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Resumo

Os pesticidas sdo compostos sintéticos ou bioldgicos, utilizados para atrair, matar, repelir ou
interferir no ciclo de vida de diferentes tipos de seres vivos. A atrazina € um herbicida pré e
pos emergente, usado para controlar plantas daninhas em muitas culturas, destacando-se o
milho, o0 sorgo e a cana de agUcar. Apresenta alto potencial de contaminacdo ambiental e seu
uso tem sido controverso em alguns paises. Entretanto, com a implementacdo da
nanotecnologia na agricultura tem sido desenvolvidos eficientes sistemas transportadores da
atrazina. Nanoparticula lipidica solida carregada com atrazina é um exemplo, esta
nanoformulacdo demonstrou eficécia no controle do organismo alvo mesmo quando aplicada
em doses reduzidas, mas seus efeitos toxicos precisam ser verificados em organismos ndo
alvo representativo de ambientes aquaticos e terrestres. A presenca de nanosistemas em
ecossistemas aquaticos pode afetar organismos bentbnicos, pois estes se desenvolvem no
sedimento, local que ocorre 0 acimulo de contaminantes, inclusive com propriedades em
nanoescala. Neste contexto, no presente estudo foram analisados os efeitos ecotoxicolégicos
de nanoparticulas lipidicas solidas (com ou sem atrazina) e atrazina (ingrediente ativo) sobre
larvas de Chironomus sancticaroli, avaliando a mortalidade, deformidade do mento,
desenvolvimento e biomarcadores bioquimicos (acetilcolinesterase, esterases alfa e beta e
glutationa S-transferase). As concentracdes de contaminantes utilizadas foram 0,002, 0,47,
0,95 e 1,9 mg.L™ nos bioensaios agudos (96 h) e 0,002 mg.L™ nos bioensaios subcronicos (10
dias). As nanoformulacdes mantiveram a estabilidade do didametro hidrodindmico durante os
experimentos. O valor da atrazina livre na agua permaneceu estdvel no decorrer dos
bioensaios. Atrazina na concentracio ambientalmente relevante (0,002 mg.L™) causou efeitos
letais e subletais para as larvas, indicando a necessidade de revisdo do valor permitido. As
nanoparticulas com atrazina apresentaram efeitos toxicos (mortalidade e alteracdo nos
biomarcadores bioguimicos) semelhantes a atrazina. A nanoparticula controle (sem atrazina)
causou alteragdes nos biomarcadores bioquimicos e mortalidade, indicando um possivel efeito
toxico da nanoformulagdo. A maioria das concentracdes da nanoformulagdo carregada com
atrazina ndo foram dose dependente para mortalidade. Somente atrazina na concentracdo de
0,47 mg.L* apresentou efeito considerado estatisticamente significativo para a deformidade
do mento. A atrazina e as nanoparticulas ndo afetaram o desenvolvimento larval. Chironomus
sancticaroli foi sensivel para monitorar a nanoatrazina, indicando potencial no uso em
avaliacdes ecotoxicoldgicas de nanopesticidas na regido Neotropical.

Palavras-chave: Ecotoxicologia; Nanopesticida; Nanoatrazina; Organismo aquatico.


Felicia
Máquina de escrever
7


Abstract

Pesticides are synthetic or biological compounds, used for attracting, killing, repelling or
interfering in the life cycle of different types of living beings. Atrazine is a herbicide pre- and
post-emergence used to control weeds in many crops, highlighting maize, sorghum and sugar
cane. Due to its high potential for environmental contamination, its use has been controversial
in some countries. Althougth, with the implementation of nanotechnology in agriculture,
efficient atrazine carrier systems have been developed. Solid lipid nanoparticle loaded with
atrazine is an example, this nanoformulation showed to be effective in controlling the target
organism even when applied at low doses, but its toxic effects need to be verified in nontarget
organisms representative of aquatic and terrestrial environments. The presence of
nanosystems in aquatic ecosystems can affect benthic organisms, because these species
develop in the sediment, local where contaminants accumulate, including with nanoscale
properties. In this context, the present study analyzed the ecotoxicological effects of solid
lipid nanoparticles (with or without atrazine) and atrazine (active ingredient) on Chironomus
sancticaroli larvae, evaluating the endpoints mortality, mentum deformity, development rate
and biochemical biomarkers (acetylcholinesterase, alpha esterase, beta esterase and
glutathione S-transferase). The contaminant concentrations used were 0.002, 0.47, 0.95, and
1.9 mg.L? in acute (96 h) and 0.002 mg.L? in subchronic (10 days) bioassays. The
nanoformulations maintained hydrodynamic diameter stability during the bioassays. The
value of atrazine free in the water during experiments remained stable. Atrazine at the
environmentally relevant concentration (0.002 mg.L™?) caused lethal and sublethal effects on
the larvae, indicating the need to review the allowed value. Nanoparticles loaded with atrazine
showed toxic effects (mortality and alteration in biochemical biomarkers) similar to atrazine.
Nanoparticle control (without atrazine) caused biochemical alterations and mortality,
indicating a possible toxic effect of the nanoformulation. Most concentrations of
nanoformulation loaded with atrazine were not dose dependent for the endpoint mortality.
Only the atrazine at concentration 0.47 mg.L? showed effect considered statistically
significant for mentum deformities. Atrazine and nanoparticles did not affect larval
development. Chironomus sancticaroli was sensitive to monitor nanoatrazine, indicating
potential use in ecotoxicological evaluations of nanopesticides in the Neotropical region.

Keywords: Aquatic organism; Ecotoxicology; Nanopesticide; Nanoatrazine.
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Introducéo Geral

Anualmente na agricultura sdo consumidos aproximadamente 4 milhdes de toneladas
de pesticidas (Zhang et al., 2018), estas substancias sdo utilizadas para atrair, matar, repelir ou
interferir no ciclo de vida de diferentes tipos de seres vivos (Lushchak et al., 2018). Os
pesticidas ndo se restringem ao organismo alvo, circulam nos ecossistemas, podem ser
acumulados por diversas espécies e até mesmo migrar através de cadeias alimentares,
causando desequilibrio ecoldgico (Lushchak et al., 2018).

Para o desenvolvimento de uma agricultura menos impactante € essencial o
investimento em pesquisas de inovacgdo que rastreiem esses pesticidas em organismos (alvo e
ndo alvo) e no ambiente. Assim como, € de grande relevancia propor formulagdes e ou
métodos de producédo que reduzam o impacto ambiental e a saide humana (Kah et al., 2018).

O uso de nanotecnologia na agricultura tem demonstrado grande potencial na criacao
de novas formulacGes, bem como para melhorar a eficiéncia e seguranca de pesticidas ja
existentes (Zhao et al., 2018). Neste contexto, a nanoatrazina foi desenvolvida como uma
alternativa para minimizar os efeitos adversos da atrazina convencional ao meio ambiente
(Clemente et al., 2013; Grillo et al., 2010; Grillo et al., 2012; Kah et al., 2014; Oliveira et al.,
2015a, b, c; Pereira et al., 2014; Souza et al., 2012; Taverna et al., 2018; Xiao-Ting and
Wang, 2019). A nanoparticula lipidica sélida carrregada com atrazina e simazine € um
exemplo de nanosistema que apresentou excelente atividade herbicida contra o organismo
alvo Raphanus raphanistrum, reduziu a fitotoxicidade para Zea mays (planta) e citotoxicidade
para células 3T3 de fibroblastos de rato. No entanto, esta mesma formulagéo apresentou efeito
toxico sobre o organismo de solo Caenorhabditis elegans (Jacques et al., 2017), indicando a
necessidade de novos estudos ecotoxicoldgicos.

Para compreender os potenciais efeitos tdxicos da nanoatrazina sdo necessarios

estudos com diferentes organismos representativos de ecossistemas aquaticos e terrestres
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(Albuguerque et al., 2020). Nanoparticulas em ambientes aquaticos podem se depositar no
sedimento e afetar diretamente os macroinvertebrados bentonicos, destacando-se algumas
espécies da familia Chironomidae que possuem o hébito de ingerir particulas de sedimento,
podendo acumular altas concentragdes de contaminantes em seu corpo, incluindo compostos
quimicos com propriedades em nanoescala (Oberholster et al., 2011; Strixino & Strixino,
1981, 1982).

Na regido Neotropical, o amplo uso de Chironomus sancticaroli em bioensaios
ecotoxicoldgicos estd associado as suas caracteristicas, pois esta espécie possui um ciclo de
vida que dura aproximadamente 13 dias, tem um tamanho relativamente pequeno, pode ser
cultivada em laboratério, € facilmente coletada em ambientes naturais e sua distribuicdo
ocorre no Brasil e Argentina (Araujo et al., 2006; Fonseca & Rocha, 2004; Strixino &
Strixino, 1981, 1982). Sendo assim, Chironomus sancticaroli pode ser considerado um
organismo representativo para avaliar os potenciais efeitos txico da nanoatrazina.

Diante do exposto, o principal objetivo da presente tese foi avaliar os efeitos
ecotoxicoldgicos de nanoparticula lipidica sélida (vazia e carregada com atrazina) sobre
larvas de Chironomus sancticaroli (organismo ndo alvo), em condicdes de laboratorio através
de bioensaios agudo (96 h) e subcrénico (10 dias), a fim de obter dados sobre o potencial
toxicoldgico destes nanosistemas em comparagdo com atrazina (ingrediente ativo).

A tese foi dividida em dois capitulos, 0os quais sao compostos por um artigo de
revisao publicado na revista Science of the Total Environment e outro de praticas.

