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Published literature has been reviewed in order to (a) explore the
(potential) applications of nanotechnology in pesticide formula-
tion, (b) identify possible impacts on environmental fate, and (c)
analyze the suitability of current exposure assessment procedures
to account for the novel properties of nanopesticides within the EU
regulatory context. The termnanopesticide covers a wide variety
of products and cannot be considered to represent a single cate-
gory. Many nanoformulations combine several surfactants, poly-
mers, and metal nanoparticles in the nanometer size range. The
aims of nanoformulations are generally common to other pesti-
cide formulations, these being to increase the apparent solubility of
poorly soluble active ingredients, to release the active ingredient in
a slow/targeted manner and/or to protect against premature degra-
dation. Nanoformulations are thus expected to (a) have signi“cant
impacts on the fate of active ingredients and/or (b) introduce new
ingredients for which the environmental fate is still poorly under-
stood (e.g., nanosilver). Therefore, it seems that adaptations of cur-
rent exposure assessment approaches will be necessary, at least for
some nanopesticides. The present analysis provides a useful frame-
work to identify priorities for future research in order to achieve
more robust risk assessments of nanopesticides.
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1824 M. Kah et al.

TABLE 1. Several thousands of patents are directly related to nanopesticides

Search criteria All years
% published in the
period 2007…2011a

Nanopesticide (NP) 3,232 65
NP and microemulsion 408 49
NP and nanoemulsion 56 89
NP and nanodispersion 32 17
NP and nanocapsule 312 38
NP and solid lipid nanoparticle 7 100
NP and nanoclay 20 85
NP and nanosilver 117 74
NP and TiO2 10 70

Note.Data retrieved from http://www.freepatentsonline.com/search.html.aUp to April 2011.

INTRODUCTION

The development of new formulations for plant protection products has long
been a very active “eld of research. Regulatory pressure is now adding to
classical drivers such as marketing and product improvement. It has been
estimated that recent amendments to the European regulations on pesticide
registration could decrease the number of active ingredients (a.i.) available
by up to 15% (Coelho, 2009). The application and delivery of authorized
a.i. are therefore being optimized more than ever before, aiming to enhance
pesticide activity while at the same time keeping the environmental impacts
to a minimum.

During the past 10 years nanotechnology has been presented as hav-
ing the potential to revolutionize agricultural practices (e.g., Royal Society
and Royal Academy of Engineering, 2004; Scott and Chen, 2002). Suggested
applications such as the development of precision farming devices (e.g.,
nanosensors) or genetically modi“ed crops (using nanoparticles, nano“bers,
or nanocapsules as vectors for DNA) are still in the early stages of devel-
opment. However, if one de“nes nanopesticides as any formulation that
intentionally includes elements in the nanometer size range and/or claims
novel properties associated with these small size range, it would appear that
some nanopesticides have already been on the market for several years.

Nanoformulations are already used extensively in pharmaceutical and
personal care products (Anton and Vandamme, 2011; Thassu et al., 2006;
Torchilin, 2006). In contrast, applications within the agrochemical sector are
only just emerging and many predict a rapid growth in coming years. In the
past decade more than 3,000 patent applications have been lodged (Table 1),
60 peer-reviewed papers published, and 25 reports and reviews presented
dealing directly with nanopesticides, con“rming the intensity of activity in
this area.
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Nanopesticides: State of Knowledge 1825

Deliberate application of nanoparticles within agricultural practices
could result in one of the rare intentionally diffuse inputs of engineered
nanoparticles into the environment. The anticipated new or enhanced activ-
ity of nanopesticides will inevitably result in both new risks and new bene“ts
to human and environmental health. It is unclear whether the current regu-
latory framework is adequate for the evaluation of these new products.

The aim of this study is to review the current state of knowledge on
nanopesticides. The objectives are to (a) explore potential applications of
nanotechnology within the pesticide formulation sector, (b) identify possible
impacts on environmental fate, and (c) analyze the suitability of current
exposure assessment procedures to account for the novel properties.

A variety of sources have been extensively searched and relevant in-
formation compiled from published literature, company websites, patent
databases, and from reports produced by both governmental and nongovern-
mental institutions. First, a brief outline of the key de“nitions related to the
study of nanopesticides is given. Categories of nanopesticides are then pre-
sented and classi“ed according to the intended purpose, with the objective
of analyzing possible consequences affecting the environmental fate. The
relevance of current regulatory framework is then analyzed with a particu-
lar focus on key issues regarding analytical and modeling procedures. Such
an analysis was never reported before and provides a useful framework to
identify priorities for future research in order to achieve more robust risk
assessments of nanopesticides.

DEFINITIONS

Various national and international organizations have proposed different def-
initions for nanomaterials that are partially con”icting, and regulatory de“ni-
tions have not yet been generally accepted at the European level (European
Commssion Joint Research Center, 2010). The termnanomaterial generally
refers to materials with external dimensions, or internal structures, that are
on a nanoscale. The termnanoscale is generally de“ned as having an upper
limit of about 100 nm (e.g., European Standardization Committee; Interna-
tional Organization for Standardization [ISO]; and Organization for Economic
Cooperation and Development [OECD]). Some de“nitions infer that, because
of their nanoscale, nanomaterials (or nanotechnology) should exhibit proper-
ties and behavior (e.g., quantum effects) that differ from, or are additional to,
those of coarser bulk materials with similar chemical compositions (e.g., gold
nanoparticles in the size range between 1 and 10 nm show •trueŽ novel nano-
size related properties, in contrast, gold particles in the size range from 50 to
100 nm show the same properties as larger nonnano gold particles; Daniel
and Astruc, 2004). However the European Commission Joint Research Cen-
tre advocates that, for regulatory purposes within the European Community,
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1826 M. Kah et al.

a de“nition should use size as the only de“ning property (European Comms-
sion Joint Research Center, 2010).

The de“nition of particles by ISO 14644-6:2007 also includes liquids,
such as droplets or micelles in emulsions. However, micelles and single
polymer molecules are explicitly excluded from the de“nition of engineered
nanomaterials put forward by the American Chemistry Council (European
Commssion Joint Research Center, 2010). The question also arises as to
whether speci“c types of nanostructures, designed as carriers of substances,
should be included within a de“nition of nanomaterials, and if so, how
(European Commssion Joint Research Center, 2010). Such nanocarriers, used
for medical, cosmetic, food, or agricultural applications, generally have outer
diameters much larger than 100 nm although the internal functional features
may be smaller than 100 nm. Nanocarriers are particularly relevant to this
review as several nanoformulations are based on such delivery systems.

Nanopesticides therefore may or may not fall within the de“nition of
nanomaterials, depending on the products and/or de“nitions considered.
In this review the term nanopesticides is used to describe any pesticide
formulation that (a) intentionally includes entities in the nanometer size range
(here we include entities up to 1000 nm), (b) is designated with a •nanoŽ
pre“x (e.g., nanohybrid, nanocomposite), and/or (c) is claimed to have novel
properties associated with the small size. On this basis nanopesticides include
a wide variety of products, which are described in detail subsequently.

Many pesticide formulations described as •nanoŽ in the literature exceed
the limit of 100 nm proposed in most de“nitions of nanomaterials (European
Commssion Joint Research Center, 2010). This can be partly explained by
the use of the pre“x nano- for association with novelty or enhanced activity.
On the other hand, companies developing formulations in the nano range
may choose not refer to their new products as nanoformulations (e.g., the
term microemulsions), as •nanoŽ may nowadays also be associated with a
large public uncertainty on the fate of nanomaterials and effects on human
and environmental health.

CATEGORIES OF NANOPESTICIDES

Many nanoformulations combine several surfactants, polymers, and metal
nanoparticles in the nm size range. The development of economically vi-
able preparation and stabilization methods remains the subject of intensive
research. Several reviews on the preparation of organic nanoparticles have
been published over the past decade (e.g., Gutierrez et al., 2008; Horn and
Rieger, 2001; Mason et al., 2006; Solans et al., 2005; Tadros et al., 2004). The
statement made 10 years ago by Horn and Rieger (2001) that •there is a far
deeper understanding of the formation of inorganic particles than of organic
particlesŽ appears to remain just as true today.
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Nanopesticides: State of Knowledge 1827

A rather confusing (and sometimes inconsistent) terminology has been
used in both scienti“c and grey literature. This is partly due to the lack of
any generally accepted de“nition for nanomaterials, and also due to some
disagreement between authors (Anton and Vandamme, 2011) and the ab-
sence of any speci“c terminology in inventories of pesticide formulations
(CropLife International, 2008).

This review covers products that have already been on the market for
several years, applications that are in the pipeline, and more novel formula-
tions that are unlikely to reach the market within a short time frame unless
new technologies or regulations make this possible.

The aims of nanopesticide formulations are generally similar to those of
other pesticide formulations, these being (a) to increase the apparent solubil-
ity of poorly soluble a.i. or (b) to release the a.i. in a slow/targeted manner
and/or protect the a.i. against premature degradation. Nanopesticides were
“rst classi“ed according to the intended purpose, with the objective of an-
alyzing possible consequences affecting environmental fate. Subcategories
were further distinguished based on the quantities/types of adjuvants and
expected discrepancies in terms of environmental fate (Figure 1). Informa-
tion collected on the environmental fate and ef“cacy of nanopesticides is
summarized in Table 2 and 3, respectively.

FORMULATIONS AIMING TO INCREASE THE SOLUBILITY OF
POORLY WATER-SOLUBLE COMPOUNDS

The apparent solubility of poorly water-soluble a.i. can be increased through
the use of additives (e.g., surfactants), or by means of nanoparticulate for-
mation of the a.i., possibly with a simultaneous change in solid structure
(metastable crystal modi“cations; Horn and Rieger, 2001). Either approach
may result in an increase in the bioavailability of the a.i., which explains
why the development of innovative formulations aiming to decrease particle
sizes has been the subject of intense research over the past decade in the
pharmaceutical, cosmetic, and plant protection sectors.

