegetable crop, bitter melon, researchers demonstrated the 
accumulation of carbon-based nanoparticle Fullerol (C60(OH)20) 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. Fullerenes are a relatively new group of compounds and re-
present a class of sphere-shaped molecules made exclusively of carbon atoms. 
Since their discovery in 1985, many aspects of both fullerene and its analogues 
have been intensively studied to reveal their physical and chemical reactivity, as 
well as potential use in biological systems (Injac et al., 2013). 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 (Kole et al., 2013). 
Further, contents of two anticancer phytomedicines, cucurbitacin-B and lyco-
pene, were enhanced up to 74% and 82%, respectively, and contents of two 
antidiabetic phytomedicines, charantin and insulin, were augmented up to 
20% and 91%, respectively (Kresma, 2007). 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 crystal is 
formed. This technique helps in improving important crops by organizing and 
linking carbohydrates, lipids, proteins, and nucleic acids to this crystal (Zeng 
et al., 2009). Chemically coated mesoporous silica nanoparticles help in deli-
vering DNA and chemicals into isolated plant cells, these are various ways in 
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which nanoparticles enhance drug delivery, and these include encapsulation 
against immune response, tissue penetration, target selectivity and specificity, 
delivery monitoring, promoting apoptosis, and blocking pathways (Chandolu 
and Dass, 2013). The coating triggers the plant to take the particles through 
the cell walls, where the genes are inserted and activated in a precise and con-
trolled manner, without any toxic side or after effects. This technique has been 
applied to introduce DNA successfully to plants, including tobacco and corn 
plants (Park et al., 2008). 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 agricul-
ture (IFOAM 2011). However, Nano Green Sciences Inc. sells a nanopesticide 
that they claim is organic (GMO Report 2009). Canada has banned nano-
technology in organic food production. An amendment was added to Canada’s 
national organic rules banning nanotechnology as a “Prohibited Substance or 
Method”.

nanoremediation and water purification

Nanotechnology has played a very important role in developing a number of 
low-energy alternatives in remediation, among which three are most promi-
sing: 1) protein–polymer biomimetic membranes; 2) aligned-carbon nanotu-
be membranes; and 3) thin-film nanocomposite membranes. Nanoremedia-
tion methods entail the application of reactive nanomaterials for 
transformation and detoxification of pollutants (Tratnyek and Johnson, 
2006). These nanomaterials have properties that enable both chemical reduc-
tion and catalysis to mitigate the pollutants of concern (Zhang and Elliott, 
2006). For nanoremediation in situ, no groundwater is pumped out for abo-
ve-ground treatment, and no soil is transported to other places for treatment 
and disposal (Otto et al., 2008). Many different nanoscale materials have 
been explored for remediation, such as carbon nanotubes and fibers, enzymes, 
various noble metals [mainly as bimetallic nanoparticles (BNPs)] and nano-
scale zeolites (Manikandan and Subramanian, 2014), nanostructures like ti-
tanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles and nanowires 
offer large surface to volume ratio to attract higher probability of the organic 
molecules to come in contact with the metal oxide molecules residing on the 
surface of the nanoparticles metal oxides. Nanotechnology can be applied 
simultaneously to remove the harmful effects of highly toxic organic pestici-
des and increasing the fertility of the soil through photocatalysis. An attracti-
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ve part of photocatalysis is that the end products are carbon dioxide that 
escapes into the atmosphere, water and mineral salts that are added for the 
fertility of the soil. Photocatalysis degradation process has also gained popu-
larity in the area of wastewater treatment. Of these, nanoscale zero-valent 
iron (nZVI) is currently the most widely used (Theron et al. 2008 and Zhang 
2003). Macro-scale zero-valent iron (ZVI) has been recognized as a good 
electron donor with a property to release electrons in aquatic environments. 
ZVI has been used as a reactive material in subsurface permeable reactive 
barriers to degrade groundwater pollutants since the early 1990s. ZVI is very 
active in transforming halogenated compounds, polychlorinated hydrocar-
bon pesticides and dyes (Mueller et al., 2012). Nanotechnology can also be 
used to clean ground water e.g. the use of aluminum oxide nanofibres (Nano-
Ceram) can remove viruses, bacteria and protozoan cysts from water (Thorn-
ton, 2010). Nanocheck, a commerical lanthanum nano-particle product that 
absorbs phosphates from aqueous environments, is utilized for cleaning fish 
ponds and swimming pools effectively (Senturk et al., 2013). Water purifica-
tion using nanotechnology exploits nanoscopic materials such as carbon na-
notubes and alumina fibers for nanofiltration (Cohen-Tanugi and Grossman, 
2012). 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 nanofiltration membranes to 
treat the local brackish (saline) water, resulting in high-quality desalinated 
irrigation water. The first field application was reported in 2000 (Zhang, 
2005). Nanoparticles have been shown to remain reactive in soil and water 
for up to 8 weeks and can flow with the groundwater for > 20 m. In one stu-
dy, Zhang (2003) produced a 99% reduction of TCE within a few days of 
injection. Trichloroethylene (TCE) is a halogenated aliphatic organic com-
pound which, due to its unique properties and solvent effects, has been wi-
dely used as an ingredient in industrial cleaning solutions and as a “universal” 
degreasing agent. TCE, perchloroethylene (PCE), and trichloroethane (TCA) 
are the most frequently detected Volatile Organic Chemicals (VOCs) in 
ground water. Nanomaterials have shown great potential in a wide range of 
environmental applications due to the extremely small particle size, large sur-
face area, and high reactivity. Nanoscale iron–manganese binary oxide was an 
effective sorbent for removal of arsenic (III) and arsenic (V) from both syn-
thetic and actual field groundwater (Kong et al., 2013). 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 
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beads showed great promise for aqueous arsenic treatment (Bezbaruah et al., 
2014). A water-cleaning product for swimming pools and fishponds called 
“Nano-Check” (Altair Nanotechnologies, Reno, NV, USA) uses 40 nm par-
ticles of a lanthanum-based compound which absorbs phosphates from the 
water and prevents algae growth. Lanthanum oxide nanoparticles were utili-
zed to scavenge phosphate from microbial growth media for the use of targe-
ted nutrient starvation as an antimicrobial strategy (Gerber et al., 2012). The 
effect was shown on Escherichia coli, Staphylococcus carnosus, Penicillium ro-
queforti, and Chlorella vulgaris (Li et al., 2014). Nanotechnology can be used 
to clean ground water. The US company Argonide (Sanford, FL, USA) is 
using 2 nm diameter aluminum oxide nanofibers (NanoCeram) as a water 
purifier. Filters made from 2 nm diameter aluminum oxide nanofibers (Na-
noCeram) can remove viruses, bacteria, and protozoan cysts from water. Na-
noscale iron oxide particles are extremely effective at binding and removing 
arsenic from groundwater. GeohumusR, a product of Geohumus Internatio-
nal is a soil enhancer with water storage capacity based on nanotechnology, 
which can be also used as a mineral repository in agriculture. It has a larger 
water storage capacity than previous wetting agents and a product lifetime of 
3–5 years. GeohumusR is a high-efficiency polymer that consists of a water 
storing hybrid material, volcanic rock flour and plant available colloidal sili-
cate. Nanoscale Fe(oxy)hydroxide phases are among the most common natu-
ral mineral nanoparticles formed by precipitation from solution after oxida-
tion of aqueous ferrous Fe (Van der Zee et al., 2003), although Fe is an 
essential element for growth in nearly all species, an abundance of free chela-
ting Fe has been linked to DNA damage, lipid peroxidation, and oxidative 
protein damage in vivo (Valko et al., 2005). Particle coating, surface tre-
atments, surface excitation by ultraviolet radiation, and particle aggregation 
can modify the effects of particle size, suggesting that some nanoparticles 
could exert their toxic effects as aggregates or through the release of toxic 
chemicals (Nel et al., 2006). The inevitable release of engineered silver nano-
particles (AgNPs) into aquatic environments has drawn great controversy 
over antibacterial silver: implications for environmental and sustainability 
assessments toxicity and safety (Boholm and Arvidsson, 2014). Although ag-
gregation and transformation play crucial roles in the transport and toxicity 
of AgNPs, how the water chemistry of environmental waters influences the 
aggregation and transformation of engineered AgNPs is still not well under-
stood (Yu et al., 2013). The iron nanoparticles as catalysts are reported (Stein 
et al., 2011) in reaction catalysis such as asymmetric transfer hydrogenation 
of ketones, alkene, alkyne hydrogenation, carbonyl reductions, and hydroge-
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nation of several functional groups such as aldehydes, ketones, imines, and 
amides, and breakdown of organic contaminants such as trichloroethene, car-
bon tetrachloride, dioxins, and PCBs (Polychlorinated biphenyl) to simpler 
carbon compounds which are much less toxic (Rangheard et al., 2010). Na-
noscale iron oxide particles can effectively bind and remove arsenic from 
groundwater and can help to develop potable water problems in the develo-
ping world (Otto et al., 2008). The European Commission requested EFSA 
(Question number: EFSAQ-2007-124a) to conduct an initial scientific opi-
nion of the risks arising from nanoscience and nanotechnology in food and 
feed with respect to human health, safety and environmental quality. EFSA 
which started the process in November 2007 requested from industry the 
following information:
–– Data on the safety of nanomaterials used in food and feed.
–– Environmental studies performed on nanotechnologies and nanomate-

rials used in food and feed.
–– Food and feed applications and products containing or consisting of na-

nomaterials.
–– Methods, procedures and performance criteria used to analyse nanomate-

rials in food and feed.
–– Other data of relevance for risk assessment of nanotechnology and nano-

materials in food and feed.
–– Risk assessments performed on nanomaterials used in food and feed.
–– Toxicological data on nanomaterials used in food and feed.
–– Use patterns and exposure to humans and environment.

