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Chapter 8

Benefits and Potential Risks

of Nanotechnology Applications
in Crop Protection

Josef Jampilek and Katarina Kral’ova

8.1 Introduction

Due to the increasing number of human population and changing climatic condi-
tions, it is increasingly difficult to provide sufficient food for the population. With
global hunger on the rise again, the Food and Agricultural Organization of the
United Nations (FAO) has issued a sobering forecast on world food production.
FAO says that if global population reaches 9.1 billion by 2050, the world food pro-
duction will need to rise by 70%, and food production in the developing world will
need to double. The FAO’s forecast does not take into account any increase in agri-
cultural production for biofuels. The projected 70% increase in food production will
have to overcome rising energy prices, growing depletion of underground aquifers,
the continuing loss of farmland to urbanization and increased drought and flooding
resulting from climate changes (Population Institute 2017; FAO 2009). From the
report of FAQ, it results that crop yields would continue to grow but at a slower rate
than in the past. Therefore, one of possible strategies is better protection of crops,
although crop protection from pests and diseases can only reduce the amount lost
after the potential for increased food production has been attained by proper utiliza-
tion of all means possible. According to the data of FAO, every year the damage
done to crops by pests and diseases constitutes ca. 20% of the potential world yield
of food crops (FAO 2009). Crop protection becomes even more important in inten-
sive agriculture, where increased fertilization, genetically uniform, high-yielding
varieties, increased irrigation, and other methods are used. Crop losses due to
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diseases and pests not only affect national and world food supplies and economies
but also affect individual farmers even more, whether they grow the crop for direct
consumption or for sale. Because operating expenditures for the production of the
crop remain the same in years of low or high disease incidence, harvests are lost due
to diseases and pests lower the net return directly (Agrios 2005).

Crop protection can be defined as “the science and practice of managing inverte-
brate pests and vertebrate pests, plant diseases, weeds and other pest organisms that
damage agricultural crops and forestry. Agricultural crops include field crops, veg-
etable crops and fruit and horticultural crops. Crop protection encompasses (i) pes-
ticide-based approaches such as herbicides, fungicides and insecticides; (if)
biological pest control approaches such as cover crops, trap crops and beetle banks;
(iii) barrier-based approaches such as agrotextiles and bird netting; (iv) animal psy-
chology-based approaches such as bird scarers; and (v) biotechnology-based
approaches such as plant breeding and genetic modification” (Crop Protection
Definitions 2017). It is estimated that the discovery and development of a new agent
costs about 150-200 million USD. A new product must be tested thoroughly for its
action and its safety for the environment. It takes an average of 1015 years to do
this, so it is small wonder that worldwide, only about 12 agrochemicals are intro-
duced each year. However, these chemicals are crucial for the efficient production
of food (Essential Chemical Industry 2017).

As nanotechnology is one of the key technologies of the twenty-first century
(Wennersten et al. 2008) that is able to provide “a new dimension”, new properties
to many current materials (Borm et al. 2006; Buzea et al. 2007; Jampilek et al. 2013,
2014, 2015; Vaculikova et al. 2016a, b; Jampilek and Kralova 2017a, 2018a), it has
been also widely used in food industry and for production of a new generation of
agrochemicals (Chaudhry and Castle 2011; Rashidi and Khosravi-Darani 2011;
Khot et al. 2012; Sekhon 2014; Parisi et al. 2015; Jampilek and Kral'ovd 2015,
2017b, ¢; Nuruzzaman et al. 2016; Fraceto et al. 2016). Thus, the use of nanotech-
nologies can significantly contribute to sustainable intensification of agricultural
production (Garcia et al. 2010; Pérez-de-Luque and Hermosin 2013; Prasad et al.
2014, 2017; Sekhon 2014; Jampilek and Kral'ova 2015), and vice versa, the agricul-
tural production and food industry belong to important areas of nanotechnology
application (Ghormade et al. 2011; Coles and Frewer 2013; Raliya et al. 2013; Chen
et al. 2014a; Mukhopadhyay 2014).

Based on the definitions of the European Commission and/or US National
Nanotechnology Initiative, nanomaterials/nanoparticles (NPs) can be generally
classified as materials with a particle size less than 100 nm in at least one dimension
(European Commission 2011; National Nanotechnology Initiative 2008). Pesticide
nanosystems formulated into this particle size (similarly as nanoformulations of
drugs) acquire enhanced bioavailability, targeted delivery, controlled release, pro-
tection against degradation and higher potency, and when currently applied and
approved pesticides are used, a rapid and economically favourable solution is pro-
vided. Nanoformulations of pesticides can be classified either according to the
nature of the nanocarrier, organic polymer-based formulations, lipid-based formula-
tions, nanosized metals/metal oxides, metalloids, clay-based nanomaterials, etc. or
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according to various structures and morphologies of the nanosystem: nanocapsules,
nanospheres, nanomicelles, nanogels, nanoemulsions, nanofibers, nanoliposomes,
solid lipid nanoparticles, etc. (Balaure et al. 2017; Jampilek and Kral'ova 2017a, b,
2018a). Alone pesticides, i.e. herbicides, fungicides and insecticides, can be divided
into natural or synthetic and of inorganic or organic nature. In some cases, also a
stabilizer/matrix of the nanosystem shows effectivity against phytopathogens, and
thus it can be used alone or with a pesticide and amplify its potency.

In this chapter, advantageous effects of nanomaterials/nanoformulations of vari-
ous herbicides, fungicides, bactericides and insecticides on weed and phytopatho-
gens are discussed in detail, and special attention is devoted also to risks of
applications of nanopesticides.

8.2 Nanoherbicides

Modern agriculture and land management uses chemical agents, i.e. herbicides for
the control of unwanted vegetation. Although many compounds used for the control
of unwanted vegetation were designed and applied, currently new agrochemicals
more effective for specific weeds resulting in less damage of desirable vegetation,
i.e. safer to human and the environment, are desirable. Since these herbicides of new
generations should be affordable, attention is focused not only on nanoformulations
of used current herbicides but also on nanosystems containing metals effective
against weeds and their combinations. In addition, some polymers used in nanofor-
mulations as excipients were found to potentiate effectivity and selectivity of herbi-
cidal-effective organic compounds.

8.2.1 Synthetic Nanoherbicides

8.2.1.1 Nanoscale Phenoxyacetic Acid Herbicides

Nanohybrids of 2-chloro- (2-CPA) and 2,4,5-trichlorophenoxyacetic acids (2,4,5-T)
prepared by hybridization of phenoxyacetic acid herbicides into zinc-aluminium-
layered double hydroxide (Zn-Al-LDH) interlamellae, in which the successful
intercalation of the herbicides into the layered double hydroxide inorganic interlay-
ers was confirmed by basal spacing expansion from 8.9 A in the layered double
hydroxide to 18.5 and 26.2 A, respectively, were reported by Sarijo et al. (2010a).
The release process was found to be pH-dependent in the order of pH 12 > 3 > 6.25,
and longer release time estimated for 2,4,5-T compared to 2-CPA indicated stronger
interaction of 2,4,5-T with the layered double hydroxide inorganic interlayer. The
obtained results suggested that two-dimensional-type layered structure consisting
of thin crystalline inorganic layers with a thickness of a few nanometers such as
Zn-Al-LDH represents a suitable matrix for the controlled release formulation of



192 J. Jampilek and K. Kralova

agrochemicals based on halogen-substituted phenoxyacetic acid such as 2-CPA and
2,4,5-T. In another study, Sarijo et al. (2010b) investigated the release of chlorophe-
noxy herbicides, namely, 2-CPA, 4-chlorophenoxyacetic acid (4-CPA) and 2,4,5-T,
from their nanohybrids into various aqueous solutions, carbonate, sulphate and
chloride, whereby the release was found to be controlled by pseudo-second-order
rate expression. The calculated t;,, values for 2-CPA were 71, 77 and 103 min in
carbonate, sulphate and chloride aqueous solutions. The t;;, values of 79, 97 and
146 min and 210, 282 and 442 min were estimated for 4-CPA and 2,4,5-T for car-
bonate, sulphate and chloride, respectively, indicating that the percentage of the
saturated amount of 4-CPA and 2,4,5,T released decreased in the following order:
carbonate > sulphate > chloride. Thus, the release of phenoxyacetic acid herbicides
into the media is preferred if the available anion in the media has higher affinity
towards the Zn-Al-LDH inorganic interlayers, and, therefore, the exchangeable
anions, either they are in the release media or in the nanohybrid, can be exploited as
a means to tune the release properties. On the other hand, for all the media the per-
centage of saturated release decreased in the following order: 2-CPA >4-CPA >2,4,5-
T. This can be connected with the fact that electrostatic forces with the host in the
molecule of 2,4,5-T having three chlorine atoms attached to the benzene ring are
stronger than in 2-CPA, which results in more difficult release of 2,4,5-T compared
to 2-CPA; the release from the interlayer of the inorganic host could be also affected
by the bulkier structure of 2,4,5-T. Easier release of 2-CPA compared to 4-CPA is
connected with the fact that in 4-CPA, the chloride substituent in position 4 becomes
more negatively charged and therefore held stronger in the interlayer. The inorganic
Zn-Al-LDH was also used as a matrix for 2,4-dichlorophenoxyacetic acid (2,4-D)
by Hussein et al. (2005) who found that the release rate of the 2,4-D anion from the
interlamellae of the nanocomposite depended on the type of anion and its concen-
tration in the release media, the release from the carbonate solution being more
effective than from chloride solution or distilled water. Initially, the release of the
guest 2,4-D into aqueous solutions containing chloride, carbonate and distilled
water was rapid, followed by a more sustained release thereafter, and this behaviour
was dependent on the type of anions and their concentrations in the release medium
(aqueous solution). While in distilled water and NaCl aqueous solutions the layered
structure of the nanohybrid was not destroyed by the release of 2,4-D anions for at
least 24 h, in the presence of carbonate in aqueous solution, the release of 2,4-D ions
from the nanohybrid resulted in the formation of two new phases, LDH and
ZnO. This indicates higher affinity of carbonate towards the LDH inorganic interla-
mellae compared to chloride. However, independently on the structure of the result-
ing controlled release formulation, the release of 2,4-D anions from Zn-Al-LDH
inorganic lamella was controlled by the first-order kinetic at least at the beginning
of the deintercalation up to 12 h.

Using montmorillonite (MMT)-gelatin composites, Alromeed et al. (2015) pre-
pared slow-release formulations of the (4-chloro-2-methylphenoxy)acetic acid
(MCPA) herbicide, which could reduce the environmental risk associated with her-
bicide application by more effective reduction of leaching and improved bioactivity
in the upper soil layer compared with a commercial product. MCPA was released
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much more slowly from the MMT-gelatin formulations prepared at lower pH than
from those prepared at higher pH values. For all formulations, the herbicide was
completely released after 48 h, and no fraction was bound irreversibly to the clay-
gelatin matrix. The highest release was obtained for the formulation prepared at pH
close to the isoelectric point of the protein (7.9-9.0). Increasing of pH results in the
increased labile fraction of MCPA due to the reduction of strong electrostatic inter-
actions involved in the retention of the herbicide in the clay-gelatin matrix at pH
value exceeding the value of isoelectric point; this effect is counteracted by the pres-
ence of mostly exfoliated clay particles acting as a barrier to the diffusing out of
herbicide molecules. By application of glycerol, the interaction of the herbicide
within the clay-gelatin matrix can be modified by enhancing hydrogen bonding over
stronger electrostatic interactions, which results in enhanced release of the herbi-
cide. The slower release rate of 2,4-D in water and soil was estimated also from
carboxymethyl cellulose gel formulation containing some modified bentonites pre-
pared by intercalating inorganic or organic cations in interlayers of Na*-saturated
bentonite. The t;,, corresponding to the time when 50% of 2,4-D has been released
in water varied from 8.8 to 19.8 h, and the largest value was shown by the formula-
tion incorporating hydroxy-iron intercalated bentonite showing the highest sorption
capacity to 2,4-D. Such gel formulations could also be used for controlled release of
2,4-D herbicide when applied to a thin soil layer (Li et al. 2009).

Formulations of herbicides 2,4-D and picloram which were anchored on porous
gel of hexagonal mesoporous silica modified with carboxylic acid showing a nano-
metric structure with spheres <50 nm and porous diameter of 10 nm exhibited the
controlled release of herbicides, which was lower for picloram than for 2,4-D (Prado
etal. 2011).

Nanostructured liquid crystalline particles (NLCP) containing 18% (w/w) of
phytantriol with the size of ~250 nm, polydispersity index of 0.22 and zeta potential
of —15 mV, which are able safely interact with plant leaf cuticular surfaces with
minimal impact on epicuticular waxes, were used to deliver 2,4-D to weeds, crops
and model plants. In field trials, such nanoformulation used for the control of the
invasive weed wild radish (Raphanus raphanistrum L.) in wheat was found to be
effective at lower concentrations (0.03% and 0.06%) as compared with commer-
cially available herbicide formulation (Estercide 800), while crop yield remained
similar for nano- and commercial preparations. In a separate trial, the phytotoxicity
on the crop Hordeum vulgare was assessed, along with the herbicidal effects on the
weed R. raphanistrum, and the obtained results were consistent with earlier obser-
vations made on Triticum aestivum. High-concentration spray applications of 2,4-D
NLCP resulted in greater epicuticular wax solubilization effects, and it was esti-
mated that the area of epicuticular waxes was the highest for untreated controls and
significantly decreased with the increase in the concentration of NLCP. This indi-
cates that NLCP can reduce the risk of cuticle damage while still efficiently deliver-
ing the active ingredient, which can result in increased yield. The application of
NLCP can also eliminate adverse environmental effects as well as negative effects
on nontarget plants observed with the overuse of surfactants in agrochemical formu-
lations (Nadiminti et al. 2016).
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Sustained release and enhanced herbicidal activity against the tested target plant
(Brassica sp.) were shown also by nanosized rice husk loaded with 2,4-D, while the
nontarget plant Zea mays L. was not affected, and better herbicidal efficiency of this
formulation as compared with that of the commercial 2,4-D could be connected
with the reduced soil sorption or increased bioavailability of 2,4-D in the soil
(Abigail et al. 2016).

8.2.1.2 Nanoscale Triazine Herbicides

Solid lipid NPs (SLNPs) prepared using glycerol tripalmitate and poly(vinyl alco-
hol) (PVA) containing atrazine (ATZ) and simazine (SMZ) showing the hydrody-
namic diameter of 255 nm and encapsulation efficiency (EE) of 89.7 + 0.02% of
ATZ and 97.3 £ 0.05% of SMZ were prepared by de Oliveira et al. (2015). PVA
used during the preparation of the formulations was adsorbed on the surface of the
particles, creating a layer that provided steric stabilization. The SLNP formulations
showed negative zeta potential values that were not affected by encapsulation of the
herbicides, and after 30 days of storage, a mean value of —15 mV was estimated.
The release of herbicides from SLNPs was slower compared to that of the free her-
bicides, which was reflected in significantly lower t;,, values corresponding to 50%
release that were 2.5 h (ATZ) and 5.3 h (SMZ) compared to t;, values estimated for
free herbicides, namely, 52.9 h for ATZ and 51.1 h for SMZ. The values of the
release constants showed that atrazine was released faster than simazine. The encap-
sulated herbicides showed decreased cytotoxicity when compared with the com-
mercial formulation, and they were also investigated for pre- and postemergence
treatments applied to a target species (R. raphanistrum) and a nontarget species (Z.
mays) at concentrations equivalent to 0.3 and 3 kg/ha. SLNPs containing herbicides
caused greater phytotoxic effects on both the aerial parts and roots of plants, com-
pared to the commercial formulation, and they remained effective also at tenfold
lower concentration than the recommended concentration. At postemergence treat-
ment, SLNPs loaded with herbicides showed comparable phytotoxic effects on
aerial parts and roots at both studied concentrations, and the interaction of SLNPs
with R. raphanistrum was found to be species-specific, because no toxic effects of
SLNPs were observed in assays with Z. mays.

Treatment with poly(e-caprolactone) (PCL) nanocapsules containing ATZ
induced faster and more severe development of toxicity symptoms, faster inhibi-
tion of photosystem (PS) II photochemistry and greater lipid peroxidation in
Brassica juncea leaves compared with the commercial ATZ product, and it was
very effective also when the tenfold diluted concentration of nanoformulation was
used. The herbicidal effectiveness of nanocapsules containing ATZ could be con-
nected (i) with the protection of the encapsulated active compound against physi-
cochemical degradation; (i) with the interaction of hydrophobic nanocapsules
with the leaf cuticle resulting in increased delivery of herbicide to the plant tissues
and decreased loss of the herbicide to the environment; and (iii) with slow release
of ATZ from PCL nanocapsules, which can promote a gradual contact between the
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herbicide and the plant. Thus, PCL nanocapsules could be considered as an effi-
cient carrier system for ATZ enabling the application of lower dosages of the her-
bicide and could be used as an effective tool in the postemergence control of
weeds. Oliveira et al. (2015) evaluated also postemergence herbicidal activity of
PCL nanocapsules containing ATZ with the average size of 240.7 + 2.9 nm using
mustard (B. juncea) as target plant species model. After 7 days also the leaves of
the plants treated with tenfold diluted nanoformulation containing ATZ revealed
similar symptoms of leaf wilt, yellowing, and necrosis as the commercial atrazine
at the recommended dosage, and a strong reduction of the shoot dry weight was
observed. Pereira et al. (2014) evaluated PCL NPs containing ATZ in terms of
their herbicidal activity and genotoxicity and found that the encapsulation of the
herbicide resulted in harmlessness to a nontarget organism (Zea mays), but it
enhanced the effectiveness against a target organism (Brassica sp.), compared to
the use of the free herbicide, which could be connected with increased herbicide
bioavailability. At application of nanoencapsulated herbicide, the mobility of ATZ
in the soil column was found to be increased because of reduced soil sorption,
which led to better effectiveness of ATZ against the target organism. Moreover, the
nanoformulations containing ATZ were less genotoxic, compared to the free her-
bicide, which would contribute to the improved level of safety in agricultural
applications. Clemente et al. (2013) performed ecotoxicological evaluation of
PCL nanocapsules containing ametryn and ATZ. The encapsulation of the herbi-
cides in nanocapsules resulted in lower toxicity to the alga Pseudokirchneriella
subcapitata and higher toxicity to the microcrustacean Daphnia similis compared
to the herbicides alone. The cytogenetic tests employing human lymphocyte cul-
tures showed that formulations of nanocapsules containing the herbicides were
less toxic than the herbicides alone. The suitability of polymeric PCL nanocap-
sules containing three triazine herbicides (ametryn, atrazine and simazine) as con-
trolled release systems that could reduce environmental impacts was studied also
by Grillo et al. (2012), and the obtained results supported the previous findings
that the use of PCL nanocapsules is a promising technique that could improve the
behaviour of herbicides in environmental systems.

Controlled release formulations prepared by incorporation of ATZ in ethylcellu-
lose, in which allophanic clays and nanoclays were incorporated as matrix-modify-
ing agents, were designed by Cea et al. (2010), and their effect on the emergence
and growth of field mustard (Brassica campestris L.) was evaluated under green-
house conditions. The controlled release formulations effectively reduced the seed-
ling emergence and caused greater death of seedlings than the commercial
formulation, especially when nanoclays were added into the formulation, and they
were characterized also by prolonged bio-efficiency enabling longer applications
intervals and in this way minimizing the harmful impact of ATZ on the
environment.

Metribuzine entrapped within a sepiolite-gel-based matrix with one of two pro-
portions of clay/herbicide and used as either a gel or powder after freeze-drying
remained active longer than commercial formulation, avoiding the need to use more
frequently herbicide applications (Maqueda et al. 2009).
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8.2.1.3 Other Nanoscale Aromatic-Type Herbicides

Paraquat encapsulated in the formulation of AgNPs in the chitosan (CS) matrix with
the particle size of 100 nm and the entrapment efficiency of 90% exhibited steady
release of herbicide in the early hours, and a total release of about 90% was esti-
mated at 24 h. Surface treatment of the cut pieces of Eichhornia crassipes with 0.5,
10 and 25 pg/mL of this formulation resulted in greater necrotic lesions than at
application of free paraquat at doses 10 and 25 pg/mL. The application of the nano-
formulation did not affect soil physicochemical parameters and soil enzymes activ-
ity; nanoherbicide-treated seeds showed 90.1% seed germination, and no plant
growth parameters of the nontarget plant Vigna mungo were adversely affected
(Namasivayam et al. 2014). CS/tripolyphosphate (TPP) NPs loaded with paraquat
showing 62.6 + 0.7% association of the herbicide with the NPs exhibited delayed
release of paraquat in laboratory conditions compared to the free herbicide (70% vs
90% within 350 min), and the diffusion and relaxation of the polymeric chain might
be a factor affecting paraquat release. The encapsulation did not affect the herbi-
cidal activity of paraquat in cultivations of maize (Z. mays) and mustard (Brassica
sp.), and herbicide bound to NPs caused less chromosome damage compared to its
free form (Grillo et al. 2014). Less chromosome damage in samples treated with
nanoparaquat compared to conventional paraquat was estimated also by Nishisaka
et al. (2014), indicating that the nanoformulation of paraquat loaded into NPs pre-
pared from CS and TPP can be used to minimize damage caused by bulk herbicide
and is suitable for safer control of weeds in agriculture. Silva et al. (2011) studied
the release profile of paraquat from alginate (ALG)/CS NPs with particle size of
635 nm, zeta potential —22.8 + 2.3 mV and entrapment efficiency of 74% and com-
pared it with that of the free herbicide. They estimated that the complete herbicide
release from NPs was extended by 2 h compared to free paraquat, which allows to
reduce the amount of the herbicide resulting in lower environmental risk and lower
energy costs. The release process was governed by mechanisms displaying non-
Fickian kinetics, and it could be assumed that the release of paraquat from ALG/CS
NPs is connected with the rupture of ionic bonds between paraquat and polymeric
ALG chains. In another experiment, Silva et al. (2010) loaded clomazone herbicide
into ALG/sodium bis(2-ethylhexyl) sulfosuccinate (AOT) or ALG/CS NPs and
found that the association of the herbicide with the NPs prolonged the release time:
in the time period of 240 min ca. 70% of clomazone was released, while from ALG/
AOT or ALG/CS NPs within the same period, this amount was only 50% and 20%,
respectively, indicating that ALG/AOT NPs have higher rates of association of the
herbicide clomazone than ALG/CS NPs. The release of clomazone was also found
to be governed by non-Ficknian kinetic processes, and the kinetic constant value (k)
indicated a faster release for herbicide of the ALG/CS NPs (k = 1.96 min~") com-
pared to ALG/AOT NPs (k= 1.12 min™!).

Poly(butyl methacrylate-diacetone acrylamide)-based formulation used for con-
trolled release of acetochlor showed improved herbicide incorporation and slower
release, obviously due to potential interactions between the herbicide and the poly-
mer (Guo et al. 2014). The evaluation of application of pretilachlor microemulsion
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and herbicide encapsulated monolithic dispersion with average particle size in the
range of 1—-100 nm against Echinochloa crus-galli in rice fields performed 30, 60
and 90 days after transplantation confirmed that tested nanoformulations were supe-
rior compared to the commercial pretilachlor formulation Rifit® 50 EC (Kumar
et al. 2016).

Metsulfuron methyl-loaded pectin nanocapsules with particle size ranging from
50 to 90 nm, zeta potential value of —=35.9 mV and 63 + 2% EE, which applied on a
weed (Chenopodium album) grown in a wheat crop were found to be more effective
at a reduced dose than commercial formulation, showed less toxicity and longer
lasting effects, while wheat crop was unaffected. The dry biomass of C. album
treated with nanoformulation containing the herbicide was 5 g/m?, while it reaches
48 g/m? at controls and 19 g/m? at application of the normal herbicide (Kumar et al.
2017). Subabul stem lignin was used as a matrix material in a controlled release
nanoformulation of diuron with particle size ca. 166 nm and 74.3+4% EE. This
nanoformulation exhibited a nonlinear biphasic release profile for diuron, and its
application into soil caused earlier signs of leaf chlorosis and mortality in Brassica
rapa seedlings compared to seedlings grown on soil supplemented with a commer-
cial diuron preparation or bulk diuron (Yearla and Padmasree 2016). Isoproturon-
loaded carboxymethyl starch/MMT composite microparticles showing about 75%
EE demonstrated a significantly reduced release rate of herbicide than its commer-
cial formulation, releasing 95% isoproturon after 700 h compared to 24 h estimated
with the commercial formulation. Moreover, leaching in soil from composite for-
mulations was relatively slower than release in water, which could positively affect
the environmental pollution (Wilpiszewska et al. 2016).

Kanimozhi and Chinnamuthu (2012) fabricated manganese (II) carbonate core-
shell NPs, in which the MnCO; core was coated with a single bilayer of the poly-
electrolytes sodium polystyrene sulphonate and polyallylamine hydrochloride using
a layer-by-layer method. The particle size distribution of the MnCO; core and core-
shell was 126 and 250 nm, respectively. Then the NPs were treated with diluted
hydrochloric acid to prepare inorganic/organic hollow spheres, which were subse-
quently loaded with pre-emergence herbicide pendimethalin programmed to release
smartly upon requirements. Porous hollow-shell material could be considered as
suitable also for loading of other active ingredients, e.g. fertilizers for conditional
release.

The interlayer spaces of the methoxy-modified nanosized tubular halloysite
(mHal) and platy kaolinite (mKaol) were found to be suitable for the effective inter-
calation of amitrole herbicide, which substantially promoted amitrole loading. The
slow herbicide release from amitrole-loaded mKaol was connected with the
restricted diffusion of the intercalated herbicide caused by the lamellar structure of
mKaol as well as with the long diffusion path of the intercalated herbicide due to the
large size of mKaol particles compared to mHAL particles (Tan et al. 2015).

ALG/CS and CS/TPP NPs with particle size <400 nm and zeta potentials of —30
and + 26 mV, respectively, were found to be suitable to encapsulate the herbicides
imazapic and imazapyr with 60% EE. The treatment of target weed species, Bidens
pilosa (blackjack), with a dose equal to that used in the field (400 g/ha) resulted in
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reduced growth compared to the control; the herbicides maintained adequate herbi-
cidal activity, but their toxicity to nontarget organisms was reduced, and the
researchers emphasized that the encapsulation of two herbicides in one carrier sys-
tem could improve the activity and reduce the impacts on the environment
(Maruyama et al. 2016). A natural smectite (SW) modified with CS or with Fe**
cation was tested as an adsorbent or a carrier for controlled release formulations of
imazamox, an herbicide used for the control of root-parasitic plants Orobanche spp.
The herbicide release into water was inversely related to the strength of imazamox-
clay interactions, whereby the herbicidal activity of the weak complex imazamox-
SW modified with CS was comparable with that of commercial formulation,
however showing a reduction in the total soil leaching losses (15%) and the peak
maximum concentration in soil column leachates (40%) (Cabrera et al. 2016). The
co-exposure of AgNPs (100 pM) and chiral herbicide imazethapyr (IM) (0.2 pM) to
model plant Arabidopsis thaliana showed that the use of (R)-enantiomer led to pref-
erential Ag uptake by plant roots, and also higher metal amount in shoots was esti-
mated compared to co-exposure of AgNPs with (S)-enantiomer. A significant
increase of free amino acids (except cysteine) following exposure to racemate 1M,
(R)-IM or their co-exposure with AgNPs resulted in increased release of Ag* due to
formation of amino acid adducts with Ag* ions, which was then reflected in the
toxicity enhancement under co-exposure of AgNPs and (R)-enantiomers. Treatment
of roots with (5)-IM led to reduced production of reactive oxygen species (ROS)
compared to the control, while the administration of (R)-IM and herbicide racemate
as well as their co-exposure with AgNPs resulted in enhanced ROS formation com-
pared to the control, indicating enantioselective ROS production (Wen et al. 2016).

8.2.1.4 Nanoscale Organophosphorus Herbicides

A nanoemulsion system consisting of long-chain fatty acid methyl esters (LFAMEs)/
mixed surfactant (long-chain alkyl polyglucosides and ethoxylated
3-(3-hydroxypropyl)-heptamethyltrisiloxane (organosilicone))/water and glypho-
sate isopropylamine (IPA) herbicide was designed by Lim et al. (2012). The pre-
formulation concentrate with less than 20% (w/w) of inerts (LFAMEs + mixed
surfactant) appeared as a polymerized multi-connected network, and the dilution of
the pre-formulation with water resulted in the destruction of the polymerized net-
work and formation of dispersed NPs of nanoemulsion formulation. Because the
emulsion particles had incorporated glyphosate IPA, the herbicide bioactivity, bio-
availability and delivery efficiency were improved. Similar oil-in-water nanoemul-
sions incorporating glyphosate IPA with particle sizes of diameter <200 nm applied
on narrow-leaved weed Eleusine indica showed lower EDs, (0.40 kg a.e./ha) com-
pared to those estimated using Roundup® (0.48 kg a.e./ha), which indicates that the
nanoemulsion system could increase penetration and uptake of glyphosate IPA
(Jiang et al. 2012). The nanoemulsion formulations containing glyphosate IPA dis-
played a significantly lower spray deposition on creeping foxglove (2.9-3.5 ng/
cm?), slender button weed (2.6-2.9 ng/cm?) and buffalo grass (1.8-2.4 ng/cm?) than
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Roundup® (3.7-5.1 ng/cm?). At 3 and 7 days after treatment, the order of the mortal-
ity rates of the investigated weeds was buffalo grass > slender button weed > creep-
ing foxglove, but the control rates were the same at the 14th day for the three weeds.
Thus, the different cuticle permeability and foliar structures considerably affected
the absorption rates of the herbicide and so its bioefficacy. Fourteen days after treat-
ment with nanoformulation, the visible injury rates were comparable with that of
Roundup® indicating the enhanced bioactivity of the nanoemulsion formulations
(Lim et al. 2013).