Currently, the most common pesticide formulations for poorly water-
soluble a.i. are emulsi“able concentrates (ECs) and oil-in-water (O/W) emul-
sions. ECs still represented about 28% of the total number of formulations
listed in the Pesticide Manual in 2007 (as compared to 43% in 1994; Knowles,
2009). These concentrates consist of an a.i. dissolved in an organic solvent
(originally xylene, but safer alternatives are now used) and a blend of surfac-
tant emulsi“ers to ensure spontaneous emulsi“cation into water in the spray
tank. The main disadvantages of ECs relate to the relatively poor stability
after dilution (droplets of about 10 µm) and the use of organic solvents,
leading to increases in the cost and ”ammability, as well as in dermal toxi-
city for the handlers (Knowles, 2005). O/W emulsions have been proposed
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1828 M. Kah et al.

FIGURE 1. Overview of nanopesticides described in this review. Please note that the scale
varies between the pictures, for practical reasons. a.i.= active ingredient; LDH = layered
double hydroxides (Color “gure available online).
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Nanopesticides: State of Knowledge 1829

TABLE 2. Environmental fate of various nanoformulations reported in the literature

Nanoformulation primarily aiming at increasing solubility Reference

Microemulsion Increased or decreased sorption of the a.i. depending
on concentration and type of surfactant (literature
review)

Katagi, 2008

Slower or faster degradation depending on a.i. and
type of surfactant

Katagi, 2008

Better retention on rice crop leaves (15% lower
surface tension and from 10 up to 100% higher
residues on leaves) / emamection-benzoate EC

Fan et al., 2010

Nanoemulsion Reduced hydrolysis (by up to 35%) / triazophos
technical grade

Song et al., 2009

Reduced volatilization (stable over 5 months storage)
/ free garlic essential oil

Yang et al., 2009

Slower release (60 min) / beta-cypermethrin EC
(10 min)

Zeng et al., 2008

Nanodispersion n/a

Nanoformulation primarily aiming at slow or controlled release Reference

Polymer-based Reduced leaching from treated wood (2 up to 6-fold
less concentrated leachates) / aqueous solution of
terbuconazole

Salma et al., 2010

Enhanced penetration in plants / classical suspension
of ethiprole (demonstrated indirectly through the
comparison of contact and systemic ef“cacy)

Boehm et al.,
2003

Release of a.i. can be adjusted by changing the
proportions and molecular weight of the polymers

Shakil et al., 2010

Solid lipid
nanoparticle

Lower evaporation (after 48 hr, cumulative losses by
evaporation was reduced by half) / emulsion of
Artemisia arborescensL essential oil

Lai et al., 2006

Porous hollow
silica
nanoparticles

Slower degradation due to UV-shielding (20% a.i.
remaining after 720 min) / free a.i. and similar
formulation using SiO2 nanoparticles as carrier for
avermectin (complete photodegradtion within
120 min)

Li et al. 2006,
2007

Slow release following “rst order, second order,
power equation, or multistage pattern kinetic and
in”uenced by pH, temperature

bin Hussein et al.,
2002, 2005,
2009a, 2009b,
2010;

Park et al., 2010;
Qui et al., 2009

Layered double
hydroxides
and clays

Prolonged persistence (e.g., DT50 of cinnamic acid in
soil were 6 d for an aqueous solution and 17 d
when formulated with layer double hydroxides)

Similar bioavailability in soil (mineralization rate) /
free atrazine

Reduced leaching (up to 5 times smaller total amount
leached) but similar persistence for an organoclay
formulation of diuron / commercial formulation

El-Nahhal et al.,
1999;

Maqueda et al.,
2009;

Park et al., 2010
Trigo et al., 2010
Trigo et al., 2009

Metal and
organic a.i.

Similar half-life in plant and soil / suspension
concentrate of chlorfenapyr

Cao et al., 2005
Guan et al., 2010

Faster degradation / suspension concentrate of
imidachlorprid in soil (half-lives of 2.8 and 6.2 days,
respectively) and in soya bean plants (1.9…4.5 days)

Note.a.i. = active ingredient; / = as compared to; EC= emulsion concentrate; n/a= not available.
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1830 M. Kah et al.

TABLE 3. Ef“cacy of nanoformulations compared to more conventional formulations

a.i. Ef“cacy (/ formulation compared to) Reference

Microemulsion chlorpyrifos
neem oil
emamectin-

benzoate

Similar / EC based on in vitro and “eld trials
Faster miticide action/emulsion
Higher protection of rice plant against moths /

EC (explained by better retention on leaves)

Huang et al.,
2006

Xu et al., 2010
Fan et al., 2010

Nanoemulsion permethrin

garlic essential
oil

� -cypermethrin

More ef“cient larvicide / bulk a.i. (LC50 (24h)
0.117 vs 0.715 mg/L,p < .05)

Ef“cacy againstT. castaneumremained > 80%
after 5 months / free garlic oil only 11%

Higher ef“cacy suggested / microemulsion
due to higher stability and consequent
higher expected bioavailability

Anjali et al.,
2010,

Yang et al., 2009
Wang et al., 2007

Nanodispersion novaluron Very similar insecticidal activity than EC in
vivo experiment on leaf worm larvae
(higher ef“cacy was expected due to the
amorphous nature of the aggregates)

Elek et al., 2010

triclosan Higher biocidal activity (minimum inhibitory
concentration eight fold lower) than
ethanol/water system

Zhang et al.,
2008

Polymer based ethiprole Similar ef“cacy for contact a.i. (similar speed
of action and sustained release) but
enhanced ef“cacy for systemic a.i. (40…70%
mortality against< 5%) / classical
suspension

Boehm et al.,
2003

tebuconazole Possible higher ef“cacy by tuning the rate of
release to the development of fungi

Salma et al., 2010

SLN � -cyhalothrin Similar insecticidal activity but lower toxicity
toward non-target organisms (“sh and
daphnia) compared to EC

Frederiksen
et al., 2003

Porous hollow
silica
nanoparticles

n/a

Double layer
hydroxides
and clays

n/a

Nanometal+ a.i. imidacloprid Higher toxicity to adult stage ofMartianus
dermestoidescompared to the aqueous
formulation

Guan et al., 2008

deltamethrin Lower ef“cacy than pure a.i. against
mosquitoes at concentration� 9 × 10…5M
(ef“cacy was similar at higher
concentrations)

Sooresh et al.,
2011

Nanometal Nano-Ag Similar ef“cacy of ionic and nanoAg against
two fungal diseases (in vitro petri dish and
growth chamber tests)

Jo et al., 2009

Nano-Ag All three of the nanosilver liquids had more
than 90% inhibition rates at a concentration
of 7 ppm

Jung et al., 2010

Nano-Ag Effective, but not signi“cantly better than
AgNO3

Solgi et al., 2009

Note./ = as compared to; n/a= not available; EC= emulsion concentrate; SLN= solid lipid nanoparticles.
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Nanopesticides: State of Knowledge 1831

as an alternative to ECs. O/W emulsions generally consist of a mixture of a
non-ionic surfactant, block polymers, and polymeric surfactants. The draw-
back to O/W emulsion is that emulsi“cation requires a high energy input,
which is provided by high shear mixers (typically producing droplets of 2µm
diameter) or high pressure valve homogenizers (droplets down to 500 nm;
Knowles, 2005). Most nanoformulations aiming to increase the solubility of
a.i. derive directly from the two previously mentioned approaches.

Microemulsions

Microemulsions are thermodynamically stable water-based formulations con-
sisting of (a) dissolved a.i. in oil, (b) surfactant solubilizers (blend), (c) a
cosurfactant (often medium chain aliphatic alcohol), and (d) water (Green
and Beestman, 2007; Knowles, 2005; Lawrence and Warisnoicharoen, 2006).
Once formulation design is established, microemulsions form spontaneously
upon addition of water and gentle stirring (unlike classical emulsions where
preparation requires large energy input; Lawrence and Warisnoicharoen,
2006; Pratap and Bhowmick, 2008). The determination of the best propor-
tions of each ingredient (while keeping costs as low as possible) may be
challenging and several papers present systematic methods based on the
construction of tertiary phase diagrams to help with formula design (e.g.,
novaluron, Elek et al., 2010; cyhalothrin, Feng et al., 2010; dufulin, Hu et al.,
2009; dimethyl dichlorovinyl phosphate, Shen et al., 2009; abamectin, Wei
et al., 2009; cyhalothrin, Zhao et al., 2009).

The particle size in microemulsions may be about 250 times smaller than
typical pesticide particles (ETC, 2004) and several reports have suggested di-
ameters of less than 100 nm (ETC, 2004; Knowles, 2005; ObservatoryNano,
2010). Measuring the size distribution of the micelles in microemulsions
is dif“cult and information on how they may evolve with time is rela-
tively scarce. Scattering techniques (light, neutron, and X-ray) and pulsed
“eld gradient nuclear magnetic resonance can be used to determine the
microstructure of microemulsions (Lawrence and Warisnoicharoen, 2006).
However, these techniques rely on the concentration of disperse phases
to be low enough to avoid particle-particle interactions. This becomes a
serious limitation for microemulsions, which can undergo changes upon
dilution (due to cosurfactants located between the oil and water phases;
Lawrence and Warisnoicharoen, 2006). Droplet sizes reported in the liter-
ature range from 6 nm in a microemulsion of novaluron (determined by
small angle X-ray scattering and con“rmed by derivation from diffusion co-
ef“cient measured by self-diffusion NMR; Elek et al., 2010), up to 50 nm for
a microemulsion of chlorpyrifos (by dynamic light scattering; Huang et al.,
2006).

Many microemulsion formulations are available on the market (e.g.,
12 different a.i. listed in Tomlin, 2009). For instance, Syngenta has been
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selling Primo MAXX since 1993 and the product is now the plant growth
regulator most widely used by golf course superintendents and other profes-
sional turf managers (ObservatoryNano, 2010). Other products by Syngenta
also marketed as microemulsion concentrate formulations include Banner
MAXX (systemic fungicide for broad-spectrum disease control in turf and or-
namentals), Subdue MAXX (systemic fungicide), and ApronMAXX (disease
protection for soybean; ObservatoryNano, 2010). The fact that the previously
mentioned products are marketed as microemulsion concentrates has been
strongly criticized in some reports (e.g., Friends of the Earth, 2008), pointing
out that using the pre“x micro- when talking about a formulation containing
entities in the nm size range is misleading. On the other hand, the terminol-
ogy seems to be widely accepted in scienti“c literature covering formulations
of organic nanoparticles.