nanotechnology for aquaculture and fisheries

Aquaculture plays an important role in global food production through ge-
netic improvement of plants and animals along with cellular level delivery of 
genes and drug molecules to specific sites in plants and animals (FAO 2011). 
Aquaculture is the fastest growing food-producing sector in the world, the 
world’s fastest growing area of animal production is the farming of fish (De-
fra, 2009), crustaceans and mollusks and the highly integrated fish farming 
industry may be among the first to incorporate and commercialize nanotech 
products (Lead and Wilkinson, 2006). According to the FAO there were 45.7 
million tonnes of aquaculture production in 2000 and it is growing at a rate of 
more than 9% per year. With a strong history of adopting new technologies, 
the highly integrated fish farming industry may be among the first to incor-
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porate and commercialize nanotech products expanding and intensifying as 
novel tool for aquaculture and fisheries development in almost all regions of 
the world (Rather et al., 2011). The global population is increasing, thus, the 
demand for aquatic food products is also increasing. Production from capture 
fisheries has leveled off and most of the main fishing areas have reached their 
maximum potential (Subasinghe et al., 2014). Nanotechnology has a wide 
usage potential in aquaculture and seafood industries (FAO, 2011). The shelf 
life of fish and shellfish may be improved with the use of antibacterial nano-
coatings, and transparent polymer films that can help exclude oxygen from 
around the food product. Nanosensors on the food packaging can also be 
used to report the deterioration of the fish or shellfish. A public engagement 
programme is needed to ensure public confidence in the food uses of nano-
technology by the industry. Little is known about the effect of nanoparticles 
on aquatic organisms (Handy, 2012). There is an immense opportunity to use 
the nanoparticles to deliver nutraceuticals in fish feed and neutrogenomics 
studies (Can et al., 2011). Moreover, various nanoformulations of feed help 
to maintain better consistency and taste of feed (Rather et al., 2011). For fish 
health in aquaculture, nanotechnological applications include antibacterial 
surfaces in the aquaculture system, nanodelivery of veterinary products in fish 
food using porous nanostructures, production from heterotrophic microalgae 
through transesterification, nanosensors for detecting pathogens in the water, 
nanopurified water could be used for irrigation and fish culture (Zhang et 
al., 2013). Scientists from the Russian Academy of Sciences have reported 
that young carp and sturgeon exhibited a faster rate of growth upon iron 
nanoparticle feeding furthermore a nanoselenium-supplemented diet could 
improve the final weight, relative gain rate, antioxidant status as the glu-
tathione peroxidase activities and muscle selenium concentrations of crucian 
carp (Carassius auratus gibelio) (Zhou et al., 2009), moreover, nanoselenium 
was found more effective than organic selenomethionine in increasing muscle 
selenium content (Zoho, 2009). Further, the growth and performance of the 
fish which were experimented, were found higher at nanolevel delivery of 
these nutraceuticals (Rather et al., 2013). 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 (Johari et al., 2013). Not surprisingly, a great 
deal of government funded research in nanosensors aims to detect minute 
quantities of biowarfare agents such as anthrax or chemical toxins to counter 
terrorist attacks on US soil as well to warn soldiers on a battle field of pos-
sible risks. For example, the US government’s “SensorNet” project attempts 
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to cast a net of sensor across the entire United States that will act as an early 
warning system for chemical, biological, radiological, nuclear and explosive 
threats (Handi et al., 2011; Rather et al., 2011). Pretreatment of rare earth 
oxide nanoparticles with phosphate in a neutral pH environment prevented 
their biological transformation into urchin shaped structures and profibro-
genic effects. Nanocochleates are unique lipid-based supramolecular assem-
blies composed of a negatively charged phospholipid and a divalent cation. 
Nanocochleates, 50 nm cylindrical (cigarlike) nanomaterials, can be used to 
deliver nutrients such as vitamins, lycopene, and omega fatty acids more effi-
ciently to cells, without affecting the color or taste of food. Researchers have 
met with moderate success at developing nanoencapsulated vaccines against 
the bacterium Listonella anguillarum in Asian carp (Rajesh et al., 2008), and 
white spot syndrome virus in shrimp (Rajesh et al., 2009). Nanoparticles 
have promise for improving protection of farmed fish against diseases cau-
sed by pathogens. Chitosan nanoparticles are promising carriers for an oral 
plasmid DNA vaccine. The major advantages of encapsulating agrochemicals 
and genetic material in a chitosan matrix include its ability to function as a 
protective reservoir for the active ingredients, protecting the ingredients from 
the surrounding environment while they are in the chitosan domain, and 
then controlling their release, allowing them to serve as efficient gene delivery 
systems (Kashyap et al., 2015). For example, oral administration with chi-
tosan/ pDNA induced an antibody immune response in fish against Vibrio 
parahaemolyticus (OS4) (Li et al., 2013; Myhr et al., 2011).

nanotechnology in animal production/reproduction  
and animal nanofeed applications

Many diverse opportunities for nanotechnology exist to play an important 
role in food production as well as in livestock production (Mura et al., 2014). 
The potential uses and benefits of nanotechnology are enormous (Verma et 
al., 2012). Several types of nanostructures and NPs have been developed and 
have revolutionized the approach to animal sciences. In particular, nano-
technologies were applied to the development of novel drug delivery systems 
and nanosensors for the diagnosis and treatment of diseases. Emerging evi-
dences indicate that nanotechnology may represent a promising approach to 
develop new and specific products for animal nutrition (Ross et al., 2004). 
Although there are not many studies on this topic, many advantages can be 
obtained by applying this technology to animal production (Scott, 2005), 
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and to improvement of reproductive performance in beef and dairy cattle 
(Sutovsky et al., 2013). Reproduction management is an important part of 
the sustainable production of livestock. It has become evident that advances 
in farm animal reproduction have become increasingly dependent on advan-
ce scientific research in addition to an understanding of the physiological 
processes involved in reproduction. The use of assisted reproductive tech-
niques (ART) has helped owners to produce offspring from valuable farm 
animals that were considered infertile using standard breeding techniques. 
Recently in some of these fields remarkable progress has been made. Implan-
ting tracking devices in animals is nothing new - either in pets, valuable farm 
animals or for wildlife conservation. Injectable microchips are already used 
in a variety of ways with the aim of improving animal welfare and safety - to 
study animal behaviour in the wild, to track meat products back to their 
source or to reunite strays with their human guardians. In the nanotech era, 
however, retrofitting farm animals with sensors, drug chips and nanocapsules 
will further extend the vision of animals as industrial production units. None 
the less, imperfections are remaining and sustained efforts will be required 
to optimize existing and invent new technologies (Verma et al., 2012). Mi-
crofluidic biochips are being used to segregate male sperm from female eggs 
for sex selection for animal breeding. Microfluidic devices can not only sort 
sperm and eggs, but also bring them together in a way that mimics the move-
ment of natural reproduction. This technique would make mass production 
of embryos cheap, quick and reliable (Studnicka et al., 2009); this study eva-
luated a nanoparticle-based magnetic purification method that removes de-
fective spermatozoa (~30% of sample) from bull semen and improves sperm 
sample viability and fertilizing ability in vitro and in vivo. Nanotubes linked 
to nutrients can be administered to animals and released in specific sites, thus 
allowing the maintenance of high levels for a long time; this approach should 
avoid the degradation of nutrients and increase their availability (Ross et al., 
2004). Sodium selenite NPs coated with metacrylate copolymers, sensitive to 
variations of pH, were orally administrated to ruminants and the improve-
ment of selenium absorption was evaluated (Romeo-Perez et al., 2010). Silver 
NPs and Cu-montmorillonite NPs were used as feed additives to increase the 
average daily weight gain of pigs (Fondevila et al., 2009; Tong et al., 2007). 
With funding from the US Department of Agriculture (USDA), Clemson 
University researchers are feeding bioactive polystyrene nanoparticles that 
bind with bacteria to chickens as an alternative to chemical antibiotics in 
industrial chicken production. The FAO has estimated a contamination of 
25% of worldwide cereals stockpile by mycotoxins each year with an enor-
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mous economic effect (Jelinek et al., 1989; Lindemann et al., 1993; Kim et 
al., 2012). Regarding this topic, nanoabsorbents composed of magnesium 
oxide and embedded by silica nanoparticles has been used as effective adsor-
bent agents as a way to remove aflatoxins from wheat flour (Luo et al., 2004; 
Masoero et al., 2007; Moghaddam et al., 2010). Shi et al. (2009) reported the 
use of a modified montmorillonite to decrease the toxicity in feeds of chicks.