8.2.2 Metal-Based Nanoherbicides

Adverse effects on plants are exhibited also by metal and metal oxide NPs because
of stress or stimuli caused by the surface, size and/or shape of the particle, while
inside the cells they might directly provoke alterations of membranes and other cell
structures and molecules as well as protective mechanisms. The change of mem-
brane permeability connected with the damage of cell membranes due to the pro-
duction of ROS by metal NPs contributes to the enhanced probability of entry of
NPs into the cell (Nel et al. 2006; Nair et al. 2010). Due to increasing environmental
pollution with metals, numerous papers are devoted to the study of the negative
effects of metal NPs on plants. On the other hand, some NPs of essential metals (e.g.
Cu, Zn, Fe) used in appropriate concentration and also alumina and TiO, NPs were
found to exhibit positive effects on plant growth. The beneficial and adverse effects
of metal and metal oxide NPs were comprehensively reviewed by several research-
ers (e.g. Masarovicova and Kralova 2013; Ma et al. 2015; Masarovic¢ova et al. 2014;
Du et al. 2017; Rizwan et al. 2017; Siddiqi and Husen 2017). However, metal NPs
could be considered as non-selective herbicides, because they can damage not only
undesired weeds but also crops, and therefore in agriculture selective herbicides
targeting the weed without affecting nontarget crops are preferred.

8.3 Nanofungicides and Nanobactericides

There are approximately two million different species of fungi on Earth (Gauthier
and Keller 2013). The vast majority of known fungal species are strict saprophytes
(De Lucca 2007), but it is estimated that 270,000 fungal species can attack plants,
such as genera Botrytis, Sclerotinia, Aspergillus, Fusarium and Verticillium (Sharon
and Shlezinger 2013). Of the over 15,000 species of bacteria, about 200 species of
phytopathogenic bacteria were identified, such as genera Erwinia, Acidovorax,
Pseudomonas, Ralstonia, Rhizobacter, Xanthomonas, Agrobacterium, Xylella,
Arthrobacter, Clavibacter and Streptomyces (Agrios 2005). Thus fungi and bacteria
can cause crop losses worldwide (Gauthier and Keller 2013; Fisher et al. 2012;
Carris et al. 2012; Jampilek 2016). Fungicides and bactericides are a specific type
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of pesticides that control fungal/bacterial diseases by specifically inhibiting or kill-
ing the fungus/bacteria that causes the disease (Jampilek 2016; Bhattacharyya et al.
2016; Ismail et al. 2017). As in other classes of pesticides, also dynamic develop-
ment in the field of inorganic and organic nanofungicides and nanoscale bacteri-
cides can be recorded.

8.3.1 Natural and Synthetic Organic Nanoscale Fungicides
and Bactericides

Zataria multiflora essential oil (ZEO)-loaded SLNPs with ca. particle size 255 nm,
zeta potential approximately —37.8 + 0.8 mV and EE 84 + 0.92%, showed in vitro
antifungal activity against pathogens such as Aspergillus ochraceus (MIC 200 ppm),
Aspergillus flavus (MIC 200 ppm), Alternaria solani (MIC 100 ppm), Rhizoctonia
solani (MIC 50 ppm) and Rhizopus stolonifer (MIC 50 ppm). These formulations
showed higher potencies than those with pure essential oil (Nasseri et al. 2016).
ZEO encapsulated in CS NPs with the mean particle size of 125-175 nm demon-
strated a controlled and sustained release of ZEO for 40 days in vitro, and in vivo
investigation showed that the encapsulated oil at 1500 ppm concentration consider-
ably decreased both disease severity and incidence of Botrytis-inoculated strawber-
ries during 7 days of storage at 4 °C followed by 2-3 more days at 20 °C. Increasing
of the initial ZEO content in CS NPs led to a decrease of ZEO encapsulation and
loading efficiency (Mohammadi et al. 2015). Encapsulation of thyme essential oils
(TEO) in self-assembled polymer of CS and benzoic acid nanogel notably increased
the half-life and the antifungal properties of TEO, and the estimated MIC of encap-
sulated TEO was 300 mg/L at unsealed and 500 mg/L at sealed condition compared
to 400 mg/mL and 1000 mg/mL, respectively, determined for free TEO. Good anti-
fungal effects of encapsulated TEO at concentrations >700 mg/L were confirmed
also in in vivo experiment (Khalili et al. 2015). Similar results were obtained also
with Mentha piperita essential oils encapsulated in CS-cinnamic acid nanogel
showing MIC values of 500 ppm against A. flavus under sealed condition, while the
corresponding MIC value for free oils was 4.2-fold higher. A test under non-sealed
condition showed that treatment with 800 ppm of uncapsulated oil resulted in com-
plete inhibition of fungal growth, while the same effect could be obtained only with
3000 ppm of free oils (Beyki et al. 2014). As environmentally friendly alternative
products for postharvest disease control, polyethylene terephthalate punnets con-
taining thyme oil and sealed with CS/boehmite nanocomposite lidding films were
designed, which significantly reduced the incidence and severity of brown rot
caused by Monilinia laxa in artificially inoculated peach fruits (cv. Kakawa) held at
25 °C for 5 days and caused considerable reduction of the brown rot incidence to
10% in naturally infected fruits stored at 0.5 °C and 90% relative humidity for
7 days and at simulated market shelf conditions at 15 °C for 3 days (Cindi et al.
2015). p-D-glucan (isolated from the cell wall of Pythium aphanidermatum) NPs
prepared using sodium TPP, in which phosphoric groups of TPP were linked with
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OH group of p-D-glucan with the size 20—50 nm showing spherical, smooth and
almost homogenous structure, were found to inhibit the growth of P. aphaniderma-
tum, suggesting that they could be used in crop protection against this devastating
fungus (Anusuya and Sathiyabama 2014).

The CS NPs inhibited the growth of phytopathogens, namely, Pyricularia grisea,
A. solani and Fusarium oxysporum, but they were able also to promote germination
%, seed vigour index and vegetative biomass of chickpea seedlings. For example,
CS NPs inhibited the radial growth of P. grisea, and their application delayed blast
symptom expression on fingermillet leaves for 25 days compared to 15 days in con-
trol plants, which could be connected with the induction of ROS and the enhanced
activity of peroxidase (reaching maximum at day 50) in leaves of fingermillet,
which might be the reason for the delayed symptom (Sathiyabama and Manikandan
2016). ROS can directly act at the site of infection or function indirectly as second
messengers (Arasimowicz and Floryszak-Wieczorek 2007), and H,O,, which could
diffuse through the membrane, is considered to serve as a signal molecule under
stress (Mittler 2002), while peroxidases, the scavengers of H,0O,, are one of the
pathogenesis-related proteins which are implicated in plant defence system against
pathogenic fungi (Hiraga et al. 2001). Moreover, the disease incidence in CS
NP-treated fingermillet plants was lower compared to control plants (Sathiyabama
and Manikandan 2016), and CS NPs showed also potential in suppressing blast
disease of rice, which can be used further under field conditions to protect rice
plants from the devastating fungus (Manikandan and Sathiyabama 2016).
Nanoemulsions prepared using 1.0% of low molecular weight CS showing 600 nm
droplet size inhibited conidial germination and reduced dry weight of mycelia and
sporulation of Colletotrichum gloeosporioides in vitro, and they could be used as
biofungicide for controlling anthracnose of dragon fruit plants in the future (Zahid
et al. 2013). CS and CS NPs characterized with low toxicity towards mammalia
were also found to be effective for the control of Fusarium head blight disease in
wheat (Fusarium graminearum), and greenhouse experiments showed that plants
can be protected from the disease by spraying them at anthesis. CS and CS NPs
showing polycationic properties can affect membrane permeability and leakage of
cellular contents resulting in disorganized hyphae associated with inhibition of fun-
gal growth. Moreover, application of CS to plant tissues often results in its aggluti-
nation around the penetration sites, and isolation of the penetration site through the
formation of a physical barrier could prevent the pathogen from spreading and
invading other healthy tissues (Kheiri et al. 2016).

The CS NPs prepared of CS having low (LMW) and high molecular weight
(HMW) and N-trimethyl CS (TMCS) exhibited zeta potential ranging from +22 to
+55 mV, and higher values of zeta potential were obtained when HMW CS was
used. The CS NPs were tested against Fusarium solani and Aspergillus niger, and it
was found that the smallest HMW CS NPs (CS concentration of 1 mg/mL) showed
the best antifungal activity against F. solani (MIC = 0.5—1.2 mg/mL), the effect of
particle size on the activity being higher than their surface charge. On the other
hand, A. niger was found to be highly resistant to CS, and inhibition was observed
only at treatment with CS solution (MIC = 3 mg/mL) and NPs prepared at high
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concentration (2 and 3 mg/mL) of HMW CS (MIC = 1.71-2.43 mg/mL). Unlike
other types of CS NPs, TMCS NPs had no inhibitory activity against F. solani (Ing
et al. 2012). Sulphonated CS showed antifungal activities against Arthrinium sac-
chari (MIC, 64.00 mg/mL) and Botrytis cinerea (MIC, 0.25 mg/mL), and it was
found to damage and deform the structure of fungal hyphae (Sun et al. 2017).
Oleoyl-CS NPs with the particle size of about 297 nm were tested against six plant
pathogenic fungi in a mycelium growth experiment, and it was found that Alternaria
tenuissima, Botryosphaeria dothidea and Nigrospora sphaerica were CS-sensitive
in contrast to Gibberella zeae and Fusarium culmorum, which were CS-resistant.
Increasing the NP concentration resulted in an increase of the antifungal index of
CS-sensitive fungi, whereby their plasma membranes contained lower levels of
unsaturated fatty acid than those of CS-resistant fungi (Xing et al. 2016).

In addition, CS can be also used as a matrix for loading and stabilizing various
fungicides. For example, hexaconazole nanocapsules prepared using naturally
occurring CS and TPP through ionotropic gelation showed 73% slowing down of
the release of the active ingredient compared to a commercial preparation, and this
effect was greater at pH 7 and pH 10 than at pH 4, and a release study in soil con-
firmed that this nanoformulation is suitable for alkaline soil. Also the antifungal
activity of nanocapsules against R. solani exceeded that of the commercial prepara-
tion, and they showed lower toxicity on nontarget cell lines (Chauhan et al. 2017).
The study of the effect of nanohexaconazole on the phenotype and pathogenicity of
R. solani f. sp. sasakii causing banded leaf and sheath blight in maize showed that
at the application of 1 ppm, it inhibited growth and sclerotial body formation simi-
larly to commercial hexaconazole, while in vivo it exhibited notable restriction of
lesion formation in insusceptible cultivar Vivek QPM-9 and also reduced the disease
rating caused upon inoculation with the fungus R. solani exposed to 0.1 and
0.01 ppm of nanohexaconazole (Bheemaraya et al. 2014). Biodegradable CS-lactide
copolymer (CS-PLA) NPs loaded with pyraclostrobin with particle sizes ranging
from 77 to 128 nm prepared by varying the feed mass ratio of CS-PLA to fungicide
from 50:1 to 5:1 exhibited an initial burst followed by sustained and pH-controlled
pyraclostrobin release and better fungicidal activity against Colletotrichum gossypii
Southw than 25% pyraclostrobin emulsifiable concentrate (Xu et al. 2014).
Nanoformulations of carbendazim loaded into polymeric NPs (CS and pectin) with
mean particle size of 70—90 nm applied at concentration 0.5 and 1.0 ppm caused
complete inhibition of F. oxysporum and Aspergillus parasiticus, while the antifun-
gal effectiveness of pure carbendazim was lower (80% and 97.2% inhibition at 0.5
and 1.0 ppm concentrations, respectively, against F. oxysporum; 86.0% and 100.0%
inhibition at 0.5 and 1.0 ppm concentrations, respectively, against A. parasiticus),
and even the inhibitory effect of commercial formulation WP 50 (50.5% and 70.0%
inhibition at 0.5 and 1.0 ppm concentrations, respectively, against F. oxysporum;
42% and 58% inhibition at 0.5 and 1 ppm concentrations, respectively, against A.
parasiticus) did not reach the effectiveness of carbendazim nanoformulations
(Sandhya et al. 2017).

Besides CS, also other natural polysaccharides, synthetic polymers or inorganic
materials have been used as stabilizers/matrices. Application of nanochitin suspen-
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sion (0.001% (w/v)) exhibited synergistic effects on inhibition of tobacco root rot
when mixed with metalaxyl mancozeb and thiophanate methyl fungicides indicat-
ing its protecting effects on tobacco plants from tobacco root rot diseases and sug-
gesting that its co-administration could reduce the amount of chemical fungicides in
tobacco plantations (Zhou et al. 2017). PEG 400 was used as the surface-stabilizing
agent to prepare nanohexaconazole with a size of about 100 nm showing not only
better fungicidal potential than the conventional registered formulation, but also it
did not affect adversely the soil nitrifiers (Kumar et al. 2015a). Controlled release
nanoformulations of carbendazim prepared using PEG-based functionalized amphi-
philic copolymers released the fungicide between the 10th and the 35th day, while
the release from a commercial preparation lasted only to the 7th day, and the half-
release (t;,) values of the nanoformulation ranged between 9.47 and 24.20 days,
showing increased release of the maximum amount of carbendazim with increasing
PEG molecular weights. For antifungal activity of the most active formulations
against R. solani, EDs, values ranging from 0.40 to 0.42 mg/mL were estimated
(Koli et al. 2015). Azomethine-based nanofungicides with the particle size of
100 nm prepared using technically pure azomethines and PEG as a surface stabilizer
exhibited twofold higher antifungal activity against R. solani, R. bataticola and
Sclerotium rolfsii compared to bulk azomethines, and they were found to be better
antifungal formulations than the conventional preparation also in pot experiments
(Mondal et al. 2017).

NPs prepared by encapsulation of thiamine dilauryl sulphate (TDS), a vitamin
B1 derivative, into lecithin NPs with a mean diameter of 136 nm exhibited better
efficacy on the inhibition of mycelial growth and spore germination of F. oxysporum
as TDS, and their inhibitory effect at a dosage of 100 ppm was similar or even better
than that of the commercial herbicide dazomet (Cho et al. 2013).

Mesoporous SiO, nanospheres with the mean particle diameter of 162 nm and
mean pore size of 3.2 nm loaded with metalaxyl exhibited sustained release of
fungicide and significantly delayed its release in soil, while compared to 76% of
free metalaxyl, which was released in soil within a period of 30 days, fungicide
release from the mesoporous framework was only 11.5% (Wanyika 2013).
Validamycin-loaded nanosized calcium carbonate was found to improve germi-
cidal efficacy against R. solani compared to conventional technical validamycin
after about 7 days, and it extended the release time of the pesticide to 2 weeks
(Qian et al. 2011).

8.3.2 Carbon-Based Nanofungicides and Nanobactericides

Several carbon nanomaterials (CNMs), e.g. single-walled (SWCNTSs) or multi-
walled carbon nanotubes (MWCNTs), graphene oxide (GO), reduced graphene
oxide (rGO), fullerene (Cg,) and activated carbon (AC), were tested on their activity
against phytopathogens (Wang et al. 2014, 2017; Chen et al. 2014b; Sarlak et al.
2014; Sawangphruk et al. 2012). Wang et al. (2014) studied the antifungal activity
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of six different CNMs against F. graminearum and F. poae and found that it
decreased in the following order, SWCNTs (128 nm) >>>MWCNTs (78.8 nm) > GO
(68.06 nm) > > rGO (105.7) nm, while Cg, (220.6 nm) and AC (190.1 nm) showed
no significant antifungal activity. Because in the antifungal activities of carbon
nanomaterials their direct contact with spores may play an important role, in the
case of Cg and AC, lack of tight or direct contacts is responsible for their low anti-
fungal activity. The CNMs could inhibit spore germination just by interfering with
the process of water uptake before inducing plasmolysis. After the deposition of
spores on CNMs, the CNMs may cause the blockage of the water channels of
spores. Superior toxic effect on Alternaria alternata fungi was shown also by zineb
and mancozeb encapsulated into hybrid materials prepared by polymerization of
citric acid onto the surface of oxidized MWCNTs (Sarlak et al. 2014). The esti-
mated ICs, values related to the inhibition of the mycelial growth of F. oxysporum,
A. niger and A. oryzae by reduced GO nanosheets were estimated as 50, 100 and
100 pg/mL, respectively. The effective inhibition of mycelial growth by reduced
GO having sharp edges is connected with its direct contact with the cell walls of
fungi and a subsequent chemical reaction of the reactive oxygen-containing func-
tionalities of small rGO nanosheets with the organic functional groups of chitin and
other polysaccharides on cell walls of fungi (Sawangphruk et al. 2012).

Covalent functionalization of MWCNTs by lysine and arginine under microwave
radiation resulted in improved antifungal activity of functionalized MWCNTs
against A. niger and F. culmorum compared to pristine MWCNT reaching a 1.9- and
1.1-fold increase, respectively, for MWCNTs-lysine, and 2- and 1.7-fold increase,
respectively, for MWCNTs-arginine (Zare-Zardini et al. 2013). Nitrogen-doped car-
bon nanohorns (NCNHs) with the size of 50—60 nm applied at a dose of 150 pg/mL
inhibited R. solani after 72 h. It could be assumed that in the toxic effect against R.
solani, primarily the interaction of NCNHs with the pathogens by mechanically
wrapping could be considered, which may be one of the major toxicity actions of
NCNHs against R. solani, and targeting of the endochitinase of R. solani by NCNHs
results in deactivation of the enzyme (Dharni et al. 2016).

The application of 500 pg/mL GO was found to kill about 90% of Pseudomonas
syringae and Xanthomonas campestris pv. undulosa and repress 80% macroco-
nidia germination along with partial cell swelling and lysis in F. graminearum
and F. oxysporum. It could be supposed that GO interwinds the bacteria and fun-
gal spores with a wide range of aggregated GO sheets causing the local perturba-
tion of their cell membrane with a subsequent decrease of the bacterial membrane
potential and the leakage of electrolytes of fungal spores. Thus, the toxic effect
of GO on phytopathogens is caused by its interaction with these pathogens by
mechanical wrapping and local damaging the cell membrane, which finally
results in cell lysis, and therefore GO could be successfully used also for resist-
ing crop diseases (Chen et al. 2014a, b). Wang et al. (2017) developed GO-Fe;0,
nanocomposites that efficiently repressed the germination of sporangia of
Plasmopara viticola and inhibited the development of downy mildew, showing
also potent curative effects. The GO-Fe;O, nanocomposites applied at concentra-
tion 50 pg/mL exhibited superb protective and fungicidal activities, and treat-
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ment of grapevine leaves in the field with a dose of 250 pg/mL could result in a
notable decrease of the severity of downy mildew.

8.3.3 Metal-Based Nanofungicides and Nanobactericides

Copper belongs to elements that are essential for plants, and benign fungi occurring
in the roots of plants could detoxify the excess of copper uptaken by plants (Vitanovic
2012; Anjum et al. 2015). Nanoscale Cu was also found to suppress the growth of
bacterial pathogen Xanthomonas axonopodis pv. punicae causing bacterial blight of
pomegranate at 0.2 ppm, i.e. >10,000-fold lower concentration than the usually
applied Cu-oxychloride, resulting in cell wall degradation in nano-Cu treated bacte-
rial cells that failed to colonize plant tissues and to produce water-soaked lesions
(Mondal and Mani 2012). Ghasemian et al. (2012) studied the antifungal effect of
CuNPs of the average particle size of 8 nm on filamentous fungi by agar dilution
method and estimated following MIC values: <40 mg/L for Penicillium chrysoge-
num, <60 mg/L for A. alternata, <60 mg/L for F. solani and <80 mg/L for A. flavus,
suggesting that fungal sensitivity to CuNPs varies depending on the fungal species.
Also, Giannousi et al. (2013) tested three different Cu-based (Cu,0O, CuO and Cu/
Cu,O) NPs of similar sizes (11-14 nm) and nearly spherical shape in the field
against Phytophthora infestans on tomato and found that all the tested Cu-based
NPs were more effective in lower formulated product and active ingredient rate than
the four registered copper-based agrochemicals Kocide 2000, Kocide Opti, Cuprofix
Disperss and Ridomil Gold Plus, without causing any deleterious effect on plants.
Cu-CS NPs with particle sizes ranging from 180.0 to 487.9 nm and zeta potential
of +88 mV applied at 0.1% concentration caused notable inhibition of the growth of
phytopatogenic fungi A. alternata (89.5%), Macrophomina phaseolina (63.0%) and
R. solani (60.1%) in vitro and also exhibited 87.4% inhibition of spore germination
of A. alternata. The antifungal effectiveness of Cu-CS NPs is connected with their
appropriate surface charge density (zeta potential of +88 mV) providing them
greater binding affinity for negatively charged fungal membrane as well as with the
production of toxic H,0, at the reduction of Cu(II) to Cu(I) in fungi causing destruc-
tion of the cell viability (Saharan et al. 2013). Cu-CS NPs with hydrodynamic diam-
eter 374 nm and zeta potential of +22.6 mV applied at concentration 0.12% caused
70% and 73% inhibition of mycelia growth and inhibition of spore germination in
A. solani (70% and 61%, respectively) and F. oxysporum (73% and 83%, respec-
tively). In pot experiments at the treatment with the same concentration of Cu-CS
NPs, the observed percentage efficacy of disease control in tomato plants was 88%
in early blight and 61% in Fusarium wilt. The higher antifungal activity of Cu-CS
NPs in pot experiments as compared to Petri plate experiments could be connected
with strong elicitor properties of CS in the plant defence mechanism and with the
fact that during infection of plants by fungi, different levels of acids produced by
fungi decreased the pH resulting in the protonation of CS NH, groups and subse-
quent release of Cu?* ions from Cu-CS nanoformulation, and also highly reactive
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hydroxyl radicals were produced which caused serious damage of biomolecules
(Saharan et al. 2015). Cu(II)-loaded CS nanohydrogels, in which the formation of a
Cu(II)-CS complex significantly depends on pH (the decrease of pH results in the
release of Cu(ll)) and the hydrogels are a suitable substrate for CS hydrolytic
enzymes showed a notable synergistic effect between CS and Cu in inhibiting
F. graminearum growth (Brunel et al. 2013).

The ultrafine colloidal CuNPs (2—5 nm in diameter) prepared using PVA cap-
ping polymer and citrate dispersant were found to exhibit notable antifungal activity
against Corticium salmonicolor, a fungus causing pink disease in citrus and coffee
and rubber trees, and showed high killing ability at concentration of 7 ppm and
10 ppm, respectively. A single spraying of 10 ppm CuNPs completely killed C.
salmonicolor fungi, and treating diseased rubber trees with ultrafine CuNPs resulted
in significant reduction of the disease index after twice spraying (Cao et al. 2014).
Copper bionanoparticles with spherical shape and the size ranging from 5 to 15 nm
synthesized using leaf aqueous extract of Datura innoxia effectively inhibited
Xanthomonas oryzae pv. oryzae, the causative organism of bacterial leaf blight of
paddy (Kala et al. 2016).

CuNPs prepared using the cetyltrimethylammonium bromide exhibited antifun-
gal activity against three different crop pathogenic fungi that decreased in the fol-
lowing order: Fusarium equiseti > F. oxysporum > F. culmorum (Bramhanwade
et al. 2016). The significant antifungal activity of CuNPs coated by cetyltrimethyl-
ammonium bromide with particle size ranging from 3 to 10 nm against plant patho-
genic fungi Phoma destructiva, Curvularia lunata, A. alternata and F. oxysporum
was observed by Kanhed et al. (2014). The antifungal activity of CuNPs, which was
found to be better than that of the commercially available fungicide bavistin against
all the four plant pathogenic fungi, could be connected with their large surface area
to volume ratio.

Mageshwari and Sathyamoorthy (2013) designed 3D flower-shaped CuO micro-
spheres with the average diameter of about 1—2 pm, and it was observed that flower-
shaped hierarchical microspheres are composed of interpenetrating 2D nanosheet
subunits as building blocks, which were self-organized to form spherical assem-
blies, and the spacing among the nanosheets in the flower-like superstructure favours
greater interaction of microbes with the NPs, thereby enhancing the antimicrobial
activity. These flower-shaped CuO nanostructures showed antifungal activity
against Mucor, Penicillium notatum, A. flavus, A. niger, A. alternata, Rhizopus ory-
zae, Cladosporium carrionii and A. flavus. Spherical CuO NPs with the mean diam-
eter of 28 + 4 nm biosynthesized using E. crassipes leaf extract as reducing and
capping agents exhibited antifungal activity against plant pathogens that decreased
in the following order: F. culmorum > A. niger > F. oxysporum > A. flavus > A.
fumigatus (Vanathi et al. 2016).

Mishra and Singh (2015) in their review paper highlighted the potential applica-
tions of AgNPs in the agricultural sector, particularly for plant disease management,
focused attention on major interactions of AgNPs with soil, soil biota and plants and
analysed the toxicity-determining factors which could be associated with their
usage in agriculture. Spraying of 500 kg of colloidal Ag solution with a concentra-
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tion of 10 ppm on 3306 m? large area polluted by rose powdery mildew resulted in
fading out (>95%) of the white rose powdery mildew after 2 days, and it did not
recur for a week (Kim et al. 2008). AgNPs caused also detrimental effects not only
on fungal hyphae but also on conidial germination of ambrosia fungus Raffaelea sp.
that has been responsible for the mortality of a large number of oak trees in Korea
(Kim et al. 2009). Also AgNPs were found to increase the antifungal activity of
fluconazole against Phoma glomerata, while no significant enhancement of activity
was observed against Phoma herbarum and Fusarium semitectum (Gajbhiye et al.
2009). AgNPs with particle size <5 nm in the commercial product Pyto-patch®
exhibited strong inhibition of spore germination rate and mycelial growth of C.
gloeosporioides, B. cinerea and Sclerotinia sclerotiorum in vitro; the germination
rate of spore of C. gloeosporioides dipped in 5 ppm phyto-patch dilute was sup-
pressed to 13.2%; and a dose of 10 ppm proved to inhibit mycelial growth for
2 weeks. While in the field test in untreated plot, the anthracnose development after
21 days reached 40%, treatment with 4 ppm phyto-patch reduced it to 7%, and
application of Pyto-patch® spraying (10 ppm) every 7 days in heavy rainfall season
was found to ensure the potent control of pepper anthracnose (6% infected fruits
compared to 95% in untreated plot). On the other hand, even though during drying
period the effectiveness of Phyto-patch® was slightly lower (the portion of diseased
fruits was 24.2%), however, in the untreated plot all pepper fruits were completely
destroyed within 3 days. These findings indicate that mulching textile coated with
AgNPs represents a suitable preparation for the potent prevention of late blight of
pepper and it could delay the occurrence of the disease for about 1 month (Il and
Kim 2012). AgNPs significantly inhibited the colony formation of Bipolaris soroki-
niana and Magnaporthe grisea, whereby the corresponding ICs, values estimated
for B. sorokiniana were higher than for M. grisea. The application of AgNPs exhib-
ited also considerable reduction of fungal diseases on perennial ryegrass (Lolium
perenne) caused by these two phytopatogens, and for the most effective reduction of
disease severity, treatment at 3 h before spore inoculation was necessary (Jo et al.
2009). Kim et al. (2012) investigated the antifungal activity of AgNPs against 11
different plant pathogenic fungi, which were cultivated on potato dextrose agar
(PDA), malt extract agar and corn meal agar plates. The most significant inhibition
of plant pathogenic fungi was observed on PDA: concentration of 100 ppm caused
100% inhibition of B. cinerea, Cladosporium cucumerinum, Corynespora cassiic-
ola, Cylindrocarpon destructans, F. oxysporum f. sp. cucumerinum, F. oxysporum,
Fusarium sp., Glomerella cingulata, Monosporascus cannonballus, P. aphanider-
matum and Pythium spinosum and >90% inhibition of A. alternata, Alternaria bras-
sicicola, A. solani, Didymella bryoniae, F. oxysporum f. sp. lycopersici, F. solani
and Stemphylium lycopersici. AgNPs affected the metabolism and toxicity of
moulds and when applied in a higher concentration decreased the mycotoxin pro-
duction of Aspergillus sp. (81-96%), and the highest decrease of mycotoxin amount
was noticed for ochratoxin A (A. westerdijikiae). In the presence of AgNPs in the
culture medium, a decrease in the organic acid production from the 3rd day of
incubation was estimated, and the production of organic acids was inhibited to a
greater extent in P. chrysogenum than in A. niger. The most intensive suppression
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was estimated for oxalic acid and the lowest one for malic acid production.
Moreover, treatment with AgNPs resulted in a change in the extracellular enzyme
profile of A. niger and P. chrysogenum and an increase of the total enzymatic activ-
ity (Pietrzak et al. 2015). Circular AgNPs with the mean particle size of 30-90 nm
prepared using cow milk applied at concentration 2 mM exhibited 87%, 86% and
84% inhibition of the growth of Colletotrichum coccodes, Monilinia sp. and
Pyricularia sp. (Lee et al. 2013). Spherical AgNPs of the size 40—60 nm exhibited
reduction in the growth of six different R. solani anastomosis groups infecting cot-
ton plants in vitro using PDA and Czapek Dox agar (CDA), while generally, higher
suppression of fungal radial growth was noticed at a concentration of 1.9 mmol/L
(Elgorban et al. 2016a). A notable F. culmorum-induced reduction in wheat seedling
blight was estimated following treatment with AgNPs, and a serious disintegration
of the cell membranes of roots was observed as well. Increased quantum efficiency
of energy trapping in the PSII reaction centre (F,/F,,) with a simultaneous decrease
in energy dissipation in the form of heat due to treatment with AgNPs resulted in the
higher total dry weight of plants (Gorczyca et al. 2015). Incubation of F. culmorum
(W.G. Smith) Sacc. (FC) spores with AgNPs resulted in a considerable reduction of
mycelial growth, which did not depend significantly on the AgNPs concentration up
to 2.5 ppm, and the number of spores formed by mycelia increased in the culture
after contact with AgNPs relative to control samples, mainly on the nutrient-poor
PDA medium (Kasprowicz et al. 2010). The application of 100 ppm AgNPs effec-
tively inhibited the growth of fungal hyphae as well as conidial germination of
Colletotrichum species in vitro compared to the control, while in field trials the
application of AgNPs before disease outbreak on pepper plants resulted in the con-
siderable inhibition of fungi (Lamsal et al. 2011a). On the other hand, the applica-
tion of 100 ppm AgNPs in the field tests showed the highest inhibition rate both
before and after the outbreak of powdery mildew disease on cucumbers and pump-
kins, and this dose of AgNPs also exhibited maximum inhibition for the growth of
fungal hyphae and conidial germination in in vivo tests (Lamsal et al. 2011b).
Coating of wheat seeds with AgNPs did not reduce seed germinability, and even soil
conditions did not affect seed protection provided by AgNPs against fungi, which
was comparable to the effect of a conventional preplanting fungicide Carboxitiram,
suggesting that also this nanocoating may be considered as potential preplanting
fungicide (Karimi et al. 2012).