No primeiro capitulo é apresentado uma revisdo de literatura da tese, enfatizando o
poténcial de contaminacdo da atrazina além da area de aplicacéo, seus efeitos toxicolégicos
sobre organismos aquaticos e o0 uso de nanotecnologia para reduzir a toxicidade deste

herbicida através da micro/nanoencapsulacao.
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O segundo capitulo consta os bioensaios agudos e subcrbnicos com larvas de
Chironomus sancticaroli, quais foram desenvolvidos para avaliar a toxicidade das
nanoparticulas lipidicas sélidas carregadas com atrazina, nanoparticulas controle (sem
atrazina) e atrazina (ingrediente ativo), através da andlise do efeito letal, deformidade do
mento, desenvolvimento larval e biomarcadores bioquimicos (acetilcolinesterase, esterase
alfa, esterase beta e glutationa S-transferase).

Apos, consta uma concluséo geral e os testes com substancias de referéncia, realizados

para verificar a sensibilidade da cultura de Chironomus sancticaroli e validar os bioensaios.
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*Highlights (for review : 3 to 5 bullet points (maximum 85 characters including spaces per bullet point)

e The effects of atrazine are not restricted to the target organism.

e At environmentally relevant concentrations, atrazine can cause sublethal effects in
aquatic organisms.

e Atrazine affects the development, reproduction, and behavior of many aquatic species.

e Nanoencapsulation of atrazine could potentially be used to reduce its adverse effects.
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Abstract

Atrazine is a pre- and post-emergence herbicide used to control weeds in many crops. It was
introduced in the late 1950s, but its use has been controversial because of its high potential
for environmental contamination. In agriculture, the implementation of sustainable practices
can help in reducing the adverse effects atrazine. This review addresses aspects related to the
impacts of atrazine in the environment, with focus on its effects on aquatic species, as well as
the potential use of nanoencapsulation to decrease the impacts of atrazine. The application of
atrazine leads to its dispersal beyond the immediate area, with possible contamination of
soils, sediments, plantations, pastures, public supply reservoirs, groundwater, streams, lakes,
rivers, seas, and even glaciers. In aquatic ecosystems, atrazine can alter the biota,
consequently interfering in the food chains of many species, including benthic organisms.
Nanoformulations loaded with atrazine have been developed as a way to reduce the adverse
impacts of this herbicide in aquatic and terrestrial ecosystems. Ecotoxicological bioassays
have shown that this nanoformulations can improve the targeted delivery of the active
ingredient, resulting in decreased dosages to obtain the same effects as conventional
formulations. However, more detailed analyses of the ecotoxicological potential of atrazine-
based nanoherbicides need to be performed with representative species of different
ecosystems.

Keywords: Agrochemical; aquatic organism; ecotoxicity; nanotechnology; triazinic

herbicide.

1. Introduction
Herbicides are applied in various crops, in order to kill weeds following uptake of the
chemicals into the leaves, stems, or roots (Kim et al., 2017; Lushchak et al., 2018). These

chemical compounds have different mechanisms of action and can be classified as growth
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regulators, cell membrane disruptors, and inhibitors (Lushchak et al., 2018). They can affect
seedling growth, photosynthesis, and the biosynthesis of amino acid, lipids, and pigments
(Lushchak et al., 2018).

Atrazine is a synthetic herbicide that has been available on the market for more than
50 years. It was patented in Switzerland in 1958 and was registered for commercial use in the
United States in 1959, after which it became used worldwide (Solomon et al., 1996).
However its use has been controversial due to its persistence and mobility, resulting in it
being detected in the soil, plantations, pastures, reservoirs used for public water supply,
groundwater, streams, lakes, rivers, seas, and even glaciers in remote areas (Carmo et al.,
2013; Garcia et al., 2012; Hénault-Ethier, 2016; Jablonowski et al., 2011; Nodler et al., 2013;
Solomon et al., 1996; Sun et al., 2017).

Due to the high potential of atrazine to contaminate groundwater, in 2004 it was
removed from the list of approved products in the European Union (Ackerman, 2007). The
use of this herbicide is decreasing in Canada, where many formulations are already restricted
in the west of the country (Hénault-Ethier, 2016). However, atrazine still is widely used in
agriculture in other countries, highlighting the United States, Brazil, China, and India
(Balakrishnan and Athilakshmi, 2016; Rusiecki et al., 2004; Sass and Colangelo, 2006; Sun
et al., 2017). It was reported in 2002 that the amount of atrazine used in China is up to 5.000
tons per year (Jin and Ke, 2002). In India, the annual consumption of atrazine reached 340
tons in 2008 (Kadian et al., 2008). In Brazil, 24.731 tons of the herbicide were sold in 2017
(Brasil, 2019), while in the United States, over 30.000 tons are applied annually (Lorber-
Pascal and Laurente, 2011).

Surprisingly, even after being banned, atrazine continues to be detected in European
coastal waters. An example is the Aegean Sea, which is influenced by the exchange of water

with the Marmara Sea and the Black Sea, bordered by countries where atrazine is still used.
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This shows that even the prohibition of chemical products at an international level is unable
to prevent continuing contamination (Nodler et al., 2013). Atrazine residues were detected in
the urine of pregnant women, when it had already been banned, in the Brittany region of
France (Chevrier et al., 2011). In Croatia, atrazine residues were found in urine samples from
rural workers, both before and after application of the chemical (Mendas et al., 2012).

The effects of atrazine are not restricted to the target organism, with the presence of
this herbicide in terrestrial and aquatic environments having the potential to affect a great
diversity of species, consequently threatening environmental sustainability (Singh et al.,
2018). The present review discusses the adverse impacts of atrazine, focusing on its harmful
effects on species present in aquatic environments. Particular attention is given to new
technologies that could assist in reducing the toxicity of this herbicide, such as

micro/nanoencapsulation techniques.

2. Principle of action of atrazine and its potential for contamination

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is a selective pre- and
post-emergence herbicide used to control weeds in cultivations including maize, sorghum,
sugar cane, and pineapple, as well as in landscaping (Nwani et al., 2010; Solomon et al.,
1996). This pesticide acts on the target organism by inhibiting photosynthesis, with blocking
of electron transport in photosystem Il (Forney and Davis, 1981). The blocking occurs
because atrazine attaches at the plastoquinone Qg (electron acceptor) binding site,
consequently interrupting the flow of electrons between the photosystems (Fig. 1) (Marchi et
al., 2008). With this inhibition, the electrons are not converted into chemical energy
(adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH))
and impose a high energy load on chlorophyll molecules, leading to lipid peroxidation in the

membranes, destruction of leaf chlorophyll, inhibition of carbohydrate synthesis, reduction of
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the carbon stock, and accumulation of carbon dioxide within plant cells (Marchi et al., 2008;
Shabana, 1987).

In the case of pre-emergence application, atrazine is absorbed by the plants through
the roots, subsequently being transported in the xylem to the leaves, where its action causes
chlorosis, necrosis, and death. In post-emergence application, the chemical is absorbed by the

leaves (Fig. 1) (Souza et al., 2012).

Chloroplast

.
e/

‘ Atrazine inhibits
electron transport

Ve

Post-emergence | Light -.
154 O
Weed control K
P\ J\
N H.,O
1% 0.4 20"
Atrazine & Pre-emergence letosystem I Photosystem I

Root

Fig. 1. Absorption of atrazine in weeds (target organisms), during the pre-emergence, it occurs mainly through
the roots and in post-emergence through the leafs. The atrazine inhibits photosynthesis on target organism,

blocking the electron transport in photosystem II.

Atrazine is considered to be a selective herbicide, enabling its use in several crops.
Due to the different metabolic pathways and rates of metabolization of the chemical in weeds
and crops, the species that are resistant rapidly convert the herbicide into nontoxic

metabolites (Ebert and Dumford, 1976; Forney and Davis, 1981; Roman et al., 2007).
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Atrazine has low vapor pressures, is moderately soluble in water, with solubility of
33.0 mg.L ™t at 22 °C, has low soil adsorption coefficient (ko) 100 cm® g and an octanol
partition coefficient water (log Koy) of 2.75 (Balci et al., 2009; Baranowska et al., 2008;
Carmo et al., 2013). However, it has high potential to contaminate groundwater, since it is
poorly adsorbed in the organic fraction of the soil, consequently presenting high leaching
potential, especially in a well-structured soil profile with macropores (Dias et al., 2018;
Graymore et al., 2001).

When released into the environment, atrazine undergoes chemical, photochemical,
and biological reactions that are responsible for its degradation to other compounds (Chevrier
et al., 2011), each transformation product varying in its persistence and toxicity (Graymore et
al., 2001). Examples are its transformation products deethylatrazine and deisopropylatrazine,
which are frequently detected in surface and groundwater, in many regions worldwide, and
can persist in water and soil for decades (Dores and De-Lamonica-Freire, 2001; Jablonowski
etal., 2011).

Rainfall contributes to the dispersal of atrazine in ecosystems due to surface runoff,
allowing it to be transported from the field to aquatic systems around the application area
(Jablonowski et al., 2011). The transport of this contaminant in the environment can be
attributed to its characteristics including resistance to decomposition by microorganisms,
stability in soil and water, and half-life times varying from 14 days to 4 years in soil and from
6 months to several years in water (Guan et al., 2013; Stara et al., 2018).

Industries may also be a source of local contamination. In China (Changxing County,
Zhejiang Province), high concentrations of atrazine were detected in a region close to a
pesticide factory where atrazine was one of the main products (Sun et al., 2017).