nanofood

The term ‘nanofood’ describes food which has been cultivated, produced, 
processed or packaged using nanotechnology techniques or tools, or to which 
manufactured nanomaterials have been added (Joseph and Morrison, 2006). 
In the food processing industries, a few of the most common usages of nano-
biotechnology in quality monitoring of food products may be enumerated as 
nanosensors/ nanobiosensors and bacteria identification; furthermore this 
technology provides barriers to oxygen and carbon dioxide, thus protecting 
food quality. The nanosensors can be utilized to detect the presence of insects 
or fungus accurately inside the stored grain bulk in storage rooms. Research-
ers suggested models for use of nanobiotechnology, either on a standalone 
basis or through complementarity with the existing technologies (Sastry and 
Rao, 2013). Cellular “injection” with carbon nanofibers containing foreign 
DNA has been used to genetically modify golden rice. Many natural foods 
contain nanoscale components and their properties are determined by their 
structure (Dingman et al., 2008). Research into naturally occurring nano-
structures in foods is mainly designed to improve the functional behavior of 
the food (Momin et al., 2013). These have been eaten safely for generations; 
future generations of humanity will be able to eat any food, no matter how 
rich; sugar, salt, fat, cholesterol — all the things we love but have to consume 
in moderation now will have no restrictions on them in future. All food will 
be nutritious; the sole criterion for choosing meals will be taste. Nanotech-
nology also holds out the promise of ‘interactive’ foods able to change their 
nutritional profile in response to an individual’s allergies, dietary needs or 
food preferences. The purpose of nanofood is to improve food safety, enhance 
nutrition and flavor, and cut costs. Although nanofood is still in its infancy, 
nanoparticles are now finding application as a carrier of antimicrobial poly-
peptides required against microbial deterioration of food quality in the food 
industry (Cao et al., 2008). Nanofood has, in fact, been part of food process-
ing for centuries, since many food structures naturally exist at the nanoscale. 
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Currently, the number of food products using nanotechnology of any kind is 
relatively small. Most of the nanotechnology is still only a promise for en-
abling new food products: some or many years in the future (Chen et al., 
2014). Nanotechnology may revolutionize the food system and has the po-
tential to influence the science of food in a positive way, as it could generate 
innovation in food texture, taste, processability, and stability during shelf life 
(Rao, 2009). The benefits of nanofood, for instance, include health-promot-
ing additives, longer shelf lives or new flavor varieties. Researchers examined 
the encapsulation and controlled release of active food ingredients using nan-
otechnological approaches (Huang et al., 2009). The dairy industry utilizes 
three basic microsized and nanosized structures (casein micelles, fat globules, 
whey proteins) to build all sorts of emulsions (butter), foams (ice cream and 
whipped cream), complex liquids (milk), plastic solids (cheese), and gel net-
works (yogurt) (Semo et al., 2007). In fact, dairy technologies not just a mi-
crotechnology but also a nanotechnology has existed for a long time. The 
present research has been focused on modifying food substances to produce 
nanoparticles that have a different function from the original substance. Ear-
ly examples from the patent literature and marketing brochures are a number 
of oxides, such as titanium dioxide and silicon dioxide. TiO2 is in the top five 
of NPs used in consumer products, accounting for 70% of the total produc-
tion volume of pigments and consumed annually at about 4 million tons 
worldwide, the former has conventionally been used as a color and the latter 
as a flow agent in foods. Nano-emulsions can encapsulate functional ingredi-
ents within their droplets, which can facilitate a reduction in chemical degra-
dation. Nanolamination is a technique for protecting the food from mois-
ture, lipids and gases (Chen et al., 2006). Examples of nano-ingredients and 
manufactured nanomaterial additives include nanoparticles of iron or zinc, 
and nancapsules containing ingredients like co-enzyme and lipds (Magnuson 
et al., 2011). Food industries argue the addition of micro and nanocapsules 
to processed foods that will improve both the availability and delivery of nu-
trients, thereby enhancing a food’s nutritional status (Kuzma and VerHage, 
2006). For example, a recent study claimed that the encapsulation in na-
noemulsions of curcumin, the phytochemical found in tumeric and claimed 
to have antitumor and anticarcinogenic properties, increased the bioavailabil-
ity of this compound (Wang, 2007) and hydrophobically modified starch 
formed micelles encapsulated curcumin (Huang et al., 2010). Dairy prod-
ucts, cereals, breads and beverages are now fortified with vitamins, minerals, 
probiotics, bioactive peptides, antioxidants and plant sterols (Kumar and Rai, 
2009). Some of these active ingredients are now being added to foods as 
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nanoparticles or at particles of a few hundred nm in size (Shefer and Shefer, 
2003). Active ingredients including vitamins, preservatives and enzymes have 
recently been added to foods in microscale capsules. For instance, many of 
the commonly used Omega-3 food additives are micrometres in size, such as 
the 140-180 micron microencapsulated tuna fish oils, which are used by 
Nu-Mega Driphorm to fortify Australian bread (Mozafari et al., 2006). A 
coating of starch colloids filled with antimicrobial substance, such that if 
microorganisms grow on the packaged food they will penetrate the starch 
releasing the antimicrobial agent. Reports on nanofoods are covered by the 
popular media. Octenyl succinic anhydride-ε-polylysine has the potential to 
become a bifunctional molecule that can be used as either surfactants or 
emulsifiers in the encapsulation of nutraceuticals or drugs or as antimicrobial 
agents. Lipid-based nanoencapsulation systems enhance the performance of 
antioxidants by improving their solubility and bioavailability, in vitro and in 
vivo stability, and preventing their unwanted interactions with other food 
components (Mozafari et al., 2008). The main lipid-based nanoencapsula-
tion systems that can be used for the protection and delivery of foods and 
nutraceuticals are nanoliposomes, nanocochleates, and archaeosomes. Nano-
liposome technology presents exciting opportunities for food technologists in 
areas such as encapsulation and controlled release of food materials, as well as 
the enhanced bioavailability, stability, and shelf-life of sensitive ingredients. 
The application of nanoliposomes as carrier vehicles of nutrients, nutraceuti-
cals, enzymes, food additives, and food antimicrobials was reported (Mozaf-
ari et al., 2008). Nanotechnology can provide manipulation of food polymers 
and polymeric assemblages to provide tailor-made improvements to func-
tional food quality and food safety (Momin et al., 2013). Further, foods 
among the nanotechnology-created consumer products coming onto the 
market include a brand of canola cooking oil called Canola Active Oil (She-
men 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. Experts envision numerous nanopar-
ticulate agroformulations with higher bioavailability and efficacy and better 
selectivity in the near future. Multidisciplinary approaches could potentially 
improve food production, incorporating new emerging technologies and dis-
ciplines such as biochemical biology integrated with nanotechnologies to 
tackle existing biological bottlenecks that currently limit further develop-
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ments. European Food Safety Authority (EFSA) in its opinion on the poten-
tial risks arising from nanotechnologies on food and feed safety uses term 
engineered nano materials (ENM). An engineered nanomaterial is any mate-
rial that is deliberately created such that it is composed of discrete functional 
and structural parts, either internally or at the surface, many of which will 
have one or more dimensions of the order of 100 nm or less. The safety of a 
given compound engineered in a food should not automatically apply to a 
nanoversion of the compound, due to possible novel properties and charac-
teristics (Rico et al., 2011), interaction of nanoparticles with edible plants 
and their possible implications in the food chain. The term ”engineered” as 
used in this opinion is equivalent to the term ”manufactured” as used in oth-
er reports. Insufficient scientific data prevents FDA from extending GRAS 
(generally recognized as safe) status of an ingredient to its nanosized version. 
A significant segment of the public does not want its food “engineered”– bio, 
nano, GM or otherwise (Kahan et al.,2008). 

Reason 1: Toxicity risks of nanofoods and nano agrochemicals remain very 
poorly understood. The current scientific evidence of the risks associated with 
nanomaterials is sufficient to warrant a precautionary approach to their manage-
ment. However significant knowledge gaps remain, presenting a barrier to the de-
velopment of effective regulation to manage nanofoods and nano agrochemicals.

Reason 2: Nanomaterials are not assessed as new chemicals. Existing reg-
ulations do not treat nanomaterials as new chemicals. If a chemical has been 
approved in larger particle form, the new use of the substance in nanoparticle 
form does not trigger any requirement for new or additional safety testing 
(Cushen et al., 2012). This has been recognized by the United Kingdom’s 
Royal Society and Royal Academy of Engineering as a critical regulatory gap 
(Coles and Frewer, 2013). They recommended that all nanomaterials be as-
sessed as new chemicals (U.K. RS/RAE 2004).