Biosynthesized spherical AgNPs with the size ranging from 5 to 30 nm exhibited
considerable antifungal activity against white mould (S. sclerotiorum) and grey
mould (B. cinerea) in strawberry (Fragaria x ananassa), treatment with 150 ppm of
AgNPs being the most effective (Elgorban et al. 2016b). Bioactive bile salt sodium
deoxycholate-capped AgNPs tested against C. gloeosporioides exhibited fivefold
higher inhibitory effect than their bioactive capping agent without causing phyto-
toxicity to treated plants (Muthuramalingam et al. 2015). AgNPs biosynthesized
using aqueous extract of Artemisia absinthium and applied at the dose of 10 pg/mL
inhibited the mycelial growth of Phytophthora parasitica, P. infestans, P. pabnivora,
P. cinnamomi, P. tropicalis, P. capsici and P. katsurae in vitro, being very efficient
against P. parasitica and P. capsici with 1Cs, values 2.1-8.3 pg/mL and showing
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complete inhibition (100%) of mycelial growth, zoospore germination, germ tube
elongation and zoospore production, and in greenhouse experiments AgNPs pre-
vented Phytophthora infection and improved plant survival (Ali et al. 2015).
Biosynthesized AgNPs prepared using Descurainia sophia applied at concentration
25 pg/mL inhibited the mycelium growth of R. solani (>86%), and the minimum
inhibitory concentration and the minimum bactericidal concentration of these
AgNPs against Agrobacterium tumefaciens (strain GV3850) and A. rhizogenes
(strain 15,843) were estimated as 4 and 8 pg/mL, respectively (Khatami et al.
2016a). Treatment with 40 ppm of spherical AgNPs (mean particle size of 17 nm)
biosynthesized using Trifolium resupinatum (Persian clover) seed exudates resulted
in 94.1% and 84% inhibition of fungal growth of R. solani and Neofusicoccum par-
vum, respectively (Khatami et al. 2016b). AgNPs synthesized using Acalypha indica
leaf extract as reducing agents applied at a dose of 15 mg/10 pL on fungi cultivated
on PDA medium showed excellent inhibitory activity against six plant pathogens
(A. alternata, B. cinerea, C. lunata, M. phaseolina, R. solani and S. sclerotiorum)
(Krishnaraj et al. 2012). Biosynthesized spherical AgNPs with particle size ranging
from 7 to 21 nm exhibited notable antifungal activity against plant F. oxysporum at
the concentration of 8 pg/mL (Gopinath and Velusamy 2013). AgNPs biosynthe-
sized using Serratia sp. showing spherical shape and particle size ranging from 10
to 20 nm applied at concentrations 2, 4 and 10 pg/mL caused complete inhibition of
conidial germination of B. sorokiniana, while in the control the conidial germina-
tion was 100%, and these AgNPs also significantly reduced B. sorokiniana infection
in wheat plants under greenhouse conditions (Mishra et al. 2014). Balashanmugam
etal. (2016) reported that using Cassia roxburghii aqueous leaf extract stable AgNPs
with mean particle size 35 nm and zeta potential of —18.3 mV could be synthesized
which could be used as effective growth inhibitors in controlling various plant dis-
eases caused by fungi such as R. solani, F. oxysporum and Curvularia sp.
(Balashanmugam et al. 2016).

A nanosized Ag—irradiated fungal CS composite showed strong botryticidal
activity (MIC = 125 pg/mL), and its application to the grey mould fungus B. cinerea
Pers resulted in an alteration in the mycelial shape and moderate lysis in fungal
hyphae, which lysed into small and elastic fragments at prolonged treatment.
Coating of strawberries using solution containing this nanocomposite effectively
eliminated grey mould infection signs even in 90% of the contaminated fruits after
7 days of storage, securing the fresh-like appearance of strawberries in the whole
storage period (Moussa et al. 2013). Ho et al. (2015) prepared Ag core—CS shell
nanoclusters via chemical reduction using 3,4-dihydroxyphenyl acetic-conjugated
oligochitosan as a reducing and protecting agent by its surface adhesion to 3,4-dihy-
droxyphenyl acetamide moieties. The size of Ag core was 26 =9 nm and shell layer
thickness was 18 + 8 nm. These nanoclusters applied at the dose of 9 ppm showed
80% inhibition of P. capsici growth, and ICs, value estimated for the growth of
Phytophthora nicotianae and P. colocasiae was about 6 ppm. It could be assumed
that the CS-based shell layer could act as an active targeting site and results in
increasing interaction of the cationic CS shell layer on the Ag core in the nanoclus-
ters and phospholipid layer on bacterial membrane via electrostatic interaction, and
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the sustained release of Ag" ions from nanoclusters situated on the surface of the
microbes could kill the fungi. Ag/CS Janus particles applied at the concentration of
0.02 mg/mL suppressed the growth and germination of B. cinerea in vitro and
in vivo (Jia et al. 2015).

It was estimated that Tween 80 is a preferable stabilizer of AgNPs due to the
beneficial synergistic effects of AgNPs and the surfactant related to antibacterial
activity against phytopathogenic bacterium Ralstonia solanacearum, and Tween
80-stabilized AgNPs caused more severe damage in direct contact with cells, caus-
ing mechanistic injury to the cell membrane and strongly modifying and destructing
the cellular proteins; also in pot experiments the Tween 80-stabilized AgNPs showed
high control efficiency on tobacco bacterial wilt representing 96.7% at 7 days and
84.2% at 21 days, respectively (Chen et al. 2016). A stable nanosized silica hybrid
silver complex, in which AgNPs (3—10 nm) representing core part were loaded onto
the outer parts of SiO, NPs (5—20 nm), decreased the growth of R. solani by more
than 90% at treatment with 6 pg/mL concentration (Kim et al. 2011). The antifungal
efficiency of Ag-SiO, NPs synthesized by y-irradiation, in which AgNPs of about
7 nm were attached to the surface of SiO, NPs of approximately 350 nm, applied
against B. cinerea at doses of 50 and 100 ppm was 99.9% (Oh et al. 2006). Protonated
H,Ti;0; nanotubes of ca. 11 nm in diameter and four layers with surface areas
300 m?/g functionalized with AgNPs (5 nm) effectively inactivated B. cinerea iso-
lated from tomato infection under visible light, and cell death was connected with
plasmalemma invagination due to oxidative stress and serious morphology damage
expanding the conidia (Rodriguez-Gonzalez et al. 2016). In an in vitro experiment,
the DNA-directed AgNPs grown on graphene oxide (GO) applied at the dose of
approximately 10 pg/mL killed all bacterial cells of Cu-tolerant Xanthomonas vesi-
catoria, X euvesicatoria and X. gardneri strains and Cu-sensitive X. perforans
strains in suspensions containing approximately 10* CFU/mL within 15 min, and
the treatment of tomato plants with this nanoformulation (75 or 100 pg/mL) prior to
artificial inoculation resulted in significant reduction of disease severity compared
to Cu-mancozeb and negative controls (Strayer et al. 2016). The application of such
nanocomposite at 100 ppm on tomato transplants in a greenhouse experiment con-
siderably reduced the severity of bacterial spot disease caused by Xanthomonas
perforans compared to untreated plants, showing comparable efficiency to current
grower standard treatment and no signs of phytotoxicity (Ocsoy et al. 2013).

The investigation of the antifungal effect of AuNPs applied at concentration
0.05-0.2 mg/L in PDA media against Fusarium verticillioides, Penicillium citri-
num and A. flavus that was evaluated at 2, 4, 6 and 8 days after incubation showed
that not even the concentration of 0.2 mg/L was able to completely inhibit fungal
growth; however, in contrast to the untreated control, damaged hyphae and unusual
bulges were observed in the fungi structure, suggesting that AuNPs affected the
production of toxins by these pathogenic fungi (Savi et al. 2012). AuNPs synthe-
sized using seed aqueous extract of Abelmoschus esculentus with nearly spherical
shape and particle size ranging from 45 to 75 nm showed higher antifungal activity
against Puccinia graminis tritici and Candida albicans than against A. flavus and A.
niger (Jayaseelan et al. 2013).
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Commercially available Zn NPs (264 nm) and ZnO NPs (19.3 nm) were found to
inhibit spore germination and infectivity on tobacco leaves resulting from exposure to
the fungi-like oomycete pathogen Peronospora tabacina, and treatment with these
NPs at 8 and 10 mg/L markedly inhibited leaf infection, and considerable higher
dependence of these inhibitory effects on the concentration was estimated than could
be readily explained by the presence of dissolved Zn (Wagner et al. 2016). Rajiv et al.
(2013) biosynthesized spherical (27 + 5 nm) and hexagonal (84 + 2 nm) ZnO NPs
using different (50% and 25%) concentrations of Parthenium hysterophorus L. leaf
extracts that exhibited size-dependent antifungal activity against plant fungal patho-
gens A. flavus, A. niger, A. fumigatus, F. culmorum and F. oxysporum, showing the
highest effectiveness against A. niger and A. flavus, and the antifungal activity of
smaller-sized ZnO NPs exceeded that of larger NPs. The antifungal effectiveness of
spherical biogenic ZnO NPs with the mean particle size of 12 + 3 nm prepared using
Lantana aculeata leaf extract against A. flavus and F. oxysporum was reported also by
Narendhran and Sivaraj (2016). The antifungal activity of ZnO NPs prepared using
reproducible bacteria Aeromonas hydrophila as an eco-friendly reducing and capping
agent against A. flavus was described by Jayaseelan et al. (2012). ZnO NPs were
reported to be also suitable for the control of rice blast and brown spot diseases.
Spraying of ZnO NPs with the concentrations of 0.2% and 0.5% 5 days before inocu-
lation with a spore suspension of P. grisea was effective in controlling rice blast dis-
ease, while spraying of ZnO NPs 2 days before inoculation with a spore suspension of
Helminthosporium oryzae gave the best effect in controlling rice brown spot disease
(Kalboush et al. 2016). ZnO NPs applied at the concentration of 100 mM were found
to completely inhibit the growth of Penicillium citrinum and significantly reduced the
growth of F verticillioides and A. flavus, and the conidia production of all fungi also
was reduced. In treated fungi, hyphae morphological alterations showing hyphae
damage as a result of ROS production were observed (Savi et al. 2013; Savi and
Scussel 2014). ZnO NPs with sizes of 70 + 15 nm applied at concentration 3 mmol/L
notably inhibited the growth of B. cinerea and Penicillium expansum, P. expansum
being more sensitive to the treatment, and it was found that the growth inhibition of B.
cinerea is connected with the alteration of cellular functions caused by ZnO NPs,
while in P. expansum the ZnO NPs prevented the development of conidiophores and
conidia, causing eventually the death of fungal hyphae (He et al. 2011). In addition,
ZnO NPs in the presence of visible light exhibited strong antifungal activity, and treat-
ment with a suspension at the concentration of 5 mM ZnO NPs and incubation time
of 24 h resulted in 58% photoinactivation of B. cinerea (Kairyte et al. 2013). The
antifungal activity of ZnO NPs against S. rolfsii and Pythium debaryanum was
reported by Sharma et al. (2011), and antifungal effectiveness depended on the size,
morphology and contact of ZnO NPs with the fungal cell. Polyurethane membranes
modified by ZnO NPs were found to exhibit important antifungal properties against
Aspergillus brasiliensis (ATCC 16404 strain of A.) (Vlad et al. 2012). The antifungal
activity of ZnO NPs with the size of 35—45 nm against M. phaseolina was reported by
Shyla et al. (2014).

ZnO NPs were found to be twofold more effective against Aspergilus niger than
ZnO microparticles (MIC values of 2.5 and 5 mg/L, respectively), and the MIC



212 J. Jampilek and K. Kralova

value of 1.25 mg/L estimated for the antifungal efficiency of ZnO NPs doped with
5% nano-Pd suggested that the antifungal activity of nanoscale ZnO could be
improved by loading with nano-Pd (Gondal et al. 2012). The CdSe/ZnS quantum
dots coated with 3-mercaptopropionic acid were found to be considerably taken up
by the fungal hyphae of F. oxysporum, showing their potential for the development
of novel control approaches of F. oxysporum and related pathogenic fungi following
appropriate functionalization (Rispail et al. 2014).

A CS/TiO, nanocomposite at the ratio of 1:5 exhibited effective inhibition of the
growth of rice bacterial pathogen Xanthomonas oryzae pv. oryzae, which exceeded
that of the two individual components under both light and dark conditions (Li et al.
2016). A CS/TiO, hybrid film exhibited excellent antifungal activity against
Bipolaris maydis under both visible-light irradiation and in a dark environment and
showed superior antifungal efficacy of 100% even after 4 h under the irradiation of
visible light. A large amount of positive charges on the structure of the hybrid film,
which interacted with the negative charges from the cell as well as the detrimental
effect of hydroxyl radicals generated by photocatalysis of TiO, contributed to the
strong antifungal efficacy of the CS/TiO, hybrid film (Huang et al. 2013a). Pure and
Ag-doped solid and hollow TiO, NPs exhibited antifungal activity against F. solani
causing Fusarium wilt disease in potato, tomato, etc. and Venturia inaequalis caus-
ing apple scab disease, hollow NPs being the most active, and the activity was
greater under visible-light exposure due to generation of harmful ROS during pho-
tocatalysis causing damage of cell wall with consecutive cell death.

Moreover, in the presence of Ag, stable Ag—S and disulphide bonds (R—S—S—R)
in cellular proteins could be formed, which also results in cell damage. It was also
observed that at a very low dose (0.015 mg/plate), the NPs successfully arrested the
production of toxic naphthoquinone pigment for F. solani, which is related to the
fungal pathogenicity, and the NPs were found to protect potatoes affected by F
solani from spoiling (Boxi et al. 2016). In greenhouse experiments, light-activated
Zn-doped nanoscale TiO, formulations applied at doses 500—800 ppm considerably
reduced bacterial spot severity in tomato transplants artificially infected with
Xanthomonas perforans compared with untreated and Cu control. They exhibited
similar protection as the grower standard, Cu + mancozeb, and also notably reduced
disease incidence in three of four trials compared with untreated transplants and Cu
control, whereby their effect was comparable or better than that of the grower stan-
dard (Paret et al. 2013). Visible-light-activated Pd-modified nitrogen-doped TiO,
NPs strongly adsorbed onto the surface of F. graminearum macroconidium could
contribute to the photocatalytic disinfection of these macroconidia causing cell
wall/membrane damage by formed ROS (Zhang et al. 2013a).

8.3.4 Other Inorganic Nanofungicides

Maize plants treated with SiO, NPs (20—40 nm) showed a higher expression of
phenolic compounds and a lower expression of stress-responsive enzymes against
both tested fungi (Aspergillus spp. and Fusarium spp.), and treatment with 10 and
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15 kg SiO, NPs/ha resulted in significantly higher resistance in maize than treat-
ment with bulk SiO,, and maize plants expressed more resistance to Aspergillus spp.
than to Fusarium spp. (Suriyaprabha et al. 2014).

Sulphur NPs with the particle size of 35 nm effectively prevented the fungal
growth of F. solani and Venturia inaequalis, and the fungicidal effect was connected
mainly with the deposition of NPs on the cell wall and the subsequent damage of the
cell wall (Rao and Paria 2013). Orthorhombic (spherical; ~10 nm) and monoclinic
(cylindrical; ~50 nm) sulphur NPs significantly reduced the total lipid content of
treated isolates of A. niger, caused notable downregulation of the expression of vari-
ous desaturase enzymes (linoleoyl-CoA desaturase, stearoyl-CoA 9-desaturase and
phosphatidylcholine desaturase) and noteworthy high accumulation of saturated
fatty acids with depleted lipid layer, which could be one of the major reasons of
sulphur NP-mediated fungistasis (Choudhury et al. 2012). Surface-modified sul-
phur NPs prepared using PEG 400 as a surface-stabilizing agent showed promising
inhibitory effect on fungal growth and sporulation and significantly reduced phos-
pholipid content in A. niger and F. oxysporum (Choudhury et al. 2011).

8.4 Nanoinsecticides

Insecticides are compounds that are able to kill insects in various stages of develop-
ment/growth, i.e. can be applied against insect eggs, larvae or adult insects. Insects
represent a class of invertebrates, and among these, there are some insect pests that
destroy crops and infest stored grains. Thus, application of nanoscale pesticides can
be helpful in the management of insect pests in agriculture without harming the
nature (Jampilek and Kral'ovd 2015, 2017b). An overview regarding the prospects
for the development of nanoencapsulated pesticides in sustainable agriculture was
presented by Grillo et al. (2016). Agents with activity against insects can be classi-
fied according to origin as natural (pure compounds or mixtures) and synthetic or,
according to their composition, as organic insecticides and inorganic compounds
(metal-based substances, metalloids, clays). The last ones can be used as carriers, or
they possess own intrinsic insect-killing effect.

8.4.1 Nanoinsecticides Based on Plant Extracts and Essential
Oils

Insecticidal activity of colloidal suspensions of PCL NPs containing neem
(Azadirachta indica) products as well as nanocapsule spray-dried powders was
tested against Plutella xylostella by Forim et al. (2013). On day 9, the control neem
oil and the colloidal suspension of neem-loaded NPs caused 100% larval mortality,
while NPs in powder caused 91.7% larval mortality, and all neem treatments were
found to be more efficient than the control insecticide deltamethrin 25 EC after day
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5 of the experiments. The nanoformulation also exhibited the improved stability of
neem products against ultraviolet radiation and increased their dispersion in the
aqueous phase. Giongo et al. (2016) offered corn leaves treated with nanoformula-
tions of neem in colloidal suspension or powder, containing PCL, poly(f-
hydroxybutyrate) or poly(methyl methacrylate) in capsules or spheres to first instar
larvae of fall armyworm during 10 days and observed that some nanoformulations
caused mortality and sublethal effects up to 3 and up to 7 days after spraying; how-
ever the residual effect of commercial neem oil was not outperformed. Although all
treatments showed phagodeterrence at day 1 after spraying, this was lost over time
indicating limited or no release of active ingredient by NPs. Microcapsules of sug-
arcane bagasse lignin loaded with organic extracts of neem tested as potential bio-
insecticides against Spodoptera frugiperda and Diatraea saccharalis were found to
have increased thermal and photo stability compared to the control, and following
their administration, for 100% mortality of insects, shorter time was needed than in
the controls, indicating that neem extracts loaded into microcapsules not only
retained their biopesticidal activity but also exhibited better resistance against the
abiotic factor (Costa et al. 2017).

Comparison of the insecticidal activity of NPs loaded with neem products and
enriched botanical extract was performed by da Costa et al. (2014). Nanoformulated
neem products in the form of powder, soluble powder prepared with neem oil and
neem oil emulsifiable concentrate tested against bean weevil Zabrotes subfasciatus
showed that the treatment of the insect with 1000—4000 ppm neem oil in emulsifi-
able concentrate resulted in the highest mortality, while the greatest UV stability
was observed with nanoformulated neem products in powder. Jamal et al. (2013)
investigated the efficacy of nanoencapsulated formulation of essential oil from
Carum copticum seeds on feeding behaviour of Plutella xylostella (Lep.: Plutellidae)
larvae and observed that the increase of oil concentration resulted in a decrease of
relative consumption rate, relative growth rate, efficacy of conversion of ingested
food and efficacy of conversion of digested food, and 72 h after feeding, also a
notable reduction of digestibility was estimated indicating that application of this
nanoformulation could result in an increase in post-ingestive toxicity of the insect.
Carum copticum essential oil-loaded myristic acid-CS nanogel was found to exhibit
considerably higher toxicity against Sitophilus granarius and Tribolium confusum
than pure oil even after 48 h, being ca. nine- and fourfold more toxic than the pure
oil against S. granarius and T. confusum, respectively. Moreover, as far as the
effectiveness of pure oil decreased in the early days of application, this nanoformu-
lation lost its insecticidal effectiveness after 21 days post-application for S. grana-
rius and 33 days in the case of T. confusum (Ziaee et al. 2014a).

Cuminum cyminum L. oil-loaded myristic acid-CS nanogels exhibited higher
toxicity against beetle pests S. granarius L. and T. confusum, and after 12 days these
nanoformulations lost about 60% of their activity when applied against S. granarius
and 15% for T. confusum, while at the same period the complete loss of C. cyminum
oil insecticidal activity was estimated (Ziaee et al. 2014b). Spherical nanocapsules
of essential oil from C. cyminum L. with the particle size of about 30 nm in diameter
exhibited significantly higher fumigant toxicity against 1-3-day-old adult insects of
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Tribolium castaneum (LCs, = 16.25 ppm) than pure essential oil (LCsy=32.12 ppm)
after 7 days of exposure (Negahban et al. 2012).

PEG NPs containing geranium or bergamot essential oils (EOs), in which the
ratio EO:PG was 10%, were characterized with mean diameter <235 nm and load-
ing efficacy >75%, and good stability enhanced the EO contact toxicity and altered
the nutritional physiology of both stored product pests 7. castaneum and Rhyzopertha
dominica. Due to slow and persistent release of the active ingredients, they consid-
erably increased also residual contact toxicity (Gonzalez et al. 2014). PEG-coated
NPs loaded with garlic essential oil with the average diameter <240 nm showing
slow and persistent release of active components from the NPs preserved over 80%
of their control efficacy against adult 7. castaneum even after 5 months, while for
the free garlic essential oil applied at similar concentration (640 mg/kg), it achieved
only 11%. It could be noted that the abundance and percentage content of the major
components of nanoencapsulated and free oil were found to be practically the same
(Yang et al. 2009).

A nanoemulsion of purslane essential oil exhibited notable strong insecticidal
activity against almond moth (Ephestia cautella) causing mostly a complete inhibi-
tion of moth’s emergence, which is attributed to the sterilizing effect of purslane oil
on the moths as well as its toxicity to the deposited eggs and adult emergence during
storage intervals up to 125 days. The adverse effect of essential oils nanoformula-
tions against larvae of E. cautella decreased in the following order: purslane oil >
mustard oil > castor oil (Sabbour and Abd El-Aziz 2016a). Also in another experi-
ment focused on the testing of the insecticidal activity of these three oils applied in
a nanoform against the granary weevil S. granarius under laboratory and stored
conditions, the nano-purslane was found to show the highest sterilizing effect,
which was reflected in a significant reduction of the mean number of eggs/female
compared to control. After 125 days of storage, the percentage of emerged weevils
was 7% for treatment with nano-purslane, while at application of bulk purslane, it
was 21% and for the untreated control even 98% (Sabbour and Abd El-Aziz 2016Db).

For nanoemulsions of essential oils from Ageratum conyzoides, Achillea fragran-
tissima and Tagetes minuta plants showing significant ovicidal, adulticidal and resid-
ual activities against the cowpea beetle, Callosobruchus maculatus, which were
tested as fumigants, estimated LCs, values 96 h after treatment ranged from 16.1 to
40.5 pL/L air and 4.5—-243 pL/L air against eggs and adults, respectively, and the
insecticidal activity of nanoformulations notably exceeded that of bulk oils (Nenaah
et al. 2015). Rani et al. (2014) prepared formulations of a-pinene and linalool with
SiO, NPs and evaluated their antifeedant activity against the tobacco cutworm
(Spodoptera litura F.) and the castor semilooper (Achaea janata L.) in laboratory
bioassays. The hydrodynamic parameters of nanoformulated o-pinene (APSI) and
linalool were 46 nm and 48 nm, respectively, and the zeta potential of both nanofor-
mulations was —39.7 mV. Both nanoformulations showed higher antifeedant activity
than the corresponding essential oils, and 0.1% nanoformulations of a-pinene and
linalool showed 100% feeding deterrence at a dose of 0.1 pL/cm?, while the parent
terpenes produced <50% activity even at 2 pL/cm? The antifeedant activity of
a-pinene against both species was higher than that of linalool formulations. Compared
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to the effect of parent terpenes, the nanoformulation was found to be 25-fold more
effective against S. litura and 10-fold more effective against A. janata, while SiO,
NPs alone did not produce any antifeedant effect on tested insects even at higher
concentrations (15 pL/cm?). The nanoformulations prolonged the shelf life of the
terpenes. The observed death of larvae 3 days after treatment suggested that larvae
died from starvation. On the other hand, nanoformulations did not exhibit repellent
activity, since larvae had reached the treated leaf surface and even attempted to feed
at all doses tested.

The insecticidal properties of formulations based on Ocimum gratissimum and
montmorillonite-Na* (MMT-Na) as well as cetyltrimethylammonium-modified
MMT-Na (MMT-Na-CTMA) were tested against the maize weevil Sitophilus zea-
mais (Nguemtchouin et al. 2013). While 7 days following treatment, the mortality of
S. zeamais treated with essential oil without adsorbent application was not estimated,
it decreased from 100% to 87% for the essential oil adsorbed on unmodified clay and
to 95% for the essential oil adsorbed on modified clay. The complete loss of insecti-
cidal activity of the formulation prepared with unmodified clay was observed after
30 days, while the formulation with organo-modified clay retained 40% of its full
insecticidal efficiency at the same time. The amount of formulation required to kill
50% of S. zeamais adults was estimated as 1.01 g and 0.69 g for MMT-Na-O. gratis-
simum and MMT-Na-CTMA-O. gratissimum, respectively, indicating higher toxicity
of MMT-Na-CTMA, probably due to the incorporation of more compounds with
insecticidal activity (i.e. terpenic components) in this formulation.

The entomocidal activity of powders and extracts of medicinal plants Azadirachta
indica, Zanthoxylum zanthoxyloides, Anacardium occidentale and Moringa oleifera
against Sitophilus oryzae (L), Oryzaephilus mercator (Faur) and Rhyzopertha domi-
nica (Fabr.) was reported by Ileke and Ogungbite (2014). Findings focused on the
effectiveness of plant extracts, essential oils, their isolated pure compounds and
plant-based nanoformulations as well as their mode of action against storage insects
with special reference to maize were summarized by Soujanya et al. (2016).
Preparation methods related to the encapsulation of vegetable oils and applications
of encapsulated vegetable oils as antimicrobials, insecticides, pesticides and pest
repellents were summarized by Sagiri et al. (2016).