Also, the application of pesticides in residential and agricultural areas can lead the

simultaneous mixing of chemical compounds in aquatic environments with different
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mechanisms of action, causing an increase in toxicity, greater disturbance of aquatic
ecosystems than expected considering the individual toxicities of the substances in isolation

(Pérez et al., 2013).

3. Presence of atrazine in aquatic environments

Atrazine is frequently detected in aquatic ecosystems, where its presence affects the
reproduction of aquatic fauna and flora, interfering with the structure of every community
(Graymore et al., 2001), because its adverse effects on aquatic plants may alter the survival,
growth, and/or reproduction of herbivores and predators (Solomon et al., 1996).

Atrazine can significantly inhibit algal growth and photosynthesis (Zhu et al., 2016).
In evaluation of the ecological risk of atrazine in North American surface waters,
phytoplankton were considered to be the organisms most sensitive to this contaminant,
followed by macrophytes, benthic invertebrates, zooplankton, and fish (Solomon et al.,
1996).

Studies have demonstrated that atrazine has the potential to reduce cellular
metabolism and to influence the formation of reactive oxygen species (ROS), altering the
antioxidant activity in fish (Nwani et al., 2010; Owolabi and Omotosho, 2017; Santos and
Martinez, 2012), crustaceans (Schmidt et al., 2017; Stara et al., 2018), and chironomid larvae
(Londofio et al., 2004).

Some European countries had already banned the use of atrazine before the decision
of the European Union (Ackerman, 2007). At the same time when this herbicide was banned
by the European Union, the United States renewed authorization of its usage, rejecting the
allegations that atrazine may cause serious risks to the environment and human health

(Ackerman, 2007; Sass and Colangelo, 2006).
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Before atrazine was banned by the European Union, a uniform limit of 0.1 pg.L™ of
the pesticide residue was established for drinking water and groundwater (Ackerman, 2007).
The World Health Organization allows a maximum concentration of 100 pg.L™ for atrazine
and its chloro-s-triazine metabolites in drinking water (WHO, 2017). In Australia is allowed
20 pg.L? of atrazine (NHMRC/NRMMC, 2011), in the United States 3 pg.L™ (USEPA,
2009) and in the Brazil 2 pg.L™ for freshwater, considering the use of the water for human
consumption and the protection of aquatic life (CONAMA).

A review of the literature, considering articles published in the last five years,
provides ample evidence that atrazine at different concentrations, including those that are
environmentally relevant, can affect the development, behavior, and reproduction of many
species present in the aquatic environment (Table 1; Fig. 2).

Biomarkers

and
molecular

Photosynthesis I

Genetic
I & Molluse
Plant = Insect larvae
Photosynthesis / Biomarkers, hormones,
and K ) morfhological.
development Algae Crustacean reproductive and genetic
~
. y
. 14 \@. )
Fish ‘
. . S Biomarkers, hormones,
Toxic effect of atrazine Amphibian reproductive
on aquatic organisms @ and histological
Reptile i

* Biomarkers. hormones
and reproductive
Immunological

and development
Fig. 2. The presence of atrazine in aquatic environments causes toxic effects on organisms representative this
ecosystem. Each group represents different species that were exposed to atrazine, together with the

corresponding toxic effects. Illustration adapted from Table 1.
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Despite having the potential to cause toxic effects presenting toxic effects towards
aquatic species, atrazine continues to be used in several countries, indicating the need to
search for solutions and technologies that can reduce its impact (Singh et al., 2018),
especially because agricultural activity is an important source of contamination of the

environment with this herbicide (Sun et al., 2017).

4. Use of nanotechnology in the search for less harmful formulations

In 2020, there is estimated to be an increase of half a million tons in the global
production of nanomaterials developed with specific characteristics for different applications
(Rocha et al., 2015). The chemical structures of nanomaterials used in agriculture can be
modified according to the type of plant or soil to which they will be applied, hence offering
strategies for intelligent release and delivery of active agents (Lowry et al., 2019). The
application of nanotechnology and the introduction of nanomaterials in agriculture can
contribute to sustainable development and maximize global food production (Fraceto et al.,
2016; Kah et al., 2019).

Nanotechnology is a field of knowledge that is advancing terms of basic research, the
development of new techniques, and the production of novel materials. Formulations based
on nanotechnology have several objectives: i) to increase dispersibility of the active
compounds; (ii) to release them slowly; iii) to protect them against premature degradation
caused by environmental factors; iv) to direct delivery of the active ingredients more
effectively, enabling reductions in the amounts used (Chhipa, 2019). In this way, using
smaller amounts of active agents and releasing them in a controlled way, these formulations
enable the agents to remain available at the target sites for extended periods, at the
concentrations required for effective action. This increases efficiency, reduces toxicity, and

helps to avoid environmental contamination. Furthermore, these formulations also help to
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reduce the level of exposure of rural workers to agrochemicals, hence decreasing undesirable
health effects (He et al., 2019).

Various atrazine-loaded nanoformulations (polymeric nanocapsules, nanospheres, and
solid lipid nanoparticles) have been developed with the aim of reducing both environmental
impacts and the amounts of this herbicide applied in the field (Clemente et al., 2013; Grillo et
al., 2012; Kah et al., 2014; Oliveira et al., 2015a; Oliveira et al., 2015b; Oliveira et al., 2015c;
Pereira et al., 2014; Souza et al., 2012). These effects are achieved because the use of
encapsulation techniques provides protection of the active agent against physico-chemical
and microbiological degradation (Pereira et al., 2014).

Triazine herbicides are commonly used in combinations, in order to increase the
effectiveness of weed control. For this purpose, a system consisting of nanocapsules of
poly(epsilon-caprolactone) (PCL) containing atrazine, ametryn, and simazine was developed,
which proved to be less toxic, compared to the free herbicides, in genotoxicity tests with
human lymphocyte cells at concentration 100 mg.L™ and Allium cepa at concentrations 1, 10
and 100 mg.L™ (Grillo et al., 2012). Clemente et al. (2013) also evaluated PCL nanocapsules
loaded with atrazine and amethrin (at concentrations 1.5 — 30 mg.L™), employing cytogenetic
analyses and bioassays with the aquatic organisms Pseudokirchneriella subcapitata (alga)
and Daphnia similis (microcrustacean). It was observed that the encapsulation reduced cell
damage in tests with lymphocyte cultures, while use of the formulation led to lower toxicity
towards the alga, but higher toxicity towards the microcrustacean, which could have been due
to the presence of other compounds in the formulation, such as surfactants.

In the work of Pereira et al. (2014), it was found that in comparison to the free
herbicide, atrazine contained in PCL nanoparticles presented greater efficiency in control of
the target organism (Brassica sp.), did not cause damage to the nontarget organism (Zea

mays), reduced the mobility of atrazine in the soil, and decreased the genotoxicity of this
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pesticide. In herbicidal activity assays and in soil column experiments was applied a
formulation with the concentration of the active principle equivalent to 2.5 kg.ha™, already in
Allium cepa chromosome aberration assays the seeds were germinated in the presence of
different concentrations (0.7, 2.1, 6.3, 18, and 54 pg.mL™") (Pereira et al., 2014).

In bioassays with Brassica juncea (the target organism), Oliveira et al. (2015a) found
that atrazine-loaded PCL nanocapsules at concentrations 2000 and 200 g.ha™ decreased
overall photosynthesis and the maximum quantum yield of photosystem II, induced leaf lipid
peroxidation, and caused inhibition of growth of the aerial part. The development of severe
symptoms demonstrated the highly effective action of this system applied post-emergence. In
tests with a nontarget organism (Zea mays L.), empty and atrazine-loaded PCL nanocapsules
(at concentration 2000 and 200 g.ha™) did not cause any persistent deleterious effects,
indicating that this nanosystem could be used as a safe tool in weed control, without affecting
the development of the crop (Oliveira et al., 2015c).

In tests using atrazine-loaded PCL nanocapsules (at concentrations of atrazine of 0, 1,
5, 10, 50, 100 and 200 mg.kg™ of dry weight soil) against the soil invertebrate Enchytraeus
crypticus, it was observed that empty nanocapsules did not affect this species, while the
atrazine-loaded nanocapsules presented effects that differed from those of the free herbicide,
which could be explained by different mechanisms of absorption, differential release of
atrazine following nanoencapsulation, or the combination of these two factors (Gomes et al.,
2019).

Andrade et al. (2019) used the fish Prochilodus lineatus to test the effect of atrazine-
loaded PCL nanoparticless (at concentration of 2 and 20 pg.L™") and obtained satisfactory
results, with integrated biomarker analysis demonstrating that the nanoencapsulation of the

herbicide protected this fish species against the effects of the chemical.
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Oliveira et al. (2015b) developed solid lipid nanoparticles (SLN) loaded with atrazine
in combination with simazine, which proved to be effective against the target pest Raphanus
raphanistrum (at concentration 3 and 0.3 kg.ha™), while presenting decreased toxicity
towards nontarget organisms. Use of the system reduced both cytotoxicity towards rat 3T3
fibroblast cells (at concentrations 15.6, 31.25, and 62.5 pg.mL™) and phytotoxicity towards
Zea mays plants (at concentration 3 and 0.3 kg.ha™). Jacques et al. (2017) evaluated the effect
of these nanoparticles on the nematode Caenorhabditis elegans (at concentrations 0.1 — 0.5
mg.mL™), observing toxicity for the SLN alone and loaded with atrazine and simazine, while
the herbicides themselves did not cause mortality of the worms. The authors suggested that
the activity could have been associated with the composition of the nanoparticles, indicating
the need for further ecotoxicological studies.