Reason 3: Current methods for measuring exposure are not suitable for 
nano. Existing regulations are based on the mass of the material as a predictor 
for expected exposure rates. This approach is completely inappropriate for 
nanomaterials as the toxicity can be far greater per unit of mass (Reijnders, 
2006). Scientists have suggested that nanoparticle surface area or the number 
of nanoparticles is a more valid metric for measurement of nano exposure 
(Nel et al., 2006; SCENIHR 2006).

Reason 4: Current safety testing is not suitable for nano. Even if a nano-
material triggered new safety testing, current test guidelines are inadequate for 
nanomaterials as they do not assess key properties that influence nanotoxicity. 
These include: shape, surface, catalytic properties, structure, surface charge, 



Nanotechnology in agriculture and food sciences 197

aggregation, solubility and the presence or absence of ‘functional groups’ of 
other chemicals (Magrez et al., 2006; Nel et al., 2006). Nanomaterials must 
also face full life-cycle assessment, which existing regulation does not require.

Reason 5: Many safety assessments use confidential industry studies. Past 
assessments of nanomaterials safety by the European Scientific Committee 
on Cosmetics and Non-food Products and the United States Food and Drug 
Administration have relied on proprietary company studies (Innovest, 2006). 
There is often no requirement for the safety of nanomaterials to be assessed 
by independent nanotoxicologists or for the results and methodology of this 
safety testing to be made public. 

conclusion and perspectives

Coming nanotechnologies in the agricultural field seem quiet promising. Ho-
wever, the potential risks in using nanoparticles in agriculture are not different 
than those in any other industry. Through the rapid distribution of nanoparti-
cles to food products – whether it be in the food itself or part of the packaging 
– nanoparticles will come in direct contact with virtually everyone. The editors 
of Nature estimated that any technology takes some 20 years to emerge from 
the laboratory and be commercialized. Technological innovation has played an 
important role in shaping the development and characteristics of the agri-food 
system over the past century and more (Goodman et al.,1987). The emergence 
of the new biotechnologies of food production since the 1980s — such as ge-
netic engineering, tissue culture and other cellular and genetic level techniques 
— have been identified as the basis of a new technological paradigm, and as 
framing the restructuring of contemporary agri-food systems. In the agricultu-
ral sector in particular, this has variously been referred to as a new ‘bioindustrial 
paradigm’ (Goodman and Wilkinson, 1990; Wilkinson, 2002b), a ‘genetic-
corporate paradigm’ (Scrinis, 1995; 2007), or more generally in terms of a shift 
from a Green Revolution to a Gene Revolution form of agricultural production 
(Chauhan et al., 2012). Since successive waves of technology, from tractors 
and combine harvesters to herbicides and GM crops, agriculture have moved 
ever closer towards an industrial ideal in which agricultural production more 
closely mirrors the factory system and agricultural labourers are left under-paid, 
under-employed and unemployed. Nanotechnology in agriculture might take 
a few decades to move from laboratory to land, especially since it has to avoid 
the pitfalls experienced with biotechnology. As we are still in the relatively early 
stages of research and commercialization of nanotechnology, there is conside-
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rable potential for civil society groups, workers’ unions, farmer and producer 
organizations, environmental and consumer groups, to challenge and shape the 
development and implementation of this technology, and to thereby support 
alternative applications, regulatory regimes, and techno-economic paradigms 
of development. With the production of engineered nanoparticles we are con-
fronted with a new class of materials that have novel properties compared to 
bulk material. Information describing the health risk of engineered nanopar-
ticles is only evolving and many questions are still open. For this to happen, 
sustained funding and understanding on the part of policy planners and science 
administrators, along with reasonable expectations, would be crucial for this 
nascent field to blossom. The opportunity for application of nanotechnology 
in agriculture is prodigious. Research on the applications of nanotechnology 
in agriculture is less than a decade old. Nevertheless, as conventional far-
ming practices become increasingly inadequate, and needs have exceeded the 
carrying capacity of the terrestrial ecosystem. We have little option to explore 
nanotechnology in all sectors of agriculture. It is well recognized that adoption 
of new technology is crucial in accumulation of national wealth (Knauer and 
Bucheli, 2009). As the excitement of nanotechnology began to grow, the initial 
approach to address the potential toxicity of engineered nanomaterials was to 
assume that these novel materials will behave like their bulk counterparts. A 
strong dismissive tone regarding potential hazard reigned supreme. It was ap-
parent that material scientists were guiding safety assessment in the early stages 
of this field. Inevitably, biologist and toxicologist became involved and took a 
new leadership role in the safety evaluations of nanomaterials. Unfortunately, 
out of the gate there were missteps. There is an urgent need to develop human 
resources with an understanding of the complexities of the agricultural produc-
tion system to serve nanotechnology applications in agriculture successfully. By 
and large, agricultural education has not been able to attract sufficient numbers 
of brilliant minds the world over, while personnel from kindred disciplines 
might lack an understanding of agricultural production systems (Brock et al., 
2011). Instruction programs in agricultural nanotechnology, if initiated, might 
fill this void by fulfilling the twin goals of attracting brilliant learners and deve-
loping a body of skilled farm-focused personnel.
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riassunto

La nanotecnologia è una tecnologia emergente e può rappresentare un’opportunità im-
portante per la comunità scientifica e le imprese. Essa si basa sullo sviluppo di “nanoma-
teriali” che includono materiali naturali, accidentali, o ingegnerizzati, contenenti parti-
celle (non legate, aggregate o agglomerate) in cui il 50% o più in numero e distribuzione, 
hanno una dimensione esterna nel range 1-100 nm. I nanomateriali posseggono nuove 
proprietà, come maggiore forza, caratteristiche ottiche avanzate, proprietà antimicrobi-
che e superconduttività. Attualmente esistono applicazioni in campi diversi, ma ci aspet-
tiamo che la nanotecnologia diventerà una forza economica trainante per lo sviluppo 
della moderna agricoltura e nel settore alimentare. Le nanotecnologie, infatti, sono in 
grado di utilizzare in modo più efficiente acqua, pesticidi e fertilizzanti; inoltre possono 
essere sviluppati nuovi metodi di produzione per sostituire gli impianti di produzione 
esistenti e riformulare nuovi materiali e sostanze chimiche con prestazioni migliorate con 
conseguente minore consumo di energia, di materiali, ridotto danno per l’ambiente, e 
per una bonifica ambientale. In questo lavoro verranno analizzati i recenti progressi nello 
sviluppo di prodotti nanoagrochimici e le applicazioni delle nanotecnologie in campo 
agroambientale, per la produzione agroalimentare, per le nanobonifiche e depurazione 
delle acque, per l’acquacoltura e la pesca, per la produzione/ riproduzione animale, per lo 
sviluppo di nano-cibo e per l’ alimentazione animale.

abstract

Nanotechnology is an emerging technology and can represent an important opportunity 
for the scientific and business community. It is based on the development of “nanoma-
terials” that include natural, incidental, or manufactured materials containing particles 
(unbound, aggregated or agglomerated) where 50% or more of them, in number and 
size distribution, have an external dimension in the range 1-100 nm. Nanomaterials 
exhibit novel properties such as increased strength, enhanced optical features, antimicro-
bial properties, and superconductivity. Actually exist different applications in different 
fields but we expect that nanotechnology will become a driving economic force for the 
development of modern agriculture and in the food sector. Nanotechnology in fact can 
enable plants to use water, pesticides and fertilizers more efficiently; furthermore novel 
methods of production can be developed to replace existing production plants and to 
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reformulate new materials and chemicals with improved performances resulting in lo-
wer consumption of energy and materials, reduced damage to the environment, and 
for environmental remediation. In this work recent advances on the development of 
nanoagrochemicals, and applications of nanotechnology in agri-environment, agri-food 
production, nanoremediation and water purification, aquaculture and fisheries, animal 
production/ reproduction, nanofood and animal nanofeed will be analyzed.

references

Adak T., Kumar J., Dey D., Shakil N.A., Walia S. (2012): Residue and bio-efficacy eva-
luation of controlled release formulations of imidacloprid against pests in soybean (Glycine 
max), «J Environ Sci Health B.», 47(3), pp. 226-231.

Adak T., Kumar J., Shakil N., Walia S. (2012): Development of controlled release formu-
lations of imidacloprid employing novel nano-ranged amphiphilic polymers, «J Environ Sci 
Health B.», 47 (3), pp. 217-225.

Afrasiabi Z., Eivazi F., Popham H., Stanley D., Upendran A., Kannan R. (2012): 
Silver nanoparticles as pesticides, National Institute of Food and Agriculture 1890 Capa-
city Building Grants Program Project Director’s Meeting, September 16-19, Huntsvil-
le, AL.

Agrawal S., Rathore P. (2014): Nanotechnology pros and cons to agriculture: A review, 
«Int J Curr Microbiol App Sci.», 2014, 3 (3), pp. 43-55.