8.4.2 Synthetic Nanoinsecticides

Functional nano-dispensers of imidacloprid (IMI) encapsulated in PLGA with par-
ticle sizes 5—10 pm were found to cause equivalent mortality of Asian citrus psyllids
(Diaphorina citri) as a current commercial formulation, however at a dosage 200-
fold lower (Meyer et al. 2015). Kumar et al. (2014) performed field evaluation of
IMI-loaded sodium ALG NPs with particle size ranging from 50 to 100 nm, 98.66%
EE and 2.46% loading. Although the pesticide content in the nanoformulation was
only 2.46%, its application in the form of spray on leaves of Abelmoschus esculentus
was found to be effective up to the 15th day in reduction of leafhopper population
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and exhibited not only better insecticidal activity but also lower toxicity than pure
pesticide. Guan et al. (2008) prepared photodegradable insecticide by direct encap-
sulation of IMI microcrystals with CS and sodium ALG through layer-by-layer self-
assembly using sodium dodecyl sulphate (SDS)/Ag/Ti0O, as an effective photocatalyst.
The IMI microcrystals had the mean length of 7 pm and the zeta potential of
—37.5 mV. The IMl-loaded microparticles showed encapsulation efficiency
81.57 = 0.96%, and the percentage of the drug-loading content was approx.
56.15 = 0.96% after encapsulated for ten polyelectrolytes layers. The release rate of
the IMI microcrystal decreased with an increase in the layer number of microcap-
sules, and the total release time for the corresponding microcapsules with 4, 10 and
20 layers was approximately 2-, 4- and 8-fold longer, respectively, than that of the
uncoated pesticide.

Amphiphilic nano-polymers synthesized using different molecular weight PEGs
(300, 600 and 1000) as a hydrophilic head and aliphatic diacids (glutaric acid, adipic
acid, pimelic acid and suberic acid) as a hydrophobic moiety were used to prepare
controlled release formulation for IMI. The micelle size of the polymers ranged
from 127 to 354 nm, the loading capacity of the polymers ranged from 6.8% to
8.9% and the encapsulation efficiencies for different formulations were in the range
from 75.0% to 97.9%. The value of half-life t;,, (i.e. time taken for 50% release) of
IMI encapsulated in polymers ranged from 2.3 to 9.3 days, being higher for the
formulation containing PEG 1000 than for polymers having PEG 300 and PEG 600
moiety, and t;, was found to increase with the increasing molecular weight of PEG
for diacids, namely, adipic acid and suberic acid. Thus, imidacloprid applications
can be optimized to achieve insect control for the desired period using a suitable
matrix of the polymer (Adak et al. 2012).

Memarizadeh et al. (2014) encapsulated IMI into ABA triblock linear-dendritic
copolymers composed of polycitric acid (PCA) as A block and polyethylene glycol
(PEG) as B block, the encapsulation process being performed by self-assembly of
PCA-PEG-PCA in the presence of IMI in different solvents. The morphology of
nano-IMI varied from fibre-like to globular and tubular, while its size varied from
10 nm to several mm, depending on the type of solvent, time and concentration. The
loading capacity of the copolymers at pH 7 was estimated as 53% and, at pH 10, it
was 80%. While IMI release at pH 7 slowly increased for 6 h and then remained
constant, its release rate into phosphate-buffered saline solution with pH 10
increased up to 24 h, and higher percentage of pesticide was released than at pH 7.
The insecticidal efficiency of nano-IMI and bulk insecticide diluted in water was
investigated by leaf-dip bioassay tests on the Glyphodes pyloalis. The LCs, values
estimated for the nano-IMI decreased over free IMI as exposure time increased, and
after 4 and 5 days of exposure, they were five- and ninefold lower, respectively, than
those observed for the bulk form. In the topical bioassay, the performance of nano-
IMI prepared in ethanol was tested. Comparison of LCs, values observed at 24, 48,
72 and 96 h showed that at all periods of exposure, the LCs, values were consider-
ably lower for the nanopesticide formulation than for free IMI. The increased pen-
etration of the effective compound by means of citric acid molecules to the
metathoracic tergum membrane cells of G. pyloalis larvae contributed to the higher
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effectiveness of nano-IMI prepared with ethanol. The higher loading capacity and
the slower release rate of the pesticide from nano-IMI formulation at pH 10 corre-
sponding to optimum pH of G. pyloalis gut compared to neutral pH suggest its
selective and controllable action. Lower doses of nano-IMI compared to its bulk
form required for pest control can also significantly reduce the environmental risk.

In contact toxicity bioassay using adult Martianus dermestoides, the 142-h LCs,
values estimated with 50% nano-SDS/Ag/TiO,-IMI were 9.86 mg/LL compared to
13.45 mg/L observed with 95% IMI. The use of bentonite and/or activated carbon
sorbents reduced the release rate of IMI and isoproturon in comparison with the
technical product and with ALG formulation without modifying agents. The formu-
lation with the highest percentage of activated carbon exhibited the highest decrease
in the release rate, and the release rate was higher in imidacloprid systems than in
those prepared with isoproturon (Garrido-Herrera et al. 2006).

Neonicotinoid acetamiprid-loaded nanocapsules prepared by polyelectrolyte
complexation of ALG and CS showed controlled release in vitro, with maximum
release at pH 10, the released amount decreasing with decreasing pH, and a con-
trolled release pattern was observed also in soil, indicating that such nanoformula-
tion could reduce the frequency of application of pesticides and reduce their side
effects (Kumar et al. 2015b). Amphiphilic copolymers prepared from PEGs and
various aliphatic and aromatic diacids, which self-assemble into nanomicellar
aggregates, were used to prepare controlled release formulations of thiamethoxam,
a systemic insecticide from the class of neonicotinoids exhibiting a broad spectrum
of activity against many types of insects. The average micelle size of different for-
mulations was approx. 138 nm, and the size of pyridalyl was <100 nm. The release
of the insecticide from these nanoformulations was slower than from a commercial
formulation with t;,, values ranging from 3.5 to 6 days, and the formulations showed
non-Fickian transport (Sarkar et al. 2012).

The toxicity of the suspension of ALG nanocapsules containing pyridalyl against
the larval stage of Helicoverpa armigera was tested using the leaf dip as well as the
topical methods and compared with the toxicity of a technical material and a com-
mercial formulation. The excellent insecticidal activity of the nanoformulation was
confirmed by the estimated LCs, values of 40 and 80 pg/mL using the two above-
mentioned methods. In the form of the nanoformulation, pyridalyl was found to be
ca. two- and sixfold more effective against H. armigera as stomach poison than the
technical product and the commercial formulation, respectively, while the LCs, val-
ues estimated by the topical method were 80, 150 and 250 pg/mL for nanoformula-
tion, technical material and commercial formulation, respectively. The higher
insecticidal effect of the nanoformulation could be connected with the better pene-
tration of NPs through the epithelial lining of digestive tract and better penetration
in capillaries to get into the systemic circulation, affecting the tertiary structure of
protein, resulting finally in the malfunctioning and the death of the insect (Saini
et al. 2014).

Organophosphate insecticide chlorpyrifos loaded CS-PLA-1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine copolymer NPs with the particle size of
100—300 nm exhibited controlled release by adjusting the ratio of copolymer to
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chlorpyrifos, showed an initial burst release and then a steadier release profile, the
released amount depending on the amount of chlorpyrifos entrapped in the NPs, and
the increased amount of the insecticide within NPs resulted in its decreased release
(Zhang et al. 2013b). A nanohybrid prepared by intercalation of a chlorpyrifos
inclusion complex with carboxymethyl-p-cyclodextrin into the interlayer of Zn-Al-
layered double hydroxides showed distinct slow release, unlike to nanohybrid, in
which sulphonated hydroxyethyl-B-cyclodextrin was used for chlorpyrifos inclu-
sion complex and the kinetic process of pesticide release could be fitted well by the
pseudo-second-order and the parabolic diffusion models (Liu et al. 2016). A nano-
composition prepared by encapsulation of organophosphate acephate with the par-
ticle size of 80—120 nm and irregular shape showed high efficacy against S. litura,
Lipaphis erysimi (mustard aphid) and Bemisia tabaci (whitefly) both in vitro and
in vivo and was found to be more effective than a commercial bulk formulation.
Treatment with this nanocomposite at 300 ppm resulted in approximately 100%
mortality of S. litura within 7 days, and at application of 240 ppm and 180 ppm
almost 75% and 20% larvae, respectively, were killed. Higher concentrations also
reduced the fecundity of larvae when they reached adulthood. Treatment with
300 ppm of nanocomposite caused about 100% mortality of the mites after 5 days
of treatment. In the field study, foliar spray of a nanocomposition at 180 ppm,
240 ppm and 300 ppm ensured the superior control of S. litura and Lipaphis erysimi
compared to the commercial one. Reduced acetylcholinesterase activity due to
nanoacephate treatments indicated more binding of the active constituent of
acephate with thiocholine, which could be a probable reason for breaking resistance
in lepidopteron pest. Consequently, it could be expected that this nanoformulation
might overcome the problem of reduced target site sensitivity, one of the major
causes of resistance development in insects (Pradhan et al. 2013).

The toxic effect of urea-based insecticide novaluron NPs (50—200 nm) on
Egyptian cotton leaf worm Spodoptera littoralis larvae was found to be similar to
that of the commercial formulation (Elek et al. 2010). The effects of two nanotypes
of pyrifluquinazon and a non-nanotype of this insecticide which modifies insect
behaviour by rapidly stopping feeding so that insects starve to death on the mortal-
ity of the green peach aphid Myzus persicae were investigated using concentrations
of 25, 50 and 100 ppm. The nanoformulations of pyrifluquinazon were prepared
using a different molecular weight CS as coating material (CS 30,000 (0.1%) and
CS 3000 (0.3%). The best controlled release feature was observed with the CS
3000, 0.3% nanotype pyrifluquinazon. Both CS-containing nanoformulations were
effective against M. persicae at 14 days after treatment, and the reaction time slowed
from 14 to 30 days after treatment in the aphids treated with CS 3000 (0.3%), while
the best lethal efficiency of non-nanotype insecticide applied at 50 and 25 ppm was
estimated at 2 days after treatment (Kang et al. 2012).

Liu et al. (2008) reported flash nanoprecipitation using a multi-inlet vortex mixer
as the technology to produce bifenthrin NPs suspensions with sizes between 60 and
200 nm, the stability of which depended on the properties of the polymeric stabi-
lizer. The most stable NPs with the narrowest size distribution were prepared using
a block copolymer of polyacrylic acid and polybutylacrylate, but stable NPs were
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fabricated also with polyvinylpyrrolidone and polyvinyl alcohol. Bang et al. (2011)
prepared CS-coated nanoliposomes containing etofenprox or a-cypermethrin using
different types and concentrations of CS to regulate the mean size and the surface
charge and found that as the CS concentration (0.1-0.5%, w/v) and the degree of
deacetylation increased, surface charge also increased, and the release period of the
entrapped insecticide could be prolonged by increasing the intrinsic surface charge
or concentration of the coating material. By encapsulation of f-cyfluthrin in PEGs
of different molecular weights (600, 1000, 1500 and 2000), insecticidal controlled
release nanoformulations were prepared, and their effect on the mortality of C. mac-
ulatus (Coleoptera: Bruchidae) was tested. The approximate ECs, values of differ-
ent test formulations against C. maculatus for 1, 3,7, 14, 21 to 30 days in water after
24 h exposure of each day were estimated. At the 7th day, the formulations with
PEG 600 and PEG 100 showed lower ECs, values than PEG 1500 and PEG 2000
due to faster release of the pesticide. The formulations prepared with PEG 1500 and
PEG 2000 showed minimum EC;s, on 14th day (2.20 and 1.58 mg/L, respectively)
and mean ECs, value during 30 days (36.98 and 32.23 mg/L, respectively), whereby
all prepared nanoformulations were more effective than a commercial preparation
with the mean ECs, value of 124.29 mg/mL during 30 days (Loha et al. 2012).

Biocompatible oil-core silica-shell nanocapsules designed for sustained release
of fipronil insecticide, in which release of insecticide can be tuned through control
of the silica-shell thickness (i.e. 8—44 nm), showed insecticidal effect against eco-
nomically important subterranean termites (Wibowo et al. 2014). Guo et al. (2015)
fabricated enzyme-responsive emamectin benzoate microcapsules based on a copo-
lymer matrix of SiO,-epichlorohydrin-carboxymethyl cellulose showing excellent
protection of the active ingredient against photo- and thermal degradation, notable
cellulase stimuli-responsive properties as well as sustained insecticidal efficacy
against M. persicae, and their genotoxicity was less than that of grade emamectin
benzoate. Because mineral particles can scratch the exoskeletons of insects result-
ing in wounds, block their spiracles, reduce activity and cause strong dehydration of
the insect resulting in death, they are used in the protection of plants against tiny
1nsects.

8.4.3 Insecticides Based on Nanoscale Metals

The investigation of the impact of AgNPs on the life history parameters of two agri-
cultural pest insect species, Heliothis virescens (tobacco budworm) and Trichoplusia
ni (cabbage looper), and a beneficial predatory insect species, Podisus maculiventris
(spined soldier bug), showed that AgNPs retarded the development, reduced the
adult weight and fecundity and increased mortality in the predator, although they
practically did not affect the developmental times, pupal weights and adult emer-
gence. Thus, the adverse effects of AgNPs on the beneficial insect species require
considering carefully the risk of their widespread application in insect pest manage-
ment (Afrasiabi et al. 2016). The application of AgNPs with the particle size ranging
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from 42 to 98 nm prepared using Sargassum muticum extract resulted in significant
changes in the protein profile of hemolymph, morphology of hemocytes and deterio-
rated midgut inclusions such as lumen, basement membrane, fat body and gastric
caeca of Ergolis merione. In treated larvae, the hemocytes had thin or no outer mem-
brane, and in the fat body, the lipid content was denatured and washed out, which led
to opening its inclusion to the lumen of the midgut and attaining irregular shape and
size (Moorthi et al. 2015). Yasur and Pathipati (2015) investigated the susceptibility
of two lepidopteran pests of castor plant (Ricinus communis L.), asian armyworm, S.
litura F. and castor semilooper, A. janata L. to polyvinylpyrrolidone (PVP)-coated
AgNPs with particle size <100 nm and zeta potential of 22.3 + 5.78 mV. They fed
larvae with castor leaves treated with AgNPs or AgNO; and observed a decrease in
larval and pupal body weights of both insects as well as changes in the antioxidative
and detoxifying enzymes of the treated larva indicating that exposure of larvae to
AgNPs led to induction of oxidative stress, which was countered by antioxidant
enzymes. The LDs, and LDy, values of AgNPs synthesized using aqueous leaves
extracts of Euphorbia prostrata having the rod shape and the size of 25—80 nm with
the average size of 52 nm against S. oryzae L. were estimated as 45 mg/kg and
168 mg/kg, respectively, and they were found to be significantly lower than the cor-
responding values estimated for AgNO; (248 and 2675 mg/kg, respectively).
Moreover, no fresh insect infestation was found in the AgNP-treated stored rice even
after 2 months of treatment, indicating the superb potential of AgNPs as a stored
grain and seed protecting agent if applied with proper safety measures (Zahir et al.
2012). Remarkable pesticidal activity on S. oryzae was shown also by AgNPs (15-25
nm) synthesized using Avicennia marina (Sankar and Abideen 2015). Rouhani et al.
(2013) reported LCs, values related to insecticidal effect of AgNPs on the cowpea
seed beetle, C. maculatus F. (Coleoptera: Bruchidae), as 2.06 g/kg (adults) and
1.00 g/kg (larvae), respectively. The experiments with a model insect Drosophila
melanogaster showed that the activity of Cu-dependent enzymes, namely, tyrosinase
and Cu-Zn superoxide dismutase, significantly decreased following the consumption
of AgNPs, despite the constant level of Cu present in the tissue, which resulted in
cuticular demelanization, because tyrosinase activity is essential for melanin biosyn-
thesis (Armstrong et al. 2013). In the third instar larvae of D. melanogaster that were
fed with a diet of standard cornmeal media mixed with AgNPs at the concentrations
of 50 and 100 pg/mL for 24 and 48 h, the AgNPs induced heat-shock stress, oxida-
tive stress, DNA damage and apoptosis (Ahamed et al. 2010).

AuNPs showing multiple irregular shape, crystalline nature and particle size in
the range 20—50 nm prepared using latex of Jatropha curcas inhibited catalytic
potential of trypsin due to the formation of trypsin—AuNPs complex because of
covalent and electrostatic interactions of AuNPs with proteins and binding to —SH
groups of aminoacids. This finding was supported also by investigations performed
in vivo on serum of several vectors and agriculturally important pests (Patil et al.
2016). The citrate-capped AuNPs exhibited significant in vivo toxicity in the model
insect D. melanogaster upon ingestion, which was reflected in a significant reduction
of the life span and fertility, presence of DNA fragmentation as well as a significant
overexpression of the stress proteins (Pompa et al. 2011).
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As a safe alternative to insecticides in protection of rice grains against S. oryzae
(Linnaeus), natural rock powder and ZnO NPs could be used (Hamza 2012). Shu
et al. (2012) investigated the response of S. litura to zinc stress and found that the
treatment with 50-500 mg Zn/kg resulted in notable induction of both metallothio-
nein content and metallothionein gene expression in the midgut as well as changes
in cell ultrastructure (mainly the presence of electron-dense granules in the cyto-
plasm of the midgut cells), showing significant positive correlation with Zn accu-
mulation in the midgut, which could be considered as effective detoxification
mechanisms in the common cutworm. Derbalah et al. (2014) tested the insecticidal
activity of ZnO NPs and SiO, NPs against the pink bollworm Pectinophora gos-
sypiella, which is one of the key pests of cotton in the world, and compared it with
that of conventional insecticide pyriproxyfen. In these tests the effects of individual
materials on some liver function enzymes, carbohydrate hydrolyzing enzymes, total
protein and total lipids of the 4th instar larvae of the P. gossypiella pest were also
investigated, and it was found that ZnO NPs were the most effective against the
newly hatched larvae.

Biosynthesized NiNPs with cubical shape and the average particle size of 47 nm
showed insecticidal activity against agricultural pest Callosobruchus maculatus
resulting in 97% mortality (Elango et al. 2016).

8.4.4 Insecticides Based on Nanoscale Metalloids

Amorphous SiO, NPs (15-30 nm) were found to be highly effective against insect
pest S. oryzae causing more than 90% mortality, indicating the effectiveness of SiO,
NPs to control insect pests (Debnath et al. 2011). Spherical amorphous SiO, NPs
with the size 70—80 nm were also found to be highly effective against stored grain
pest Corcyra cephalonica, causing 100% mortality, suggesting their potential to
control insect pests (Vani and Brindhaa 2013). The study focused on the cellular
uptake of amorphous SiO, NPs (<30 nm) in the midgut of the third instar larvae of
D. melanogaster that were exposed orally to 1-100 pg/mL of SiO, NPs for 12—-36
h showed considerably increased expression of hsp70 and hsp22 along with caspase
activation, membrane destabilization and mitochondrial membrane potential loss
(Pandey et al. 2013). The experiment with adults of R. dominica F. and T. confusum
Jacquelin du Val. that were exposed to SiO, NPs Aerosil® and Nanosav at the rate of
0.2 mg/cm? for 1 and 2 days on filter paper inside plastic Petri dishes confirmed the
significant toxic effects of SiO, NPs on both insects, R. dominica being more suscep-
tible. At low concentrations, Aerosil® was more effective than Nanosav, and the
effectiveness of SiO, NPs in wheat grains was higher than in barley (Ziaee and Ganji
2016). Santo-Orihuela et al. (2016) tested bare SiO, NPs (14, 380 and 1430 nm) and
amine-modified SiO, NPs (131 and 448 nm) on the viability of S. frugiperda cells
(Sf9 cell line) and found that 14 nm NPs were the most effective. Exposure to
0.12 mg/mL SiO, NPs during 24 h resulted in the reduced viability of the cells by
60% compared to the control, and activity of cells was lowered also in the presence
of other negatively charged NPs. On the other hand, positively charged NPs applied
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at concentrations 0.12 and 0.6 mg/mL were found to promote the proliferation of the
cells, while the effect of higher concentrations (7.2 mg/mL) was comparable with
that of the control. Silica NPs caused mortalities to carmine spider mite and two-
spotted spider mite with mean lethal concentrations 317, 116 and 112, 83 ppm,
7 days after treatment, for Tetranychus cinnabarinus and Tetranychus urticae adult
females and eggs, respectively, as well as the mortality of their predatory species
Stethorus punctillum (97%), Phytoseiulus persimilis (35%) and Orius insidiosus
(32%) (Hala and Elsamahy 2016). Soil and foliar treatments with SiO, NPs led to
37% and 44% feeding inhibition rate in oriental armyworm Mythimna separata
(Walker) and elongation of the larval stage period to 31 days compared to 26 days
observed in the control, and mortality percentages of larvae at SiO, NPs administra-
tion in the form of spray was 67%, while in the control it represented only 10%
(Mousa et al. 2014). Rouhani et al. (2013) investigated the insecticidal effect of SiO,
NPs on the cowpea seed beetle, C. maculatus F. (Coleoptera: Bruchidae), and esti-
mated LCs, value of 0.68 g/kg on adults and 1.03 g/kg on larvae, respectively, and
the high efficiency of SiO, NPs on adults was also reflected in 100% mortality.
Capsicum annuum proteinase inhibitor immobilized on SiO,-based nanospheres and
rods showed bioactive peptide loading 62% at acidic pH and 56% of peptide release
at pH 10, simulating gut milieu of the target pest H. armigera, and in vivo study
showed that on the 8th day after feeding with this nanoformulation, about 40%
reduction in insect body mass was estimated compared to control insects. This indi-
cates the potential of peptide nanocarriers in delivering diverse biologically active
complexes specific to gut pH of H. armigera (Khandelwal et al. 2015).

Spherical SiO, NPs synthesized by sol-gel method and surface functionalized in
situ with 3-mercaptopropyltrimethoxysilane (MPTS) and hexamethyldisilazane
(HMDS) with the size ranging from 15 to 20 nm for HMDS and from 29 to 37 nm
for MPTS were found to exhibit insecticidal activity against the second instar larvae
of S. litura, and their application at a dose 125 mg/cm? resulted in 58% (HMDS) and
64% (MPTS) mortality. Treatment with 0.25 mg/cm? of MPTS functionalized SiO,
NPs killed all insect larvae, while the application of HMDS functionalized SiO, NPs
resulted in 84% insect mortality at the same dose, and no survivors were estimated
after application of both SiO, NPs at a dose of 0.5 mg/cm?. The dead bodies of the
insects were found to be remarkably dehydrated indicating that abrasion or, to some
extent, also the absorption of lipids present in cuticle caused by SiO, NPs damaged
the cuticular water barrier of S. litura resulting in the loss of water from the body and
subsequent death due to desiccation (Debnath et al. 2012).

Amorphous nanosilica and nanoalumina were also found to be highly effective
against mustard aphid Lipaphis pseudobrassicae (Debnath et al. 2010). Goswami
etal. (2010) applied solid SiO,, Al,03, TiO, and ZnO NPs at doses 0.5, 1.0 and 2.0 g/
kg against rice weevil S. oryzae and found that on the first day the treatment with 1 g/
kg of hydrophilic SiO, NPs was the most effective. At application of 2 g/kg of SiO,
NPs and Al,O; NPs, the mortality on day 2 represented 90%, and after 7 days of
exposure, 95% and 86% mortality was obtained with hydrophilic and hydrophobic
SiO, NPs at 1 g/kg, while the treatment of rice with lipophilic SiO, NPs at 1 g/kg
resulted in approximately 70% mortality, and A1,O; NPs killed almost all the insects
using a dose of 0.1 g/kg dose.
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The experiments of Buteler et al. (2015) who tested the effect of three unique
types of nanoalumina dust with particles <50 nm as an insecticide against 0—6-week-
old adults of the rice weevil S. oryzae and the lesser grain borer R. dominica, two
species that differ in their susceptibility to inert dusts, showed that insecticidal
activity depended on particle size, particle morphology and surface area; however
minimizing particle size and maximizing surface area were not the sole dominant
factors influencing the efficacy. All dust types were more effective on S. oryzae
than on R. dominica, and the dust synthesized using a modified glycine-nitrate
combustion process consistently yielded greater mortality rates. In general, the
superb efficacy of the dusts for both insect species was observed at low humidity,
which decreased significantly at elevated humidity indicating that dusts can adsorb
either water or cuticle waxes and thus atmospheric water reduces the effectiveness
of all the tested dusts by competing with the cuticle hydrocarbons. The inert dusts
absorb epicuticular hydrocarbons by capillary forces, and dusts with smaller par-
ticle size will cause greater insect mortality. Stadler et al. (2010a) tested insecti-
cidal activity of nanostructured Al,O; applied as dry dust against S. oryzae L. and
R. dominica (F.), which are major insect pests in stored food supplies. Exposure of
the insects to 7. aestivum plants treated with nanostructured Al,O; reduced survival
in both species, whereby mortality in both species increased with increasing expo-
sure interval and product concentration. While after 3 days of continuous exposure
to 500 mg/kg, the mortality of S. oryzae and R. dominica adults represented 20%
and 40%, respectively, at treatment with 250 mg/kg during 9 days, 80% of the
adults of both species were dead. The LDs, values estimated after 9 days of expo-
sure were 149 mg/kg (R. dominica) and 177 mg/kg (S. oryzae), respectively. It is
suggested that nanoalumina kills arthropods by adsorbing epicuticular lipid layers
through capillarity, causing excessive water loss through the cuticle (Stadler et al.
2010b), and those with a small particle size and high surface areas having a com-
position conducive to wetting of the specific hydrocarbons present on the surface
of the insect could be suggested as the most effective dusts. In addition, nanostruc-
tured alumina particles were found to be more effective in killing S. oryzae than dry
dust applications of Protect® diatomaceous earth, were equally toxic to R. dominica
and caused also the reduction of progeny production, and S. oryzae showed higher
susceptibility to inert dusts than R. dominica (Stadler et al. 2012). Huang et al.
(2013b) investigated the effect of Al,O; NPs on the rhythmic activities in the antennal
lobe of Drosophila using patch clamps to record electrophysiological activities and
found that 15 min after their application the average frequencies of spontaneous
activities were significantly decreased compared with control groups indicating that
these NPs might have adverse effects on the central nervous system in Drosophila.

8.4.5 Other Inorganic Nanoinsecticides

The estimated LCs, values at application of a 20% calcium carbonate suspension
concentrate with particle sizes about 100 nm and a 95% bulk calcium carbonate pow-
der (>1 pm) on infestations of peach aphids (M. persicae) were 2685 and 93,036 ppm,
respectively, indicating that in controlling peach aphids, the 20% calcium carbonate
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suspension concentrate was the most effective (Liu et al. 2014). The study of the influ-
ence of temperature and humidity on the insecticidal effect of three diatomaceous
earth formulations (Protect-It, PyriSec and DEA-P) against larger grain borer
Prostephanus truncatus (Horn) (Coleoptera: Bostrychidae) adults in stored maize (Z.
mays L.) at three temperatures (20, 25 and 30 °C) and 55% and 75% relative humidity
levels showed that DEA-P was the most effective and caused complete mortality to
the exposed insect, even at the lowest dose rate (75 ppm), completely suppressed
progeny production, and its efficacy was continuously high in all temperatures and
relative humidities examined (Athanassiou et al. 2007). The acaricidal effect of differ-
ent diatomaceous earth formulations (SilicoSec, PyriSec, Insecto, Protect-It and
DEA-P) applied at the dose 0.2 and 0.5 g/kg against Tyrophagus putrescentiae on
stored wheat was investigated by Iatrou et al. (2010) by measuring the mortality of
mite individuals after 5 days of exposure and checking for 7. putrescentiae offspring
on the treated wheat after 30 days. The application of 0.2 or 0.5 g/kg caused mortality
of both adults and immatures >78%, and treatment with the dose 0.5 g/kg resulted in
100% mortality. The immature stages of the insect were less tolerant to diatomaceous
earth formulations than the adults, and PyriSec was found to be the most effective
against adults, whereby increasing of the dose led to considerable reduction of prog-
eny production.

8.5 Risks of Nanopesticide Applications

In recent decades, advances in nanotechnology engineering have given rise to the
rapid development of many novel applications in various industrial fields. Nanoscale
materials exhibit unusual physical, chemical and biological properties, differing in
important ways from the properties of bulk materials and single atom or molecule
(National Nanotechnology Initiative 2008; Medina et al. 2007; Dolez 2015; Borm
et al. 2006; Buzea et al. 2007; Frohlich 2013). It is no wonder that nanotechnology
has also found its use in agriculture and the food industry. Nanosystems/nanomate-
rials have been used for plant protection and nutrition in the form of nanopesticides
or nanofertilizers or other plant growth-stimulating nanoscale materials (Jampilek
and Kralova 2015, 2017b, ¢; Masarovic¢ova and Kral'ova 2013; Masarovicova et al.
2014; Kookana et al. 2014; Bleeker et al. 2015). Various nanocomposites have been
applied for protection of different foodstuffs, smart active or responsive packaging
materials and edible coatings. Diverse nanosensors applicable for monitoring of
food quality, safety and integrity can be found as well (Kookana et al. 2014; Bleeker
et al. 2015; Jampilek and Kral'ovd 2015, 2018b). Thus, the application of nanotech-
nology for sustainable intensification of agricultural production, such as crop pro-
tection agrochemicals, but also agents facilitating the protection of plants against
pesticides, enhancing plant growth, securing rise of global food production, guaran-
tying enhanced food quality and minimizing the waste, can be considered as an
excellent solution, but the most critical is stability and degradability all these nano-
materials (Prasad et al. 2014, 2017; Bleeker et al. 2015; Jampilek and Kral'ovd 2015,
2017b; Andronescu et al. 2016; Sangeetha et al. 2017a, b, c).
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Due to their direct and intentional application in the environment, nanoagro-
chemicals may be regarded as particularly critical in terms of possible environmen-
tal impact, as they would represent the only intentional diffuse source of engineered
NPs in the environment (Kah et al. 2013; Kah 2015). Although many nanomaterials
showed benefits, nanosystems used in agriculture and the food industry, especially
when they are exceedingly stable in the environment, can contaminate water
resources and/or ground and return to the life cycle. On the other hand, they can
contaminate food products by residues of packaging materials/edible coatings.
Thus, NPs can be associated with some risks (toxicity) for human and environmen-
tal health. Possible routes of entry into the body include inhalation, absorption
through the skin or digestive tract (Jampilek and Kral'ova 2015, 2017a, b, ¢, 2018a;
Khan 2013; Bleeker et al. 2015; Andronescu et al. 2016).