Compared to other formulations (e.g., ECs) the advantages of mi-
croemulsions may include (a) improved tank mix compatibility, (b) improved
stability, (c) reduced wear on equipment (e.g., preventing spray tank “lters
from clogging), and (d) low ”ammability (due to low solvent content in
a continuous water phase, ETC, 2004; Knowles, 2005; ObservatoryNano,
2010). It has also been suggested that microemulsions can enhance herbici-
dal ef“cacy due to the improved penetration or uptake of the a.i. that results
from the high solubilizing power of surfactants (Green and Beestman, 2007;
Knowles, 2005).

Disadvantages of microemulsions include (a) a low a.i. content (< 30%),
(b) a high concentration of surfactants (usually in the region of 20%,
Lawrence and Warisnoicharoen, 2006; Tadros et al., 2004), and (c) the lim-
ited number of suitable surfactant systems. Finally, provided an enhanced
uptake is con“rmed microemulsion formulations may also present phyto-
toxicity and handler toxicity issues (Knowles, 2005). Although Huang et al.
(2006) observed similar biocidal activity for microemulsions and ECs of chlor-
pyrifos (in vitro and in “eld trials), two recent studies have suggested that
microemulsions may enhance biocidal activity. Xu et al. (2010) observed
faster miticide action for a microemulsion than for an emulsion and a paraf-
“nic formulation of neem oil (in vitro test against Sarcoptes scabie var). The
microemulsion contained 35% emulsi“ers (w:w). It is worth noting that a
microemulsion without a.i. showed a comparable acaricide effect to the mi-
croemulsion and O/W emulsion containing 10% a.i. (median lethal times
were 89, 82, and 96 min, respectively). The acaricide effect was attributed
to the surfactant sodium dodecyl benzene sulfonate. Another study, with
rice plants, suggested that microemulsion may provide a higher protection
against moths than an EC formulation of emamectin-benzoate. The result was
explained by the better retention of microemulsion on rice leaves (Fan et al.,
2010).
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Nanoemulsions

Nanoemulsions (also referred to as miniemulsions, ultra“ne emulsions, and
submicron emulsions; Anton et al., 2008; Lawrence and Warisnoicharoen,
2006; Song et al., 2009) are emulsions with a droplet size that can over-
lap with those of microemulsions. Although there still seems to be some
disagreement between authors regarding the appropriate terminology (e.g.,
Gutierrez et al., 2008; Mason et al., 2006), the main difference between mi-
croemulsions and nanoemulsions is generally based on equilibrium status.
Whilst microemulsions are thermodynamically stable, nanoemulsions have
the tendency to separate into the constituent phases (mainly by Oswald
ripening). Nanoemulsions may nevertheless possess a relatively high kinetic
(meta-) stability (e.g., several years, Gutierrez et al., 2008) and are often said
to be metastable.

Nanoemulsions can be produced by methods requiring high-energy in-
put that may be dif“cult to scale up for commercial agrochemical production,
or may not be practical for on-site preparation by the handlers (e.g., requiring
high-shear stirring, high-pressure homogenizers, or ultra-sound generators).
Recent research has therefore focused on developing a variety of repro-
ducible low-energy emulsi“cation methods, which can be divided into two
main groups: (a) spontaneous emulsi“cation methods and (b) phase inver-
sion temperature methods (Anton et al., 2008). The precise mechanisms by
which nanoemulsions form and how properties can be controlled remain
the subject of intensive basic research. The links between nanoemulsion for-
mulation processes and nanoparticle morphology are neither obvious nor
systematic (Anton et al., 2008) and the formation of nanoemulsions that are
stable over a suf“cient length of time remains challenging.

Nanoemulsions contain lower concentration of surfactants than mi-
croemulsions (typically 5…10% of surfactant, as opposed to about 20% in
microemulsion) and many preparation methods include a step that consists
of diluting a microemulsion. The range of droplet sizes typically quoted is
20…200 nm.

In contrast to the number of papers describing preparation methods
for nanoemulsions of pesticide, studies on the environmental behavior are
scarce. Suggested properties of nanoemulsion include a possible higher ef-
“cacy (Anjali et al., 2010; Yang et al., 2009), reduced hydrolysis (Song et al.,
2009), and reduced volatilization of the a.i. (Yang et al., 2009). Tadros et al.
(2004) suggested that wetting, spreading, and thus penetration, may be en-
hanced due to the low interfacial tension of the droplets. Wang et al. (2007)
showed that no precipitation occurred in the nanoemulsion formulation of
� -cypermethrin within 24 hr of dilution, in contrast to a commercial mi-
croemulsion. Since precipitation may reduce the bioavailability of the a.i.,
the authors suggested that nanoemulsion may thus allow the application
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rate to be reduced. Zeng et al. (2008) observed a slightly slower release of
� -cypermethrin from a nanoemulsion formulation than from a commercial
EC (for both formulations, all a.i. was released within 100 minutes).

Information collected by ObservatoryNano (2010) from industrial rep-
resentatives suggested that the use of microemulsions is likely to dominate
that of nanoemulsions (for which manufacturing opportunities have not yet
been developed) due to the more challenging preparation and stabilization
procedure required by the latter. However, it is possible that changes to
the current regulations (e.g., more stringent restrictions on the amounts or
types of surfactants employed) will improve the potential of nanoemulsions
as viable alternatives.

Nanodispersion

Dispersion of nanocrystals (crystalline or amorphous particles consisting of
100% a.i.) in liquid media leads to the formation of nanodispersions hav-
ing similar properties to solutions (also called nanosuspensions; M̈uller and
Junghanns, 2006). The approach aims to maximize the surface area in order
to increase the dissolution velocity and solubility saturation of poorly water-
soluble a.i. The greatest increase in solubility is expected for crystals< 50 nm
(Müller and Junghanns, 2006).

A number of methods have been reported for preparing organic
nanoparticles including dry/wet milling, extraction precipitation, and sol-
vent evaporation from emulsions (Elek et al., 2010). Achieving stability over
long periods is challenging and the addition of surfactants or polymeric sta-
bilizers is sometimes necessary (M̈uller and Junghanns, 2006). Dispersions
of nanocrystals are widely used in the food industry (for the incorporation
of bioactive compounds such as carotenoids, phytosterols, and natural an-
tioxidants) and are becoming increasingly signi“cant in the pharmaceutical
sector (Müller and Junghanns, 2006). It was thus surprising to “nd only one
publication presenting a direct application of nanodispersion in the agro-
chemical sector. Elek et al. (2010) described a method that rapidly converted
a microemulsion of novaluron into powders consisting of a.i. and surfactants.
The use of a spray-drier (or lyophilizer) makes the method easy to upscale,
as it does not require high shear equipment. The nanoparticles obtained
were 200 ± 50 nm (determined by dynamic light scattering) and consisted
of aggregates of smaller nanoparticles (30…100 nm, by cryotransmission elec-
tronic microscopy). Despite the high zeta potential (…53 mV), particle size
tended to increase within a few hours. Electron and X-ray diffraction showed
that the nanoparticles were amorphous. Amorphous particles are more sol-
uble than crystalline particles (Hancock and Parks, 2000) and could thus be
indicative of improved bioactivity. However, an in vivo experiment on leaf
worm larvae showed very similar insecticidal activity for the nanoformulation
to that of a commercial EC formulation (Elek et al., 2010).
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In this context it is worth mentioning the nanodispersion of the an-
timicrobial agent triclosan reported by Zhang et al. (2008). A preparation
method combining a processing technique of modi“ed emulsion templating
and freeze-drying resulted in the formation of stable dry powder composites
that formed a nanodispersion upon addition of water. In contrast to the study
using novaluron (Elek et al., 2010), a higher biocidal activity was observed
for the nanodispersion of triclosan than for an ethanol/water system (min-
imum inhibitory concentration was eightfold lower for the nanodispersion;
Zhang et al., 2008).

Environmental Fate

The soluble portion of a pesticide has traditionally been considered to be
important for the transport and bioavailability for degradation. Increasing
the solubility of the a.i. could therefore lead to enhanced mobility and faster
degradation by soil microorganisms. Studies on the possible environmental
fate of nanoformulations that aim to increase the solubility of a.i. are relatively
scarce. No information has been found for nanodispersions. Nanoemulsions
were shown to decrease hydrolysis and volatilization of the a.i. in aqueous
solutions (Song et al., 2009; Yang et al., 2009) but no data have been found
on fate in soils.

Similarly, very few studies have investigated the environmental fate of
microemulsions. Nevertheless, the fate of the a.i. can be expected to be
mainly driven by the high content in surfactants. Katagi (2008) recently
reviewed available literature on the possible effects of surfactants on the
behavior of pesticides and showed that complex interactions are possible
between several different processes, most of which have not yet been ex-
amined systematically. Surfactants may affect the physicochemical proper-
ties (solubility, dissociation, and volatilization) and fate of pesticide a.i. in
the environment. In our research we have focused mainly on sorption and
degradation processes, which are known to be the main drivers of pesticide
transfer to surface waters and ground water.

The effect that surfactants have on the sorption of an a.i. depends on
both the concentration and type of surfactant. Above the surfactant•s critical
micelle concentration (CMC), the mobility of a.i. can be enhanced due to the
formation of micelles around the a.i., which hold the pesticide in solution
(Amonette and O•Connor, 1980; Huggenberger et al., 1973; Sun et al., 1995).
Recent “eld data supported a facilitated transport of dioxins in soil following
an unintentional release of pesticide surfactants formulations (Grant et al.,
2011) in accordance with previously found colloid-facilitated dioxin transport
(Hofmann and Wendelborn, 2007). In the context of soil and groundwater
remediation, surfactants are also added to improve the mobilization and in-
crease the bioavailability of sorbed contaminants. It is currently unknown
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whether such effects can also apply to pesticide microemulsions. It is impor-
tant to stress that the CMC in soil-water systems can be much higher than
in water due to sorption of the surfactant to the soil (Beigel et al., 1998).
Increased CMC can be expected for cationic and nonionic surfactants, which
sorb onto soil to a greater extent than anionic surfactants (Haigh, 1996).