Ajmone Marsan P., Tramontana S., Mazza R. (2007): Nanotechnologies applied to the 
analysis of the animal genome, «Veterinary Research Communications», 31 (Suppl. 1), 
pp. 153-159.

Al-Samarrai A.M. (2012): Nanoparticles as alternative to pesticides in management plant 
diseases-a review, «International Journal of Scientific and Research Publications», 2 (4), 
pp. 1-4.

Anton N., Vandamme T.F. (2011): Nano-emulsions and micro-emulsions: clarifications of 
the critical differences, «Pharm Res.», May, 28 (5), pp. 978-985.

Arora A., Padua G.W. (2010): Nanocomposites may advance the utilization of biopolymers 
in food packaging. Review: nanocomposites in food packaging, «J Food Sci.», Jan-Feb, 75 
(1), R43-9.

Athene D. (2004): Food for thought, «Nature Materials», vol. 3, September, pp. 579-
581.

Barik T.K., Sahu B., Swain B. (2008): Nanosilica-from medicine to pest control, «Parasitol 
Res.», 103 (2), pp. 253-258.

Bernhardt E.S., Colman B.P., Hochella M.F. JR. (2010): An ecological perspective on 
nanomaterial impacts in the environment, «J Environ Qual.», 39, pp. 1-12.

Bezbaruah A.N., Kalita H., Almeelbi T. (2014): Ca-alginate-entrapped nanoscale iron: 
arsenic treatability and mechanism studies, «J Nanopart Res.», 14 (1), pp. 1-10.

Bhagat D., Samanta S.K., Bhattacharya S. (2013): Efficient management of fruit pests 
by pheromone nanogels, «Sci Rep.», 3, 1294.

Bhattacharyya A., Bhaumik A., Rani P.U., Mandal S., Epidi T.T. (2010): Nanoparti-
cles – a recent approach to insect pest control, «Afr J Biotechnol.», 9 (24), pp. 3489-3493.

Billington C., Andrew Hudson J., D’sa E. (2014): Prevention of bacterial foodborne 
disease using nanobiotechnology, «Nanotechnol Sci Appl.», 7, pp. 73-83.



Nanotechnology in agriculture and food sciences 201

Boehm A.L., Martinon I., Zerrouk R., Rump E., Fessi L. (2003): Nanoprecipitation 
technique for the encapsulation of agrochemical active ingredients, «J Microencapsul.», 20 
(4), pp. 433-441, [PubMed].

Boholm M., Arvidsson R. (2014): Controversy over antibacterial silver: implications for 
environmental and sustainability assessments, «J Clean Prod.», 68, pp. 135-143.

Bouwmeester H., Dekkers S., Noordam M., Hagens W., Bulder A., De Heer C., 
Ten Voorde S., Wijnhoven S., Sips A. (2007): Health impact of nanotechnologies in 
food production, Report 2007.014 RIKILT (Institute of Food Safety, Wageningen UR) 
and RIVM (National Institute of Public Health and the Environment: Center for 
Substances and Integrated Risk Assessment).

Brennan B. (2012): Nanobiotechnology in Agriculture, Menlo Park, CA: Strategic Busi-
ness Insights.

Brock D.A., Douglas T.E., Queller D.C., Strassmann J.E. (2011): Primitive agricul-
ture in a social amoeba, «Nature», 469 (7330), pp. 393-396.

Can E., Kizak V., Kayim M.L. (2011): Nanotechnological applications in aquaculture-sea-
food industries and adverse effects of nanoparticles on environment, «Journal of Materials 
Science and Engineering», 5, pp. 605- 609.

Chakravarthy A.K., Chandrashekharaiah., Kandakoor S.B. (2012): Bio efficacy of 
inorganic nanoparticles CdS, Nano-Ag and Nano-TiO2 against Spodoptera litura (Fabri-
cius) (Lepidoptera: Noctuidae), «Current Biotica.»; 6 (3), pp. 271-281.

Chandolu V., Dass C.R. (2013): Treatment of lung cancer using nanoparticle drug delive-
ry systems, «Curr Drug Discov Technol.», Jun, 10 (2), pp. 170-176.

Chaudhry Q., Castle L. (2011): Food applications of nanotechnologies: An overview of 
opportunities and challenges for developing countries, «Trends Food Sci Technol.», 22 
(11), pp. 595-603.

Chauhan R.P.S., Gupta C., Prakash D. (2012): Methodological advancements in green 
nanotechnology and their applications in biological synthesis of herbal nanoparticles, «In-
ternational Journal of Bioassays», 1 (7), pp. 6-10.

Chen H., Seiber J.N., Hotze M. (2014): ACS select on nanotechnology in food and 
agriculture: A perspective on implications and applications, «J Agri Food Chem.», 62 (6), 
pp. 1209-1212.

Chen H.D., Weiss J.C., Shahidi F. (2006): Nanotechnology in nutraceuticals and fun-
ctional foods, «Food Technol.», 60, pp. 30-36.

Cheng L., Xia N., Jiang P., Zhong L., Pian Y., Duan Y., Huang Q., Li M. (2015): 
Analysis of farmland fragmentation in China Modernization Demonstration Zone since 
“Reform and Openness”: a case study of South Jiangsu Province, «Sci Rep.», Jul 2, 5, 
11797.

Cioffi N., Torsi L., Ditaranto N. (2004): Antifungal activity of polymer-based copper 
nanocomposite coatings, «Appl Phys Lett.», 85 (12), pp. 2417-2419.

Cohen-Tanugi D., Grossman J.C. (2012): Water desalination across nanoporous graphe-
ne, «Nano Lett.», 12 (7), pp. 3602-3608.

Coles D., Frewer L.J. (2013): Nanotechnology applied to European food production: a 
review of ethical and regulatory issues, «Trends Food Sci Technol.», 34 (1), pp. 32-43.

Cushen M., Kerry J., Morris M., Cruz-Romero M., Cummins E. (2012): Nano-
technologies in the food industry – recent developments, risks and regulation, «Trends Food 
Sci Technol.», 24 (1), pp. 30-46.

De La Rosa G., Lopez-Moreno M.L., De Haro D., Botez C.E., Peralta-Videa 
J.R., Gardea- Torresdey J. (2013): Effects of ZnO nanoparticles in alfalfa, tomato, and 



Stefania Mura et al.202

cucumber at the germination stage: root development and X-ray absorption spectroscopy 
studies, «Pure Appl. Chem.», 85 (12), pp. 2161- 2174.

Defra D. (2009): A strategic review of the potential for aquaculture to contribute to the 
future security of food and non-food products and services in the UK and specifically 
England.

Derosa M.C., Monreal C., Schnitzer M., Walsh R., Sultan Y. (2010): Nanotechno-
logy in fertilizers, «Nat Nanotechnol.», 5 (2), p. 91.

Dimkpa C.O., Mclean J.E., Martineau N., Britt D.W., Haverkamp R., Anderson 
A.J. (2013): Silver nanoparticles disrupt wheat (Triticum aestivum L.) growth in a sand 
matrix, «Environ Sci Technol.», 47 (2), pp. 1082-1090.

Dingman J. (2008): Nanotechnology: its impact on food safety, «J Environ Health», Jan 1. 
Ditta A. (2012): How helpful is nanotechnology in agriculture?, «Advances in Natural 

Sciences: Nanoscience and Nanotechnology», 3 (3).
El-Ramady H.R. (2014): Integrated Nutrient Management and Postharvest of Crops, «Su-

stainable Agri Rev.», 13, pp. 163-274.
Elek N., Hoffman R., Raviv U., Resh R., Ishaaya I., Magdassi S. (2010): Novaluron 

nanoparticles: Formation and potential use in controlling agricultural insect pests, «Col-
loids Surf A Physicochem Eng Asp.», 372, 1-3, pp. 66-72.

Espitia P.J., Soares N.F., Teofilo R.F.L. (2013): Physical-mechanical and antimicro-
bial properties of nanocomposite films with pediocin and ZnO nanoparticles, «Carbohydr 
Polym.», 94 (1), pp. 199-208.

Esteban-Tejeda L., Malpartida F., Esteban-Cubillo A., Pecharroman C., Moya 
J.S. (2009): Antibacterial and antifungal activity of a soda-lime glass containing copper 
nanoparticles, «Nanotechnology», 2 (50), 505701.

Fadeel B., Fornara A., Toprak M.S., Bhattacharya K. (2015): Keeping it real: The 
importance of material characterization in nanotoxicology, «Biochem Biophys Res Com-
mun. », Jul 15, pii: S0006- 291X(15)30207-2.

Fao (2011): The State of World Fisheries and Aquaculture, 2010, Fisheries and Aquaculture 
Department editor, Rome, Italy.

Fondevila M., Herrer R., Casallas M.C., Abecia L., Ducha J.J. (2009): Silver nano-
particles as a potential antimicrobial additive for weaned pigs, «Animal Feed Science and 
Technology»,150, 3-4, pp. 259-269.

Garcia M., Forbe T., Gonzalez E. (2010): Potential applications of nanotechnology 
in the agro-food sector, «Food Science and Technology (Campinas)», 30 (3), pp. 573-
581.