Different permeation through cell walls/membranes into cells is probably the
most affected and the most valuable parameter in case of nanopesticides and their
application for crop protection. In this context, especially particles with particle size
<100 nm are critical, because they are able to practically unlimitedly permeate
through biomembranes. In general, the ability of NPs “to permeate anywhere” is
connected primarily with their particle size and shape (Hagens et al. 2007; Buzea
et al. 2007; Keck and Miiller 2013; Nehoff et al. 2014). These NPs may be more
easily taken up by any organism, which could result in their longer persistence in
environmental systems. The small size (an extrinsic property) of NPs influences
these effects more significantly than a unique nanoscale property representing an
intrinsic property (Buzea et al. 2007; De Jong and Borm 2008; Auffan et al. 2009;
Kumar et al. 2012; Brayner et al. 2013; Janrao et al. 2014). Mainly adverse effects
of NPs accumulated in the cell leading to intracellular changes such as disruption of
organelle integrity, gene alterations, etc., or cytotoxic effects by generation of ROS
as well as reactive nitrogen species resulting in the damage of plasma membrane,
cell organelles and intracellular proteins are critical. Considering the potential tox-
icity of NPs and different nanomaterials on living organisms and also on human
health, it is indispensable to minimize their entry into the environment (Ventola
2012; Berkner et al. 2016; Vestel et al. 2016).

Based on particle size definitions of NPs (European Commission 2011; National
Nanotechnology Initiative 2008), a classification of NPs (Sioutas et al. 2005)
according to biodegradability (ability of a compound to degrade in organism/envi-
ronment) into four classes was suggested as follows: (i) size >100 nm and biode-
gradable, (ii) size >100 nm and non-biodegradable, (iii) size <100 nm and
biodegradable and (iv) size <100 nm and non-biodegradable (Keck and Miiller
2013). Logically, the last class of NPs is considered as the most dangerous for
human health. Toxicological properties of NPs are affected by particle shape, size,
surface area, surface charge and the adsorption properties of the material as well as
by abiotic factors such as pH, ionic strength, water hardness and the presence of
organic matter (Handy et al. 2008). While inside cells, NPs might directly provoke
alterations of membranes and other cell structures and molecules as well as protec-
tive mechanisms, NPs can exhibit also indirect effects depending on their chemical
and physical properties, e.g. physical restraints (clogging effects) or production of
ROS (Navarro et al. 2008).
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In the light of these facts, some multinational corporations, such as BASF, Bayer,
Monsanto, DuPont and Syngenta, focused among others on pesticide production
and started to invest in the development of nanopesticides, concealing this develop-
ment before public, because prefix “nano” cannot be currently perceived so posi-
tively (Suppan 2013), which does not, however, mean that the first nanopesticides
cannot be already applied (Gewin 2015). On the other hand, many nanoagrochemi-
cals described in the scientific literature do not meet the cost-benefit requirements,
and their production is not profitable (Aschberger et al. 2015).

It is also important to note that nanopesticides offer many advantages, such as
increased efficacy, dose reduction, lower exposure to nontarget organisms or
lower risk of resistance development. It can be stated that launched nanoagro-
chemical products mostly consist of “nano” formulations of already registered
ingredients, and thus they are very similar to many agrochemical products cur-
rently available on the market (e.g. emulsions, suspensions) (Aschberger et al.
2015; Gewin 2015; Kah 2015).

Due to the above-mentioned facts, regulatory authorities will play a crucial role
in the future development of other nanoagrochemicals. The facts that NPs are more
efficient or that their application has some benefits for crop protection have been
proven and are unexceptionable. Several international organizations coordinated
seminars on nanotechnology applications for agriculture (e.g. FAO 2010, 2013;
JRC-IPTS 2014). The activities of governments and regulatory authorities dealing
with the development of legislation adapted to nanoagrochemicals vary consider-
ably (FAO 2013; APVMA 2014). The extent to which nanoagrochemicals are devel-
oped will be strongly influenced by the regulatory system that controls their entry
into the market. There are currently great geographic discrepancies that can influ-
ence applications in a given market (Watson et al. 2011). There are considerable
issues relating to the definition of NPs and how the proposed criteria can be applied
to nanopesticides (Kah et al. 2013; EC 2014; JRC-IPTS 2014).

When considering all the nanoproducts that appear in the agriculture and food
sectors, there is a generally accepted consensus that there has been currently insuf-
ficient reliable data and the level of knowledge to allow a clear safety/risk assessment
(FAO 2013; JRC-IPTS 2014). However, prohibiting the application of nanopesti-
cides until they are proven entirely safe is unrealistic, as all pesticides are inherently
toxic (at least to the target pest) and, thus, associated with some risk. When consider-
ing only nanoagrochemicals, a conventional approach to risk assessment — the
hazardxexposure paradigm — would result in a number of pitfalls (Kookana et al.
2014). The exposure assessment is based on investigations into the environmental
fate of a compound. There have been a limited number of studies investigating nano-
agrochemicals (Kah et al. 2013; Kah and Hofmann 2014). It is also probable that
endpoints of fate and dangers are not sufficiently determined by the use of protocols
previously developed for other types of chemicals (Kah et al. 2014; Kookana et al.
2014). Thus, a fair assessment of nanopesticides should be focused on the evaluation
of both the risks and benefits associated with their use relative to current solutions.
While this may not be possible when considering all products discussed so far in
literature, restricting the analysis to products that are likely to emerge in the next
decade shows that a fair assessment may be possible (Kah et al. 2015).
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The effects of agrochemical formulations on the environment and the effect of
active ingredients have been evaluated within the EU under Directive 91/414. The
new EU pesticide regulation (1107/2009) states that the impact of formulations
should be taken into account, but it also comes with recommendations that it is
reasonable to assume that “formulation does not affect the fate and behaviour of the
active ingredient in the environment” (e.g. European Commission 2009). The autho-
rization of pesticides has long been the subject of a rigorous and constantly protec-
tive regulatory risk assessment. Safety factors are commonly used to uncover
uncertainties and provide a margin of safety. It is likely that the effects of formula-
tions (nano or not) fall within this boundary. This is probably the reason why a
representative of the European Crop Protection Association considered that “under
the current procedure for traditional crop protection products, the safety of nanoma-
terials would also be properly assessed” (JRC-IPTS 2014), although the current
scientific paradigm cannot be reasonable.

The use of the highly conservative risk assessment strategy mentioned above
does not support the level of R&D investment needed to design risk-reducing for-
mulations. Impacts of (nano) formulations on fate and effects of active substances
have been repeatedly reported in scientific literature, but the relevant mechanisms
remain poorly understood (Jampilek and Kral'ova 2018c¢). Elucidation of these pro-
cesses and the analysis of environmental impacts require the use of experimental
protocols, analytical techniques and theories that differ from typical applications to
agrochemicals. Kookana et al. (2014) discussed that combining and adapting
approaches developed for pesticides and NPs could in many cases provide a reason-
able assessment of the risks associated with nanopesticides. The same approach
could be used successfully in assessing the impact of formulations that can exhibit
colloidal behaviour in application (whether or not designated as “nano” according
to criteria used in research, public or industrial) (Kah 2015).

8.6 Conclusion

It can be stated that plant protection plays an extremely important role in increas-
ing the production of agricultural crops and in protecting them. Nanotechnology
and nanoscale science afford unambiguously a great potential in innovative and
improved solutions. Nanosized materials change their physical, chemical and bio-
logical properties in comparison with bulk materials, and some of them can really
help to improve and innovate some pesticides for a more efficient combat against
plant diseases, weeds and various pests. The requirements of the latest EU direc-
tive regarding a better evaluation of formulations should not be perceived as con-
straints, but as a tool that should prevent nanopesticides to become the next
emerging category of contaminants of environment and human health risks associ-
ated with agriculture. To investigate nanopesticide risks, i.e. to minimize nanopes-
ticide impacts on environment and human, cooperation among expert teams at all
stages of the development and evaluation of nanopesticides (e.g. formulators, bota-
nists, agricultural scientists and nano(eco)toxicologists) should originate and be
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intensified to result in the development of successful products, meeting the multi-
ple constraints of the agrochemical sector, and this would bring an added value in
relation to existing products.

Acknowledgements This study was supported by SANOFI-AVENTIS Pharma Slovakia, s.r.o.

References

Abigail MEA, Samuel SM, Chidambaram R (2016) Application of rice husk nanosorbents contain-
ing 2,4-dichlorophenoxyacetic acid herbicide to control weeds and reduce leaching from soil.
J Taiwan Inst Chem Eng 63:318-326. https://doi.org/10.1016/].jtice.2016.03.024

Adak T, Shakil NA, Walia S (2012) Development of controlled release formulations of imidaclo-
prid employing novel nano-ranged amphiphilic polymers. Environ Sci Health B 47:217-225.
https://doi.org/10.1080/03601234.2012.634365

Afrasiabi Z, Popham HJR, Stanley D, Suresh D, Finley K, Campbell J, Kannan R, Upendran A
(2016) Dietary silver nanoparticles reduce fitness in a beneficial, but not pest, insect species.
Arch Insect Biochem Physiol 93:190-201. https://doi.org/10.1002/arch.21351

Agrios GN (2005) Plant pathology, 5th edn. Elsevier Academic Press, San Diego.

Ahamed M, Posgai R, Gorey TJ, Nielsen M, Hussain SM, Rowe JJ (2010) Silver nanoparticles
induced heat shock protein 70, oxidative stress and apoptosis in Drosophila melanogaster. Tox
App Pharm 242:263-2609. https://doi.org/10.1016/j.taap.2009.10.016

Ali M, Kim B, Elfield KDB, Norman D, Brennan M, Ali GS (2015) Inhibition of Phytophthora
parasitica and P-capsici by silver nanoparticles synthesized using aqueous extract of Artemisia
absinthium. Phytopathology 105:1183-1190. https://doi.org/10.1094/PHYTO-01-15-0006-R

Alromeed AA, Scrano L, Bufo SA, Undabeytia T (2015) Slow-release formulations of the her-
bicide MCPA by using clay-protein composites. Pest Manag Sci 71:1303-1310. https://doi.
org/10.1002/ps.3929

Andronescu E, Brown JM, Oktar FN, Agathopoulos S, Chou J, Obata A (2016) Nanomaterials
for medical applications: benefits and risks. J Nanomaterial 2016:8284319. https://doi.
org/10.1155/2016/8284319

Anjum NA, Adam V, Kizek R, Duarte AC, Pereira E, Igbal M, Lukatkin AN, Ahmad I (2015)
Nanoscale copper in the soil-plant system—toxicity and underlying potential mechanisms.
Environ Res 138:306-325. https://doi.org/10.1016/j.envres.2015.02.019

Anusuya S, Sathiyabama M (2014) Preparation of beta-D-glucan nanoparticles and its antifungal
activity. Int J Biol Macromol 70:440-443. https://doi.org/10.1016/j.ijbiomac.2014.07.011

APVMA (2014) A draft report from the australian pesticides and veterinary medicines author-
ity. Regulatory considerations for nanopesticides and veterinary nanomedicines. Available
online at: http://apvma.gov.au/sites/default/files/docs/report-draft-regulatory-considerations-
nanopesticides-veterinary-nanomedicines.pdf

Arasimowicz M, Floryszak-Wieczorek J (2007) Nitric oxide as a bioactive signaling molecule in
plant stress responses. Plant Sci 172:876-887. https://doi.org/10.1016/j.plantsci.2007.02.005

Armstrong N, Ramamoorthy M, Lyon D, Jones K, Duttaroy A (2013) Mechanism of silver
nanoparticles action on insect pigmentation reveals intervention of copper homeostasis. PLoS
One 8:¢53186. https://doi.org/10.1371/journal.pone.0053186

Aschberger K, Gottardo S, Amenta V, Arena M, Moniz FB, Bouwmeester H, Brandhoff P, Mech A,
Quiros Pesudo L, Rauscher H, Schoonjans R, Vittoria Vettori M, Peters R (2015) Nanomaterials
in food — current and future applications and regulatory aspects. J Phys Conf Ser 617:1-6.

Athanassiou CG, Kavallieratos NG, Peteinatos GG, Petrou SE, Boukouvala MC, Tomanovic Z
(2007) Influence of temperature and humidity on insecticidal effect of three diatomaceous
earth formulations against larger grain borer (Coleoptera: Bostrychidae). J Econ Entomol
100:599-603.


https://doi.org/10.1016/j.jtice.2016.03.024
https://doi.org/10.1080/03601234.2012.634365
https://doi.org/10.1002/arch.21351
https://doi.org/10.1016/j.taap.2009.10.016
https://doi.org/10.1094/PHYTO-01-15-0006-R
https://doi.org/10.1002/ps.3929
https://doi.org/10.1002/ps.3929
https://doi.org/10.1155/2016/8284319
https://doi.org/10.1155/2016/8284319
https://doi.org/10.1016/j.envres.2015.02.019
https://doi.org/10.1016/j.ijbiomac.2014.07.011
http://apvma.gov.au/sites/default/files/docs/report-draft-regulatory-considerations-nanopesticides-veterinary-nanomedicines.pdf
http://apvma.gov.au/sites/default/files/docs/report-draft-regulatory-considerations-nanopesticides-veterinary-nanomedicines.pdf
https://doi.org/10.1016/j.plantsci.2007.02.005
https://doi.org/10.1371/journal.pone.0053186

230 J. Jampilek and K. Kralova

Auffan M, Rose J, Bottero JY, Lowry GV, Jolivet JP, Wiesner MR (2009) Towards a definition of
inorganic nanoparticles from an environmental, health and safety perspective. Nat Nanotechnol
4:634-641. https://doi.org/10.1038/nnano0.2009.242

Balashanmugam P, Balakumaran MD, Murugan R, Dhanapal K, Kalaichelvan PT (2016)
Phytogenic synthesis of silver nanoparticles, optimization and evaluation of in vitro anti-
fungal activity against human and plant pathogens. Microbiol Res 192:52-64. https://doi.
org/10.1016/j.micres.2016.06.004

Balaure PC, Gudovan D, Gudovan I (2017) Nanopesticides — a new paradigm in crop protec-
tion. In: Grumezescu AM (ed) Nanotechnology in food industry, New pesticides and soil
sensors, vol 10. Academic Press & Elsevier, London, pp 129-192. https://doi.org/10.1016/
B978-0-12-804299-1.00005-9

Bang SH, Hwang IC, Yu YM, Kwon HR, Kim DH, Park HJ (2011) Influence of chitosan coating
on the liposomal surface on physicochemical properties and the release profile of nanocarrier
systems. J Microencapsul 28:595-604. https://doi.org/10.3109/02652048.2011.557748

Berkner S, Schwirn K, Voelker D (2016) Nanopharmaceuticals: tiny challenges for the environ-
mental risk assessment of pharmaceuticals. Environ Toxicol Chem 35:780-787. https://doi.
org/10.1002/etc.3039

Beyki M, Zhaveh S, Khalili ST, Rahmani-Cherati T, Abollahi A, Bayat M, Tabatabaei M,
Mohsenifar A (2014) Encapsulation of Mentha piperita essential oils in chitosan-cinnamic
acid nanogel with enhanced antimicrobial activity against Aspergillus flavus. Ind Crop Prod
54:310-319. https://doi.org/10.1016/j.indcrop.2014.01.033

Bhattacharyya A, Duraisamy P, Govindarajan M, Buhroo AA, Prasad R (2016) Nano-
biofungicides: emerging trend in insect pest control. In: Prasad R (ed) Advances and
applications through fungal nanobiotechnology. Springer International Publishing, Cham,
pp 307-319.

Bheemaraya, Gogoi R, Aggarwal R, Kumar A, Rajesh Kumar, Rai SN, Hossain F, Bisht IS
(2014) Effect of nano-hexaconazole on the phenotype and pathogenicity of Rhizoctonia
solani f. Sp sasakii causing banded leaf and sheath blight in maize. J Pure Appl Microbiol
8:4579-4592.

Bleeker EAJ, Evertz S, Geertsma RE, Peijnenburg WIGM, Westra J, Wijnhoven SWP
(2015) Assessing health and environmental risks of nanoparticles. National Institute for
Public Health and the Environment, Bilthoven Available online at: http://www.rivm.nl/
dsresource?objectid=9adbf65a-25dc-4f45-a580-dcf98bb3bS5ac&type=org&disposition=inline

Borm PJA, Robbins D, Haubold S, Kuhlbusch T, Fissan H, Donaldson K, Schins R, Stone V,
Kreyling W, Lademann J, Krutmann J, Warheit D, Oberdoster E (2006) The potential risks
of nanomaterials: a review carried out for ECETOC. Part Fibre Toxicol 3:11. https://doi.
org/10.1186/1743-8977-3-11

Boxi SS, Mukherjee K, Paria S (2016) Ag doped hollow TiO, nanoparticles as an effective green
fungicide against Fusarium solani and Venturia inaequalis phytopathogens. Nanotechnology
27:085103. https://doi.org/10.1088/0957-4484/27/8/085103

Bramhanwade K, Shende S, Bonde S, Gade A, Rai M (2016) Fungicidal activity of Cu nanopar-
ticles against Fusarium causing crop diseases. Environ Chem Lett 14:229-235. https://doi.
0rg/10.1007/s10311-015-0543-1

Brayner R, Fiévet F, Coradin T (2013) Nanomaterials: a danger or a promise? A chemical and
biological perspective. Springer, London.

Brunel F, El Gueddari NE, Moerschbacher BM (2013) Complexation of copper(Il) with chitosan
nanogels: toward control of microbial growth. Carbohydr Polym 92:1348-1356. https://doi.
org/10.1016/j.carbpol.2012.10.025

Buteler M, Sofie SW, Weaver DK, Driscoll D, Muretta J, Stadler T (2015) Development of nano-
alumina dust as insecticide against Sitophilus oryzae and Rhyzopertha dominica. Int J Pest
Manag 61:80-89. https://doi.org/10.1080/09670874.2014.1001008

Buzea C, Pacheco I, Robbie K (2007) Nanomaterials and nanoparticles: sources and toxicity.
Biointerphases 2:MR17-MR71. https://doi.org/10.1116/1.2815690


https://doi.org/10.1038/nnano.2009.242
https://doi.org/10.1016/j.micres.2016.06.004
https://doi.org/10.1016/j.micres.2016.06.004
https://doi.org/10.1016/B978-0-12-804299-1.00005-9
https://doi.org/10.1016/B978-0-12-804299-1.00005-9
https://doi.org/10.3109/02652048.2011.557748
https://doi.org/10.1002/etc.3039
https://doi.org/10.1002/etc.3039
https://doi.org/10.1016/j.indcrop.2014.01.033
http://www.rivm.nl/dsresource?objectid=9adbf65a-25dc-4f45-a580-dcf98bb3b5ac&type=org&disposition=inline
http://www.rivm.nl/dsresource?objectid=9adbf65a-25dc-4f45-a580-dcf98bb3b5ac&type=org&disposition=inline
https://doi.org/10.1186/1743-8977-3-11
https://doi.org/10.1186/1743-8977-3-11
https://doi.org/10.1088/0957-4484/27/8/085103
https://doi.org/10.1007/s10311-015-0543-1
https://doi.org/10.1007/s10311-015-0543-1
https://doi.org/10.1016/j.carbpol.2012.10.025
https://doi.org/10.1016/j.carbpol.2012.10.025
https://doi.org/10.1080/09670874.2014.1001008
https://doi.org/10.1116/1.2815690

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 231

Cabrera A, Celis R, Hermosin MC (2016) Imazamox-clay complexes with chitosan- and iron(III)-
modified smectites and their use in nanoformulations. Pest Manag Sci 72:1285-1294. https://
doi.org/10.1002/ps.4106

Cao VD, Nguyen PP, Khuong VQ, Nguyen CK, Nguyen XC, Dang CH, Tran NQ (2014) Ultrafine
copper nanoparticles exhibiting a powerful antifungal/killing activity against Corticium sal-
monicolor. Bull Kor Chem Soc 35:2645-2648. https://doi.org/10.5012/bkcs.2014.35.9.2645

Carris LM, Little CR, Stiles CM (2012) Introduction to fungi. The Plant Health Instructor.
American Phytopathological Society. Available online at: http://www.apsnet.org/edcenter/
intropp/pathogengroups/pages/introfungi.aspx

Cea M, Cartes P, Palma G, Mora ML (2010) Atrazine efficiency in an andisol as affected by clays
and nanoclays in ethylcellulose controlled release formulations. J Soil Sci Plant Nutr 10:62-77.
https://doi.org/10.4067/S0718-27912010000100007

Chaudhry Q, Castle L (2011) Food applications of nanotechnologies: an overview of opportuni-
ties and challenges for developing countries. Trends Food Sci Technol 22:595-603. https://doi.
org/10.1016/j.tifs.2011.01.001

Chauhan N, Dilbaghi N, Gopal M, Kumar R, Kim KH, Kumar S (2017) Development of chitosan
nanocapsules for the controlled release of hexaconazole. Int J Biol Macromol 97:616-624.
https://doi.org/10.1016/j.ijbiomac.2016.12.059

Chen H, Seiber JN, Hotze M (2014a) ACS select on nanotechnology in food and agriculture: a
perspective on implications and applications. J Agric Food Chem 62:1209-1212. https://doi.
org/10.1021/j£5002588

Chen JN, Peng H, Wang XP, Shao F, Yuan ZD, Han HY (2014b) Graphene oxide exhibits broad-
spectrum antimicrobial activity against bacterial phytopathogens and fungal conidia by
intertwining and membrane perturbation. Nanoscale 6:1879-1889. https://doi.org/10.1039/
C3NR04941H

Chen JN, Li SL, Luo JX, Wang RS, Ding W (2016) Enhancement of the antibacterial activity of
silver nanoparticles against phytopathogenic bacterium Ralstonia solanacearum by stabiliza-
tion. J Nanomater 2016:7135852. https://doi.org/10.1155/2016/7135852

Cho JS, Seo YC, Yim TB, Lee HY (2013) Growth and spore germination of Fusarium oxysporum
f. Sp raphani. Int ] Mol Sci 14:4283-4297. https://doi.org/10.3390/ijms 14024283

Choudhury SR, Ghosh M, Mandal A, Chakravorty D, Pal M, Pradhan S, Goswami A (2011)
Surface-modified sulfur nanoparticles: an effective antifungal agent against Aspergillus niger
and Fusarium oxysporum. Appl Microbiol Biotechnol 90:733—743. https://doi.org/10.1007/
s00253-011-3142-5

Choudhury SR, Ghosh M, Goswami A (2012) Inhibitory effects of sulfur nanoparticles on mem-
brane lipids of Aspergillus niger: a novel route of fungistasis. Curr Microbiol 65:91-97. https://
doi.org/10.1007/s00284-012-0130-7

Cindi MD, Shittu T, Sivakumar D, Bautista-Banos S (2015) Chitosan boehmite-alumina
nanocomposite films and thyme oil vapour control brown rot in peaches (Prunus per-
sica L.) during postharvest storage. Crop Protect 72:127-131. https://doi.org/10.1016/j.
cropro.2015.03.011

Clemente Z, Grillo R, Jonsson M, Santos NZ, Feitosa LO, de Lima R, Fraceto LF (2013)
Ecotoxicological evaluation of poly(epsilon-caprolactone) nanocapsules containing triazine
herbicides. J Nanosci Nanotechnol 14:4911-4917.

Coles D, Frewer LJ (2013) Nanotechnology applied to European food production: a review of
ethical and regulatory issues. Trends Food Sci Technol 34:32-43. https://doi.org/10.1016/].
tifs.2013.08.006

Costa ES, Perlatti B, Silva EM, Matos AP, Silva MFGF, Fernandes JB, Zuin VG, da Silva CMP,
Forim MR (2017) Use of lignins from sugarcane bagasse for assembling microparticles loaded
with Azadirachta indica extracts for use as neem-based organic insecticides. J Braz Chem Soc
28:126-135. https://doi.org/10.5935/0103-5053.20160155

Crop Protection Definitions (2017) STANDS4 LLC. Available online at: http://www.definitions.
net/definition/crop%?20protection


https://doi.org/10.1002/ps.4106
https://doi.org/10.1002/ps.4106
https://doi.org/10.5012/bkcs.2014.35.9.2645
http://www.apsnet.org/edcenter/intropp/pathogengroups/pages/introfungi.aspx
http://www.apsnet.org/edcenter/intropp/pathogengroups/pages/introfungi.aspx
https://doi.org/10.4067/S0718-27912010000100007
https://doi.org/10.1016/j.tifs.2011.01.001
https://doi.org/10.1016/j.tifs.2011.01.001
https://doi.org/10.1016/j.ijbiomac.2016.12.059
https://doi.org/10.1021/jf5002588
https://doi.org/10.1021/jf5002588
https://doi.org/10.1039/C3NR04941H
https://doi.org/10.1039/C3NR04941H
https://doi.org/10.1155/2016/7135852
https://doi.org/10.3390/ijms14024283
https://doi.org/10.1007/s00253-011-3142-5
https://doi.org/10.1007/s00253-011-3142-5
https://doi.org/10.1007/s00284-012-0130-7
https://doi.org/10.1007/s00284-012-0130-7
https://doi.org/10.1016/j.cropro.2015.03.011
https://doi.org/10.1016/j.cropro.2015.03.011
https://doi.org/10.1016/j.tifs.2013.08.006
https://doi.org/10.1016/j.tifs.2013.08.006
https://doi.org/10.5935/0103-5053.20160155
http://www.definitions.net/definition/crop protection
http://www.definitions.net/definition/crop protection

232 J. Jampilek and K. Kralova

da Costa JT, Forim MR, Costa ES, de Souza JR, Mondego JM, Boica AL (2014) Effects of dif-
ferent formulations of neem oil-based products on control Zabrotes subfasciatus (Boheman,
1833) (Coleoptera: Bruchidae) on beans. J Stored Prod Res 56:49-53. https://doi.org/10.1016/].
jspr.2013.10.004

De Jong WH, Borm PJ (2008) Drug delivery and nanoparticles: applications and hazards. Int
J Nanomedicine 3:133-149. https://doi.org/10.2147/ijn.s596

De Lucca AJ (2007) Harmful fungi in both agriculture and medicine. Rev Iberoam Micol 24:3-13.

de Oliveira JL., Campos EVR, da Silva CMG, Pasquoto T, de Lima R, Fraceto LF (2015) Solid lipid
nanoparticles co-loaded with simazine and atrazine: preparation, characterization, and evalua-
tion of herbicidal activity. J Agric Food Chem 63:422-432. https://doi.org/10.1021/j£5059045

Debnath N, Das S, Brahmachary RL, Chandra R, Sudan S, Goswami A (2010) Entomotoxicity
assay of silica, zinc oxide, titanium dioxide, aluminium oxide nanoparticles on Lipaphis pseu-
dobrassicae. AIP Conf Proc 1276:307-310. https://doi.org/10.1063/1.3504316

Debnath N, Das S, Seth D, Chandra R, Bhattacharya SC, Goswami A (2011) Entomotoxic effect
of silica nanoparticles against Sitophilus oryzae (L.). J Pestic Sci 84:99-105. https://doi.
org/10.1007/s10340-010-0332-3

Debnath N, Mitra S, Das S, Goswami A (2012) Synthesis of surface functionalized silica nanopar-
ticles and their use as entomotoxic nanocides. Powder Technol 221:252-256. https://doi.
org/10.1016/j.powtec.2012.01.009

Derbalah AS, Khidr AA, Moustafa HZ, Taman A (2014) Laboratory evaluation of some non-con-
ventional pest control agents against the pink bollworm Pectinophora gossypiella (Saunders).
Egypt ] Biol Pest Control 24:363-368.

Dharni S, Sanchita, Unni SM, Kurungot S, Samad A, Sharma A, Patra DD (2016) In vitro and in
silico antifungal efficacy of nitrogen- doped carbon nanohorn (NCNH) against Rhizoctonia
solani. J Biomol Struct Dyn 34:152—-162. https://doi.org/10.1080/07391102.2015.1018841

Dolez PI (2015) Nanoengineering: global approaches to health and safety issues. Elsevier,
Amsterdam.