Many pesticide formulations contain concentrations of surfactants that
are below the CMC. At these concentrations, surfactants may increase the
sorption of a.i. through an increase in organic carbon content and by modi-
fying of the properties of the soil surface (Beigel et al., 1998). For instance,
the stronger sorption of a commercial formulation of penconazole and meta-
laxyl relative to the pure a.i. was attributed to the sorption of the surfactants
to the soil, which in turn facilitated the adsorption of the a.i. (Pose-Juan
et al., 2010a; Pose-Juan et al., 2010b). It is important to note that classical
batch sorption tests may not be adequate to identify the possible effects
of surfactant systems on sorption in the “eld. In contrast to column and
lysimeter experiments, the soil/solution ratio is much lower than in realistic
conditions. The surfactant is thus diluted, which means that concentration
falls rapidly below the CMC.

The effect of surfactants on pesticide sorption also depends on the
chemical nature. For instance, the sorption of triticonazole was increased by
almost 50% in the presence of a very lipophilic alkylphenolethoxylate surfac-
tant whereas sorption was not affected by the other non-ionic and anionic
surfactants tested. Soil column experiments also showed that anionic sur-
factants can enhance the mobility of bentazon whereas nonionic surfactants
may reduce mobility (Hua et al., 2009).

As with sorption, the possible effects of surfactants on degradation rates
are complex and not yet well understood. Discrepancies are to be expected,
according to the degradation mechanisms (photolysis, abiotic hydrolysis,
or biodegradation), the a.i., and also the concentration and type of surfac-
tant (Katagi, 2008). For instance, Hernandez-Soriano et al. (2009) studied
the effect of surfactants on the degradation in soils of four organophos-
phorous insecticides (malathion, diazinon, dimethoate, and methidathion).
Increasing the concentration of non-ionic surfactant (Tween 80) resulted in
enhanced degradation rates for all of the pesticides except diazinon. While
the addition of the anionic surfactant did not show a clear trend, a reduc-
tion in degradation occurred with high concentrations of cationic surfactant.
The latter result was explained as being a result of the reduced bioavail-
ability of the insecticides adsorbed on the surfactant-modi“ed soil surface.
The type of surfactant has also been shown to affect the rate of evapo-
ration of the a.i. from both an emulsion and a nanoemulsion (Lai et al.,
2006).

In conclusion, nanoformulations aiming to increase the solubility of an
a.i. are likely to affect the fate of the a.i. More experiments performed under
realistic conditions are required in order to evaluate whether these effects
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will have a signi“cant impact on the distribution, transport, and degradation
processes of a given a.i. A key question relates to the stability of nanoformula-
tions following application. The stability of some nanoformulations is limited
and aggregation/agglomeration is likely to occur soon after they come into
contact with the soil solution. In other cases, dilution may occur suf“ciently
rapidly for the fate of the different ingredients to be assessed separately. It is
worth mentioning that these questions may also apply to more classical pesti-
cide formulations. The only nanoeffect identi“ed here may concern the nan-
odispersion, for which weaker sorption and faster degradation may be ex-
pected as a consequence of enhanced solubility, but no study is yet available.

NANODISPERSED SYSTEM FOR THE CONTROLLED/TARGET
RELEASE AND PROTECTION AGAINST

PREMATURE DEGRADATION

Slow/targeted release formulations are primarily aimed at a.i. that tend to de-
grade or move away from the target. However, there are also a few examples
for a.i. with low aqueous solubilities.

Polymer-Based Formulations

The patent analysis by Green and Beestman (2007) provides an indication
of the possibilities offered by the incorporation of polymers in pesticide
formulation (e.g., drift control agents, improved safety in the event of ac-
cidental ingestion, foam control agents, etc.). However, the majority of the
polymer-based nanoformulations presented in the literature have the con-
trolled release of a.i. as a primary objective.

Some authors choose to classify nanoemulsions and polymer-based for-
mulations together, probably because some polymeric support systems have
been proposed to increase the stability of nanoemulsions by steric stabi-
lization (ObservatoryNano, 2010). A distinction is, however, made herein
due to expected discrepancies in environmental fate, mainly caused by (a)
the presence of solid particles in the nm size range, and (b) the designed
slow/targeted release of the a.i.

Two types of polymer-based nanoformulations can be distinguished: (a)
polymeric nanospheres, and (b) nanocapsules. For the former, the distribu-
tion of a.i. is not speci“ed, whereas the latter exhibits a core-shell structure
that can act as a reservoir for a.i. dissolved in a polar or nonpolar solvent
(Anton et al., 2008). Nanocapsules may present advantages over larger cap-
sules (e.g., stability of the spraying solution, increased uptake, increased
spraying surface, and reduced phytotoxicity owing to a more homogeneous
distribution). However, designing capsules in the low nm size range while
keeping the amount of a.i. suf“ciently high relative to the amount of polymer
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forming the core-shell structure is challenging. In addition, no studies have
suggested that nanosized capsules would provide a more controlled release
than microcapsules. This may explain why no papers were found in the
peer-reviewed literature reporting on nanocapsules containing pesticide a.i.
Although some authors mentioned capsule or core/shell nanoparticles, the
distribution of a.i. within the nanoparticles remained uncertain (i.e., in the
core, in the shell and adsorbed to the outer surface of the shell; Salma et al.,
2010) and we thus consider these formulations to be nanospheres. The same
applies to the relatively large number of patents found for nanocapsules
(Table 1).

The distinction between nanocapsules and nanospheres needs to be
borne in mind when considering the product most commonly taken as an
example to illustrate the potential (and related hazards) of sophisticated
formulations based on nanotechnologies (ETC, 2004; Friends of the Earth,
2008). Syngenta holds a patent on a gutbuster capsule that breaks open in
alkaline environments such as the stomachs of certain insects (Syngenta,
2000). However, the patent describes microcapsules and the description of
the invention does not mention any entities in the nm scale. Similarly, it is not
clear why ObservatoryNano (2010) included microcapsules in an inventory
of nanotechnology applications in agricultural production. Issues related to
such microcapsules are common to other controlled release formulations and
unlikely to be related to any nanosize effect.

In contrast to nanocapsules, there are many examples in the literature of
the formulation of plant protection products using polymeric nanospheres.
More than ten years ago Boehm et al. (2000) compared the properties of
nanospheres prepared with various amounts of poly(epsilon-caprolactone)
to improve the delivery of a.i. to plants. The release of the a.i. was immedi-
ate and followed a release pro“le similar than that of a classical suspension.
Although the addition of surfactants did not directly in”uence the formation
of nanospheres, a stability test showed that surfactants were necessary in
order to prevent crystallization of the a.i. over a two-month period. Boehm
et al. (2003) later tested the ef“cacy of similar nanospheres loaded with
insecticide (average particle size of 135 nm and 3.5% loading rate) on cot-
ton plants infested with aphids. The speed of action and sustained release
showed no improvement over a classical suspension, but the small size of
the nanospheres was shown to enhance the penetration of a.i. in the plants
and consequently to improve the systemicity of the a.i. (Boehm et al., 2003).

Liu et al. (2008) reported a method to produce polymer-stabilized bifen-
thrin nanoparticles using a multi-inlet vortex mixer to reach high supersat-
uration followed by rapid nucleation and growth of nanoparticles (named
the Flash Nanoprecipitation Process). The authors claimed that this prepara-
tion method could be scaled up to produce formulations with the potential
to provide higher ef“ciency, better uniformity of coverage for highly ac-
tive compounds, and reduced exposure to workers (relative to compounds
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solubilized in organic solvents). Unfortunately, supporting experimental data
were not provided.

Kumar et al. (2010) and Shakil et al. (2010) recently proposed a
self-assembly preparation method using poly(ethylene glycol) and various
copolymers for the controlled release of insecticides. The diffusion con-
trolled release rate of a.i. could be adjusted by changing the proportions
and molecular weights of the polymers. For instance, the release half-life of
carbofuran in water ranged from 7.5 to 55.0 days, depending on the poly-
mer matrix used (for comparison, a commercial granule formulation had a
release half-life of 3.2 days; Shakil et al., 2010).

Several studies have also proposed the use of polymeric nanospheres
for the release of various fungicides for treating wood, using conventional
pressure treatment methods (Liu et al., 2002a, 2002b, 2002c; Liu et al., 2001;
Salma et al., 2010). Polymer nanoparticles can serve as a protective reservoir
and diffusion-controlled release carrier. The biocide can thus be released
at the minimum rate required to protect the wood, which results in longer
protection and a reduction in losses due to leaching. The use of a poly-
meric carrier may also extend the range of biocides that can be introduced
into wood using aqueous methods (e.g., poorly water-soluble a.i.), avoiding
the use of toxic organic oils that prevent household application. Liu et al.
prepared nanoparticles by a precipitation-displacement route that could be
delivered with high ef“ciency into wood and provided protection against
fungal attack. The median size of the particles formed (approximately 100 to
250 nm), the stability, and the release rate depended on the a.i. and the pro-
portions of different polymers and surfactants (Liu et al., 2002a, 2002b; Liu
et al., 2001). A formulation with no surfactant (using a free-radical initiator
for stabilization) was also shown to generate smaller particles that remained
stable over longer periods (up to 6 months, Liu et al., 2002c). However,
the rate of release from these more hydrophilic particles was too rapid to
provide adequate fungal protection. Using a similar self-assembly method,
Salma et al. (2010) recently reported the development of a novel approach
aiming to tackle the weaknesses of the previously developed formulations
(by providing lower-cost ingredients, a single preparation step, and opti-
mization of delivery and release rates). Amphiphilic copolymers of gelatine
grafted with methyl methacrylate were used to prepare nanoparticles of ap-
proximately 100 nm diameter loaded with tebuconazole. Leaching of a.i.
was signi“cantly reduced and antifungal activity was preserved for longer
periods. However, the novel formulation also exhibited signi“cant aggrega-
tion that resulted in less ef“cient delivery. Regarding pesticidal activity, most
formulations tested by Liu et al. provided effective protection against fun-
gal attack at relatively low application rates. The surfactant-free formulations
exhibited slightly greater biocidal ef“cacy, possibly due to slower release, re-
duced leaching (Salma et al., 2010), and/or more uniform distribution within
the wood (Liu et al., 2002c).
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Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) have been intensively investigated for the
formulation of pharmaceuticals as they combine the advantages of emul-
sions and liposomes with those of polymer nanoparticles, while simulta-
neously avoiding some disadvantages (e.g., possibility of slow release and
reduced stability/toxicological problems; Torchilin, 2006). The relatively ex-
pensive high-energy preparation method (mainly high pressure homogeniza-
tion) may explain why only two papers have been published to date on the
application of SLNs to agrochemical formulations (Frederiksen et al., 2003;
Lai et al., 2006).