In recent work by Xiao-Ting and Wang (2019), atrazine-loaded nanoparticles of poly
(lactic acid-co-glycolic acid) were developed and characterized (considering morphology,
size, encapsulation efficiency, and release profile). According to the authors, the herbicide
delivery system developed is promising in order to reduce the impact on the environment and
minimize possible damage to farmers, although more work is needed to evaluate its toxicity
in different matrices.

Taverna et al. (2018) prepared lignin microspheres for the release of atrazine, with the
microparticles presenting efficient release of the herbicide, as well as a lower rate of leaching
in the soil, compared to free atrazine. Although this system showed potential for use, it
remains necessary to carry out ecotoxicological bioassays.

The studies presented in the literature indicate that encapsulated atrazine has the
potential to be used as a more environmentally friendly alternative, because it promotes a
reduction in toxicity due to the characteristics of the release method. The

nano/microencapsulation of active principle result in effective action against target
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organisms, while showing low toxicity towards nontarget species. However, despite this
potential, further ecotoxicological studies with nano-formulated atrazine are needed,
considering other species representative of aquatic and terrestrial environments. In addition, it
Is important that these nanosystems should be tested in bioassays that simulate different soil

conditions, humidity, and temperature.

5. Conclusions and perspectives

The effects of atrazine are not restricted to the target organism, because the herbicide
comes into contact with the wider environment and can interfere in the life cycles of many
species. Atrazine is considered to be an effective herbicide in the control of target organisms,
but may cause widely varying harm to nontarget species, due to its high potential to
contaminate aquatic and terrestrial ecosystems. At concentrations that are environmentally
relevant, this herbicide can cause sublethal effects in aquatic organisms.

Nano-formulated atrazine may potentially be an alternative that could be used to
reduce the impacts of atrazine, since studies have shown that nanoformulations containing
this herbicide improved the release of the active agent, allowed the application of lower doses
(ten times smaller than conventional doses), and provided efficient herbicidal activity in tests
with target organisms (Clemente et al., 2013; Grillo et al., 2012; Oliveira et al., 2015g;
Oliveira et al., 2015b; Oliveira et al., 2015c; Pereira et al., 2014; Souza et al., 2012). These
published results indicate the importance of performing ecotoxicological tests using these
nanomaterials with different species, in order to identify formulations that do not present
lethal and/or sublethal effects towards nontarget organisms.

The introduction of nanomaterials in the agricultural area can contribute to a shift
towards more sustainable practices, reducing damage to human health and the environment,

while ensuring more efficient utilization of pesticides and fertilizers (Damalas and
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Eleftherohorinos, 2011; Fraceto et al., 2016; Grillo et al., 2012; Jacques et al., 2017; Oliveira
etal., 2015a).

Nanoformulations need to be studied and evaluated in terms of their efficiency,
toxicity, production scale, composition, degradation behavior, and cost-benefit, preferably in
comparison with the conventional analogue (Andrade et al., 2019; Fraceto et al., 2016;
Jacques et al., 2017; Kah et al., 2018). These studies may contribute to the establishment of
regulatory frameworks for the use of nanotechnology in agriculture. However, the successful
implementation of nanotechnological interventions will require collaboration among the areas
of scientific research, policy development, and industrial technology (Kah et al., 2019;

Mahawar and Prasanna, 2018).
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Table 1

Click here to download Table: table 1.docx

1 Table1l

2 Adverse effects of atrazine on aquatic organisms.

Group Scientific name Concentration Exposure Observed effects Reference
Plant Zostera marina L. 1,3,and 10 pg.L™? 30 hours Inhibited photosynthesis and reduced sugar levels in the Gao et al. (2019)
aerial part.
Algae Oophila amblystomatis 3, 10, 30, 100, 300, and 96 hours Reduced the yield of photosystem II. Baxter et al. (2015)
600 pg.L*
Raphidocelis subcapitata 10, 25, 50, 100, and 250 96 hours Affected photosystem II. Baxter et al. (2016)
Hg.L™
Chlamydomonas 0.25 uM 24 hours Increased intracellular calcium level. Alteration of Esperanzaetal. (2017)
reinhardtii cellular morphology, as well as the activities of
biochemical and molecular markers.
Chlorella vulgaris 1,2,5,and 10 uM <1 hour Affected the electron transfer chain. Camuel et al. (2017)
Selenastrum 0.076 and 0.023 mg.L™* 48 and 72 Inhibited growth. Zhao et al. (2018)
capricornutum hours
Raphidocelis subcapitata 50, 100, 150, 300, 450, 72 hours Presented lower carbon:nitrogen ratio. Religia et al. (2019)
and 600 pg.L™
Invertebrate
Crustacean  Neohelice granulata 2.5,5 and 15mg.L" 32 days Altered  ovarian  maturation; caused  hydrops; Alvarez et al. (2015)
hyperpigmentation of the body; atrophy of spines,
bristles, and eyes.
Daphnia magna 40 uM 16 hours Increased antioxidant activities. Sengupta et al. (2015)
Cherax quadricarinatus 0.1, 0.5, and 2.5 mg.L™* 28 days Dysregulated the endocrine system, increasing the Loughlin et al. (2016)

proportion of females.
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Neohelice granulata 0.03,0.3,and 3mg.L™ 90 daysand  Decreased glycogen in the muscles and potentiated the Silveyra et al. (2017)
24 hours accumulation of vitellogenin in the hepatopancreas.
Daphnia magna 20 and 40 uM 48 hours Activated HR96 and induced detoxification genes of Schmidt et al. (2017)
phase | and I1I.
Cherax destructor 6.86 pg.L ™" and 1.21 7 and 14 Changed biochemical parameters of hemolymph, the Stara et al. (2018)
mg.L* days activity of antioxidant biomarkers, and the histology of
the gill tissue.
Daphnia magna 150 pg.L* 21 days Increased the number of non-viable offspring; Religia et al. (2019)
morphological abnormalities.
Tigriopus japonicus 5,10, and 20 mg.L™ 1and 20 Induced oxidative stress; altered the expression of genes Yoon et al. (2019)
days related to the ecdysteroid biosynthetic pathway, delaying
metamorphosis.
Faxonius virilis 10, 40, 80, 100 and 300 10 days Caused DNA damage in cells of the lateral antennules, Abdulelah et al. (2020)
pg.L? including olfactory sensory neurons, thus leading
impairments in chemosensory cells and chemoreception.
Insect Chironomus tentans 5000 pg.L* 48 hours Regulated the transcription of four genes (CtCYP6EX3, Tang et al. (2017)
CtCYP6EV3, CYP9ATL, and CtCYPEX1).
Mollusc Crassostrea gigas 1, 10, and 50 pg.L* 96 hours Harmed the digestive gland by modulating important Lee et al. (2017)
molecular and biochemical parameters.
Vertebrate
Fish Danio rerio 1.0, 1.5,and 2.0 pg.L* 96 hours Induced the formation of micronuclei. Botelho et al. (2015)
Danio rerio 0.1 mM 96 hours Presented teratogenic and genotoxic potential; oxidative Adeyemi et al. (2015)
stress.
Rutilus frisii kutum 12.47 mg.L™* 96 hours Damaged the tissues of the gill, affecting respiration and Khoshnood et al. (2015)

the ionic regulation function.
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Danio rerio

Danio rerio

Ctenopharyngodon idella

Barbus grypus

Danio rerio

Clarias gariepinus

Poecilia sphenops

Danio rerio

Poecilia reticulata

Oreochromis niloticus

Pimephales promelas

Oryzias latipes

30, 100, and 300 pg.L™

0.3, 3, and 30 ppb

15, 13, 10, 0.8, 0.6, 0.4,
and 0.2 pl.L™

3.25,6.5,and 13 mg.L™

30, 100, and 300 pg.L™

7,7.5,8, 8.5, 28, 30, 32,
and 34 pg.L*?

0.83, 1.25, and 2.5 ppm

2,10, and 100 pg.L™

0.02, 0.3, 0.065, 1.9,
11.2, 105, 150, and 1058

Hg.L™

1and 2 ppm

1,10, 26, 52, and 105
g.L™

9.4, 48, 74, 97, and 244
g.L™

5 days

72 hours

4 and 25
days

21 days

96 hours

96 hours and
28 days

100 days

11 days

3 hours

7 and 15
days

28 days

28 or 29
days

Neuroendocrine  disruptor  activity, affecting the
expression of genes related to neurotoxicity; alteration of
swimming behavior; inhibition of acetylcholinesterase
activity.

Deregulated microRNAs.

Decreased levels of total protein and serum albumin.

Reduced levels of hemoglobin, hematocrits, and

erythrocytes.
Possible induction of immunotoxicity in larvae.

Caused oxidative stress;
changes.

enzymatic and metabolic

Influenced the sexual ratio, increasing feminization;
reduced the gonadosomatic index; increased the
hepatosomatic index and the weight of the liver.

Affected the quality of sperm, resulting in reduced
fertility rates.

Formed a chemical barrier and reduced the migratory
potential of fish.
Caused an immunomodulatory effect in the spleen;

vascular and structural changes in the gills.

No significant effect was observed.

No significant effect was observed.