Gerber L.C., Moser N., Luechinger N.A,. Stark W.J., Grass R.N. (2012): Pho-
sphate starvation as an antimicrobial strategy: the controllable toxicity of lanthanum oxide 
nanoparticles, «Chem Commun (Camb)», 48 (32), pp. 3869-3871.

Giordani T., Fabrizi A., Guidi L., Natali L., Giunti G., Ravasi F., Cavallini A., 
Pardossi A. (2012): Response of tomato plants exposed to treatment with nanoparticles, 
«EQA – Environmental quality», 37-48.

Giraldo J.P, Landry M.P., Faltermeier S.M. (2014): Plant nanobionics approach to 
augment photosynthesis and biochemical sensing, «Nat Mater.»,13 (4), pp. 400-408.

Gmo Report (2009): The Organic and Non-GMO Report US organic standards board to 
ban nanotechnology from organic food, Fairfield, IA: The Organic and Non.

Gogos A., Knauer K., Bucheli T.D. (2012): Nanomaterials in plant protection and 
fertilization: current state, foreseen applications, and research priorities, «J Agric Food 
Chem.», 60 (39), pp. 9781-9792.



Nanotechnology in agriculture and food sciences 203

Goswami A., Roy I., Sengupta S., Debnath N. (2010): Novel applications of solid and 
liquid formulations of nanoparticles against insect pests and pathogens, «Thin Solid Films», 
519 (3), pp. 1252-1257.

Green J.M., Beestman G.B. (2007): Recently patented and commercialized formulation 
and adjuvant technology, «Crop Protection», 26 (3), pp. 320-327.

Groves K. (2008): Potential benefits of micro and nano technology for the food industry: 
Does size matter?, «New Food Mag.», 4, pp. 49-52.

Gruere G., Narrod C., Abbott L. (2014): Agriculture, Food, and Water Nanotechnolo-
gies for the Poor: Opportunities and Constraints Policy Brief 19, Washington, DC, Inter-
national Food Policy Research Institute, 2011.

Guan H., Chi D., Yu J., Li L. (2008): A novel photodegradable insecticide: prepara-
tion, characterization and properties evaluation of nano-Imidacloprid, «Pestic Biochem 
Physiol.», 92 (2), pp. 83-91.

Haghighi I., Pourkhaloee A. (2013): Nanoparticles in agricultural soils: their risks and 
benefits for seed germination, «Minerva Biotecnol.», 25 (2), pp. 123-132.

Handy R.D. (2012): FSBI Briefing Paper: Nanotechnology in Fisheries and Aquaculture, 
Liverpool, UK, Fisheries Society of the British Isles.

Hatschek E. (1931): Inventor, Electro Chem. Processes, Ltd, assignee, British patent no 
392, 556, Nov 17, Brouisol.

Huang Q., Yu H., Ru Q. (2009): Bioavailability and delivery of nutraceuticals using na-
notechnology, «J Food Sci.», Epub Online.

Husen A., Siddiqi K.S. (2014): Phytosynthesis of nanoparticles: concept, controversy and 
application, «Nanoscale Fes Lett.», May 12, 9 (1), p. 229.

Ifoam World Board (2011): The use of Nanotechnologies and Nanomaterials in Organic 
Agriculture, Bonn, Germany, IFOAM World Board.

Injac R., Prijatelj M., Strukelj B. (2013): Fullerenol nanoparticles: toxicity and antio-
xidant activity, «Methods Mol Biol.», 1028, pp. 75-100.

Jayaseelan C., Rahuman A.A., Rajakumar G. (2011): Synthesis of pediculocidal and 
larvicidal silver nanoparticles by leaf extract from heartleaf moonseed plant, Tinospora cor-
difolia Miers, «Parasitol Res.», 109 (1), pp. 185-194.

Jo Y.K., Kim B.H., Jung G. (2009): Antifungal activity of silver ions and nano-particles on 
phytopathogenic fungi, «Plant Dis.», 93 (10), pp. 1037-1043.

Johari S.A., Kalbassi M.R., Soltani M., Yu I.J. (2013): Toxicity comparison of colloidal 
silver nanoparticles in various life stages of rainbow trout (Oncorhynchus mykiss), «Iranian 
Journal of Fisheries Sciences», 12 (1), pp. 76-79.

Kah M., Beulke S., Tiede K., Hofmann T. (2013): Nanopesticides: state of knowledge, 
environmental fate, and exposure modeling, «Crit Rev Environ Sci Technol.», 43 (16), 
pp. 1823-1867.

Kahan D.M., Braman D., Slovic P., Gastil J., Cohen G. (2008): Cultural cognition of 
the risks and benefits of nanotechnology, «Nat Nanotechnol.», 4, pp. 87-94.

Kashyap L., Xiang X., Heiden C. (2015): Chitosan nanoparticle based delivery systems for 
sustainable agriculture, «Int J Biol Macromol.», Jun, 77, Epub 2015 Mar 5.

Khodakovskaya M., Dervishi E., Mahmood M. (2009): Carbon nanotubes are able to 
penetrate plant seed coat and dramatically affect seed germination and plant growth, «ACS 
Nano», 3 (10), pp. 3221-3227.

Kim H.J, Kim S.H., Lee K. (2012): A novel mycotoxin purification system using magnetic 
nanoparticles for the recovery of aflatoxin B1 and zearalenone from feed, «J Vet Sci.», 13 
(4), pp. 363-369.



Stefania Mura et al.204

Knauer K., Bucheli T.D. (2009): Nano-materials: research needs in agriculture, «Revue 
Suisse d’Agriculture», 41 (6), pp. 337-341.

Kole C., Kole P., Manoj Randunu K., Choudhary P., Podila R., Chun P., Rao M., 
Marcus R.K. (2013): Nanobiotechnology can boost crop production and quality: first evi-
dence from increased plant biomass, fruit yield and phytomedicine content in bitter melon 
(Momordica charantia), «BMC Biotechnol.», 13, p. 37.

Kong S., Wang Y., Zhan H. (2013): Arsenite and arsenate removal from contaminated 
groundwater by nanoscale iron–manganese binary oxides: column studies, «Environ Eng 
Sci.», 30 (11), pp. 689-696.

Kottegoda N., Munaweera I., Madusanka N., Karunaratne V. (2011): A green slow 
release fertilizer composition based on urea-modified hydroxyapatite nanoparticles encapsu-
lated wood, «Curr Sci.», 101 (1), pp. 73-78.

Krug H.F. (2014): Nanosafety research – are we on the right track?, «Chem Int Ed Engl.», 
Nov 10, 53 (46), pp. 12304-12319.

Kumar A., Negi Y.S., Choudhary V., Bhardwaj N.K. (2014): Characterization of 
cellulose nanocrystals produced by acid-hydrolysis from sugarcane bagasse as agro-waste, 
«Journal of Materials Physics and Chemistry», 2 (1), pp. 1-8.

Kumar J., Shakil N.A., Khan M.A., Malik K., Walia S. (2011): Development of con-
trolled release formulations of carbofuran and imidacloprid and their bioefficacy evaluation 
against aphid, Aphis gossypii and leafhopper, Amrasca biguttula Ishida on potato crop, «J 
Environ Sci Health B.», 46 (8), pp. 678-682.

Kumar R., Sharon M., Choudhary A.K. (2010): Nanotechnology in agricultural disea-
ses and food safety, «Journal of Phytology», 2 (4), pp. 83-92.

Kumar S.K., Krishnamoorti R. (2010): Nanocomposites: structure, phase behavior, and 
properties, «Annu Rev Chem Biomol Eng.», 1, pp. 37-58.

Kuzma J. (2010): Nanotechnology in animal production – upstream assessment of applica-
tions, «Livest Sci.», 130, 1- 3, pp. 14-24.

Kuzma J., Verhage P. (2006): Nanotechnology in Agriculture and Food Production: Anti-
cipated Applications.

Lead J.R., Wilkinson K.J. (2006): Aquatic colloids and nanoparticles: current knowledge 
and future trends, «Environ Chem», 3, pp. 156-171.

Lee K.T. (2010): Quality and safety aspects of meat products as affected by various physical 
manipulations of packaging materials, «Meat Sci», 86, pp. 138-150.

Li L., Lin S.L., Deng L., Liu Z.G. (2013): Potential use of chitosan nanoparticles for oral 
delivery of DNA vaccine in black seabream Acanthopagrus schlegelii Bleeker to protect from 
Vibrio parahaemolyticus, «J Fish Dis.», 36 (12), pp. 987-995.

Li R., JI Z., Chang C.H. (2014): Surface interactions with compartmentalized cellular 
phosphates explain rare earth oxide nanoparticle hazard and provide opportunities for safer 
design, «ACS Nano», 8 (2), pp. 1771-1783.

Lin S., Reppert J., Hu Q. (2009): Uptake, translocation, and transmission of carbon na-
nomaterials in rice plants, «Small», 5 (10), pp. 1128-1132.