Du WC, Tan WJ, Peralta-Videa JR, Gardea-Torresdey JL, Ji R, Yin Y, Guo HG (2017) Interaction
of metal oxide nanoparticles with higher terrestrial plants: physiological and biochemical
aspects. Plant Physiol Biochem 110:210-225. https://doi.org/10.1016/j.plaphy.2016.04.024

EC (2014) JRC nanomaterials repository. Available online at: https://ec.europa.eu/jrc/en/
scientific-tool/jrc-nanomaterials-repository

Elango G, Roopan SM, Dhamodaran KI, Elumalai K, Al-Dhabi NA, Arasu MV (2016) Spectroscopic
investigation of biosynthesized nickel nanoparticles and its larvicidal, pesticidal activities.
J Photochem Photobiol B 162:162-167. https://doi.org/10.1016/j.jphotobiol.2016.06.045

Elek N, Hoffman R, Raviv U, Resh R, Ishaaya I, Magdassi S (2010) Novaluron nanoparticles: for-
mation and potential use in controlling agricultural insect pests. Colloids Surf A Physicochem
Eng Asp 372:66-72. https://doi.org/10.1016/j.colsurfa.2010.09.034

Elgorban AM, El-Samawaty AEM, Yassin MA, Sayed SR, Adil SF, Elhindi KM, Bakri M, Khan
M (2016a) Antifungal silver nanoparticles: synthesis, characterization and biological evalua-
tion. Biotechnol Biotechnol Equip 30:56—62. https://doi.org/10.1080/13102818.2015.1106339

Elgorban AM, Aref SM, Seham SM, Elhindi KM, Bahkali AH, Sayed SR, Manal MA (2016b)
Extracellular synthesis of silver nanoparticles using Aspergillus versicolor and evaluation
of their activity on plant pathogenic fungi. Mycosphere 7:844-852. https://doi.org/10.5943/
mycosphere/7/6/15

Essential Chemical Industry (2017) Crop protection chemicals. Centre for Industry Education
Collaboration, Department of Chemistry, University of York, UK. Available online at: http://
www.essentialchemicalindustry.org/materials-and-applications/crop-protection-chemicals.
html

European Commission (2009) Regulation EC 1107/2009 concerning the placing of plant protec-
tion products on the market. Guidance on section 5 — fate and behaviour in the environment.
Available online at: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32009R 1107


https://doi.org/10.1016/j.jspr.2013.10.004
https://doi.org/10.1016/j.jspr.2013.10.004
https://doi.org/10.2147/ijn.s596
https://doi.org/10.1021/jf5059045
https://doi.org/10.1063/1.3504316
https://doi.org/10.1007/s10340-010-0332-3
https://doi.org/10.1007/s10340-010-0332-3
https://doi.org/10.1016/j.powtec.2012.01.009
https://doi.org/10.1016/j.powtec.2012.01.009
https://doi.org/10.1080/07391102.2015.1018841
https://doi.org/10.1016/j.plaphy.2016.04.024
https://ec.europa.eu/jrc/en/scientific-tool/jrc-nanomaterials-repository
https://ec.europa.eu/jrc/en/scientific-tool/jrc-nanomaterials-repository
https://doi.org/10.1016/j.jphotobiol.2016.06.045
https://doi.org/10.1016/j.colsurfa.2010.09.034
https://doi.org/10.1080/13102818.2015.1106339
https://doi.org/10.5943/mycosphere/7/6/15
https://doi.org/10.5943/mycosphere/7/6/15
http://www.essentialchemicalindustry.org/materials-and-applications/crop-protection-chemicals.html
http://www.essentialchemicalindustry.org/materials-and-applications/crop-protection-chemicals.html
http://www.essentialchemicalindustry.org/materials-and-applications/crop-protection-chemicals.html
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32009R1107

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 233

European Commission (2011) Definition of a nanomaterial. Available online at: http://ec.europa.
eu/environment/chemicals/nanotech/fag/definition_en.htm

FAO (2009) Global agriculture towards 2050. .High level expert forum — how to feed the world
in 2050. Available online at: http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/
HLEF2050_Global_Agriculture.pdf

FAO (2010) Food and Agriculture Organization of the United Nations and World Health
Organization expert meeting on the application of nanotechnologies in the food and agriculture
sectors. Potential food safety implications, in Meeting Report (Rome). Available online at:
http://whqlibdoc.who.int/publications/2010/9789241563932_eng.pdf

FAO (2013) Food and Agriculture Organization of the United Nations and World Health
Organization. State of the art on the initiatives and activities relevant to risk assessment and risk
management of nanotechnologies in the food and agriculture sectors, in FAO/WHO Technical
Paper. Available online at: http://www.fao.org/docrep/018/i3281e/i3281e.pdf

Fisher MC, Henk DA, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL, Gurr SJ (2012)
Emerging fungal threats to animal, plant and ecosystem health. Nature 484:186—194. https://
doi.org/10.1038/nature 10947

Forim MR, Costa ES, da Silva GFMF, Fernandes JB, Mondego JM, Boica AL (2013) Development
of a new method to prepare nano—/microparticles loaded with extracts of Azadirachta indica,
their characterization and use in controlling Plutella xylostella. J Agric Food Chem 61:9131—
9139. https://doi.org/10.1021/jf403187y

Fraceto LF, GrilloR, de Medeiros GA, Scognamiglio V, Rea G, Bartolucci C (2016) Nanotechnology
in agriculture: which innovation potential does it have? Front Environ Sci 4:20. https://doi.
org/10.3389/fenvs.2016.00020

Frohlich E (2013) Cellular targets and mechanisms in the cytotoxic action of non-bio-
degradable engineered nanoparticles. Curr Drug Metab 14:976-988. https://doi.
0rg/10.2174/1389200211314090004

Gajbhiye M, Kesharwani J, Ingle A, Gade A, Rai M (2009) Fungus-mediated synthesis of sil-
ver nanoparticles and their activity against pathogenic fungi in combination with fluconazole.
Nanomedicine Nanotechnol Biol Med 5:382-386. https://doi.org/10.1016/j.nan0.2009.06.005

Garcia M, Forbe T, Gonzalez E (2010) Potential applications of nanotechnology in the agro-food
sector. Food Sci Technol 30:573-581. https://doi.org/10.1590/S0101-20612010000300002

Garrido-Herrera FJ, Gonzlez-Pradas E, Fernndez-Prez M (2006) Controlled release of isoproturon,
imidacloprid, and cyromazine from alginate-bentonite-activated carbon formulations. J Agric
Food Chem 54:10053-10060. https://doi.org/10.1021/jf062084m

Gauthier GM, Keller NP (2013) Crossover fungal pathogens: the biology and pathogenesis of
fungi capable of crossing kingdoms to infect plants and humans. Fungal Genet Biol 61:146—
157. https://doi.org/10.1016/j.fgb.2013.08.016

Gewin W (2015) Everything you need to know about nanopesticides. Modern Farmer Article.
Available online at: http://modernfarmer.com/2015/01/everything-need-know-nanopesticides

Ghasemian E, Naghoni A, Tabaraie B, Tabaraie T (2012) In vitro susceptibility of filamentous
fungi to copper nanoparticles assessed by rapid XTT colorimetry and agar dilution method.
J Mycol Med 22:322-328. https://doi.org/10.1016/j.mycmed.2012.09.006

Ghormade V, Deshpande MV, Paknikar KM (2011) Perspectives for nano-biotechnology enabled
protection and nutrition of plants. Biotechnol Adv 29:792-803. https://doi.org/10.1016/j.
biotechadv.2011.06.0

Giannousi K, Avramidis I, Dendrinou-Samara C (2013) Synthesis, characterization and evalua-
tion of copper based nanoparticles as agrochemicals against Phytophthora infestans. RSC Adv
3:21743-21752. https://doi.org/10.1039/c3ra42118j

Giongo AMM, Vendramim JD, Forim MR (2016) Evaluation of neem-based nanoformulations
as alternative to control fall armyworm. Cienc Agrotec 40:26-36. https://doi.org/10.1590/
$1413-70542016000100002

Gondal MA, Alzahrani AJ, Randhawa MA, Siddiqui MN (2012) Morphology and antifungal effect
of nano-ZnO and nano-Pd-doped nano-ZnO against Aspergillus and Candida. J Environ Sci


http://ec.europa.eu/environment/chemicals/nanotech/faq/definition_en.htm
http://ec.europa.eu/environment/chemicals/nanotech/faq/definition_en.htm
http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Global_Agriculture.pdf
http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Global_Agriculture.pdf
http://whqlibdoc.who.int/publications/2010/9789241563932_eng.pdf
http://www.fao.org/docrep/018/i3281e/i3281e.pdf
https://doi.org/10.1038/nature10947
https://doi.org/10.1038/nature10947
https://doi.org/10.1021/jf403187y
https://doi.org/10.3389/fenvs.2016.00020
https://doi.org/10.3389/fenvs.2016.00020
https://doi.org/10.2174/1389200211314090004
https://doi.org/10.2174/1389200211314090004
https://doi.org/10.1016/j.nano.2009.06.005
https://doi.org/10.1590/S0101-20612010000300002
https://doi.org/10.1021/jf062084m
https://doi.org/10.1016/j.fgb.2013.08.016
http://modernfarmer.com/2015/01/everything-need-know-nanopesticides/
https://doi.org/10.1016/j.mycmed.2012.09.006
https://doi.org/10.1016/j.biotechadv.2011.06.0
https://doi.org/10.1016/j.biotechadv.2011.06.0
https://doi.org/10.1039/c3ra42118j
https://doi.org/10.1590/S1413-70542016000100002
https://doi.org/10.1590/S1413-70542016000100002

234 J. Jampilek and K. Kralova

Health A Tox Hazard Subst Environ Eng 47:1413-1418. https://doi.org/10.1080/10934529.2
012.672384

Gonzalez JOW, Gutierrez MM, Ferrero AA, Band BF (2014) Essential oils nanoformulations
for stored-product pest control — characterization and biological properties. Chemosphere
100:130-138. https://doi.org/10.1016/j.chemosphere.2013.11.056

Gopinath V, Velusamy P (2013) Extracellular biosynthesis of silver nanoparticles using
Bacillus sp GP-23 and evaluation of their antifungal activity towards Fusarium oxyspo-
rum. Spectrochim Acta A Mol Biomol Spectrosc 106:170-174. https://doi.org/10.1016/j.
saa.2012.12.087

Gorczyca A, Pociecha E, Kasprowicz M, Niemiec M (2015) Effect of nanosilver in wheat seed-
lings and Fusarium culmorum culture systems. Eur J Plant Pathol 142:251-261. https://doi.
org/10.1007/s10658-015-0608-9

Goswami A, Roy I, Sengupta S, Debnath N (2010) Novel applications of solid and liquid formula-
tions of nanoparticles against insect pests and pathogens. Thin Solid Films 519:1252-1257.
https://doi.org/10.1016/j.tsf.2010.08.079

Grillo R, dos Santos NZP, Maruyama CR, Rosa AH, de Lima R, Fraceto LF (2012)
Poly(epsilon-caprolactone) nanocapsules as carrier systems for herbicides: physico-chem-
ical characterization and genotoxicity evaluation. J Hazard Mater 231:1-9. https://doi.
org/10.1016/j.jhazmat.2012.06.019

Grillo R, Pereira AE, Nishisaka CS, de Lima R, Oehlke K, Greiner R, Fraceto LF (2014)
Chitosan/tripolyphosphate nanoparticles loaded with paraquat herbicide: an environmentally
safer alternative for weed control. J Hazard Mater 278:163-171. https://doi.org/10.1016/j.
jhazmat.2014.05.079

Grillo R, Abhilash PC, Fraceto LF (2016) Nanotechnology applied to bio-encapsulation of pesti-
cides. J Nanosci Nanotechnol 16:1231-1234. https://doi.org/10.1166/jnn.2016.12332

Guan HN, Chi DF, Yu JM, Li XC (2008) A novel photodegradable insecticide: preparation, char-
acterization and properties evaluation of nano-imidacloprid. Pestic Biochem Physiol 92:83-91.
https://doi.org/10.1016/j.pestbp.2008.06.008

Guo YZ, Yang Q, Yan W, Li B, Qian K, Li T, Xiao W, He L (2014) Controlled release of ace-
tochlor from poly (butyl methacrylate-diacetone acrylamide) based formulation prepared by
nanoemulsion polymerisation method and evaluation of the efficacy. Int J Environ Anal Chem
94:1001-1012. https://doi.org/10.1080/03067319.2014.930844

Guo MC, Zhang WB, Ding GL, Guo D, Zhu JL, Wang BT, Punyapitak D, Cao YS (2015)
Preparation and characterization of enzyme-responsive emamectin benzoate microcapsules
based on a copolymer matrix of silica-epichlorohydrin-carboxymethylcellulose. RSC Adv
5:93170-93179

Hagens WI, Oomen AG, de Jong WH, Cassee FR, Sips AJAM (2007) What do we (need to) know
about the kinetic properties of nanoparticles in the body? Regul Toxicol Pharmacol 49:217—
229. https://doi.org/10.1016/j.yrtph.2007.07.006

Hala HA, Elsamahy MFM (2016) Relative toxicity of silica nanoparticles to two tetranychids and
three associated predators. Egypt J Biol Pest Control 26:283-286.

Hamza AM (2012) Efficacy and safety of non-traditional methods as alternatives for control of
Sitophilus oryzae (L.) (Coleoptera: Curculionidae) in rice grains. Egypt J Biol Pest Control
22:103-108.

Handy RD, Owen R, Valsami-Jones E (2008) The ecotoxicology of nanoparticles and nanomateri-
als: current status, knowledge gaps, challenges, and future needs. Ecotoxicology 17:315-325.
https://doi.org/10.1007/s10646-008-0206-0

He LL, Liu Y, Mustapha A, Lin MS (2011) Antifungal activity of zinc oxide nanoparticles
against Botrytis cinerea and Penicillium expansum. Microbiol Res 166:207-215. https://doi.
org/10.1016/j.micres.2010.03.003

Hiraga S, Sasaki K, Ito H, Ohashi Y, Matsui H (2001) A large family of class III plant peroxidases.
Plant Cell Physiol 42:462—-468. https://doi.org/10.1093/pcp/pce061


https://doi.org/10.1080/10934529.2012.672384
https://doi.org/10.1080/10934529.2012.672384
https://doi.org/10.1016/j.chemosphere.2013.11.056
https://doi.org/10.1016/j.saa.2012.12.087
https://doi.org/10.1016/j.saa.2012.12.087
https://doi.org/10.1007/s10658-015-0608-9
https://doi.org/10.1007/s10658-015-0608-9
https://doi.org/10.1016/j.tsf.2010.08.079
https://doi.org/10.1016/j.jhazmat.2012.06.019
https://doi.org/10.1016/j.jhazmat.2012.06.019
https://doi.org/10.1016/j.jhazmat.2014.05.079
https://doi.org/10.1016/j.jhazmat.2014.05.079
https://doi.org/10.1166/jnn.2016.12332
https://doi.org/10.1016/j.pestbp.2008.06.008
https://doi.org/10.1080/03067319.2014.930844
https://doi.org/10.1016/j.yrtph.2007.07.006
https://doi.org/10.1007/s10646-008-0206-0
https://doi.org/10.1016/j.micres.2010.03.003
https://doi.org/10.1016/j.micres.2010.03.003
https://doi.org/10.1093/pcp/pce061

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 235

Ho VA, Le PT, Nguyen TP, Nguyen CK, Nguyen VT, Tran NQ (2015) Silver core-shell nanoclus-
ters exhibiting strong growth inhibition of plant-pathogenic fungi. ] Nanomater 2015:241614.
https://doi.org/10.1155/2015/241614

Huang QZ, Jiao ZJ, Li M, Qiu DF, Liu KC, Shi HZ (2013a) Preparation, characterization, anti-
fungal activity, and mechanism of chitosan/TiO, hybrid film against Bipolaris maydis. ] Appl
Polym Sci 128:2623-2629. https://doi.org/10.1002/APP.38322

Huang NY, Yan Y, Xu Y, Jin Y, Lei J, Zou X, Ran D, Zhang H, Luan S, Gu H (2013b) Alumina
nanoparticles alter rhythmic activities of local interneurons in the antennal lobe of Drosophila.
Nanotoxicology 7:212-220. https://doi.org/10.3109/17435390.2011.648668

Hussein MZ, Yahaya AH, Zainal Z, Kian LH (2005) Nanocomposite-based controlled release for-
mulation of an herbicide, 2,4-dichlorophenoxyacetate encapsulated in zinc-aluminium-layered
double hydroxide. Sci Technol Adv Mater 6:956-962.

Iatrou SA, Kavallieratos NG, Palyvos NE, Buchelos CT, Tomanovic S (2010) Acaricidal eftect
of different diatomaceous earth formulations against Tyrophagus putrescentiae (Astigmata:
Acaridae) on stored wheat. J] Econ Entomol 103:190-196.

11 KS, Kim I (2012) Synthesis of Pyto-patch as silver nanoparticle product and antimicrobial activ-
ity. Protect Hort Plant Fac 21:140-146.

Ileke KD, Ogungbite OC (2014) Entomocidal activity of powders and extracts of four medicinal
plants against Sitophilus oryzae (L), Oryzaephilus mercator (Faur) and Rhyzopertha dominica
(Fabr.). Jordan J Biol Sci 7:57-62.

Ing LY, Zin NM, Sarwar A, Katas H (2012) Antifungal activity of chitosan nanoparticles
and correlation with their physical properties. Int J Biomater 2012:632698. https://doi.
org/10.1155/2012/632698

Ismail M, Prasad R, Ibrahim AIM, Ahmed ISA (2017) Modern prospects of nanotechnology in
plant pathology. In: Prasad R, Kumar M, Kumar V (eds) Nanotechnology. Springer Nature
Singapore Pte Ltd, Singapore, pp 305-317.

Jamal M, Moharramipour S, Zandi M, Negahban M (2013) Efficacy of nanoencapsulated formu-
lation of essential oil from Carum copticum seeds on feeding behavior of Plutella xylostella
(Lep.: Plutellidae). J Entomol Soc Iran 33:23-31.

Jampilek J (2016) Potential of agricultural fungicides for antifungal drug discovery. Expert Opin
Drug Dis 11:1-9. https://doi.org/10.1517/17460441.2016.1110142

Jampilek J, Kral'ova K (2015) Application of nanotechnology in agriculture and food industry, its
prospects and risks. Ecol Chem Eng S 22:321-361. https://doi.org/10.1515/eces-2015-0018

Jampilek J, Kralova K (2017a) Nano-antimicrobials: activity, benefits and weaknesses. In: Ficai
A, Grumezescu AM (eds) Nanostructures in therapeutic medicine, Nanostructures for anti-
microbial therapy, vol 2. Elsevier, Amsterdam., Chapter 2, pp 23-54. https://doi.org/10.1016/
B978-0-323-46152-8.00002-0

Jampilek J, Kralova K (2017b) Nanopesticides: preparation, targeting and controlled release.
In: Grumezescu AM (ed) Nanotechnology in food industry, New pesticides and soil sen-
sors, vol 10. Academic Press & Elsevier, London, pp 81-127. https://doi.org/10.1016/
B978-0-12-804299-1.00004-7

Jampilek J, Krdalova K (2017c) Nanomaterials for delivery of nutrients and growth-promot-
ing compounds to plants. In: Prasad R, Kumar M, Kumar V (eds) Nanotechnology: an
agricultural paradigm. Springer, Berlin/Heidelberg., Chapter 9, pp 177-226. https://doi.
org/10.1007/978-981-10-4573-8_9

Jampilek J, Kral'ova K (2018a) Application of nanobioformulations for controlled release and
targeted biodistribution of drugs. In: Sharma AK, Keservani RK, Kesharwani RK (eds)
Nanobiomaterials: applications in drug delivery. Apple Academic Press & CRC Press, Oakville
Part II, Chapter 5, 131-208.

Jampilek J, Kral'ovd K (2018b) Nanomaterials applicable in food protection. In: Rai RV, Bai JA
(eds) Nanotechnology applications in food industry. CRC Press/Taylor & Francis Group, Boca
Raton, Chapter 5, 75-96.


https://doi.org/10.1155/2015/241614
https://doi.org/10.1002/APP.38322
https://doi.org/10.3109/17435390.2011.648668
https://doi.org/10.1155/2012/632698
https://doi.org/10.1155/2012/632698
https://doi.org/10.1517/17460441.2016.1110142
https://doi.org/10.1515/eces-2015-0018
https://doi.org/10.1016/B978-0-323-46152-8.00002-0
https://doi.org/10.1016/B978-0-323-46152-8.00002-0
https://doi.org/10.1016/B978-0-12-804299-1.00004-7
https://doi.org/10.1016/B978-0-12-804299-1.00004-7
https://doi.org/10.1007/978-981-10-4573-8_9
https://doi.org/10.1007/978-981-10-4573-8_9

236 J. Jampilek and K. Kralova

Jampilek J, Kral'ova K (2018c) Impact of nanoparticles on living organisms and human health.
In: Nalwa HS (ed) Encyclopedia of nanoscience and nanotechnology. American Scientific
Publishers, Valencia. ISBN 1-58883-212-0

Jampilek J, Opatiilova R, Coufalova L, Cernikové A, Dohnal J (2013) Utilization of alaptide as
transdermal penetration modifier in pharmaceutical compositions for human and veterinary
applications containing anti-inflammatory drugs and/or antimicrobial chemotherapeutics.
W02013020527 Al

Jampilek J, Opatfilova R, Rez4cova A, Oktdbec Z, Dohnal J (2014) Alaptide: methods of effect-
ing its solubility, membrane permeation and pharmaceutical compositions for human and/or
veterinary applications. W0O2014019556 A1

Jampilek J, Zaruba K, Oravec M, Kune§ M, Babula P, Ulbrich P, Brezaniova I, Opatfilovd R,
Tiiska J, Suchy P (2015) Preparation of silica nanoparticles loaded with nootropics and their
in vivo permeation through blood—brain barrier. Biomed Res Int 2015:812673. https://doi.
org/10.1155/2015/812673

Janrao K, Gadhave MV, Banerjee SK, Gaikwad DD (2014) Asian J Biomed Pharm Sci 4:1-7.

Jayaseelan C, Rahuman AA, Kirthi AV, Marimuthu S, Santhoshkumar T, Bagavan A, Gaurav
K, Karthik L, Rao KV (2012) Novel microbial route to synthesize ZnO nanoparticles using
Aeromonas hydrophila and their activity against pathogenic bacteria and fungi. Spectrochim
Acta A Mol Biomol Spectrosc 90:78-84. https://doi.org/10.1016/j.saa.2012.01.006

Jayaseelan C, Ramkumar R, Rahuman AA, Perumal P (2013) Green synthesis of gold nanopar-
ticles using seed aqueous extract of Abelmoschus esculentus and its antifungal activity. Ind
Crop Prod 45:423-429. https://doi.org/10.1016/j.indcrop.2012.12.019

Jia RX, Jiang HJ, Jin MY, Wang XY, Huang JY (2015) Silver/chitosan-based Janus particles: syn-
thesis, characterization, and assessment of antimicrobial activity in vivo and vitro. Food Res Int
78:433-441. https://doi.org/10.1016/j.foodres.2015.08.035

Jiang LC, Basri M, Omar D, Rahman MBA, Salleh AB, Rahman RNZRA, Selamat A (2012)
Green nano-emulsion intervention for water-soluble glyphosate isopropylamine (IPA) formu-
lations in controlling Eleusine indica (E. indica). Pest Biochem Physiol 102:19-29. https://doi.
org/10.1016/j.pestbp.2011.10.004

Jo YK, Kim BH, Jung G (2009) Antifungal activity of silver ions and nanoparticles on phytopatho-
genic fungi. Plant Dis 93:1037-1043. https://doi.org/10.1094/PDIS-93-10-1037

JRC-IPTS (2014) Nanotechnology for the agricultural sector: from research to the field. In: Parsi C,
Vigani M, Rodriguez-Cerezo E (eds) Proceedings of a workshop organized by Joint Research
Centre — Institute for Prospective Technological. Available online at: https://ec.europa.eu/jrc/
sites/default/files/ipts_jrc_89736_(online)__final.pdf

Kah M (2015) Nanopesticides and nanofertilizers: emerging contaminants or opportunities for risk
mitigation? Front Chem 3:64. https://doi.org/10.3389/fchem.2015.00064

Kah M, Hofmann T (2014) Nanopesticides research: current trends and future priorities. Environ
Int 63:224-235. https://doi.org/10.1016/j.envint.2013.11.015

Kah M, Beulke S, Tiede K, Hofmann T (2013) Nanopesticides: state of knowledge, environmental
fate and exposure modelling. Crit Rev Environ Sci Technol 43:1823-1867. https://doi.org/10.
1080/10643389.2012.671750

Kah M, Machinski P, Koerner P, Tiede K, Grillo R, Fraceto LF, Hofmann T (2014) Analysing
the fate of nanopesticides in soil and the applicability of regulatory protocols using a poly-
mer-based nanoformulation of atrazine. Environ Sci Pollut Res 21:11699-11707. https://doi.
org/10.1007/s11356-014-2523-6

Kairyte K, Kadys A, Luksiene Z (2013) Antibacterial and antifungal activity of photoactivated ZnO
nanoparticles in suspension. J Photochem Photobiol B 128:78-84. https://doi.org/10.1016/j.
jphotobiol.2013.07.017

Kala A, Soosairaj S, Mathiyazhagan S, Raja P (2016) Green synthesis of copper bionanoparti-
cles to control the bacterial leaf blight disease of rice. Curr Sci 110:2011-2014. https://doi.
org/10.18520/cs/v110/i10/2005-2011


https://doi.org/10.1155/2015/812673
https://doi.org/10.1155/2015/812673
https://doi.org/10.1016/j.saa.2012.01.006
https://doi.org/10.1016/j.indcrop.2012.12.019
https://doi.org/10.1016/j.foodres.2015.08.035
https://doi.org/10.1016/j.pestbp.2011.10.004
https://doi.org/10.1016/j.pestbp.2011.10.004
https://doi.org/10.1094/PDIS-93-10-1037
https://ec.europa.eu/jrc/sites/default/files/ipts_jrc_89736_(online)__final.pdf
https://ec.europa.eu/jrc/sites/default/files/ipts_jrc_89736_(online)__final.pdf
https://doi.org/10.3389/fchem.2015.00064
https://doi.org/10.1016/j.envint.2013.11.015
https://doi.org/10.1080/10643389.2012.671750
https://doi.org/10.1080/10643389.2012.671750
https://doi.org/10.1007/s11356-014-2523-6
https://doi.org/10.1007/s11356-014-2523-6
https://doi.org/10.1016/j.jphotobiol.2013.07.017
https://doi.org/10.1016/j.jphotobiol.2013.07.017
https://doi.org/10.18520/cs/v110/i10/2005-2011
https://doi.org/10.18520/cs/v110/i10/2005-2011

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 237

Kalboush ZA, Hassan AA, Gabr WE (2016) Control of rice blast and brown spot diseases by syn-
thesized zinc oxide nanoparticles. Egypt J Biol Pest Control 26:713-720.