Liu et al. (2016)

Wirbisky et al. (2016)

Khan et al. (2016)

Zadeh et al. (2016)

Liu etal. (2017)

Owolabi and Omotosho
(2017)

Vasanth et al. (2017)

Bautista et al. (2018)

Araljo et al. (2018)

Oliveira et al. (2018)

Brain et al. (2018)

Brain et al. (2018)
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Cyprinus carpio L. 428 pg.L! 48 days Caused liver damage, induced by oxidative stress. Toughan et al. (2018)

Oryzias latipes 5and 50 pg.L* 12 days Altered sperm parameters and fertilization efficiency. Cleary et al. (2019)

Cyprinus carpio L 25 pg.ml™ 1,2and 3 Altered biomarkers, causing oxidative stress and Wang et al. (2019)

hours mitochondrial damage.
Danio rerio 3and 30 pg.L*! 15 days Changed the circadian rhythm. Zhao et al. (2020)
Amphibian  Lithobates catesbeianus 5, 10, and 20 pg.L™* 7 days Induced significant changes in biochemical parameters Dornelles and Oliveira
and increased levels of lipid peroxidation. (2014)

Ambystoma maculatum 3, 10, 30, 100, and 300 66 days No significant effect was observed. Baxter et al. (2015)
ug.L™

Anaxyrus americanos 10, 50, 250, and 1250 48 hours Impacted the metabolic pathways associated with energy  Snyder et al. (2017)

and Hyla versicolor pg.L? and purine metabolism.

Dendropsophus minutus ~ 2.25,4.5,9, and 18 pg.L" 96 hours Caused genotoxic and mutagenic effects. Gongalves et al. (2017)
1

Xenopus laevis 0.01, 200, and 500 pg.L™* 90 days Affected development and caused mortality. Rimayi et al. (2018)

Acris blanchardi 1, 10, 100, and 200 pg.L” 51 days Increased the prevalence of testicular eggs in Hoskins et al. (2019)
! metamorphosis, which were also observed in the

emergent off spring and at reproductive age.

Rhinella schneideri 1.5,3,6,125,19,and 25 48and 96 Induced sublethal effects, causing morphological Pérez-lIglesias et al.

mg.L™? hours abnormalities and changes in swimming and growth. (2019)
Reptile Trachemys scripta 0.01, 0.1, and 1.0 ng/g 14 days Induced immunosuppression. Soltanian (2016)
Podocnemis uniflis 2 and 200 pg.L™* 30 and 50 Induced malformations in embryos. Hirano et al. (2019)
days
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CHAPTER I

Use of nontarget organism Chironomus sancticaroli to study the toxic effects of

nanoatrazine
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Abstract

Nanoatrazine was developed as a carrier system and have been considered efficient in weed
control. The aim of the present study was to investigate ecotoxicological effects of solid lipid
nanoparticles (empty and loaded with atrazine) and atrazine on Chironomus sancticaroli
larvae, evaluating the endpoints: mortality, mentum deformity, development rate and
biochemical biomarkers. The contaminant concentrations used were 0.002, 0.47, 0.95, and 1.9
mg.L? in acute (96 h) and 0.002 mg.L? in subchronic (10 days) bioassays. An
environmentally relevant concentration of atrazine presented toxic and lethal effects towards
the larvae. The nanoparticles loaded with atrazine showed toxic effects similar to free
atrazine, causing mortality and biochemical alterations on the larvae. The nanoparticle
without atrazine caused biochemical alterations and mortality, indicating a possible toxic
effect of the formulation on the larvae. In the acute bioassay, most concentrations of
nanoparticles loaded with atrazine were not dose dependent for the endpoint mortality. Only
the atrazine concentration of 0.47 mg.L™* was statistically significant to endpoint mentum
deformity. The atrazine and nanoparticles (with and without atrazine) did not affect larval
development. The results indicate that Chironomus sancticaroli was sensitive to monitor
nanoatrazine, presenting potential to be used in studies of toxicity of nanopesticides.

Keywords: Aquatic organism; Atrazine; Ecotoxicology; Invertebrate; Nanotechnology.

1. Introduction

Atrazine (2-chloro-4-ethylamine-6-isopropylamine-triazine) is an herbicide used in
several countries (Tillitt et al., 2010) for controlling annual broadleaf and grass weeds in
crops such as maize, sorghum, sugar cane, and pineapple (Chevrier et al., 2011; Graziano et
al., 2006; Nwani et al., 2010; Solomon et al., 1996; Yue et al., 2017). Due to its widespread

use and high persistence in the environment, it is possible to detect it in water bodies
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including groundwater, streams, lakes, rivers, reservoirs used for public water supply and seas
(Albuquerque et al., 2020; Carmo et al., 2013; Choung et al., 2013; Hénault-Ethier, 2016;
Nodler et al., 2013; Santos et al., 2015).

This herbicide is considered to be resistant to hydrolysis and photolysis, presents low
soil adsorption, and has strong potential for infiltration in groundwater (Hénault-Ethier,
2016). In addition, atrazine half-life varies from 14 days to 4 years in soil and from 6 months
to several years in water (Guan et al., 2013; Stara et al., 2018). These factors contribute to its
entry into the environment and the food chain (Graziano et al., 2006; Garcia et al., 2012).

The presence of atrazine in aquatic environments is of concern, since studies have
found that the compound presents serious risks to humans and ecosystems (Araujo et al.,
2018; Albuquerque et al., 2020; Carmo et al., 2013; Chevrier et al., 2011; Gilden et al., 2010;
Hénault-Ethier, 2016; Ralston-Hooper et al., 2011; Rusiecki et al., 2004).

In agriculture, it is essential to develop new technologies that minimize the negative
effects of pesticides (Oliveira et al.,, 2015a). Following advances made in the area of
nanotechnology and nanomaterials, it has been found that the use of nanocarriers can help to
reduce the applications of fertilizers and pesticides, as well as decrease losses due to leaching,
degradation, and volatilization of chemicals, hence contributing to sustainability (Duhan et al.,
2017; Fraceto et al., 2016; Oliveira et al., 2018).

Effective systems for the release of atrazine have been developed (Clemente et al.,
2013; Grillo et al., 2010; Grillo et al., 2012; Kah et al., 2014, Oliveira et al., 2015a, b, c;
Pereira et al., 2014; Souza et al., 2012; Taverna et al., 2018; Xiao-Ting and Wang, 2019). An
example is the solid lipid nanoparticle (SLN) formulation loaded simultaneously with atrazine
and simazine, reported by Oliveira et al. (2015b), who used bioassays to show that the

systems prepared were less toxic and more efficient than a commercial formulation. However,
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Jacques et al. (2017) reported toxic effect of this formulation on the soil organism
Caenorhabditis elegans, indicating the need for further studies.

In-depth study and knowledge of the interactions of nanoparticles with aquatic as well
as soil organisms are essential for understanding their toxic effects, especially considering the
potential toxic effects of nanopesticides in nontarget organisms (Sigg et al., 2014). In
addition, the chemical compositions of these substances enable them to be easily adsorbed in
the sediment, hence affecting benthic organisms (Oberholster et al., 2011; Silva et al., 2016).
Among the benthic organisms, stands out some species of family Chironomidae that are
probably exposed to nanomaterials due have the habit of ingesting sediment particles
(Oberholster et al., 2011; Strixino and Strixino, 1981, 1982).

In the Neotropical region it is possible to use of the aquatic insect Chironomus
sancticaroli Strixino and Strixino, 1981 to evaluate the toxic effects of nanopesticides in
nontarget organisms, since this species has provided excellent results in ecotoxicology
bioassays, including the evaluation of biochemical biomarkers, DNA strand damage,
histology, mortality, development rate and mentum deformities (Beghelli et al., 2018;
Dornfeld et al., 2006; Janke et al., 2011; Moreira-Santos et al., 2005; Novelli et al., 2012;
Palacio-Cortes et al., 2017; Printes et al., 2007; Printes et al., 2011; Rebechi et al., 2014;
Rebechi-Baggio et al., 2016; Richardi et al., 2018; Santos et al., 2007; Silvério et al., 2005;
Sotero-Santos et al., 2007; Vicentini et al., 2017). Therefore, Chironomus sancticaroli it is
considered a good bioindicator of sediment pollution in South America (Beghelli et al., 2018).

So far, there is not reported studies using a benthic organism to evaluate the effects of
atrazine encapsulated in solid lipid nanoparticles. Therefore, the aim of the present study was
to investigate the ecotoxicological effects of SLN (empty and loaded with atrazine) on
Chironomus sancticaroli larvae (nontarget organism), in acute and subchronic bioassays, in

order to obtain the potential toxic effects of this nanosystem and compare them with atrazine
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(active ingredient) ones, evaluating biochemical biomarkers, mortality, mentum deformity
and larval development. This study is important to better understand nanoatrazine effects on
benthic organisms and it contributes to check sensitivity of this specie as a marker in

bioassays that evaluates nanopesticides toxicity in aquatic environments.

2. Materials and Methods
2.1 Biological material

Larvae of Chironomus sancticaroli were obtained from a culture maintained at the
Limnology Laboratory of Sdo Paulo State University (Sorocaba, S&o Paulo State). Controlled
climate chambers were used for the culture and the bioassays, following the protocol of Maier
et al. (1990) and the OECD (2004a, b), with modifications in terms of temperature (25 + 2

°C), photoperiod (12 h), and relative humidity (80 + 10%).