Whilst exhibiting similar insecticidal activity, SLNs of� -cyhalothrin were
shown to be less toxic towards “sh and daphnia than an EC formulation
(by a factor 10 and 63, respectively; Frederiksen et al., 2003). In addition,
the particle size of the SLN formulations had only a slight effect on the
biological activity (Frederiksen et al., 2003). Lai et al. (2006) showed that SLN
formulations can remain stable over a two-month period and signi“cantly
reduce the loss of a.i. by evaporation when compared to classical emulsions
(prepared with a maximum 5% surfactant, water, and homogenized under
high pressure). SLNs can cover an extremely wide range of sizes (up to
100 µm in Frederiksen et al., 2003; from about 200…300 nm in Lai et al.,
2006).

Porous Hollow Silica Nanoparticles

Researchers from China have investigated the potential of hollow silica
nanoparticles to be used as carriers for the controlled release and UV-
shielding of avermectin and validamycin (Li et al., 2007; Li et al., 2006;
Liu et al., 2006). The rate of release was in”uenced by temperature, pH,
and shell thickness. Although Li et al. (2007) mentioned the encapsulation
of avermectin, the release pro“le exhibited a multistage pattern which was
interpreted as being due to the release of a.i. located in different parts of the
particles (i.e., external, in pore channels, and in the internal core).

Prado et al. (2011) recently reported a method to modify hexagonal
mesoporous silica with carboxyl acids. The nanospheres synthesized were
< 50 nm (determined by thermogravimetry) and had a mean pore diameter of
10 nm (derived from N2 sorption isotherms). The spheres were subsequently
used as a support for the controlled release of 2,4-D and picloram. Faster
release was observed for 2,4-D than for picloram (the release of 20% of a.i.
required about 7 and 20 days, respectively) but for both compounds, the
delivery rate was maintained up to 30 days. Mesoporous silica nanoparticles
have also been considered as carriers to transport DNA and chemicals into
plant cells and leaves by bombardment (Torney et al., 2007). The nanopar-
ticles were loaded with genetic material together with chemical inducer and
the open ends were capped with gold nanoparticles to keep the molecules
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from leaching out. Uncapping the gold nanoparticles released the chemicals
and triggered gene expression in the plants under controlled release condi-
tions. Further development of similar technologies will open new perspec-
tives in plant biotechnologies, with possible applications in the development
of new plant protection strategies.

Layered Double Hydroxides and Clays

Layered double hydroxides and clays are good candidates to serve as a
matrix for developing slow/targeted release formulations of agrochemicals.
Even though the term nanohybrids has often been used to describe layered
double hydroxide formulations, size measurements have generally not been
provided and some electronic microscopy images suggest that the resulting
structures often belong to theµm range (e.g., bin Hussein et al., 2005).
Although organoclay formulations have also been classi“ed as nanoformula-
tions (e.g., ObservatoryNano, 2010), size measurements again suggest sizes
in the micrometer range (e.g., Maqueda et al., 2009).

Park et al. (2010) evaluated the potential of a layered double hydrox-
ide as a carrier for cinnamate, a natural antibiotic substance that has the
potential to be used as a fungicide. Natural antibiotics are rarely used for
pest control because they degrade rapidly in soil, need to be used at high
doses, and are often not readily available in large quantities. The formulation
tested by Park et al. (2010) resulted in a slow release of the antibiotic and
a prolonged retention of cinnamate in soil. The formulation also showed
promising fungicidal activity against root rot in red pepper.

Research teams in Malaysia and Korea have investigated the in”uence
of preparation parameters and the properties of nanohybrids consisting of
double-layered hydroxides loaded with various anionic herbicides, growth
regulators, and fungicides. The release of a.i. was shown to occur rapidly
by anion exchange and followed “rst or second order kinetics (bin Hus-
sein et al., 2005; bin Hussein et al., 2002; Hussein et al., 2009a, 2010; Hus-
sein et al., 2009b). The rate of release was shown to be in”uenced by
pH and buffer conditions (e.g., bin Hussein et al., 2002). A slightly faster
release of mecoprop was observed in arti“cial soil solution than in dis-
tilled water (Khan et al., 2007). This was interpreted as being due to the
occurrence of both ion exchange and diffusion in the former. Diffusion-
controlled release of anionic a.i. was has also been suggested (Park et al.,
2010).

The addition of surfactants in a formulation based on layered double
hydroxides (with the primary aim of intercalating the nonanionic pesticide
avermectin) resulted in the formation of structures with dimensions of about
400…600 nm (based on transmission electron microscopy; Qiu et al., 2009).
The release of a.i. was dependent on the pH, temperature, and presence
of electrolyte (Qiu et al., 2009). Zhenlan et al. (2009) also reported the
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incorporation of two neutral a.i. after prior formation of micelles with an
anionic surfactant.

Environmental Fate

Relatively few studies have considered the environmental fate of nanoformu-
lations aiming at the slow release of a.i. With the exception of polymer-based
nanospheres, the majority of slow/targeted release nanoformulations belong
to the micrometer size range and are unlikely to exhibit property changes
akin to the quantum effects reported for other engineered nanoparticles. Most
issues are thus likely to be shared with nonnano slow release formulations,
for which more literature is available. Changes to the fate of a.i. formulated
with layered double hydroxide or clay have been reported and include pro-
longed persistence (El-Nahhal et al., 1999; Maqueda et al., 2009; Park et al.,
2010) and stronger sorption (Trigo et al., 2010). Whilst reduced leaching was
reported for an organoclay formulation of diuron, the bioavailability of the
a.i. was not affected and persistence was only slightly prolonged (Trigo et al.,
2009).

The drivers for developing slow release formulations include improved
operator safety and reduced application rates as a consequence of reduced
pesticide losses from degradation, leaching, and/or volatilization. Protec-
tion against degradation is provided until the release and allows the a.i.
to remain biologically active for longer than in other formulations (e.g.,
microencapsulation of nor”urazon and alachlor; Sopena et al., 2008). The
longer persistence of a pesticide could, however, possibly become a dis-
advantage. For example, the release could continue or even increase into
wetter periods of the year with a greater potential for relocation to drains
or groundwater. No experimental data has been reported on this possibil-
ity. Slow release formulations could also lead to greater residues than ECs or
wettable granules on edible parts of a crop, as has been shown for a commer-
cial microencapsulated chlorpyrifos on oranges (Montemurro et al., 2002).
Finally, although environmental concentrations may not be greater than for
traditional formulations, the time scale over which exposure may take place
could be extended, with consequences on exposure patterns to nontarget
organisms.

NANOSIZED METALS AND METAL OXIDES

Associated With Organic a.i.

Cao et al. (2005) reported a nanoformulation of chlorfenapyr containing
nanoTiO2 (details on the nanoformulation were not provided). Similarly,
Guan et al. (2011; 2010; 2008) incorporated different proportions of nano-
Ag and nanoTiO2 in polymer-based microcapsules loaded with insecticide
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(imidacloprid and avermectin). The aim of these nanoformulations was to
promote the photocatalysis of the a.i. after release, with the objective of
reducing residues on plants and in the soil.

Nanoformulations were slightly more ef“cient than an aqueous formu-
lation when applied directly on adult stageMartianus dermestoideskept in
the dark (for avermectin, 96h-LC50 were 11.45 and 14.58 mg/L, respectively,
Guan et al., 2011; for imidacloprid, 142h-LC50 were 9.86 and 13.45 mg/L,
Guan et al., 2008). Unfortunately, insecticidal ef“cacy in more realistic con-
ditions was not tested.

Sooresh et al. (2011) recently proposed a novel synthetic scheme to pro-
duce metal nanoparticle-pesticide conjugates, to be used as agents against
arthropod vectors. Nano-Ag cores surrounded by deltamethrin (15…20 nm,
characterized by electron microscopy and Fourier-transform infrared spec-
troscopy) were tested against mosquitoes in 24 hr bioassays. The ef“cacy
of the nanoformulation was slightly lower than the pure a.i. (mortality was
observed at 9 × 10…5M concentration for the latter but not for the for-
mer). At concentrations � 9 × 10…4M, mosquito mortalities provoked by
the two formulations were comparable, demonstrating that the conjuga-
tion process did not completely inactivate the pesticide. In addition, mea-
surable levels of Ag (600…650 ppm) were detected inside the mosquitoes
exposed.

The pesticidal ef“cacy of organic a.i. associated with nanosized metal
oxides was not tested under more realistic conditions and it is possible that
increased application rates may be required if inactivation or photocatalyzed
degradation occurs before the a.i. reach the target. Additional disadvantages
of such formulations are the application of nanometal particles of unknown
fate/toxicity, and increased production costs.

Nanometals Alone

Silver (Ag) has long been known for antimicrobial properties and several
in vitro studies have demonstrated that nano-Ag can signi“cantly inhibit the
growth of plant pathogens in a dose…dependent manner (Chun et al., 2010;
Jo et al., 2009; Jung et al., 2010; Kim et al., 2009; Min et al., 2009).

Jo et al. (2009) showed that preventive application of both ionic and
nano-Ag can signi“cantly reduce the development of fungal diseases on
Ryegrass (in vitro and growth chamber experiments at concentrations of
100…200 mg L…1). Maximum ef“cacy was observed when application oc-
curred 3 hr before fungi inoculation. Ef“cacy was signi“cantly reduced if
application occurred later than 24 hr after inoculation (Jo et al., 2009). Jung
et al. (2010) carried out greenhouse experiments and showed that a weekly
application of nano-Ag solutions to the roots of cultivated green onions ef“-
ciently inhibited the development of white rot (average particle size 7…25 nm,
7 mg L…1). An increase in the rate of development of the treated plants was
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also observed (after 4…5 weeks, 1.4…2.5-fold increase in biomass). In addi-
tion, plate counting tests indicated that the application of nano-Ag did not
appear to drastically reduce the number of soil bacteria and fungi (Jung
et al., 2010). Other suggested applications of nano-Ag as a replacement for
synthetic organic bactericides include the coating of fruit bags to ef“ciently
control the development of black stain on fruit (Chun et al., 2010) and the
treatment of cut ”ower stems to extend vase life (Liu et al., 2009; Solgi et al.,
2009).