Liu F., Wen L. X., Li Z.Z., Yu W., Sun H.Y., Chen J.F. (2006): Porous hollow silica 
nanoparticles as controlled delivery system for water-soluble pesticide, «Materials Research 
Bulletin», 41, pp. 2268-2275.

Liu N., Huo K., Mcdowell M.T., Zhao J., Cui Y. (2013): Rice husks as a sustainable source 
of nanostructured silicon for high performance Li-ion battery anodes, «Sci Rep.», 3, p. 1919.

Magnuson B.A., Jonaitis T.S., Card J.W. (2011): A brief review of the occurrence, use, 
and safety of food- related nanomaterials, «J Food Sci.», Aug, 76 (6), R126-33.



Nanotechnology in agriculture and food sciences 205

Manceau A., Nagy K.L., Marcus M.A., Lanson M., Geoffroy N., Jacquet T., Kir-
pichtchikova T. (2008): Formation of metallic copper nanoparticles at the soil-root in-
terface, «Environ Sci Technol.», Mar 1, 42 (5), pp. 1766-1772.

Manikandan A., Subramanian K.S. (2014): Fabrication and characterisation of nanopo-
rous zeolite based N fertilizer, «Afr J Agric Res.», 9 (2), pp. 276-284.

Marchiol L. (2012): Synthesis of metal nanoparticles in living plants, «Italian Journal of 
Agronomy», 7, e37.

Masoero F., Gallo A., Moschini M., Piva G., Diaz D. (2007): Carryover of aflatoxin 
from feed to milk in dairy cows with low or high somatic cell counts, «Animal», 1, p. 1344.

Maysinger D. (2007): Nanoparticles and cells: good companions and doomed partnerships, 
«Org Biomol Chem.», 5 (15), pp. 2335-2342.

Momin J.K., Jayakumar C., Prajapati J.B. (2013): Potential of nanotechnology in fun-
ctional foods, «Emirates Journal of Food and Agriculture», 25 (1), pp. 10-19.

Morris V.J. (2008): Nanotechnology in the food industry, «New Food Mag.», 4, pp. 53-
55.

Mozafari M.R., Johnson C., Hatziantoniou S., Demetzos C. (2008): Nanoliposo-
mes and their applications in food nanotechnology, «J Liposome Res.», 18 (4), pp. 309-
327.

Mueller N.C., Braun J., Bruns J., Černik M., Rissing P., Rickerby D. (2012): 
Application of nanoscale zero valent iron (NZVI) for groundwater remediation in Europe, 
«Environ Sci Pollut Res Int.», 19 (2), pp. 550- 558.

Mura S., Carta D., Roggero P.P., Cheli F., Greppi G.F. (2014): Nanotechnology and 
its applications in food and animal science, «Italian Journal of Food Science», 03/2014, 
26 (1), pp. 92-102.

Mura S., Greppi G.F, Roggio A.M., Malfatti L., Innocenzi P. (2011): Polypeptide 
binding to mesostructured titania films, «Microporous and Mesoporous Materials», 1-6.

Mura S., Greppi G.F., Innocenzi P., Piccinini M., Figus C., Marongiu M.L., Guo 
C., Irudayaraj J. (2013a): Nanostructured thin films as surface enhanced Raman Scatte-
ring substrates, «J of Raman Spectroscopy», vol. 44, pp. 35-40.

Mura S., Greppi G.F., Irudayaraj J. (2015): Latest Developments of Nanotoxicology in 
Plants, in Nanotechnology and Plant Sciences, edited by M.H. Siddiqui et al., Springer 
International Publishing Switzerland, pp. 125-151.

Mura S., Greppi G.F., Malfatti L., Lasio B., Sanna V., Mura M.E., Marceddu S. 
(2015): Multifunctionalization of wool fabrics through nanoparticles: A chemical route 
towards smart textiles, «Journal of Colloid and Interface Science», 06/2015, 456, pp. 
85-92.

Mura S., Greppi G.F., Marongiu M.L., Roggero P.P., Sandeep P., Ravindranath, 
Mauer L.J., Schibeci N., Perria F., Piccinini M., Innocenzi P., Irudayara J. 
(2012): FTIR nanobiosensors for Escherichia coli detection, «Beilstein Journal of Nano-
technology», vol. 3, pp. 485-492.

Mura S., Greppi G.F., Roggero P.P., Musu E., Pittalis D., Carletti A., Ghiglieri G, 
Irudayaraj J. (2013b): Functionalized gold nanoparticles for the detection of nitrates in wa-
ter, «International journal of Environmental Science and Technology», pp. 1735-1472.

Mura S., Seddaiu G., Bacchini F., Roggero P.P., Greppi G.F. (2013): Advances of na-
notechnology in agro- environmental studies, «Italian Journal of Agronomy», 8 (3), e18.

Myhr A.I., Myskja B.K. (2011): Precaution or integrated responsibility approach to na-
novaccines in fish farming? A critical appraisal of the UNESCO precautionary principle, 
«Nanoethics», 5 (1), pp. 73-86.



Stefania Mura et al.206

Otto M., Floyd M., Bajpai S. (2008): Nanotechnology for site remediation, «Remedia-
tion»,19 (1), pp. 99-108.

Owolade O.F., Ogunleti D.O., Adenekan M.O. (2008): Titanium dioxide affects di-
seases, development and yield of edible cowpea, «EJEAFChe.», 7 (5), pp. 2942-2947.

Pandey S., Zaidib M.G.H., Gururani S.K. (2013): Recent developments in clay-polymer 
nano composites, «Scientific Journal of Review», 2 (11), pp. 296-328.

Pardha-Saradhi P., Yamal G., Peddisetty T. (2014): Plants fabricate Fe-nanocomplexes 
at root surface to counter and phytostabilize excess ionic Fe, «Biometals», 27 (1), pp. 97-
114.

Park H.J., Kim S.H., Kim H.J., Choi S.H. (2006): A new composition of nanosized silica 
silver for control of various plant diseases, «Plant Pathol J.», 22 (3), pp. 295-302.

Peisker H., Gorb S.N. (2013): Always on the bright side of life: anti-adhesive properties of 
insect ommatidia grating, «J Exp Biol.», 2010, 213 (Pt 20), pp. 3457-3462.

Perez-De-Luque A., Hermosin M.C. (2013): Nanotechnology and its use in agricultu-
re, in Bagchi D., Bagchi M., Moriyama H., Shahidi F., editors, Bio-nanotechnology: 
ARevolution in Food, Bomedical and Health Sciences, vol. 2013, Wiley-Blackwell, West 
Sussex, UK, pp. 299-405.

Perez-De-Luque A., Rubiales D. (2009): Nanotechnology for parasitic plant control, 
«Pest Manag Sci.», 65 (5), pp. 540-545.

Perlatti B., De Souza Bergo P.L., Da Silva M.F. (2013): Polymeric nanoparticle-based 
insecticides: a controlled release purpose for agrochemicals, insecticides, in Tradan S., editor, 
Insecticides: Development of Safer and More Effective Technologies, vol. 2013, InTech, pp. 
523-550.

Peters R.B., Rivera Z., Bemmel G., Marvin H.P. (2014): Development and validation 
of single particle ICP- MS for sizing and quantitative determination of nano-silver in 
chicken meat, «Anal Bioanal Chem.», pp. 1-11.

Pineda L., Sawosz E., Lauridsen C. (2012): Influence of in ovo injection and subsequent 
provision of silver nanoparticles on growth performance, microbial profile, and immune 
status of broiler chickens, «Open Access Anim Physiol.», 4, pp. 1-8.

Podila R., Brown J.M. (2013): Toxicity of engineered nanomaterials: a physicochemical 
perspective, «J Biochem Mol Toxicol.», Jan, 27 (1), pp. 50-55.

Prasad R., Kumar V., Prasad K.S. (2014): Nanotechnology in sustainable agriculture: 
present concerns and future aspects, «Afr J Biotechnol.», 13 (6), pp. 705-713.

Rai M., Ingle A. (2012): Role of nanotechnology in agriculture with special reference 
to management of insect pests, «Appl Microbiol Biotechnol.», 94 (2), pp. 287-293. 
[PubMed]

Rai M., Deshmukh S., Gade A., Elsalam K-A. (2012): Strategic nanoparticles-mediated 
gene transfer in plants and animals – a novel approach, «Curr Nano.», 8, pp. 170-179.

Rajesh Kumar S., Ishaq Ahmed V.P., Parameswaran V., Sudhakaran R., Sarath 
Babu V., Sahul Hameed A.S. (2008): Potential use of chitosan nanoparticles for oral de-
livery of DNA vaccine in Asian sea bass (Lates calcarifer) to protect from Vibrio (Listonella) 
anguillarum, «Fish Shellfish Immunol.», 25, 1-2, pp. 47-56.

Rajeshkumar S., Venkatesan C., Sarathi M. (2009): Oral delivery of DNA construct 
using chitosan nanoparticles to protect the shrimp from white spot syndrome virus (WSSV), 
«Fish Shellfish Immunol.», 26 (3), pp. 429-437.