2.2 Sediment and water conditions for bioassays

The preparation of artificial sediment followed the protocol of the OECD (2004a, b,
2010), using sand calcined as described by Araujo et al. (2006). The chlorine-free mineral
water used had the following chemical composition (in mg L™): calcium 15.04, fluoride
0.070, bicarbonate 80.30, magnesium 1.826, potassium 1.476, sodium 5.468, sulfate 2.780,
phosphate 0.800, and chloride 0.060 (Lépez-Doval et al., 2012; OECD, 20044, b, 2010). The
hardness of the water was determined by titration with EDTA (ethylenediamine tetraacetic
acid). Measurements were made of the pH, conductivity, dissolved oxygen content, and
temperature of the water, at the beginning and end of each bioassay (Table S1) (Dornfeld et

al., 2006; OECD, 2004a, b).
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2.3 Acute and subchronic bioassays

The bioassays were carried out in 250 mL glass containers containing 40 g (wet
weight) of artificial sediment and 160 mL of chlorine-free mineral water, doses of 5 mg of
TetraMin® feed (diluted) were added at the beginning of the bioassay and then after every 48
h (OECD, 2004a, b, 2010), and the system was kept under constant aeration (Richardi et al.,
2015; Vicentini et al., 2017). The treatments of bioassays (acute and subchronic) were
performed in quadruplicate, with each replicate employing 20 larvae (n = 80), and the
experiments were repeated two times (OECD, 2004a, b). Fourth instar larvae were used in the
acute toxicity bioassay, while the subchronic toxicity bioassay employed first instar larvae.
The controls used in the atrazine bioassay were water and acetone 1:100 (v:v). The durations
of the acute and subchronic bioassays were 96 hours (h) and 10 days, respectively. Larvae that
had normal or low mobility were considered alive.

Four concentrations of atrazine (Sigma-Aldrich) were used in the acute toxicity
bioassays. The value of 0.002 mg.L? was defined according to Brazilian National
Environmental Council (CONAMA, Resolution 357, updated and modified by Resolution
430/2011) for freshwater (surface waters intended for human consumption and the protection
of aquatic life). This concentration can be considered environmentally relevant to aquatic life,
since it was detected in aquatic environments (Armas et al., 2007; Botelho et al., 2015). The
other concentrations were adapted from the average of the LCso values reported by Phyu et al.
(2005) Taylor et al. (1991) for species of the genus Chironomus. A value of 1.9 mg.L?,
representing the NOEC (No Observed Effect Concentration) for the species Chironomus
riparius and Chironomus tepperi, was obtained by dividing the LCso by ten (Zagatto and
Bertoletti, 2008). Values of 0.95 and 0.47 mg.L™* were obtained by dividing the NOEC value
by two and four, respectively. A concentration of 0.002 mg.L™ was used in the subchronic

toxicity bioassay, because it presented the lowest mortality rate during the acute bioassay.
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2.4 Preparation and characterization of nanoparticles

The SLN were produced according to the methodology of Oliveira et al. (2015b),
using the emulsification/solvent evaporation technique. Daily size distribution measurements
were made in order to evaluate SLN stability during the bioassays, using two different
techniques. Dynamic light scattering (DLS) analyses were performed with a ZetaSizer Nano
ZS 90 instrument (Malvern Instruments). Nanoparticle tracking analysis (NTA) employed a
NanoSight LM 10 analyzer (green laser, 532 nm) and a CMOS camera, operated with

NanoSight v. 2.3 software. The results were expressed as the means of triplicates.

2.5 Stability of atrazine in water

To verify the stability of atrazine in the test system used in this study, acute (96 h) and
subchronic (10 days) bioassays were performed. During ten days aliquots of three samples of
each treatment were collected daily and quantified using high performance liquid

chromatography (HPLC), as described by Grillo et al. (2012).

2.6 Morphological biomarkers

For analyze the mentum deformity and alteration on the development stage of
Chironomus sancticaroli larvae were separated fifteen specimens by treatment, of the acute
and subchronic bioassays. The larvae were stored in vials which were labeled, in 70% alcohol
(Richardi et al., 2013). Head capsules were removed and treated according the methodology
described by Epler (2001) with adaptations in the mounting. The slides were mounted with
the ventral side facing up, with glycerin and absolute ethanol in a 3:1 (v:v) ratio and sealed
with nail polish (Richardi et al., 2013). Morphological analysis and the photographs were
performed under a light microscope (Zeiss Axio Scope.Al) at 100x and 200x magnification.

Linear measurements from fixed points were taken through the software Zen version 3.0. The
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mentum was considered as deformed if it had bifid tooth, extra tooth, missing tooth, fused

teeth and Kohn Gap (Figure 1B—E), according to Arambourou et al. (2012, 2014).

- T - i -

4 external lateral teeth
2 inner lateral teeth

~— 3 medial teeth
~—

o o

-

Figure 1A—E Mentum deformity of Chironomus sancticaroli. A: Normal mentum. B: Bifid tooth. C: Extra

tooth. D: Missing tooth. E: Kéhn gap. Arrows indicate morphological abnormality. Scale 0.50 pm.

2.7 Biochemical biomarkers

For determination of the biochemical effects, 30 larvae from each treatment (acute and
subchronic) were transferred to Eppendorf tubes and kept at -80 °C in a freezer, prior to use.
The organisms were separated into six groups, each with five larvae, and each group was
homogenized following the addition of 620 pL of deionized water.

Total proteins were quantified according to the Bradford (1976) protocol, using bovine
serum albumin as a standard. The analysis of acetylcholinesterase (AChE) was performed
according to the methodology proposed by Ellman et al. (1961), modified for microplates by
Silva de Assis (1998). The other biomarkers and methods used were as follows: esterases
alpha (EST-a) and beta (EST-B) (Valle et al., 2006), glutathione S-transferase (GST) (Keen et
al., 1976). All the absorbance readings, whether kinetic (AChE and GST) or endpoint (EST-a
and EST-B), were performed using a spectrophotometer (Spectra Max 190, Molecular

Devices).
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2.8 Statistical analysis

Homogeneity analysis (Bartlett’s test) and normality evaluation (Shapiro-Wilk’s test)
were performed for all statistical tests. The statistical analyses of the stability (nanoparticles
and atrazine), mortality and biochemical biomarkers activity were performed through one-
way ANOVA followed by the Tukey’s test (p < 0.05). To evaluate the mentum deformities
was used Kruskal-Wallis followed by the Dunn’s test (p < 0.05). All statistical analysis and
graph construction were performed using the free software RStudio v. 3.4.1 (R Development

Core Team, 2011).

3. Results
3.1 Physico-chemical stability of the nanoparticles and atrazine

Daily evaluation was made to measure the stability of atrazine concentration in water
and the nanoparticles stability in the sediment-water exposure system under laboratory
conditions with controlled physico-chemical parameters, reproducing environmental
conditions. The variation of atrazine concentration in water during the experiments did not
show significant difference (p value = 0.177) during bioassays (Figure S1).

For the nanoparticles, the mean particle diameter of the formulations of SLN +
atrazine and SLN without atrazine remained stable during the bioassays (acute and
subchronic), for all the concentrations tested (Figures S2-S3). In the acute bioassay
(concentration of 0.002 mg.L™), the SLN formulation with atrazine presented an initial (0 h)
mean diameter of 292 + 7 nm (DLS) and a final (96 h) value of 318 + 3 nm (DLS) (Figure
S2A). The SLN control (without the active ingredient), at a concentration of 0.002 mg.L™,
presented the same stability profile, with an initial (O h) mean diameter of 241 + 5 nm (DLYS)

and a final (96 h) value of 262 + 10 nm (DLS) (Figure S2B). Similar results were observed for
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the other concentrations and to the subchronic bioassay, with no significant difference (p
value = 0.087 and 0.998, respectively) in the variation of the mean diameter values (Figures
S2-S3). In the subchronic bioassay, even with a longer exposure time (240 h), no particle

aggregations were observed in the formulations.

3.2 Lethal effect

The mortality of the Chironomus sancticaroli larvae in the water and solvent control
bioassays did not exceed 30% (Figure 2 A—F), the maximum value permitted by the OECD
(20044, b). Significant difference was observed between all concentrations and the control,
except to atrazine in the 10 days exposure (Figure 2A—F). In the 96 h and 10 days exposures,
the treatment with SLN + atrazine caused a greater lethal effect on the larvae (Figure 2A—F).
In the SLN + atrazine and SLN bioassays, the concentration of 1.9 mg.L? caused 100%
mortality of the larvae (Figure 2B—C). The mortality rates were also obtained for the atrazine
concentration of 0.002 mg.L* permitted by environmental legislation (Figure 2A—F). At 96 h
exposure, it was observed that some concentrations of the treatments with atrazine (0.47, 0.95
and 1.9), SLN + atrazine (0.002, 0.47 and 0.95) and SLN (0.47 and 0.95) no significantly

differences between them (Figure 2A-C).
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Figure 2 Mortality percentages of Chironomus sancticaroli larvae in the acute (96 h) and subchronic (10 days)
bioassays. A) Larvae exposed to atrazine in acute bioassay. B) Larvae exposed to solid lipid nanoparticles loaded
with atrazine in acute bioassay. C) Larvae exposed to solid lipid nanoparticles in acute bioassay. D) Larvae
exposed to atrazine in subchronic bioassay. E) Larvae exposed to solid lipid nanoparticles loaded with atrazine in
subchronic bioassay. F) Larvae exposed to solid lipid nanoparticles in subchronic bioassay. SLN + ATZ = solid
lipid nanoparticles loaded with atrazine; SLN = solid lipid nanoparticles; W.C. = water control; S.C. = solvent

control. Different letters indicate significant differences at p < 0.05 (one-way ANOVA and Tukey’s test).