Silicon (Si) has long been known to enhance plant tolerance of various
abiotic and biotic stresses (e.g., metal toxicity, water stress, and fungal attack;
Fauteux et al., 2005; Zargar et al., 2010) and the application of nonnano
forms of Si (e.g., potassium silicate) is common practice. Surface modi“ed
hydrophobic nano-Si particles have been suggested as a potential candidate
for the control of a range of agricultural insect pests (Nair et al., 2010)
but no supporting experimental data has been found in the literature. The
ef“cacy of combined Si and Ag nanoparticles stabilized with polymers has
been tested in greenhouse experiments on green squash plants infected
with powdery mildew (Park et al., 2006). The antifungal effects of nano-
Si-Ag were observed almost immediately after application at 3 mg L…1, and
symptoms of infection had completely disappeared after three weeks. The
absence of phytotoxicity response was also demonstrated for several plants
sprayed with solutions of nano-Si-Ag concentrations of up to 3200 mg L…1

(Park et al., 2006).
Suggested bene“ts of nanometals (and nano-Ag in particular) over syn-

thetic fungicides are a possible reductions in human toxicity, in the devel-
opment of resistance (due to the multiple modes of action of Ag), in plant
protection related costs, and in resulting pollution (Jo et al., 2009; Jung et al.,
2010).

Nano-Ag is one nanomaterial that is currently under a great deal of
scrutiny. An analysis by Nowack et al. (2011) pointed out that nano-Ag has
been used for more than a century and has been registered as a biocidal
material in the United States since 1954. The human toxicity of various
forms of Ag is believed to be relatively low (Nowack et al., 2011). However,
many aquatic species are expected to be more sensitive than mammals to
Ag (Nowack et al., 2011). Some usages (e.g., in algaecide for swimming
pools) have inevitably resulted in discharge into sewage systems and natural
waters without any known harmful impact on humans or the environment.
Compared to the low environmental impact of nano-Ag estimated by Nowack
et al. (2011), the application of nano-Ag to agricultural “elds would represent
a much higher input than the current uses cited in this article.

A robust assessment of the risk associated with the use of nano-Ag in
agriculture is thus required before the application of nano-Ag solution is
eco-friendly (Jung et al., 2010; Park et al., 2006) and can be highly recom-
mended to farmers (Jung et al., 2010) because it does not cause any harm to
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human beings, and it is safe for the environment and agricultural products
(Jung et al., 2010). The toxicity of nano-Ag depends on the morphology and
the surface properties of the nanoparticles that may be induced by various
functionalizations. Recent papers have also stressed the importance of con-
sidering the possible formation of toxic transformation products (e.g., Ag
sul“de; Luther and Rickard, 2005; Som et al., 2011). It has therefore been
suggested that risk assessment of nano-Ag may need to be carried out on a
case-by-case basis (Costanza et al., 2011; FIFRA-SAP, 2009).

Environmental Fate

The incorporation of nanometals and nanometal oxides into organic pesti-
cide formulations is likely to in”uence the dynamic of pesticide residues as
well as the toxicity (synergetic toxicity effects between paraquat and nano-
Si; Nishimori et al., 2009). Nanoformulations of imidacloprid were shown
to degrade faster than a suspension concentrate (half life in soil: 2.8 and
6.2 days, respectively and on plant surface: 1.9 and 4.5 days, respectively;
Guan et al., 2010). Cao et al. (2005) carried out “eld trials and compared the
residues of chlorfenapyr on cabbage and in soil following applications as
a suspension concentrate or a nanoformulation containing nano-TiO2. The
initial concentrations of chlorfenapyr on cabbage leaves immediately after
application were similar for both formulations, whereas the initial deposit in
soil was slightly lower for the nanoformulations (0.425 mg/kg, as opposed
to 0.565 mg/kg for the suspension concentrate). The authors interpreted
these observations as being due to the photocatalytic action of TiO2 on the
degradation of the a.i., but it is not clear why photocatalysis occurred in soil
and not on the plant surfaces. Degradation on cabbage leaves was slightly
faster for the nanoformulation than for the suspension concentrate (half-life
of 2.2 and 2.6 days, respectively) but the opposite trend was observed for
the persistence in soil (half-life of 4.3 and 3.9 days, respectively). It is not
clear why Cao et al. (2005) concluded that the nanoformulation was safer
than the suspension concentrate (e.g., residues of nano-TiO2 on the cabbage
were not measured). The differences between the half-lives were very small
and probably not signi“cant. The observed difference in initial soil deposits
may also be questionable considering the dif“culties involved in reaching
spatially homogeneous application and high accuracies in complex matrices.
Despite intensive research over the past decade the environmental fate of
nanosized metals and metal oxides remains poorly understood.

RELEVANCE OF CURRENT REGULATORY FRAMEWORK
TO NANOPESTICIDES

Of concern with nanomaterials is the possibility that they may not be
covered by current regulations. In the United States the adequacy of the

D
ow

nl
oa

de
d 

by
 [V

ie
nn

a 
U

ni
ve

rs
ity

 L
ib

ra
ry

] a
t 0

9:
14

 2
3 

Ju
ly

 2
01

3 



1846 M. Kah et al.

Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) for regulating
nanotechnology-based pesticides was discussed in 2006. It was concluded
that the U.S. Environmental Agency (US-EPA) had the authority under FIFRA
to subject nanoscale pesticides to new reviews by claiming that the change to
a nanoscale constitutes a change in composition (American Bar Association,
2006). The FIFRA Scienti“c Advisory Panel has recently been consulted con-
cerning the adequacy of current procedures for evaluation of the hazards and
exposure associated with nanometal pesticide products (FIFRA-SAP, 2009).
The panel concluded that (a) there may be potential for pesticides containing
nanoscale materials to pose different risks to humans and the environment
than pesticides that do not contain nanomaterials; (b) most existing models
are not appropriate for use with metal nanomaterials, and (c) additional met-
rics for dose and exposure (particle size mean and distribution, surface area,
number and mass concentration) and additional parameters (e.g., shape, ag-
glomeration, stability in application environments and surface chemistry) are
necessary to improve our understanding of the processes involved and to
develop alternative approaches.

Similar reports/consultations have not been found within the EU com-
munity, but plant protection products are probably the most tightly regulated
chemicals on the European market. The Plant Protection Products Regulation
(EC 1107/2009 (EC, 2009a)), which regulates the authorization and use of
pesticides in the European Community, applies to products on alone or in
mixtures, in whatever size, shape or physical state (similar to other European
legal instruments including REACH and other directives on biocidal or cos-
metic products). Pesticide a.i. and formulations on a nanoscale are therefore
covered by EC 1107/2009.

Under current EU legislation, information on the toxicity to terrestrial
and aquatic nontarget organisms must be provided for formulated products,
as laid out in Annex III to Directive 91/414, Section 10 (Directive 96/12/EEC).
In practice, toxicity endpoints are often extrapolated between similar formu-
lations to reduce the workload and the need for animal testing. Sometimes
the toxicity of the formulation is estimated from effects obtained in studies
conducted with the technical grade a.i. Environmental fate studies (e.g., aer-
obic route and rate of degradation, sorption, hydrolysis, and photolysis) are
usually only undertaken with the a.i. The results from these studies are used
to assess the potential for movement to groundwater and surface waters.
This approach is based on the assumption that the intact formulation exists
in the environment for only a short time and there is no long term effect on
the fate of the a.i. The following statement is included in the guidance to ap-
plicants wishing to place a new pesticide on the market (SANCO/6895/2009:
EC (2009b)):

The impact of formulants is limited to short-term effects such as forma-
tion of stable spray dispersions or to facilitate uptake by target organisms,
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while their in”uence on long-term processes, such as degradation and
distribution is negligible. Therefore, for the purposes of this risk assess-
ment it is assumed that formulants do not in”uence the fate and behaviour
of an active substance in the environment and are not considered further.

This reasoning is applied at EU level and during national registration of
the majority of products. Member states routinely read across from a.i. data
submitted as part of the registration at EU level. Rare exceptions are slow
release formulations and some very speci“c formulations such as capsule
suspensions that are designed to reduce volatilization and potential effects
on nontarget plants and adjacent crops. In these cases, soil degradation stud-
ies with slow release formulations are undertaken to determine the release
rate of the a.i. The in”uence of the formulation on other fate processes (e.g.,
hydrolysis or photolysis) and on sorption is not assessed for slow release
products. Field dissipation studies are always performed with a formulated
product, but these studies are often initiated several years before submission
of the registration application. The product tested in these studies is there-
fore not necessarily the same as the formulation chosen as the representative
product for registration. In conclusion, the effects of the formulation on the
environmental fate of a.i. have only been evaluated to a limited extent under
Directive 91/414. The new EU regulation for pesticides 1107/2009 stated,
•The interaction between the active substance, safeners, synergists and
coformulants shall be taken into account in the evaluation of plant protection
productsŽ (EC, 2009a). It is not clear whether this will lead to more stringent
requirements for environmental fate studies with formulated products.

Coformulants not only have the potential to in”uence the behavior of
the a.i. but can also have direct detrimental effects. Regulation 1107/2009
states that coformulants must not exhibit harmful effects on human and
animal health. A list of coformulants that must not be included in plant
protection products will be compiled (Annex III to 1107/2009). Detailed
rules for inclusion into Annex III will be established. Coformulants can be
reviewed at any time by the European Commission. It should be noted that
coformulants generally fall into the remits of other chemical regulations (e.g.,
REACH) and must be assessed under these frameworks.

In addition to nanoformulations of traditional a.i., nanomaterials that
exhibit pesticidal activity also need to be considered (e.g., nano-Ag). These
materials would have to be assessed in the same way as any other a.i. and
a full data package on the toxicity and environmental fate would have to
be compiled. The key question, however, is whether, and to what extent,
current procedures are able to deal with such nanopesticides and whether
new/enhanced properties would be identi“ed when following standard pro-
tocols, as discussed in the next section.

In 2008 the UK Soil Association was the “rst organization in the world
to take regulatory action against the use of nanoparticles in agricultural
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practices. The organization banned the use of engineered nanoparticles un-
der its organic standards (where the mean particle size is< 200 nm, and
the minimum particle size is< 125 nm; Soil Association, 2008) as a precau-
tionary approach. Most other organic farming organizations have not yet
decided whether nanoparticles should be allowed or prohibited. One rea-
son is certainly the dif“culty in clearly distinguishing the nanoparticles that
should be banned from those that should be allowed in organic production
and processing (e.g., homogenizing milk and grain milling create nanosized
particles).