Kang MA, Seo MJ, Hwang IC, Jang C, Park HJ, Yu YM, Youn YN (2012) Insecticidal activity and
feeding behavior of the green peach aphid, Myzus persicae, after treatment with nano types of
pyrifluquinazon. J Asia Pac Entomol 15:533-541. https://doi.org/10.1016/j.aspen.2012.05.015

Kanhed P, Birla S, Gaikwad S, Gade A, Seabra AB, Rubilar O, Duran N, Rai M (2014) In vitro
antifungal efficacy of copper nanoparticles against selected crop pathogenic fungi. Mater Lett
115:13-17. https://doi.org/10.1016/j.matlet.2013.10.011

Kanimozhi V, Chinnamuthu CR (2012) Engineering core/hallow shell nanomaterials to load her-
bicide active ingredient for controlled release. Res J Nanosci Nanotechnol 2:58-69. https://doi.
org/10.3923/rjnn.2012.58.69

Karimi N, Minaei S, Almassi M, Shahverdi AR (2012) Application of silver nano-particles for
protection of seeds in different soils. Afr J Agric Res 7:1863-1869. https://doi.org/10.5897/
AJAR11.1150

Kasprowicz MJ, Koziol M, Gorczyca A (2010) The effect of silver nanoparticles on phytopatho-
genic spores of Fusarium culmorum. Can J Microbiol 56:247-253. https://doi.org/10.1139/
w10-012

Keck CM, Miiller RH (2013) Nanotoxicological classification system (NCS) — a guide for the risk-
benefit assessment of nanoparticulate drug delivery systems. Eur J Pharm Biopharm 84:445-
448. https://doi.org/10.1016/j.ejpb.2013.01.001

Khalili ST, Mohsenifar A, Beyki M, Zhaveh S, Rahmani-Cherati T, Abdollahi A, Bayat M,
Tabatabaei M (2015) Encapsulation of thyme essential oils in chitosan-benzoic acid nano-
gel with enhanced antimicrobial activity against Aspergillus flavus. LWT Food Sci Technol
60:502-508. https://doi.org/10.1016/j.1wt.2014.07.054

Khan FH (2013) Chemical hazards of nanoparticles to human and environment (a review). Orient
J Chem 29:4. https://doi.org/10.13005/0jc/290415

Khandelwal N, Doke DS, Khandare JJ, Jawale PV, Biradar AV, Giri AP (2015) Bio-physical evalu-
ation and in vivo delivery of plant proteinase inhibitor immobilized on silica nanospheres.
Colloids Surf B Biointerfaces 130:84-92. https://doi.org/10.1016/j.colsurfb.2015.03.060

Khatami M, Mehnipor R, Poor MHS, Jouzani GS (2016a) Facile biosynthesis of silver nanopar-
ticles using Descurainia sophia and evaluation of their antibacterial and antifungal properties.
J Clust Sci 27:1601-1612. https://doi.org/10.1007/s10876-016-1028-5

Khatami M, Nejad MS, Salari S, Almani PGN (2016b) Plant-mediated green synthesis of sil-
ver nanoparticles using Trifolium resupinatum seed exudate and their antifungal efficacy on
Neofusicoccum parvum and Rhizoctonia solani. IET Nanobiotechnol 10:237-243. https://doi.
org/10.1049/iet-nbt.2015.0078

Kheiri A, Jorf SAM, Malihipour A, Saremi H, Nikkhah M (2016) Application of chitosan and chi-
tosan nanoparticles for the control of Fusarium head blight of wheat (Fusarium graminearum)
in vitro and greenhouse. Int J Biol Macromol 93:1261-1272. https://doi.org/10.1016/j.
ijbiomac.2016.09.072

Khot LR, Sankaran S, Maja JM, Ehsani R, Schuster EW (2012) Applications of nanomateri-
als in agricultural production and crop protection: a review. Crop Prot 35:64-70. https://doi.
org/10.1016/j.cropro.2012.01.007

Kim HS, Kang HS, Chu GJ, Byun HS (2008) Antifungal effectiveness of nanosilver colloid against
rose powdery mildew in greenhouses. Solid State Phenom 135:15-18. https://doi.org/10.4028/
www.scientific.net/SSP.135.15

Kim SW, Kim KS, Lamsal K, Kim YJ, Kim SB, Jung M, Sim SJ, Kim HS, Chang SJ, Kim JK, Lee
YS (2009) An in vitro study of the antifungal effect of silver nanoparticles on oak wilt pathogen
Raffaelea sp. ] Microbiol Biotechnol 19:760-764. https://doi.org/10.4014/jmb.0812.649

Kim HJ, Park HJ, Choi SH (2011) Antimicrobial action effect and stability of nanosized silica hybrid
Ag complex. J Nanosci Nanotechnol 11:5781-5787. https://doi.org/10.1166/jnn.2011.4492


https://doi.org/10.1016/j.aspen.2012.05.015
https://doi.org/10.1016/j.matlet.2013.10.011
https://doi.org/10.3923/rjnn.2012.58.69
https://doi.org/10.3923/rjnn.2012.58.69
https://doi.org/10.5897/AJAR11.1150
https://doi.org/10.5897/AJAR11.1150
https://doi.org/10.1139/w10-012
https://doi.org/10.1139/w10-012
https://doi.org/10.1016/j.ejpb.2013.01.001
https://doi.org/10.1016/j.lwt.2014.07.054
https://doi.org/10.13005/ojc/290415
https://doi.org/10.1016/j.colsurfb.2015.03.060
https://doi.org/10.1007/s10876-016-1028-5
https://doi.org/10.1049/iet-nbt.2015.0078
https://doi.org/10.1049/iet-nbt.2015.0078
https://doi.org/10.1016/j.ijbiomac.2016.09.072
https://doi.org/10.1016/j.ijbiomac.2016.09.072
https://doi.org/10.1016/j.cropro.2012.01.007
https://doi.org/10.1016/j.cropro.2012.01.007
https://doi.org/10.4028/www.scientific.net/SSP.135.15
https://doi.org/10.4028/www.scientific.net/SSP.135.15
https://doi.org/10.4014/jmb.0812.649
https://doi.org/10.1166/jnn.2011.4492

238 J. Jampilek and K. Kralova

Kim SW, Jung JH, Lamasal K, Kim YS, Min JS, Lee YS (2012) Antifungal effects of silver
nanoparticles (AgNPs) against various plant pathogenic fungi. Mycobiology 40:53-58. https://
doi.org/10.5941/MYCO0.2012.40.1.053

Koli P, Singh BB, Shakil NA, Kumar J, Kamil D (2015) Development of controlled release nano-
formulations of carbendazim employing amphiphilic polymers and their bioefficacy evaluation
against Rhizoctonia solani. J Environ Sci Health B 50:674-681. https://doi.org/10.1080/0360
1234.2015.1038961

Kookana RS, Boxall ABA, Reeves PT, Ashauer R, Beulke S, Chaudhry Q, Cornelis G, Fernandes
TF, Gan J, Kah M, Lynch I, Ranville J, Sinclair C, Spurgeon D, Tiede K, Van den Brink PJ
(2014) Nanopesticides: guiding principles for regulatory evaluation of environmental risks.
J Agric Food Chem 62:4227-4240. https://doi.org/10.1021/j500232f

Krishnaraj C, Ramachandran R, Mohan K, Kalaichelvan PT (2012) Optimization for rapid syn-
thesis of silver nanoparticles and its effect on phytopathogenic fungi. Spectrochim Acta Part A
Mol Biomol Spectrosc 93:95-99. https://doi.org/10.1016/j.saa.2012.03.002

Kumar V, Kumari A, Guleria P, Yadav SK (2012) Evaluating the toxicity of selected
types of nanochemicals. Rev Environ Contam Toxicol 215:39-121. https://doi.
org/10.1007/978-1-4614-1463-6_2

Kumar S, Bhanjana G, Sharma A, Sidhu MC, Dilbaghi N (2014) Synthesis, characterization
and on field evaluation of pesticide loaded sodium alginate nanoparticles. Carbohydr Polym
101:1061-1067. https://doi.org/10.1016/j.carbpol.2013.10.025

Kumar R, Nair KK, Alam MI, Gogoi R, Singh PK, Srivastava C, Gopal M, Goswami A (2015a)
Development and quality control of nanohexaconazole as an effective fungicide and its bio-
safety studies on soil nitifiers. ] Nanosci Nanotechnol 15:1350-1356. https://doi.org/10.1166/
jnn.2015.9088

Kumar S, Chauhan N, Gopal M, Kumar R, Dilbaghi N (2015b) Development and evaluation of
alginate-chitosan nanocapsules for controlled release of acetamiprid. Int J Biol Macromol
81:631-637. https://doi.org/10.1016/j.ijbiomac.2015.08.062

Kumar N, Kumar R, Shakil NA, Das TK (2016) Nanoformulations of pretilachlor herbicide: prep-
aration, characterization and activity. J Sci Ind Res 75:676-680

Kumar S, Bhanjama G, Sharma A, Dilbaghi N, Sidhu MC, Kim KH (2017) Development of nano-
formulation approaches for the control of weeds. Sci Total Environ 586:1272—-1278. https://doi.
org/10.1016/j.scitotenv.2017.02.138

Lamsal K, Kim SW, Jung JH, Kim YS, Kim KS, Lee YS (2011a) Application of silver nanopar-
ticles for the control of Colletotrichum species in vitro and pepper anthracnose disease in field.
Mycobiology 39:194-199. https://doi.org/10.5941/MYCO.2011.39.3.194

Lamsal K, Kim SW, Jung JH, Kim YS, Kim KS, Lee YS (2011b) Inhibition effects of silver
nanoparticles against powdery mildews on cucumber and pumpkin. Mycobiology 39:26-32.
https://doi.org/10.4489/MYCO.2011.39.1.026

Lee KJ, Park SH, Govarthanan M, Hwang PH, Seo YS, Cho M, Lee WH, Lee JY, Kamala-Kannan
S, Oh BT (2013) Synthesis of silver nanoparticles using cow milk and their antifungal activity
against phytopathogens. Mater Lett 105:128—131. https://doi.org/10.1016/j.matlet.2013.04.076

LiJ, Jiang M, Wu H, Li Y (2009) Addition of modified bentonites in polymer gel formulation of
2,4-D for its controlled release in water and soil. J Agric Food Chem 57:2868-2874. https://
doi.org/10.1021/j£803744w

Li B, Zhang Y, Yang YZ, Qiu W, Wang XX, Liu BP, Wang Y, Sun G (2016) Synthesis, characteriza-
tion, and antibacterial activity of chitosan/TiO, nanocomposite against Xanthomonas oryzae
pv. oryzae. Carbohydr Polym 152:825-831. https://doi.org/10.1016/j.carbpol.2016.07.070

Lim CJ, Basri M, Omar D, Rahman MBA, Salleh AB, Rahman RNZRA (2012) Physicochemical
characterization and formation of glyphosate-laden nano-emulsion for herbicide formulation.
Ind Crop Prod 36:607—613. https://doi.org/10.1016/j.indcrop.2011.11.005

Lim CJ, Basri M, Omar D, Rahman MBA, Salleh AB, Rahman RNZRA (2013) Green nano-
emulsion-laden glyphosate isopropylamine formulation in suppressing creeping foxglove (A.


https://doi.org/10.5941/MYCO.2012.40.1.053
https://doi.org/10.5941/MYCO.2012.40.1.053
https://doi.org/10.1080/03601234.2015.1038961
https://doi.org/10.1080/03601234.2015.1038961
https://doi.org/10.1021/jf500232f
https://doi.org/10.1016/j.saa.2012.03.002
https://doi.org/10.1007/978-1-4614-1463-6_2
https://doi.org/10.1007/978-1-4614-1463-6_2
https://doi.org/10.1016/j.carbpol.2013.10.025
https://doi.org/10.1166/jnn.2015.9088
https://doi.org/10.1166/jnn.2015.9088
https://doi.org/10.1016/j.ijbiomac.2015.08.062
https://doi.org/10.1016/j.scitotenv.2017.02.138
https://doi.org/10.1016/j.scitotenv.2017.02.138
https://doi.org/10.5941/MYCO.2011.39.3.194
https://doi.org/10.4489/MYCO.2011.39.1.026
https://doi.org/10.1016/j.matlet.2013.04.076
https://doi.org/10.1021/jf803744w
https://doi.org/10.1021/jf803744w
https://doi.org/10.1016/j.carbpol.2016.07.070
https://doi.org/10.1016/j.indcrop.2011.11.005

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 239

gangetica), slender button weed (D. ocimifolia) and buffalo grass (P. conjugatum). Pest Manag
Sci 69:104-111. https://doi.org/10.1002/ps.3371

LiuY, Tong Z, Prud’homme RK (2008) Stabilized polymeric nanoparticles for controlled and effi-
cient release of bifenthrin. Pest Manag Sci 64:808—812. https://doi.org/10.1002/ps.1566

Liu TC, Wang HC, Hua KH, Hsu JC (2014) The efficiency of calcium carbonate particles with
different grain sizes for controlling peach aphid (Myzus persicae). Formos Entomol 34:49-54.

Liu JX, Ren JH, Zhao Q, Shi TJ, Liu ZF, Luo Z, Zhang XG (2016) Preparation and characteriza-
tion of chlorpyrifos/cyclodextrin complex intercalation into ZnAl-layered double hydroxide.
Acta Phys -Chim Sin 32:558-564. https://doi.org/10.3866/PKU.WHXB201511271

Loha KM, Shakil NA, Kumar J, Singh M, Srivastava C (2012) Bio-efficacy evaluation of nano-
formulations of P-cyfluthrin against Callosobruchus maculatus (Coleoptera: Bruchidae).
J Environ Sci Health B 47:687—691. https://doi.org/10.1080/03601234.2012.669254

Ma CX, White JC, Dhankher OP, Xing BS (2015) Metal-based nanotoxicity and detoxification
pathways in higher plants. Environ Sci Technol 49:7109-7122. https://doi.org/10.1021/acs.
est.5b00685

Mageshwari K, Sathyamoorthy R (2013) Flower-shaped CuO nanostructures: synthesis, character-
ization and antimicrobial activity. J Mater Sci Technol 29:909-914. https://doi.org/10.1016/].
jmst.2013.04.020

Manikandan A, Sathiyabama M (2016) Preparation of chitosan nanoparticles and its effect on
detached rice leaves infected with Pyricularia grisea. Int J Biol Macromol 84:58-61. https://
doi.org/10.1016/j.ijbiomac.2015.11.083

Maqueda C, Villaverde J, Sopena F, Undabeytia T, Morillo E (2009) Effects of soil characteristics
on metribuzin dissipation using clay—gel-based formulations. J Agric Food Chem 57:3273—
3278. https://doi.org/10.1021/jf803819q

Maruyama CR, Guilger M, Pascoli M, Bileshy-Jose N, Abhilash PC, Fraceto LF, de Lima R (2016)
Nanoparticles based on chitosan as carriers for the combined herbicides imazapic and imaza-
pyr. Sci Rep 6:19768. https://doi.org/10.1038/srep19768

Masarovic¢ova E, Kral'ova K (2013) Metal nanoparticles and plants. Ecol Chem Eng S 20:9-22.
https://doi.org/10.2478/eces-2013-0001

Masarovicovd E, Kralovd K, Zinjarde SS (2014) Metal nanoparticles in plants. Formation and
action. In: Pessarakli M (ed) Handbook of plant and crop physiology, 3rd edn. CRC Press,
Boca Raton, pp 683-731. https://doi.org/10.1201/b16675-39

Medina C, Santos-Martinez MJ, Radomski A, Corrigan O, Radomski MW (2007) Nanoparticles:
pharmacological and toxicological significance. Br J Pharmacol 150:552-558. https://doi.
org/10.1038/sj.bjp.0707130

Memarizadeh N, Ghadamyari M, Adeli M, Talebi K (2014) Preparation, characterization and effi-
ciency of nanoencapsulated imidacloprid under laboratory conditions. Ecotoxicol Environ Saf
107:77-83. https://doi.org/10.1016/j.ecoenv.2014.05.009

Meyer WL, Gurman P, Stelinski LL, Elman NM (2015) Functional nano-dispensers (FNDs) for
delivery of insecticides against phytopathogen vectors. Green Chem 17:4173-4177. https://doi.
0rg/10.1039/C5GC00717H

Mishra S, Singh HB (2015) Biosynthesized silver nanoparticles as a nanoweapon against phy-
topathogens: exploring their scope and potential in agriculture. Appl Microbiol Biotechnol
99:1097-1107. https://doi.org/10.1007/s00253-014-6296-0

Mishra S, Singh BR, Singh A, Keswani C, Naqvi AH, Singh HB (2014) Biofabricated silver
nanoparticles act as a strong fungicide against Bipolaris sorokiniana causing spot blotch dis-
ease in wheat. PLoS One 9:97881. https://doi.org/10.1371/journal.pone.0097881

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7:405-410.
https://doi.org/10.1016/S1360-1385(02)02312-9

Mohammadi A, Hashemi M, Hosseini SM (2015) Nanoencapsulation of Zataria multiflora
essential oil preparation and characterization with enhanced antifungal activity for control-
ling Botrytis cinerea, the causal agent of gray mould disease. Innov Food Sci Emerg Technol
28:73-80.


https://doi.org/10.1002/ps.3371
https://doi.org/10.1002/ps.1566
https://doi.org/10.3866/PKU.WHXB201511271
https://doi.org/10.1080/03601234.2012.669254
https://doi.org/10.1021/acs.est.5b00685
https://doi.org/10.1021/acs.est.5b00685
https://doi.org/10.1016/j.jmst.2013.04.020
https://doi.org/10.1016/j.jmst.2013.04.020
https://doi.org/10.1016/j.ijbiomac.2015.11.083
https://doi.org/10.1016/j.ijbiomac.2015.11.083
https://doi.org/10.1021/jf803819q
https://doi.org/10.1038/srep19768
https://doi.org/10.2478/eces-2013-0001
https://doi.org/10.1201/b16675-39
https://doi.org/10.1038/sj.bjp.0707130
https://doi.org/10.1038/sj.bjp.0707130
https://doi.org/10.1016/j.ecoenv.2014.05.009
https://doi.org/10.1039/C5GC00717H
https://doi.org/10.1039/C5GC00717H
https://doi.org/10.1007/s00253-014-6296-0
https://doi.org/10.1371/journal.pone.0097881
https://doi.org/10.1016/S1360-1385(02)02312-9

240 J. Jampilek and K. Kralova

Mondal KK, Mani C (2012) Investigation of the antibacterial properties of nanocopper against
Xanthomonas axonopodis pv. punicae, the incitant of pomegranate bacterial blight. Ann
Microbiol 62:889-893. https://doi.org/10.1007/s13213-011-0382-7

Mondal P, Kumar R, Gogoi R (2017) Azomethine based nano-chemicals: development, in vitro and
in vivo fungicidal evaluation against Sclerotium rolfsii, Rhizoctonia bataticola and Rhizoctonia
solani. Bioorg Chem 70:153. https://doi.org/10.1016/j.bioorg.2016.12.006

Moorthi PV, Balasubramanian C, Mohan S (2015) An improved insecticidal activity of silver
nanoparticle synthesized by using Sargassum muticum. Appl Biochem Biotechnol 175:135-
140. https://doi.org/10.1007/s12010-014-1264-9

Mousa KM, El Sharkawy MM, Khodeir IA, El-Dakhakhni TN, Youssef AE (2014) Growth per-
turbation, abnormalities and mortality of oriental armyworm Mythimna separata (Walker)
(Lepidoptera: Noctuidae) caused by silica nanoparticles and Bacillus thuringiensis toxin.
Egypt J Biol Pest Control 24:347-351.

Moussa SH, Tayel AA, Alsohim AS, Abdallah RR (2013) Botryticidal activity of nanosized silver-
chitosan composite and its application for the control of gray mold in strawberry. J Food Sci
78:M1589-M1594. https://doi.org/10.1111/1750-3841.12247

Mukhopadhyay SS (2014) Nanotechnology in agriculture: prospects and constraints. Nanotechnol
Sci Appl 7:63-71. https://doi.org/10.2147/NSA.S39409

Muthuramalingam TR, Shanmugam C, Gunasekaran D, Duraisamy N, Nagappan R, Krishnan
K (2015) Bioactive bile salt-capped silver nanoparticles activity against destructive plant
pathogenic fungi through in vitro system. RSC Adv 5:71174-71182. https://doi.org/10.1039/
cSral3306h

Nadiminti PP, Rookes JE, Dong YD, Sayer C, Boyd BJ, Cahill DM (2016) Nanostructured liquid
crystalline particle assisted delivery of 2,4-dichlorophenoxyacetic acid to weeds, crops and
model plants. Crop Prot 82:17-29. https://doi.org/10.1016/j.cropro.2015.12.018

Nair R, Varghese SH, Nair BG, Maekawa T, Yoshida Y, Sakthi Kumar D (2010) Nanoparticulate
material delivery to plants. Plant Sci 179:154-163. https://doi.org/10.1016/].
plantsci.2010.04.012

Namasivayam SKR, Aruna A, Gokila (2014) Evaluation of silver nanoparticles-chitosan encap-
sulated synthetic herbicide paraquat (AgNp-CS-PQ) preparation for the controlled release and
improved herbicidal activity against Eichhornia crassipes. Res J Biotechnol 9:19-27. https://
doi.org/10.1371/journal.pone.0132971

Narendhran S, Sivaraj R (2016) Biogenic ZnO nanoparticles synthesized using L. aculeata leaf
extract and their antifungal activity against plant fungal pathogens. Bull Mater Sci 39:1-5.
https://doi.org/10.1007/s12034-015-1136-0

Nasseri M, Golmohammadzadeh S, Arouiee H, Jaafari MR, Neamati H (2016) Antifungal activ-
ity of Zataria multiflora essential oil-loaded solid lipid nanoparticles in vitro condition. Iran
J Basic Med Sci 19:1231-1237. https://doi.org/10.22038/ijbms.2016.7824

National Nanotechnology Initiative (2008) Nanotechnology: big things from a tiny world.
Arlington. Available online at: https://www.nano.gov/sites/default/files/pub_resource/nano-
technology_bigthingsfromatinyworld-print.pdf

Navarro E, Baun A, Behra R, Hartmann NB, Filser J, Miao AJ, Quigg A, Santschi PH, Sigg L
(2008) Environmental behavior and ecotoxicity of engineered nanoparticles to algae, plants,
and fungi. Ecotoxicology 17:372-386. https://doi.org/10.1007/s10646-008-0214-0

Negahban M, Moharramipour S, Zandi M, Hashemi SA, Ziayee F (2012) Nano-insecticidal activ-
ity of essential oil from Cuminum cyminum on Tribolium castaneum. In: Navarro S, Banks
HIJ, Jayas DS, Bell CH, Noyes RT, Ferizli AG, Emekci M, Isikber AA, Alagusundaram K
(eds) Proceedings of 9th international conference on controlled atmosphere and fumigation
in stored products, Antalya, pp 63—68. Available online at: http://ftic.co.il/2012AntalyaPDF/
SESSION%2001%20PAPER %2009.pdf

Nehoff H, Parayath NN, Domanovitch L, Taurin S, Greish K (2014) Nanomedicine for drug tar-
geting: strategies beyond the enhanced permeability and retention effect. Int J Nanomedicine
9:2539-2555. https://doi.org/10.2147/1IN.S47129


https://doi.org/10.1007/s13213-011-0382-7
https://doi.org/10.1016/j.bioorg.2016.12.006
https://doi.org/10.1007/s12010-014-1264-9
https://doi.org/10.1111/1750-3841.12247
https://doi.org/10.2147/NSA.S39409
https://doi.org/10.1039/c5ra13306h
https://doi.org/10.1039/c5ra13306h
https://doi.org/10.1016/j.cropro.2015.12.018
https://doi.org/10.1016/j.plantsci.2010.04.012
https://doi.org/10.1016/j.plantsci.2010.04.012
https://doi.org/10.1371/journal.pone.0132971
https://doi.org/10.1371/journal.pone.0132971
https://doi.org/10.1007/s12034-015-1136-0
https://doi.org/10.22038/ijbms.2016.7824
https://www.nano.gov/sites/default/files/pub_resource/nanotechnology_bigthingsfromatinyworld-print.pdf
https://www.nano.gov/sites/default/files/pub_resource/nanotechnology_bigthingsfromatinyworld-print.pdf
https://doi.org/10.1007/s10646-008-0214-0
http://ftic.co.il/2012AntalyaPDF/SESSION 01 PAPER 09.pdf
http://ftic.co.il/2012AntalyaPDF/SESSION 01 PAPER 09.pdf
https://doi.org/10.2147/IJN.S47129

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 241

Nel A, Xia T, Madler L, Li N (2006) Toxic potential of materials at nanolevels. Science 311:622—
627. https://doi.org/10.1126/science.1114397

Nenaah GE, Ibrahim SIA, Al-Assiuty BA (2015) Chemical composition, insecticidal activity and
persistence of three Asteraceae essential oils and their nanoemulsions against Callosobruchus
maculatus (F.). J Stored Prod Res 61:9-16. https://doi.org/10.1016/j.jspr.2014.12.007

Nguemtchouin MGM, Ngassoum MB, Chalier P, Kamga R, Ngamo LST, Cretin M (2013) Ocimum
gratissimum essential oil and modified montmorillonite clay, a means of controlling insect pests
in stored products. J Stored Prod Res 52:57-62. https://doi.org/10.1016/}.jspr.2012.09.006

Nishisaka C, Grillo R, Sanches G, Fraceto L, Lima R (2014) Analysis of the effects of pesti-
cides and nanopesticides on the environment. BMC Proc 8(Suppl 4):P100. https://doi.
org/10.1186/1753-6561-8-S4-P100

Nuruzzaman M, Rahman MM, Liu Y, Naidu R (2016) Nanoencapsulation, nano-guard for pesti-
cides: a new window for safe application. J Agric Food Chem 64(7):1447-1483. https://doi.
org/10.1021/acs.jafc.5b05214

Ocsoy I, Paret ML, Ocsoy MA, Kunwar S, Chen T, You MX, Tan WH (2013) Nanotechnology in
plant disease management: DNA-directed silver nanoparticles on graphene oxide as an anti-
bacterial against Xanthomonas perforans. ACS Nano 7:8972-8980. https://doi.org/10.1021/
nn4034794

Oh SD, Lee S, Choi SH, Lee IS, Lee YM, Chun JH, Park HJ (2006) Synthesis of Ag and Ag-SiO,
nanoparticles by gamma-irradiation and their antibacterial and antifungal efficiency against
Salmonella enterica serovar Typhimurium and Botrytis cinerea. Colloids Surf A Physicochem
Eng Asp 275:228-233.

Oliveira HC, Stolf-Moreira R, Martinez CBR, Grillo R, de Jesus MB, Fraceto LF (2015)
Nanoencapsulation enhances the post-emergence herbicidal activity of atrazine against mus-
tard plants. PLoS One 10:0132971. https://doi.org/10.1371/journal.pone.0132971

Pandey A, Chandra S, Chauhan LKS, Narayan G, Chowdhuri DK (2013) Cellular internalization
and stress response of ingested amorphous silica nanoparticles in the midgut of Drosophila
melanogaster. Biochim Biophys Acta Gen Subjects 1830:2256-2266. https://doi.org/10.1016/j.
bbagen.2012.10.001

Paret ML, Vallad GE, Averett DR, Jones JB, Olson SM (2013) Photocatalysis: effect of light-
activated nanoscale formulations of TiO, on Xanthomonas perforans and control of bacterial
spot of tomato. Phytopathology 103:228-236. https://doi.org/10.1094/PHYTO-08-12-0183-R

Parisi C, Vigani M, Rodriguez-Cerezo E (2015) Agricultural nanotechnologies: what are the cur-
rent possibilities? NanoToday 10:124-127. https://doi.org/10.1016/j.nantod.2014.09.009

Patil CD, Borase HP, Suryawanshi RK, Patil SV (2016) Trypsin inactivation by latex fabricated
gold nanoparticles: a new strategy towards insect control. Enzym Microb Technol 92:18-25.
https://doi.org/10.1016/j.enzmictec.2016.06.005

Pereira AE, Grillo R, Mello NF, Rosa AH, Fraceto LF (2014) Application of poly(epsilon-cap-
rolactone) nanoparticles containing atrazine herbicide as an alternative technique to control
weeds and reduce damage to the environment. J Hazard Mater 268:207-215. https://doi.
org/10.1016/j.jhazmat.2014.01.025

Pérez-de-Luque A, Hermosin MC (2013) Nanotechnology and its use in agriculture. In: Bagchi D,
Bagchi M, Moriyama H, Shahidi F (eds) Bio-nanotechnology: a revolution in food, biomedical
and health sciences. Wiley-Blackwell, West Sussex, pp 299-405.