3.3 Mentum deformities

The control and the treatment with nanoparticles without atrazine in the subchronic
bioassay did not cause mentum deformity of the larvae Chironomus sancticaroli (Table 1). In
the acute bioassay were observed mentum deformities in most treatments (Table 1). However,
only the atrazine in the acute bioassay in the concentration 0.47 mg.L™ was significant

difference (Table 1). Teeth with Kohn Gap was the type of mentum deformity that
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predominated among the larvae, followed by missing teeth, extra teeth and bifid tooth (Table

1; Figure 1).

Table 1 Mean percentage of mentum deformities and proportion of each type of deformities in the acute (96 h)

and subchronic (10 days) bioassays. Fifteen larvae were analyzed per treatment. W.C. = water control; S.C. =

solvent control; ATZ = atrazine; SLN+ATZ solid lipid nanoparticle loaded with atrazine; SLN = solid lipid

nanoparticle. Different letters in the group indicate significant difference at p < 0.05 (Kruskal-Wallis and Dunn’s

test).

Treatments (mg.L?) Deformities (%) Bifid (%) Extra (%) Missing (%) Kohn Gap (%) Group
Acute bioassay 96 h

W.C. 0 0 0 0 0 a
S.C. 0 0 0 0 0 a
0.002 ATZ 6.67 0 0 0 6.67 a
0.47 ATZ 33.33 0 13.33 6.67 13.33 b
0.95 ATZ 6.67 0 0 0 6.67 a
1.9 ATZ 6.67 6.6 0 0 0 a
W.C. 0 0 0 0 0 a
0.002 SLN+ATZ 6.67 0 0 0 6.67 a
0.47 SLN+ATZ 13.34 0 6.67 0 6.67 a
0.95 SLN+ATZ 20 0 0 6.67 13.33 a
W.C. 0 0 0 a
0.002 SLN 0 0 0 a
0.47 SLN 13.33 0 0 0 13.33 a
0.95SLN 13.33 0 0 13.33 0 a
Subchronic bioassay 10 days

W.C. 0 0 0 0 0 a
S.C. 0 0 0 0 0 a
0.002 ATZ 6.67 0 0 0 6.67 a
W.C. 0 0 0 0 0 a
0.002 SLN+ATZ 6.67 0 0 0 6.67 a
W.C. 0 0 0 a
0.002 SLN 0 0 0 a
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3.4 Development rate
In the acute and subchronic bioassays, the treatments with atrazine and nanoparticles
(with and without atrazine) did not affect the larvae developmental stage, because at the end

of the experiments all the larvae of Chironomus sancticaroli were in the IV instar (Table 2).

Table 2 Ventral length of head capsule of larvae of Chironomus sancticaroli in acute (96 h) and subchronic (10
days) bioassays. Fifteen larvae were measured per treatment. W.C. = water control; S.C. = solvent control; ATZ
= atrazine; SLN = solid lipid nanoparticle; SLN+ATZ solid lipid nanoparticle loaded with atrazine. The values
are shown as the minimum, maximum, mean, standard deviation (SD) and confidence interval for each

treatment. Measures in millimeters.

Treatments (mg.L ™) Instar  Minimum Maximum Mean SD Confidence interval

Acute bioassay 96 h

W.C. v 0.279 0.315 0.297 0.015 0.271-0.323
S.C. v 0.272 0.320 0.298 0.013 0.265-0.313
0.002 ATZ v 0.267 0.309 0.291 0.015 0.259-0.317
0.002 SLN v 0.279 0.318 0.300 0.013 0.272-0.325
0.002 SLN+ATZ v 0.271 0.322 0.300 0.016 0.263-0.330
0.47 ATZ v 0.283 0.307 0.297 0.011 0.277-0.313
0.47 SLN v 0.269 0.319 0.300 0.015 0.261-0.326
0.47 SLN+ATZ v 0.265 0.321 0.289 0.024 0.253-0.333
0.95 ATZ v 0.264 0.307 0.293 0.014 0.257-0.314
0.95SLN v 0.264 0.319 0.291 0.017 0.255-0.328
0.95 SLN+ATZ v 0.277 0.323 0.306 0.012 0.271-0.329
1.9 ATZ v 0.275 0.315 0.299 0.013 0.268-0.322
Subchronic bioassay 10 days

W.C. v 0.264 0.296 0.284 0.010 0,259-0.301
S.C. v 0.273 0.302 0.287 0.012 0.267-0.308
0.002 ATZ v 0.265 0.302 0.281 0.011 0.259-0.308
0.002 SLN v 0.266 0.311 0.289 0.015 0.258-0.319
0.002 SLN+ATZ v 0.264 0.310 0.293 0.010 0.259-0.315
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3.5 Biochemical biomarkers activity
The AChE activity in the Chironomus sancticaroli larvae showed 9% inhibition at 10
days exposure to SLN + atrazine at a concentration of 0.002 mg.L* (Figure 3E). The activity

of this enzyme was not affected by the other concentrations of the contaminants.
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Figure 3 Acetylcholinesterase (AChE) activity in larvae of Chironomus sancticaroli. A) AChE activity in larvae
exposed to atrazine in the acute bioassay (96 h). B) AChE activity in larvae exposed to solid lipid nanoparticles
loaded with atrazine in acute bioassay (96 h). C) AChE activity in larvae exposed to solid lipid nanoparticles in
acute bioassay (96 h). D) AChE activity in larvae exposed to atrazine in subchronic bioassay (10 days). E) AChE
activity in larvae exposed to solid lipid nanoparticles loaded with atrazine in subchronic bioassay (10 days). F)
AChE activity in larvae exposed to solid lipid nanoparticles in subchronic bioassay (10 days). The values are
expressed as the median enzymatic activity + upper and lower quartiles (n = 30). The + symbol indicates the
average and the dots represent outliers. Different letters indicate significant differences at p < 0.05 (one-way

ANOVA and Tukey’s test).
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The EST-a response increased by 47% at 96 h exposure to atrazine at 1.9 mg.L™,
while exposure to SLN + atrazine at concentrations of 0.47 and 0.95 mg.L™ resulted in 47 and
26% decreases of the activity of this enzyme, respectively (Figure 4A-B). In the case of the
10 days exposures, the EST-a activity showed a 97% increase in the bioassay with atrazine at
0.002 mg.L?, while the use of SLN + atrazine at 0.002 mg.L™ resulted in a 20% decrease of

EST-a activity (Figure 4D-E).
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Figure 4 Alpha esterase (EST-a) activity in larvae of Chironomus sancticaroli. A) EST-a activity in larvae
exposed to atrazine in the acute bioassay (96 h). B) EST-a activity in larvae exposed to solid lipid nanoparticles
loaded with atrazine in acute bioassay (96 h). C) EST-a activity in larvae exposed to solid lipid nanoparticles in
acute bioassay (96 h). D) EST-a activity in larvae exposed to atrazine in subchronic bioassay (10 days). E) EST-
a activity in larvae exposed to solid lipid nanoparticles loaded with atrazine in subchronic bioassay (10 days). F)
EST-a activity in larvae exposed to solid lipid nanoparticles in subchronic bioassay (10 days). The values are

expressed as the median enzymatic activity + upper and lower quartiles (n = 30). The + symbol indicates the
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average and the dots represent outliers. Different letters indicate significant differences at p < 0.05 (one-way

ANOVA and Tukey’s test).

The EST-pB response only changed in the 96 h exposure, where the treatments with

atrazine at concentrations of 0.002, 0.47, and 1.9 mg.L increased the activity of this enzyme

by 34%, while the use of SLN + atrazine at a concentration of 0.002 mg.L? increased the

activity by 17% (Figure 5A-B). The use of SLN + atrazine at concentrations of 0.47 and 0.95

mg.L? resulted in decreases of 42 and 63%, respectively (Figure 5B). In the SLN bioassay,

the activity of this enzyme decreased to 27 and 57% for concentrations of 0.47 and 0.95 mg.L"

! (Figure 5C).
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Figure 5 Beta esterase (EST-B) activity in larvae of Chironomus sancticaroli. A) EST- B activity in larvae

exposed to atrazine in the acute bioassay (96 h). B) EST-p activity in larvae exposed to solid lipid nanoparticles

loaded with atrazine in acute bioassay (96 h). C) EST-p activity in larvae exposed to solid lipid nanoparticles in
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acute bioassay (96 h). D) EST-p activity in larvae exposed to atrazine in subchronic bioassay (10 days). E) EST-
B activity in larvae exposed to solid lipid nanoparticles loaded with atrazine in subchronic bioassay (10 days). F)
EST-P activity in larvae exposed to solid lipid nanoparticles in subchronic bioassay (10 days). The values are
expressed as the median enzymatic activity + upper and lower quartiles (n = 30). The + symbol indicates the
average and the dots represent outliers. Different letters indicate significant differences at p < 0.05 (one-way

ANOVA and Tukey’s test).