ANALYTICAL CHALLENGES AND DETERMINATION OF PROPERTIES

Issues relating to the reliable detection, quanti“cation, and characterization
of nanoparticles are of primary importance for exposure assessment. They
are already being discussed within regulatory and standardization contexts
(e.g., the REACH or OECD testing guidelines). The development of new
and/or more robust methods is the subject of intensive research, the progress
of which is regularly reviewed (von der Kammer et al., 2011a). We here
present an overview of the main developments and the challenges identi-
“ed, and provide references for further reading. The aims of the following
paragraphs are to (a) draw attention on the potential issues that may arise
when applying approaches typically used for the analysis of pesticides and
(b) pinpoint additional parameters that may need to be considered when
evaluating nanopesticides.

Nanopesticides can consist of organic ingredients (e.g., a.i., polymers)
and/or inorganic ingredients (e.g., metal oxides) in various forms (e.g., par-
ticles, micelles). Properties such as composition, shape, and structure vary
greatly according to the type of nanopesticide and are also expected to
vary with time for any given product (during storage, and during/after ap-
plication). These properties are expected to directly affect the behavior of
the a.i. (e.g., solubility, sorption, degradation, and availability) and suitable
analytical methods should therefore allow determination.

However, classical pesticide analyses generally include preparation
steps that could signi“cantly alter the properties of nanopesticides. The di-
gestion, extraction or concentration of a sample can provoke the dissolution
or aggregation of particles and ultimately result in analytical artifacts (von
der Kammer et al., 2011a). For instance, in their evaluation of encapsulated
lambda-cyhalothrin the World Health Organization required a modi“cation of
the CIPAC (Collaborative International Pesticides Analytical Council) method
as it did not allow a distinction between free and encapsulated lambda-
cyhalothrin (World Health Organization, 2007). Other factors affecting the
stability of nanomaterial may also need to be taken into account, including
possible interactions with containers/tubing, matrix effects, changes in pH
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or ionic strength, the effects of impurities, degradation of coatings, func-
tionalization, and/or emulsi“ers that ensure stability (Tiede et al., 2009b).
Pose-Juan et al. (2010a; 2010b) recently showed that adjuvants present in
commercial formulations can reduce the measured quantities of a.i. (meta-
laxyl and penconazole in oil-water emulsion, analyzed by HPLC). Particular
care is therefore required in the quanti“cation of a.i. in formulated products.

The size and size distribution of nanoparticles are known to play a key
role in the behavior and are thus the “rst characteristics that should be deter-
mined when dealing with nanoformulations (Christian et al., 2008). Many dif-
ferent techniques are available for size measurements including dynamic light
scattering (Brar and Verma, 2011), electron microscopes (Dudkiewicz et al.,
2011; Gatti et al., 2009; Lorenz et al., 2010; Tiede et al., 2009c), nanoparti-
cle tracking analysis (Gallego-Urrea et al., 2011), and chromatography-based
techniques such as “eld ”ow fractionation (von der Kammer et al., 2011b)
or hydrodynamic chromatography (Tiede et al., 2009a; Tiede et al., 2010).
Each technique has strengths and weaknesses and results can vary greatly
according to the technique selected, the way it is used, and the types of
particles studied (Domingos et al., 2009); it is therefore recommended that
size distribution be determined by several techniques based on different
theories/approaches (Tiede, 2010). In addition to size and size distribution,
surface chemistry and functionalization should also be taken into account
when considering the transport of nanoparticles. An overview of the nu-
merous spectroscopic techniques available for characterizing the surfaces of
particles can be found in (Handy et al., 2008).

Most of the research dealing with environmental samples has been car-
ried out with inorganic nanoparticles. The detection and characterization of
nanometals and oxides in complex matrices (e.g., formulations, soil, water,
biota) and at concentrations likely to occur in realistic situations remains
extremely challenging (e.g., Hassellov et al., 2008; Tiede et al., 2008; Wein-
berg et al., 2011). Few studies have considered organic nanoparticles in
environmental samples. The development of suitable detection and charac-
terization methods for organic nanopesticides could take advantage of the
experience gathered in the “elds of nanomedicines and foodstuffs (Blasco
and Pico, 2011; Luykx et al., 2008; Peters et al., 2011). Similarly, the analy-
sis of nanopesticides in air could bene“t from experience derived from the
analysis of ultra“ne particles and aerosols in air (e.g., differential mobility
analyzer; Allmaier et al., 2011).

It is clear that a great deal of work will be required to successfully com-
bine analytical techniques that can (a) detect, (b) characterize (e.g., through
size, size range, shape or nature, surface properties), and (c) quantify the
a.i, and adjuvants emanating from nanoformulations, and also to understand
how characteristics evolve with time, under realistic conditions.

Other concerns exist regarding the application of standardized tests
to determine or predict chemical properties (e.g., solubility, octanol-water
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partitioning coef“cient) and fate properties (e.g., sorption, degradation in
soil). The use of formulated product is not recommended in the OECD
testing guidelines (e.g., for soil adsorption-desorption [Organization for Eco-
nomic Cooperation and Development, 1997] and degradation [Organization
for Economic Cooperation and Development, 2002]). Tests are thus gen-
erally performed on technical grade a.i. alone and it is assumed that the
properties of a.i. within formulated products can be described by the same
parameters.

On the basis of the data reviewed previously this assumption is likely
to be invalid for nanopesticides, at least in some cases. Potential differences
in fate between pure technical grade and formulated product should there-
fore be assessed. However, it is not known whether standardized protocols
can be successfully applied to formulated nanopesticides. Most experimental
set-ups are likely to affect the form in which nanopesticides occur and yield
a result that is not representative of the behavior under realistic conditions.
For instance, sorption to soil (Organization for Economic Cooperation and
Development, 1997) is measured in a diluted soil suspension that may pro-
voke aggregation or dissolution of nanopesticides that would not occur in
the “eld. New protocols may therefore need to be developed in order to
assess the fate of nanopesticides.

Additional questions arise regarding changes in the properties of
nanopesticides with time (also rarely assessed by current protocols) and
the applicability of prediction approaches (e.g., Kow-based prediction ap-
proaches are known to be inadequate for nanometal and nanometal oxides;
Foss Hansen et al., 2011).

Further research is thus urgently required in order to (a) identify the
assumptions currently applied that are not valid in the case of nanopesti-
cides, (b) evaluate the points or situations in which differences may impact
signi“cantly on the exposure assessment outcomes, and (c) re“ne or adapt
current protocols as required.

SUITABILITY AND POSSIBLE ADAPTATION OF CURRENT
EXPOSURE MODELING PROCEDURES

Current exposure modeling procedures are probably satisfactory for assess-
ing the fate of most nanoformulations that aim to increase the solubility of
the a.i., provided that (a) realistic sorption and degradation parameters can
be determined and used as model inputs; (b) changes with time can be
accounted for, if necessary; or (c) the separate assessment of the various
ingredients is proved to be a protective approach in all cases.

For slow/targeted release nanoformulations the primary question is
whether/how the slow-release properties can be accounted for by the ex-
posure models currently in use (note that this question may also apply to
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nonnano formulations). Finally, for formulations containing particles that
may exhibit colloidal behavior, further issues need to be considered since
(a) the transport of solutes and nanoparticles cannot be described by the
same approaches and (b) the transport of a.i. can be greatly affected by the
association with a nanocarrier (e.g., polymer based or nano-oxides associated
with a.i.). These issues are discussed further in the following sub-sections
with regard to the European evaluation process for pesticides.

Slow/Targeted Release Nanoformulations

Ford et al. (2007) analyzed how slow release formulations can be taken into
account by the FOCUS pesticide fate models. These models typically consider
single/multiple applications within a season with all of the a.i. available for
degradation from the time of application. The slow release carrier material
is thus conceptualized as a parent material that is transformed into the free
a.i. according to a “rst-order reaction. Another approach that consists of
approximating the slow release with a series of separate applications over
time was considered to be less realistic (Ford et al., 2007). Assuming a very
strong sorption of the carrier (the sorption coef“cient normalized for the soil
organic carbon content, Koc, was set to 9999 L/kg for the parent material), a
sensitivity analysis indicated that the primary factors in”uencing the predicted
environmental concentration in surface and ground water are the Koc and
the half-life of the a.i., followed by the release rate and the application date
(Ford et al., 2007).

We have explored the in”uence that the sorption of the carrier to the soil
has using the FOCUS PEARL pesticide leaching model, version 3.3.3 (Leistra
et al., 2001), bearing in mind that this is a “rst approximation as the carrier
may not behave as a solute (see further discussion on colloid transport in
the next paragraph). Weakly, moderately, and strongly sorbed carriers were
tested (Kom= 10, 100, 1000 L/kg). The “rst-order release half-life of the a.i.
from the carrier material was set to 20 days. The a.i. released was assumed
to be weakly sorbed (Kom = 20 L/kg) and quickly degraded (DT50 =
10 days). The simulation was undertaken over 20 years for a standard soil and
weather scenario (Hamburg groundwater scenario, application of 1 kg/ha
to a winter cereal crop on 1 October; Boesten et al., 2000). The average
annual concentration of the a.i. in leachate at 1 m depth was calculated for
each year and the 80th percentile recorded. Slow release formulations with
moderately sorbed and strongly sorbed carrier material reduced the 80th
percentile concentration relative to that for direct application of the a.i. (0.63,
0.58, and 0.95µg/L, respectively). Conversely, the simulated application of
a weakly sorbed carrier dramatically increased concentrations in leachate
(5.43 µg/L). This can be explained by the transport of the poorly sorbed
carrier to deeper layers of the soil pro“le, where the a.i. is then released.
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The release pro“le was shown to be the third factor in”uencing envi-
ronmental concentrations derived from the FOCUS models (Ford et al., 2007)
and is expected to have a strong effect on the fate of the a.i. Release pro“les
from nanoformulations most frequently followed exponential “rst or second
order kinetics (e.g., Hussein et al., 2010; Qiu et al., 2009) or power functions
(Park et al., 2010), although multistage patterns have also been observed
(Liu et al., 2006). Speci“c drivers to achieve a well-controlled or targeted re-
lease for agrochemical applications have not been reported in the literature.
Although the most sophisticated formulations may remain con“dential, for-
mulations releasing the total quantity of a.i. under speci“c conditions seem
unlikely to be marketed in the near future. Release pro“les reported in the
literature were generally determined from aqueous solutions and it is not
known how environmental matrices (e.g., plant surfaces, soil particles) may
in”uence the release rate of the a.i.. Methodologies for deriving more re-
alistic release pro“les should thus be applied (e.g., Ford et al., 2007). The
possible residues of a.i. on/in the carrier after release equilibrium is reached
should also be investigated. As described above, “rst-order release pro“les
can easily be incorporated into existing exposure models. More complex
release patterns can only be approximated using the standard tools.