Raliya R., Tarafdar J.C., Gulecha K. (2013): Review article; scope of nanoscience and 
nanotechnology in agriculture, «Journal of Applied Biology and Biotechnology», 1 (03), 
041-044.



Nanotechnology in agriculture and food sciences 207

Rangheard C., De Julian Fernande C., Phua P.H., Hoorn J., Lefort L., De Vries 
J.G. (2010): At the frontier between heterogeneous and homogeneous catalysis: Hydroge-
nation of olefins and alkynes with soluble iron nanoparticles, «Dalton Transactions», vol. 
39, no. 36, pp. 8464-8471.

Rao K.J., Paria S. (2013): Use of sulfur nanoparticles as a green pesticide on Fusarium sola-
ni and Venturia inaequalis phytopathogens, «RSC Advances.», 3 (26), pp. 10471-10478.

Rao M.A. (2009): Nanoscale particles in food and food packaging, «J Food Sci.», Epub 
Online, Nov 9.

Rather M.A., Sharma R., Aklakur M. (2011): Nanotechnology: a novel tool for aqua-
culture and fisheries development. A prospective mini-review, «Fisheries and Aquaculture 
Journal», 16, pp. 1-5.

Rather M.A., Sharma R., Aklakur M.D. (2011): Nanotechnology: an emerging avenue 
for aquaculture and fisheries, «World Aquaculture», 9-11.

Ray S.S. (2013): Environmentally Friendly Polymer Nanocomposites: Types, Processing and 
Properties, Cambridge, UK, Woodhead Publishing.

Ren W., Mura S., Irudayaraj J.M.K (2015): Modified graphene oxide sensors for ultrasen-
sitive detection of nitrate ions in water, Talanta 05/2015.

Rico C.M., Majumdar S., Duarte-Gardea M., Peralta-Videa J.R., Gardea-Tor-
resdey J.L. (2011): Interaction of nanoparticles with edible plants and their possible im-
plications in the food chain, «J Agric Food Chem.», 59 (8), pp. 3485-3498.

Ross S.A., Srinivas P.R., Clifford A.J., Lee S.C., Philbert M.A., Hettich R.L. 
(2004): New technologies for nutrition research, «Journal of Nutrition», 134, p. 681.

Sastry R.K., Rao N. (2013): Emerging technologies for enhancing Indian agriculture-case 
of nanobiotechnology, «Asian Biotechnology and Development Review», 15 (1), pp. 1-9.

Scrinis G., Lyons K. (2007): The emerging nano-corporate paradigm: nanotechnology and 
the transformation of nature, food and agri-food systems, «International Journal of Socio-
logy of Food and Agriculture», 15 (2), pp. 22-44.

Semo E., Kesselman E., Danino D., Livney Y.D. (2007): Casein micelle as a natural 
nano-capsular vehicle for nutraceuticals, «Food Hydrocolloids», 21, pp. 936-942.

Senturk A., Yalcyn B., Otles S. (2013): Nanotechnology as a food perspective, «J Nano-
mater Mol Nanotechnol.», 2, 6.

Shefer A., Shefer S. (2003): Multi component controlled release system for oral care, food 
products, nano beverages, U.S. patent application, 0152629 AI.

Sheth P., Sandhu H., Singhal D., Malick W., Shah N., Kislalioglu M.S. (2012): 
Nanoparticles in the pharmaceutical industry and the use of supercritical fluid technologies 
for nanoparticle production, «Curr Drug Deliv.», May, 9 (3), pp. 269-284.

Soni N., Prakash S. (2012): Efficacy of fungus mediated silver and gold nanoparticles 
against Aedes aegypti larvae, «Parasitol Res.», 110 (1), pp. 175-184.

Sonkaria S., Ahn S.H., Khare V. (2012): Nanotechnology and its impact on food and 
nutrition: a review, «Recent Pat Food Nutr Agric.», 4 (1), pp. 8-18.

Stadler T., Buteler M., Weaver D.K. (2010): Novel use of nanostructured alumina as 
an insecticide, «Pest Manag Sci.», 66 (6), pp. 577-579.

Stanley S. (2014): Biological nanoparticles and their influence on organisms, «Curr Opin 
Biotechnol.», 28, pp. 69- 74.

Stein M., Wielanj., Steure P., Tolle F., Mulhaup T., Brei B. (2011): Iron na-
noparticles supported on chemically-derived graphene: catalytic hydrogenation with 
magnetic catalyst separation, «Advanced Synthesis and Catalysis», vol. 353, no. 4, 
pp. 523-527.



Stefania Mura et al.208

Studnicka A., Sawos E., Grodzik M. Balcerak A., Chwalibo M. (2009): Influence 
of nanoparticles of silver/palladium alloy on chicken embryos development, «Ann. Warsaw 
Agricult. Univ. SGGW, Anim. Sci.», 46, pp. 237-242.

Subasinghe R., Soto D., Jiansan J. (2014): Global aquaculture and its role in sustainable 
development, «Rev Aquac», 1, pp. 2-9.

Sutovsky P., Kennedy C.E. (2013): Biomarker-based nanotechnology for the improvement 
of reproductive performance in beef and dairy cattle, «Industrial Biotechnology», 9 (1), 
pp. 24-30.

Theron J., Walker J.A., Cloete T.E. (2008): Nanotechnology and water treatment: ap-
plications and emerging opportunities, «Crit Rev Microbiol», 34, pp. 43-69.

Thornton P.K. (2010): Livestock production: recent trends, future prospects, «Phil Trans R 
Soc B.», 365 (1554), pp. 2853-2867.

Tilman D., Cassman K.G., Matson D., Naylor R., Polasky S. (2002): Agricultural su-
stainability and intensive production practices, «Nature», Aug 8, 41 (6898), pp. 671-677.

Tong G., Yu-Long A., Zi-Rong X.U. (2007): Effects of Cu(II)-exchanged montmoril-
lonite nanoparticles on growth performance, digestive function and mucosal disaccharase 
activities of weaned pigs, «Chinese J. Anim. Sci.», 21, p. 22.

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

Torre-Roche R.D.L, Hawthorne J., Deng Y., Xing B., Cai W., Newman L.A., 
Wang Q., Ma X., Hamdi H., White J.C. (2013): Multiwalled carbon nanotubes and 
C60 fullerenes differentially impact the accumulation of weathered pesticides in four agri-
cultural plants, «Environ Sci Technol», 47, pp. 12539-12547.

Tratnyek P.G., Johnson R.L. (2006): Nanotechnologies for environmental cleanup, 
«Nanotoday», 1 (2), pp. 44- 48.

Verma A.K., Singh V.P., Vikas P. (2012): Application of nanotechnology as a tool in ani-
mal products processing and marketing: an overview, «American Journal of Food Tech-
nology», 7 (8), pp. 445-451.

Vidyalakshmi R., Bhakyaraj R., Subhasree R.S. (2009): Encapsulation “the future of 
probiotics” – A review, «Adv Biol Res.», 3, 3-4, 96-103.

Vinutha J.S., Bhagat D., Bakthavatsalam N. (2013): Nanotechnology in the manage-
ment of polyphagous pest Helicoverpa armigera, «J Acad Indus Res.», 1 (10), pp. 606-608.

Wibowo D., Zhao C.X., Peters B.C., Middelberg A.P. (2014): Sustained release of 
fipronil insecticide in vitro and in vivo from biocompatible silica nanocapsules, «J Agric 
Food Chem.», Dec 31, 62 (52), pp. 12504-11.

Yang F.L., Li X.G., Zhu F., Le C.L. (2012): Structural characterization of nanoparticles 
loaded with garlic essential oil and their insecticidal activity against Tribolium castaneum 
(Herbst) (Coleoptera: Tenebrionidae), «J Agric Food Chem.», 2009, 57 (21), pp. 10156-
10162.

Yu H., Huang Q. (2010): Enhanced in vitro anti-cancer activity of curcumin encapsulated 
in hydrophobically modified starch, «Food Chem.», 119, pp. 669-674.

Yu H., Huang Y., Huang Q. (2009): Synthesis and characterization of novel antimicrobial 
emulsifiers from ε- polylysine, «J Agric Food Chem.», Epub 2009 December.

Yu S.J., Yin Y.G., Liu J. (2013): Silver nanoparticles in the environment, «Environ Sci 
Process Impacts.», Jan, 15 (1), pp. 78-92.

Zhang X.L., Tyagi S., Surampalli R.Y. (2013): Biodiesel production from heterotrophic 
microalgae through transesterification and nanotechnology application in the production, 
«Renewable and Sustainable Energy Reviews», 26, pp. 216-223.



Nanotechnology in agriculture and food sciences 209

Zhou X., Wang Y., Gu Q., Li W. (2009): Effects of different dietary selenium sources 
(selenium nanoparticle and selenomethionine) on growth performance, muscle composition 
and glutathione peroxidase enzyme activity of crucian carp (Carassius auratus gibelio), 
«Aquaculture», 291, 1-2, 78-81.