Pietrzak K, Twaruzek M, Czyzowska A, Kosicki R, Gutarowska B (2015) Influence of silver
nanoparticles on metabolism and toxicity of moulds. Acta Biochim Pol 62:851-857. https://
doi.org/10.18388/abp.2015_1146

Pompa PP, Vecchio G, Galeone A, Brunetti V, Sabella S, Maiorano G, Falqui A, Bertoni G,
Cingolani R (2011) In vivo toxicity assessment of gold nanoparticles in Drosophila melano-
gaster. Nano Res 4:405-413. https://doi.org/10.1007/s12274-011-0095-z

Population Institute (2017) FAO says food production must rise by 70%. Available online at:
https://www.populationinstitute.org/resources/populationonline/issue/1/8


https://doi.org/10.1126/science.1114397
https://doi.org/10.1016/j.jspr.2014.12.007
https://doi.org/10.1016/j.jspr.2012.09.006
https://doi.org/10.1186/1753-6561-8-S4-P100
https://doi.org/10.1186/1753-6561-8-S4-P100
https://doi.org/10.1021/acs.jafc.5b05214
https://doi.org/10.1021/acs.jafc.5b05214
https://doi.org/10.1021/nn4034794
https://doi.org/10.1021/nn4034794
https://doi.org/10.1371/journal.pone.0132971
https://doi.org/10.1016/j.bbagen.2012.10.001
https://doi.org/10.1016/j.bbagen.2012.10.001
https://doi.org/10.1094/PHYTO-08-12-0183-R
https://doi.org/10.1016/j.nantod.2014.09.009
https://doi.org/10.1016/j.enzmictec.2016.06.005
https://doi.org/10.1016/j.jhazmat.2014.01.025
https://doi.org/10.1016/j.jhazmat.2014.01.025
https://doi.org/10.18388/abp.2015_1146
https://doi.org/10.18388/abp.2015_1146
https://doi.org/10.1007/s12274-011-0095-z
https://www.populationinstitute.org/resources/populationonline/issue/1/8/

242 J. Jampilek and K. Kralova

Pradhan S, Roy I, Lodh G, Patra P, Choudhury SR, Samanta A, Goswami A (2013) Entomotoxicity
and biosafety assessment of PEGylated acephate nanoparticles: a biologically safe alternative
to neurotoxic pesticides. J Environ Sci Health B 48:559-569. https://doi.org/10.1080/036012
34.2013.774891

Prado AGS, Moura AO, Nunes AR (2011) Nanosized silica modified with carboxylic acid as
support for controlled release of herbicides. J Agric Food Chem 59:8847-8852. https://doi.
org/10.1021/j£202509g

Prasad R, Kumar V, Prasad KS (2014) Nanotechnology in sustainable agriculture: present concerns
and future aspects. Afr J Biotechnol 13:705-713. https://doi.org/10.5897/AJBX2013.13554

Prasad R, Bhattacharyya A, Nguyen QD (2017) Nanotechnology in sustainable agriculture: recent
developments, challenges, and perspectives. Front Microbiol 8:1014. https://doi.org/10.3389/
fmicb.2017.01014

Qian K, Shi TY, Tang T, Zhang SL, Liu XL, Cao YS (2011) Preparation and characterization of
nano-sized calcium carbonate as controlled release pesticide carrier for validamycin against
Rhizoctonia solani. Microchim Acta 173:51-57. https://doi.org/10.1007/s00604-010-0523-x

Rajiv P, Rajeshwari S, Venckatesh R (2013) Bio-fabrication of zinc oxide nanoparticles using
leaf extract of Parthenium hysterophorus L. and its size-dependent antifungal activity against
plant fungal pathogens. Spectrochim Acta A Mol Biomol Spectrosc 112:384-387. https://doi.
org/10.1016/j.saa2.2013.04.072

Raliya R, Tarafdar JC, Gulecha K, Choudhary K, Ram R, Mal P, Saran RP (2013) Scope of
nanoscience and nanotechnology in agriculture. J Appl Biol Biotechnol 1:41-44. https://doi.
org/10.7324/JABB.2013.1307

Rani PU, Madhusudhanamurthy J, Sreedhar B (2014) Dynamic adsorption of a-pinene and linalool
on silica nanoparticles for enhanced antifeedant activity against agricultural pests. J Pestic Sci
87:191-200. https://doi.org/10.1007/s10340-013-0538-2

Rao KIJ, Paria S (2013) Use of sulfur nanoparticles as a green pesticide on Fusarium solani and
Venturia inaequalis phytopathogens. RSC Adv 3:10471-10478. https://doi.org/10.1039/
c3ra40500a

Rashidi L, Khosravi-Darani K (2011) The applications of nanotechnology in food industry. Crit
Rev Food Sci Nutr 51:723-730. https://doi.org/10.1080/10408391003785417

Rispail N, De Matteis L, Santos R, Miguel AS, Custardoy L, Testillano PS, Risueno MC, Pérez-
de-Luque A, Maycock C, Fevereiro P, Oliva A, Fernandez-Pacheco R, Ibarra MR, de la Fuente
JM, Marquina C, Rubiales D, Prats E (2014) Quantum dot and superparamagnetic nanopar-
ticle interaction with pathogenic fungi: internalization and toxicity profile. ACS Appl Mater
Interfaces 6:9100-9110. https://doi.org/10.1021/am501029g

Rizwan M, Ali S, Qayyum MF, Ok YS, Adrees M, Ibrahim M, Zia-ur-Rehmand M, Farid M, Abbas
F (2017) Effect of metal and metal oxide nanoparticles on growth and physiology of globally
important food crops: a critical review. J Hazard Mater 322:2-16. https://doi.org/10.1016/j.
jhazmat.2016.05.061

Rodriguez-Gonzalez V, Dominguez-Espindola RB, Casas-Flores S, Patron-Soberano OA,
Camposeco-Solis R, Lee SW (2016) Antifungal nanocomposites inspired by titanate nanotubes
for complete inactivation of Botrytis cinerea isolated from tomato infection. ACS Appl Mater
Interfaces 8:31625-31637. https://doi.org/10.1021/acsami.6b 10060

Rouhani M, Samih MA, Kalantari S (2013) Insecticidal effect of silica and silver nanoparticles
on the cowpea seed beetle, Callosobruchus maculatus F. (Col.: Bruchidae). J Entomol Res
4:297-305.

Sabbour MM, Abd El- Aziz SE (2016a) Roll of three essential oils and their Nano against Ephestia
cautella (Lepidoptera-Pyralidae) under laboratory and store conditions. Int J PharmTech Res
9:194-200.

Sabbour MM, Abd El- Aziz SE (2016b) Efficacy of three essential oils and their nano-particles
against Sitophilus granarius under laboratory and store conditions. J Entomol Res 40:229-234.
https://doi.org/10.5958/0974-4576.2016.00042.6


https://doi.org/10.1080/03601234.2013.774891
https://doi.org/10.1080/03601234.2013.774891
https://doi.org/10.1021/jf202509g
https://doi.org/10.1021/jf202509g
https://doi.org/10.5897/AJBX2013.13554
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.1007/s00604-010-0523-x
https://doi.org/10.1016/j.saa.2013.04.072
https://doi.org/10.1016/j.saa.2013.04.072
https://doi.org/10.7324/JABB.2013.1307
https://doi.org/10.7324/JABB.2013.1307
https://doi.org/10.1007/s10340-013-0538-2
https://doi.org/10.1039/c3ra40500a
https://doi.org/10.1039/c3ra40500a
https://doi.org/10.1080/10408391003785417
https://doi.org/10.1021/am501029g
https://doi.org/10.1016/j.jhazmat.2016.05.061
https://doi.org/10.1016/j.jhazmat.2016.05.061
https://doi.org/10.1021/acsami.6b10060
https://doi.org/10.5958/0974-4576.2016.00042.6

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 243

Sagiri SS, Anis A, Pal K (2016) Review on encapsulation of vegetable oils: strategies, preparation
methods, and applications. Polym-Plast Technol 55:291-311. https://doi.org/10.1080/036025
59.2015.1050521

Saharan V, Mehrotra A, Khatik R, Rawal P, Sharma SS, Pal A (2013) Synthesis of chitosan based
nanoparticles and their in vitro evaluation against phytopathogenic fungi. Int J Biol Macromol
62:677-683. https://doi.org/10.1016/j.ijbiomac.2013.10.012

Saharan V, Sharma G, Yadav M, Choudhary KM, Sharma SS, Pal A, Raliya R, Biswas P (2015)
Synthesis and in vitro antifungal efficacy of Cu—chitosan nanoparticles against pathogenic fungi
of tomato. Int J Biol Macromol 75:346-353. https://doi.org/10.1016/j.ijbiomac.2015.01.027

Saini P, Gopal M, Kumar R, Srivastava C (2014) Development of pyridalyl nanocapsule suspension
for efficient management of tomato fruit and shoot borer (Helicoverpa armigera). J Environ Sci
Health B 49:344-351. https://doi.org/10.1080/03601234.2014.882168

Sandhya, Kumar S, Kumar D, Dilbaghi N (2017) Preparation, characterization, and bio-efficacy
evaluation of controlled release carbendazim-loaded polymeric nanoparticles. Environ Sci
Pollut Res 2:926-937. https://doi.org/10.1007/s11356-016-7774-y

Sangeetha J, Thangadurai D, Hospet R, Purushotham P, Karekalammanavar G, Mundaragi AC,
David M, Shinge MR, Thimmappa SC, Prasad R, Harish ER (2017a) Agricultural nanotech-
nology: concepts, benefits, and risks. In: Prasad R, Kumar M, Kumar V (eds) Nanotechnology.
Springer Nature Singapore Pte Ltd, Singapore, pp 1-17.

Sangeetha J, Thangadurai D, Hospet R, Purushotham P, Manowade KR, Mujeeb MA, Mundaragi
AC, Jogaiah S, David M, Thimmappa SC, Prasad R, Harish ER (2017b) Production of bionano-
materials from agricultural wastes. In: Prasad R, Kumar M, Kumar V (eds) Nanotechnology.
Springer Nature Singapore Pte Ltd, Singapore, pp 33-58.

Sangeetha J, Thangadurai D, Hospet R, Harish ER, Purushotham P, Mujeeb MA, Shrinivas J,
David M, Mundaragi AC, Thimmappa AC, Arakera SB, Prasad R (2017¢) Nanoagrotechnology
for soil quality, crop performance and environmental management. In: Prasad R, Kumar M,
Kumar V (eds) Nanotechnology. Springer Nature Singapore Pte Ltd, Singapore, pp 73-97.

Sankar MV, Abideen S (2015) Pesticidal effect of green synthesized silver and lead nanoparticles
using Avicennia marina against grain storage pest Sitophilus oryzae. Int J Nanomat Biostruct
5:32-39.

Santo-Orihuela PL, Foglia ML, Targovnik AM, Miranda MYV, Desimone MF (2016)
Nanotoxicological effects of SiO, nanoparticles on Spodoptera frugiperda St9 cells. Curr
Pharm Biotechnol 17:465-470.

Sarijo SH, Hussein MZ, Yahaya AH, Zainal Z, Yarmo MA (2010a) Synthesis of phenoxyherbi-
cides-intercalated layered double hydroxide nanohybrids and their controlled release property.
Curr Nanosci 6:199-205. https://doi.org/10.2174/157341310790945614

Sarijo SH, Hussein MZ, Yahaya AHJ, Zainal Z (2010b) Effect of incoming and outgoing
exchangeable anions on the release kinetics of phenoxyherbicides nanohybrids. J Hazard Mater
182:563-569. https://doi.org/10.1016/j.jhazmat.2010.06.070

Sarkar DJ, Kumar J, Shakil NA, Walia S (2012) Release kinetics of controlled release formulations
of thiamethoxam employing nano-ranged amphiphilic PEG and diacid based block polymers
in soil. J Environ Sci Health A Tox Hazard Subst Environ Eng 47:1701-1712. https://doi.org/
10.1080/10934529.2012.687294

Sarlak N, Taherifar A, Salehi F (2014) Synthesis of nanopesticides by encapsulating pesticide
nanoparticles using functionalized carbon nanotubes and application of new nanocompos-
ite for plant disease treatment. J Agric Food Chem 62:4833-4838. https://doi.org/10.1021/
jf404720d

Sathiyabama M, Manikandan A (2016) Chitosan nanoparticle induced defense responses in finger-
millet plants against blast disease caused by Pyricularia grisea (Cke.) Sacc. Carbohydr Polym
154:241-246. https://doi.org/10.1016/j.carbpol.2016.06.089

Savi GD, Scussel VM (2014) Inorganic compounds at regular and nanoparticle size and their anti-
toxigenic fungi activity. In: Book of abstracts of the 11th international working conference on
stored product protection, Chiang Mai, pp 589—-598.


https://doi.org/10.1080/03602559.2015.1050521
https://doi.org/10.1080/03602559.2015.1050521
https://doi.org/10.1016/j.ijbiomac.2013.10.012
https://doi.org/10.1016/j.ijbiomac.2015.01.027
https://doi.org/10.1080/03601234.2014.882168
https://doi.org/10.1007/s11356-016-7774-y
https://doi.org/10.2174/157341310790945614
https://doi.org/10.1016/j.jhazmat.2010.06.070
https://doi.org/10.1080/10934529.2012.687294
https://doi.org/10.1080/10934529.2012.687294
https://doi.org/10.1021/jf404720d
https://doi.org/10.1021/jf404720d
https://doi.org/10.1016/j.carbpol.2016.06.089

244 J. Jampilek and K. Kralova

Savi GD, da Silva PMM, Possato JC, Barichello T, Castagnaro D, Scussel VM (2012) Biological
activity of gold nanoparticles towards filamentous pathogenic fungi. J Nano Res 20:11-20.
https://doi.org/10.4028/www.scientific.net/JTNanoR.20.11

Savi GD, Bortoluzzi AJ, Scussel VM (2013) Antifungal properties of zinc compounds against
toxigenic fungi and mycotoxin. Int J Food Sci Technol 48:1834—1840. https://doi.org/10.1111/
ijfs. 12158

Sawangphruk M, Srimuk P, Chiochan P, Sangsri T, Siwayaprahm P (2012) Synthesis and anti-
fungal activity of reduced graphene oxide nanosheets. Carbon 50:5156-5161. https://doi.
org/10.1016/j.carbon.2012.06.056

Sekhon BS (2014) Nanotechnology in agri-food production: an overview. Nanotechnol Sci Appl
7:31-53. https://doi.org/10.2147/NSA.S39406

Sharma D, Sharma S, Kaith BS, Rajput J, Kaur M (2011) Synthesis of ZnO nanoparticles using
surfactant free in-air and microwave method. Appl Surf Sci 257:9661-9672. https://doi.
org/10.1016/j.apsusc.2011.06.094

Sharon A, Shlezinger N (2013) Fungi infecting plants and animals: killers, non-killers, and cell
death. PLoS Pathog 9:¢1003517. https://doi.org/10.1371/journal.ppat.1003517

Shu Y, Zhang G, Wang J (2012) Response of the common cutworm Spodoptera litura to zinc
stress: Zn accumulation, metallothionein and cell ultrastructure of the midgut. Sci Total
Environ 438:210-217. https://doi.org/10.1016/j.scitotenv.2012.06.065

Shyla KK, Natarajan N, Nakkeeran S (2014) Antifungal activity of zinc oxide, silver and titanium
dioxide nanoparticles against Macrophomina phaseolina. ] Mycol Plant Pathol 44:268-273.

Siddiqi KS, Husen A (2017) Plant response to engineered metal oxide nanoparticles. Nanoscale
Res Lett 12:92. https://doi.org/10.1186/s11671-017-1861-y

Silva MD, Cocenza DS, de Melo NFS, Grillo R, Rosa AH, Fraceto LF (2010) Alginate nanoparti-
cles as a controlled release system for clomazone herbicide. Quim Nova 33:1868—1873. https://
doi.org/10.1590/S0100-40422010000900009

Silva MD, Cocenza DS, Grillo R, de Melo NES, Tonello PS, de Oliveira LC, Cassimiro DL, Rosa
AH, Fraceto LF (2011) Paraquat-loaded alginate/chitosan nanoparticles: preparation, charac-
terization and soil sorption studies. J Hazard Mater 190:366-374. https://doi.org/10.1016/].
jhazmat.2011.03.057

Sioutas C, Delfino RJ, Singh M (2005) Exposure assessment for atmospheric ultrafine particles
(UFPs) and implications in epidemiologic research. Environ Health Perspect 113:947-955.
https://doi.org/10.1289/ehp.7939

Soujanya PL, Sekhar JC, Kumar P, Sunil N, Prasad CV, Mallavadhani UV (2016) Potentiality of
botanical agents for the management of post harvest insects of maize: a review. J Food Sci
Technol Mysore 53:2169-2184. https://doi.org/10.1007/s13197-015-2161-0

Stadler T, Buteler M, Weaver DK (2010a) Novel use of nanostructured alumina as an insecticide.
Pest Manag Sci 66:577-579. https://doi.org/10.1002/ps.1915

Stadler T, Buteler M, Weaver DK (2010b) Nanoinsecticidas: Nuevas perspectivas para el control
de plagas [Nanoinsecticides: new perspectives for pest management]. Rev Soc Entomol Argent
69:149-156.

Stadler T, Buteler M, Weaver DK, Sofie S (2012) Sitophilus oryzae (L.) and Rhyzopertha dominica
(F.) at varying ambient humidity levels. J Stored Prod Res 48:81-90. https://doi.org/10.1016/j.
jspr.2011.09.004

Strayer A, Ocsoy I, Tan W, Jones JB, Paret ML (2016) Low concentrations of a silver-based nano-
composite to manage bacterial spot of tomato in the greenhouse. Plant Dis 100:1460—1465.
https://doi.org/10.1094/PDIS-05-15-0580-RE

Sun Z, Shi C, Wang X, Fang Q, Huang J (2017) Synthesis, characterization, and antimicrobial
activities of sulfonated chitosan. Carbohydr Polym 155:321-328. https://doi.org/10.1016/j.
carbpol.2016.08.069

Suppan S (2013). Nanomaterials in soil: our future food chain? institute for agri-
culture and trade policy. Available online at: http://www.iatp.org/documents/
nanomaterials-in-soil-our-future-food-chain


https://doi.org/10.4028/www.scientific.net/JNanoR.20.11
https://doi.org/10.1111/ijfs.12158
https://doi.org/10.1111/ijfs.12158
https://doi.org/10.1016/j.carbon.2012.06.056
https://doi.org/10.1016/j.carbon.2012.06.056
https://doi.org/10.2147/NSA.S39406
https://doi.org/10.1016/j.apsusc.2011.06.094
https://doi.org/10.1016/j.apsusc.2011.06.094
https://doi.org/10.1371/journal.ppat.1003517
https://doi.org/10.1016/j.scitotenv.2012.06.065
https://doi.org/10.1186/s11671-017-1861-y
https://doi.org/10.1590/S0100-40422010000900009
https://doi.org/10.1590/S0100-40422010000900009
https://doi.org/10.1016/j.jhazmat.2011.03.057
https://doi.org/10.1016/j.jhazmat.2011.03.057
https://doi.org/10.1289/ehp.7939
https://doi.org/10.1007/s13197-015-2161-0
https://doi.org/10.1002/ps.1915
https://doi.org/10.1016/j.jspr.2011.09.004
https://doi.org/10.1016/j.jspr.2011.09.004
https://doi.org/10.1094/PDIS-05-15-0580-RE
https://doi.org/10.1016/j.carbpol.2016.08.069
https://doi.org/10.1016/j.carbpol.2016.08.069
http://www.iatp.org/documents/nanomaterials-in-soil-our-future-food-chain
http://www.iatp.org/documents/nanomaterials-in-soil-our-future-food-chain

8 Benefits and Potential Risks of Nanotechnology Applications in Crop Protection 245

Suriyaprabha R, Karunakaran G, Kavitha K, Yuvakkumar R, Rajendran V, Kammam N (2014)
Application of silica nanoparticles in maize to enhance fungal resistance. IET Nanobiotechnol
8:133-137. https://doi.org/10.1049/iet-nbt.2013.0004

Tan DY, Yuan P, Annabi-Bergaya F, Dong FQ, Liu D, He HP (2015) A comparative study of tubular
halloysite and platy kaolinite as carriers for the loading and release of the herbicide amitrole.
Appl Clay Sci 114:190-196. https://doi.org/10.1016/j.clay.2015.05.024

Vaculikovéd E, Cernikovd A, Plachd D, Pisaréik M, Dedkova K, Peikertové P, Devinsky F, Jampilek
J (2016a) Cimetidine nanoparticles for permeability enhancement. J Nanosci Nanotechnol
16:7840-7843. https://doi.org/10.1166/jnn.2016.12562

Vaculikovd E, Cernikovd A, Plachd D, Pisar&ik M, Peikertovd P, Dedkovd K, Devinsky F, Jampilek
J (2016b) Preparation of hydrochlorothiazide nanoparticles for solubility enhancement.
Molecules 21:1005. https://doi.org/10.3390/molecules21081005

Vanathi P, Rajiv P, Sivaraj R (2016) Synthesis and characterization of Eichhornia-mediated copper
oxide nanoparticles and assessing their antifungal activity against plant pathogens. Bull Mater
Sci 39:1165-1170. https://doi.org/10.1007/s12034-016-1276-x

Vani C, Brindhaa U (2013) Silica nanoparticles as nanocides against Corcyra cephalonica (S.), the
stored grain pest. Int J Pharm Bio Sci 4(B):1108-1118.

Ventola CL (2012) The nanomedicine revolution: part 3: regulatory and safety challenges. Pharm
Therapeutics 37:631-639.

Vestel J, Caldwell DJ, Constantine L, D’Aco VJ, Davidson T, Dolan DG, Millard SP, Murray-
Smith R, Parke NJ, Ryan JJ, Straub JO, Wilson P (2016) Use of acute and chronic ecotoxicity
data in environmental risk assessment of pharmaceuticals. Environ Toxicol Chem 35:1201-
1212. https://doi.org/10.1002/etc.3260

Vitanovic E (2012) Use of Cu fungicides in vineyards and olive groves. In: Dhanasekaran D,
Thajuddin N, Panneerselvam A (eds) Fungicides for plant and animal diseases. InTech, Rijeka,
pp 279-298. https://doi.org/10.5772/26953

Vlad S, Tanase C, Macocinschi D, Ciobanu C, Balaes T, Filip D, Gostin IN, Gradinaru LM (2012)
Antifungal behaviour of polyurethane membranes with zinc oxide nanoparticles. Digest
J Nanomater Biostruct 7:51-58.

Wagner G, Korenkov V, Judy JD, Bertsch PM (2016) Nanoparticles composed of Zn and ZnO
inhibit peronospora tabacina spore germination in vitro and P. tabacina infectivity on tobacco
leaves. Nano 2016:6. https://doi.org/10.3390/nano6030050

Wang XP, Liu XQ, Chen JN, Han HY, Yuan ZD (2014) Evaluation and mechanism of antifun-
gal effects of carbon nanomaterials in controlling plant fungal pathogen. Carbon 68:798-806.
https://doi.org/10.1016/j.carbon.2013.11.072

Wang X, Cai A, Wen X, Jing D, Qi H, Yuan H (2017) Graphene oxide-Fe;O, nanocomposites as
high-performance antifungal agents against Plasmopara viticola. Sci China Mater 60:258-268.
https://doi.org/10.1007/s40843-016-9005-9

Wanyika H (2013) Sustained release of fungicide metalaxyl by mesoporous silica nanospheres.
J Nanopart Res 15:UNSP 1831. https://doi.org/10.1007/s11051-013-1831-y

Watson SB, Gergely A, Janus ER (2011) Where is “Agronanotechnology” heading in the United
States and european union? Nat Resour Environ 26:8—-12.

Wen YZ, Zhang LJ, Chen ZW, Sheng XL, Qiu JG, Xu DM (2016) Co-exposure of silver nanopar-
ticles and chiral herbicide imazethapyr to Arabidopsis thaliana: enantioselective effects.
Chemosphere 145:207-214. https://doi.org/10.1016/j.chemosphere.2015.11.035

Wennersten R, Fidler J, Spitsyna A (2008) Nanotechnology: a new technological revolution in the
21st century. In: Misra KB (ed) Handbook of performability engineering. Springer, London,
pp 943-952.

Wibowo D, Zhao CX, Peters BC, Middelberg AP (2014) Sustained release of fipronil insecticide
in vitro and in vivo from biocompatible silica nanocapsules. J Agric Food Chem 62:12504—
12511. https://doi.org/10.1021/j£504455x

Wilpiszewska K, Spychaj T, Pazdzioch W (2016) Carboxymethyl starch/montmorillonite com-
posite microparticles: properties and controlled release of isoproturon. Carbohydr Polym
136:101-106. https://doi.org/10.1016/j.carbpol.2015.09.021


https://doi.org/10.1049/iet-nbt.2013.0004
https://doi.org/10.1016/j.clay.2015.05.024
https://doi.org/10.1166/jnn.2016.12562
https://doi.org/10.3390/molecules21081005
https://doi.org/10.1007/s12034-016-1276-x
https://doi.org/10.1002/etc.3260
https://doi.org/10.5772/26953
https://doi.org/10.3390/nano6030050
https://doi.org/10.1016/j.carbon.2013.11.072
https://doi.org/10.1007/s40843-016-9005-9
https://doi.org/10.1007/s11051-013-1831-y
https://doi.org/10.1016/j.chemosphere.2015.11.035
https://doi.org/10.1021/jf504455x
https://doi.org/10.1016/j.carbpol.2015.09.021

246 J. Jampilek and K. Kralova

Xing K, Shen XQ, Zhu X, Ju XY, Miao XM, Tian J, Feng ZZ, Peng X, Jiang JH, Qin S (2016)
Synthesis and in vitro antifungal efficacy of oleoyl-chitosan nanoparticles against plant patho-
genic fungi. Int J Biol Macromol 82:830-836. https://doi.org/10.1016/].ijbiomac.2015.09.074

Xu L, Cao LD, Li FM, Wang XJ, Huang QL (2014) Utilization of chitosan-lactide copolymer
nanoparticles as controlled release pesticide carrier for pyraclostrobin against Colletotrichum
gossypii Southw. J Dispers Sci Technol 35:544-550. https://doi.org/10.1080/01932691.2013.
800455

Yang FL, Li XG, Zhu F, Lei CL (2009) Structural characterization of nanoparticles loaded
with garlic essential oil and their insecticidal activity against Tribolium castaneum (Herbst)
(Coleoptera: Tenebrionidae). J Agric Food Chem 57:10156-10162. https://doi.org/10.1021/
j19023118

Yasur J, Pathipati UR (2015) Lepidopteran insect susceptibility to silver nanoparticles and mea-
surement of changes in their growth, development and physiology. Chemosphere 124:92-102.
https://doi.org/10.1016/j.chemosphere.2014.11.029

Yearla SR, Padmasree K (2016) Exploitation of subabul stem lignin as a matrix in controlled
release agrochemical nanoformulations: a case study with herbicide diuron. Environ Sci Pollut
Res 23:18085-18098. https://doi.org/10.1007/s11356-016-6983-8

Zahid N, Alderson PG, Ali A, Magbool M, Manickam S (2013) In vitro control of Colletotrichum
gloeosporioides by using chitosan loaded nanoemulsions. Acta Hortic 1012:769-774. https://
doi.org/10.17660/ActaHortic.2013.1012.104

Zahir AA, Bagavan A, Kamaraj C, Elango G, Abdul Rahuman A (2012) Efficacy of plant-mediated
synthesized silver nanoparticles against Sitophilus oryzae. J Biopest 5:95-102.

Zare-Zardini H, Amiri A, Shanbedi M, Memarpoor-Yazdi M, Asoodeh A (2013) Studying of anti-
fungal activity of functionalized multiwalled carbon nanotubes by microwave-assisted tech-
nique. Surf Interace Anal 45:751-755. https://doi.org/10.1002/sia.5152

Zhang JT, Liu Y, Li Q, Zhang XP, Shang JK (2013a) Antifungal activity and mechanism of palla-
dium-modified nitrogen-doped titanium oxide photocatalyst on agricultural pathogenic fungi
Fusarium graminearum. ACS Appl Mater Interfaces 5:10953-10959. https://doi.org/10.1021/
am4031196

Zhang JK, Li M, Fan TF, Xu Q, Wu Y, Chen CY, Huang QL (2013b) Construction of novel amphi-
philic chitosan copolymer nanoparticles for chlorpyrifos delivery. J Polym Res 20:107. https://
doi.org/10.1007/s10965-013-0107-7

Zhou Y, Jiang SJ, Jiao YJ, Wang H (2017) Synergistic effects of nanochitin on inhibition
of tobacco root rot disease. Int J Biol Macromol 99:205-212. https://doi.org/10.1016/].
ijbiomac.2017.02.069

Ziaee M, Ganji Z (2016) Insecticidal efficacy of silica nanoparticles against Rhyzopertha domi-
nica F. and Tribolium confusum Jacquelin du Val. J Plant Prot Res 56:250-256. https://doi.
org/10.1515/jppr-2016-0037

Ziaee M, Moharramipour S, Mohsenifar A (2014a) Toxicity of Carum copticum essential oil-loaded
nanogel against Sitophilus granarius and Tribolium confusum. J Appl Entomol 138:763-771.
https://doi.org/10.1111/jen.12133

Ziaee M, Moharramipour S, Mohsenifar A (2014b) MA-chitosan nanogel loaded with Cuminum
cyminum essential oil for efficient management of two stored product beetle pests. J Pest Sci
87:691-699. https://doi.org/10.1007/s10340-014-0590-6


https://doi.org/10.1016/j.ijbiomac.2015.09.074
https://doi.org/10.1080/01932691.2013.800455
https://doi.org/10.1080/01932691.2013.800455
https://doi.org/10.1021/jf9023118
https://doi.org/10.1021/jf9023118
https://doi.org/10.1016/j.chemosphere.2014.11.029
https://doi.org/10.1007/s11356-016-6983-8
https://doi.org/10.17660/ActaHortic.2013.1012.104
https://doi.org/10.17660/ActaHortic.2013.1012.104
https://doi.org/10.1002/sia.5152
https://doi.org/10.1021/am4031196
https://doi.org/10.1021/am4031196
https://doi.org/10.1007/s10965-013-0107-7
https://doi.org/10.1007/s10965-013-0107-7
https://doi.org/10.1016/j.ijbiomac.2017.02.069
https://doi.org/10.1016/j.ijbiomac.2017.02.069
https://doi.org/10.1515/jppr-2016-0037
https://doi.org/10.1515/jppr-2016-0037
https://doi.org/10.1111/jen.12133
https://doi.org/10.1007/s10340-014-0590-6

	Chapter 8: Benefits and Potential Risks of Nanotechnology Applications in Crop Protection
	8.1 Introduction
	8.2 Nanoherbicides
	8.2.1 Synthetic Nanoherbicides
	8.2.1.1 Nanoscale Phenoxyacetic Acid Herbicides
	8.2.1.2 Nanoscale Triazine Herbicides
	8.2.1.3 Other Nanoscale Aromatic-Type Herbicides
	8.2.1.4 Nanoscale Organophosphorus Herbicides

	8.2.2 Metal-Based Nanoherbicides

	8.3 Nanofungicides and Nanobactericides
	8.3.1 Natural and Synthetic Organic Nanoscale Fungicides and Bactericides
	8.3.2 Carbon-Based Nanofungicides and Nanobactericides
	8.3.3 Metal-Based Nanofungicides and Nanobactericides
	8.3.4 Other Inorganic Nanofungicides

	8.4 Nanoinsecticides
	8.4.1 Nanoinsecticides Based on Plant Extracts and Essential Oils
	8.4.2 Synthetic Nanoinsecticides
	8.4.3 Insecticides Based on Nanoscale Metals
	8.4.4 Insecticides Based on Nanoscale Metalloids
	8.4.5 Other Inorganic Nanoinsecticides

	8.5 Risks of Nanopesticide Applications
	8.6 Conclusion
	References