The last issue regarding the environmental fate of slow release formu-
lations concerns the fate of the compounds/materials used as nanocarriers.
Carriers may accumulate in the top soil layer following repeated applica-
tions, whereas other carriers may be transported away. The fate and long
term persistence of nanocarriers and degradation products remains an open
question. Further research should therefore focus on the fate of nanocarriers
(Hofmann and von der Kammer, 2009), and data integrated into the risk
assessment of pesticide formulation, as required.

Transport of Nanoparticles and Facilitated/Retarded Transport
of a.i. by Nanocarriers

The transport of nanopesticides exhibiting colloidal behavior (e.g., nanodis-
persion, nanocarriers, nanometals and oxides) is not described by current
regulatory models. The main issue probably lies in our current level of under-
standing of the fate of nanoparticles„both natural colloids and engineered
nanoparticles„and the consequent lack of modeling tools available for pre-
diction. Studies aiming to understand and predict the transport of natural
colloids (particles with dimension between 1 nm and 1 mm; International
Union of Pure and Applied Chemistry, 1997) have been performed for more
than three decades. Research has intensi“ed signi“cantly in recent years,
mainly driven by concerns relating to the possible environmental impact
of engineered nanoparticles. A number of reviews that have recently been
published are referred to for further reading (Darlington et al., 2009; Klaine
et al., 2008; Peralta-Videa et al., 2011; Petosa et al., 2010).
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The behavior of nanomaterials in terrestrial and aquatic environments
is much more complex than that of conventional pesticide molecules. The
soluble portion of a pesticide has traditionally been considered to be of
importance for the transport and bioavailability. Nanoparticles can be trans-
ported in dissolved and colloidal states, and the mechanisms that underlie
behavior differ from those for conventional solutes (Christian et al., 2008). For
instance, the concept of sorption (described by a distribution coef“cient) is
not appropriate as colloid association with soil particles is a nonequilibrium
process, generally described in terms of attachment. Important additional
processes to consider include dispersion, aggregation, deposition, and re-
mobilization. These processes depend on the properties of the nanomaterial
(e.g., size, shape, chemical composition, surface charge, coating and particle
state; Darlington et al., 2009; Klaine et al., 2008; Yang et al., 2010) as well
as on the characteristics of the soil (e.g., pore size, pore size distribution,
soil surface properties, hydraulic parameters, texture, natural organic matter
content) and aqueous solution (e.g., ionic strength, ionic composition, pH,
and natural organic matter content; Jaisi and Elimelech, 2009; Saleh et al.,
2008; Solovitch et al., 2010; Yang et al., 2011). Natural organic matter may
promote the stability of aggregated structures, thus having a major in”uence
on transport (Christian et al., 2008). The spatial and temporal variability in
these parameters is expected to greatly affect the relocation of nanoparticles
(more than for solutes), further adding to the complexity of the system.

Despite intensive research on natural/engineered nanoparticles, inter-
actions between the processes determining relocation remain only poorly
understood. There are still many research gaps to be “lled before the pro-
cesses mentioned above can be quanti“ed and prediction methods devel-
oped. There is currently a great deal of debate regarding the evaluation of
engineered nanomaterials under the REACH regulations. Recommendations
made in this context could serve as a basis for the adaptation of pesticide
regulations should nanopesticides exhibiting colloidal behavior need to be
evaluated in the near future.

In some cases the nanocarrier and a.i. will separate rapidly after reaching
the soil/plant surface and exposure assessment based on individual ingre-
dients may be applicable. However, in most cases it is expected that the
nanocarrier and a.i. will remain associated for suf“cient time to signi“cantly
affect the transport of the a.i.

It has previously been shown that nanoparticles can facilitate the trans-
port of organic substances (e.g., Hofmann and Wendelborn, 2007). Whether
the transport of the a.i. is facilitated or retarded depends mainly on the sorp-
tion properties of the a.i. and the attachment properties of the nanocarrier. In
cases where the transport of the carrier is faster than the (retarded) transport
of the a.i. the carrier will promote the relocation of the a.i. (Hofmann and
von der Kammer, 2009). The effect increases with the difference in transport
velocity between the carrier and the a.i.. A worst-case scenario for facilitated
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transport is thus represented by a formulation made of a very mobile car-
rier associated with a highly sorptive a.i. Facilitated transport over relatively
short distances may have major consequences in terms of pesticide losses,
as deeper horizons are generally much less favorable for sorption and degra-
dation processes than the uppermost soil layer. Although a low mobility is
expected for some carriers (e.g., layered double hydroxides) the mobility of
most nanoparticle carriers remains uncertain and is highly dependent on the
surface functionalization (e.g., polymer-based carriers).

The in”uence of natural nanoparticles on the transport of organic sub-
stances in porous media has been investigated for a wide range of com-
pounds, and several reviews cover a variety of aspects of nanoparticle facil-
itated transport (e.g., Kretzschmar et al., 1999; McCarthy and Zachara, 1989;
Ryan and Elimelech, 1996). Three conditions need to be ful“lled for nanopar-
ticles to signi“cantly in”uence the relocation of an a.i. (Kretzschmar et al.,
1999): the nanoparticles must be present in a suf“ciently high concentration,
they must be mobile, and the substance under investigation must adsorb
strongly to the nanoparticle and desorb only slowly relative to the transport
time scale (or not desorb at all).

Only a limited number of studies have addressed the mobility of engi-
neered nanoparticles in porous media (Cheng et al., 2005; Guzman et al.,
2006; Lecoanet et al., 2004; Lecoanet and Wiesner, 2004; Wang et al., 2008).
The modeling of nanoparticle bound transport of organic and inorganic sub-
stances remains very challenging. Amongst others, Corapcioglu and Jiang
(1993) and later Prechtel et al. (2002) developed a model for nanoparticle fa-
vored phenanthrene transport using a constant nanoparticle concentration,
a modi“ed retardation factor, and a dispersion coef“cient. Similar models
have also been based on an instantaneous equilibrium approach (Magee
et al., 1991). Experimental studies and transport modeling using empirical
“rst-order rate laws have shown that sorption and desorption kinetics are
central to nanoparticle bound transport of substances (Corapcioglu et al.,
1999; Ibaraki and Sudicky, 1995; Noell et al., 1998; van de Weerd et al.,
1998). Slow desorption/release has been identi“ed as one of the most im-
portant factors for nanoparticle facilitated transport by Roy and Dzombak
(1998). This again stresses the importance of determining the release rate
under realistic conditions.

However, the level of complexity and the number of parameters re-
quired at present prevent the application of such models in a regulatory
context. A great deal of research effort will thus be required over the coming
years, and will need to include (a) experiments that investigate the move-
ment of nanomaterials through soils in order to enhance our understanding
of the underlying mechanisms and identify the key in”uencing factors, (b)
the modi“cation of models based on the “ndings of the experiments and
inclusion of the key processes, whilst bearing in mind that the models will
have to be simpli“ed so that they can be used in a predictive manner without
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calibration, (c) the development of standard scenarios for regulatory risk as-
sessments, (d) the provision of user-friendly interfaces and user support,
and (e) the development of experimental protocols that will allow robust
parameterization of the models with a reasonable amount of effort.

CONCLUSION

The objectives of nanoformulations are generally similar to those of other
pesticide formulations, aiming to (a) increase the apparent solubility of
poorly soluble a.i., (b) release the a.i. in a slow/targeted manner, and/or
(c) protect the a.i. against premature degradation. Nanoformulations encom-
pass a great variety of products (Figure 1) and a differentiation according
to the ingredients and the environmental fate is necessary (Table 2) in or-
der that exposure assessment procedures can be adequately adapted, as
required.

A large proportion of nanopesticides are unlikely to exhibit property
changes akin to the quantum effects generally reported for engineered
nanoparticles. These nanoformulations raise questions that are also common
to nonnano formulations (e.g., should, high concentrations of surfactants or
slow release of the a.i. be accounted for, and if so, how?). The applicability
of the assumptions behind experimental and modeling protocols currently
in place should be con“rmed when assessing sophisticated formulations.

Other nanopesticides contain novel a.i. (e.g., nano-Ag) and/or affect
the chemical properties of an a.i. (e.g., nanodispersion increases the inher-
ent dissolution velocity and solubility saturation of poorly water-soluble a.i.).
Current environmental risk assessment procedures are already known to be
inadequate for such products. There is a great deal of debate at present
regarding the evaluation of nanometals under the REACH regulations.
Recommendations issued in this context could serve as a basis for the adap-
tation of existing pesticide regulations.

The new pesticide regulations are likely to phase out some a.i. currently
registered (EC 1107/2009, which came into force in June 2011). It is essential
that unacceptable risks are not simply transferred to novel formulations of
a.i. that remain on the market.

Innovation always results in both drawbacks and bene“ts for human
and environmental health. For instance, the higher ef“cacy claimed for most
categories of nanopesticides (Table 3) could help to reduce the quantities
of a.i. applied, but could also result in a direct detrimental consequence of
higher toxicity for nontarget organisms.

The current level of knowledge does not appear to allow a fair assess-
ment of the advantages and disadvantages that will result from the use of
some nanopesticides. As a prerequisite for such assessment, the development
of robust analytical methods for the quanti“cation and characterization of
nanopesticides will be required in order to reduce the uncertainty associated
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with classically applied protocols. Further research into the environmental
fate and how it may evolve with time under realistic agronomic conditions
will also be required in order to achieve more robust risk assessments of
nanopesticides.
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