In the 96 h exposure, the activity of GST increased by 32% for the treatment with
atrazine at 0.47 mg.L™, while an increase of 33% was obtained for SLN + atrazine at a

concentration of 0.002 mg.L* (Figure 6A-B).
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Figure 6 Glutathione S-transferase (GST) activity in larvae of Chironomus sancticaroli. A) GST activity in
larvae exposed to atrazine in the acute bioassay (96 h). B) GST activity in larvae exposed to solid lipid
nanoparticles loaded with atrazine in acute bioassay (96 h). C) GST activity in larvae exposed to solid lipid

nanoparticles in acute bioassay (96 h). D) GST activity in larvae exposed to atrazine in subchronic bioassay (10
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days). E) GST activity in larvae exposed to solid lipid nanoparticles loaded with atrazine in subchronic bioassay
(10 days). F) GST activity in larvae exposed to solid lipid nanoparticles in subchronic bioassay (10 days). The
values are expressed as the median enzymatic activity + upper and lower quartiles (n = 30). The + symbol
indicates the average and the dots represent outliers. Different letters indicate significant differences at p < 0.05

(one-way ANOVA and Tukey’s test).

Exposure to the SLN for 10 days did not cause any biochemical effects in the larvae of
Chironomus sancticaroli, since the responses for AChE, CAT, EST-a, EST-B and GST were
not altered. In the case of the 96 h exposure, changes were only observed for EST-f at 0.47
and 0.95 mg.L? (Figures 3-6). The EST-B was the biochemical marker in the larvae of
Chironomus sancticaroli that was most sensitive to atrazine, SLN + atrazine and SLN. The
atrazine and SLN + atrazine were the contaminants that more caused alteration of the

biomarkers (Table 3).

Table 3 Alteration of biochemical biomarkers activity in Chironomus sancticaroli larvae exposed to atrazine
(ATZ), solid lipid nanoparticles loaded with atrazine (SLN+ATZ) and solid lipid nanoparticles without atrazine
(SLN). AChE: Acetylcholinesterase. EST-a: Alpha esterase. EST-B: Beta esterase. GST: Glutathione S-

transferase. Table adapted from graphics of biochemical biomarkers activity (Figures 3—-6).

Treatments (mg.L™?) AChE EST-a EST-B GST
Acute bioassay

0.002 ATZ No significative No significative Significative No significative
0.47 ATZ No significative No significative Significative Significative
0.95 ATZ No significative No significative No significative No significative
19ATZ No significative Significative Significative No significative
0.002 SLN+ATZ No significative No significative Significative Significative
0.47 SLN+ATZ No significative Significative Significative No significative
0.95 SLN+ATZ No significative Significative Significative No significative
0.002 SLN No significative No significative No significative No significative
0.47 SLN No significative No significative Significative No significative
0.95 SLN No significative No significative Significative No significative

Subchronic bioassay

0.002 ATZ

No significative

Significative

No significative

No significative

0.002 SLN+ATZ

Significative

Significative

No significative

No significative
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0.002 SLN No significative No significative No significative No significative

4. Discussion

Benthic organisms differ in their tolerance to a diversity of pollutants, while their low
mobility and relatively short life cycles are characteristics that make these macroinvertebrates
suitable for use in various types of environmental studies. In aquatic ecosystems, the largest
sink of nanomaterials can be considered to be the sediment, which once contaminated directly
affects benthic organisms, so it is extremely important to evaluate and manage the
ecotoxicological risks of nanoparticles in this type of environment (Lee et al., 2016; Park et
al., 2015; Silva et al., 2016).

The variations of the physico-chemical parameters were in accordance with the
conditions established by the OECD (2004a, b) (Table S1), ensuring that under laboratory
conditions, the effects observed on Chironomus sancticaroli larvae were not associated with
these variables.

The highest concentration of atrazine (1.9 mg.L™?) here tested represents NOEC for the
species Chironomus riparius and Chironomus tepperi (Phyu et al., 2005; Taylor et al., 1991).
However, in the present study it was observed a sublethal and lethal effect in the larvae of
Chironomus sancticaroli exposed at 1.9, 0.95, 0.47 and 0.002 mg.L* of atrazine, indicating a
higher sensitivity of this species to the contaminant.

The SLN tested in this study were prepared previously by Oliveira et al. (2015b), who
observed that SLN loaded with atrazine had high encapsulation efficiency, as well as
performed a sustained release of active compound. The authors evaluated the active kinetic
release of the active through SLN using a compartment system by cellulose membrane under
“sink” conditions and observed that under these conditions the release of atrazine by SLN was
21.16 times slower than the herbicide not encapsulated, since SLN released 50% of atrazine in

52.9 hours.
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According to Oliveira et al. (2015b) the SLN loaded with a combination of atrazine +
simazine acted to reduce the cytotoxicity to nontarget organisms (3T3 rat fibroblast cells) and
phytotoxicity to corn plants (Zea mays), as well as improved biological effects in the target
pest (Raphanus raphanistrum).

In this study with larvae of Chironomus sancticaroli, the nanoparticles loaded with
atrazine did not reduce the toxic effect of the herbicide, since mortality and biochemical
marker results were similar to free atrazine. In addition, empty nanoparticles in all
concentrations also caused mortality statistically significant in relation to control, indicating a
possible toxic effect of the formulation on the larvae. However, the empty nanoparticles in the
subchronic bioassay did not change the activity of the tested biomarkers.

The toxic effects of nanoformulations may have occurred because the larvae exposed
the nanoparticles remained for a longer time in contact with the herbicide, for which the
release was modified by the nanosystem. Another possibility is that the particles were
incorporated by the organism, resulting in higher amounts of atrazine within the larvae. The
formulation may have caused a toxic effect on the organism used. Further investigations will
be needed in order to elucidate this effect.

Jacques et al. (2017) evaluated the toxicity of the same formulation described in this
study in bioassays with the soil organism Caenorhabditis elegans. It was found that the
mortality results for the loaded SLN formulation and the control were similar, suggesting that
the toxicity could be mainly caused by the composition of the nanoparticles, since no
mortality was observed when the worms were exposed to the herbicide.

Larvae of Chironomus sancticaroli have the habit of ingesting sediment particles and
build tubes with silk and mud (Aradjo et al., 2006; Fonseca and Rocha, 2004), so it is possible
that they could have ingested the SLN that deposited in the sediment, increasing its toxicity.

Previous studies have reported the absorption of lipid nucleus nanoparticles by
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Caenorhabditis elegans via the oral route (Charéo et al., 2015; Jacques et al., 2017; Moraes et
al., 2016), this can be an efficient method for controlling the target organism, but hazardous
for nontarget species.

The concentrations (0.002, 0.47 and 0.95 mg.L™?) of solid lipid nanoparticles loaded
with atrazine did not show significant differences between them to endpoint mortality. As
demonstrated by another carrier (PCL nanocapsules containing atrazine) that had the atrazine
concentration reduced up to ten times (200 g ha) and still remained with the same efficiency
(Bombo et al., 2019; Oliveira et al., 2015a; Souza et al., 2018).

The nanoparticles (with and without atrazine) and atrazine caused mentum deformities
of Chironomus sancticaroli larvae, but only atrazine at concentration 0.47 mg.L? was
statistically significant. Beghelli et al. (2018) performed in situ bioassays with third instar
larvae of Chironomus sancticaroli to assess the sediment toxicity of the Paiva Castro
reservoir, Brazil. In this study, it was report mouthpart alterations of this species, however the
alterations were not considered statistically significant. The authors also hypothesize that the
toxicity of sediments is the main environmental factor driving the proportion mouthpart
alterations and the occurrence of deaths in chironomid larvae.

The larval development stage was not affected by treatments with atrazine and
nanoparticles (with and without atrazine), because the measures of ventral length of head
capsule of larvae coincide with values recorded by Richardi et al. (2013) and Strixino And
Strixino (1982).

Several studies have reported that atrazine alone exerted no toxic effects in
Chironomus tentans and Chironomus tepperi, but that this herbicide enhanced the toxicity of
some organophosphorus pesticides (Anderson and Zhu, 2004; Belden and Lydy, 2000, 2001,
Jin-Clark et al., 2002; Mehler et al., 2008; Pape-Lindstrom and Lydy, 1997; Pérez et al., 2013;

Schuler et al., 2005). Atrazine in combination with organophosphorus has been reported to
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inhibit AChE activity in chironomid larvae (Anderson and Zhu, 2004; Belden and Lydy,
2001; Jin-Clark et al., 2002; Pérez et al., 2013). However, in the present case, when the
atrazine was encapsulated in SLN, it inhibited the AChE activity in the 10 days bioassay.

The alpha and beta esterases are phase | biotransformation enzymes that are of great
importance in the metabolization of various classes of endogenous and exogenous compounds
(Montella et al., 2012; Vicentini et al., 2017). According to Vicentini et al. (2017), enzymatic
activity of the esterases during phase 1 is indicative of metabolic alterations in the larvae of
Chironomus sancticaroli.

GST is a phase Il biotransformation enzyme that can also be considered an
antioxidant, acting in the process of metabolic detoxification (Frova, 2006; Shi et al., 2012;
Xie et al., 2019) and the induction of GST in larvae of Chironomus sancticaroli may indicate
an initial detoxification process for cell protection (Palacio-Cortés et al., 2017).

Variations of temperature and food supply in bioassays with Chironomus sancticaroli
and Chironomus riparius have been found to affect the activities of the enzymes AChE, EST-
a, EST-B, and GST, with each enzyme having an optimal activity temperature (Callaghan et
al., 2002; Rebechi-Baggio et al., 2016). The temperature and food supply were therefore kept
constant, in order to ensure that the biochemical changes were not related to these factors.

The use of atrazine was banned by the European Union in 2004, due to its potential to
contaminate groundwater (Ackerman, 2007). Nevertheless, the prohibition of this herbicide
has generated much debate and research, and it is still used in other countries (Hénault-Ethier,
2016; Sass and Colangelo, 2006).

The atrazine concentration of 0.002 mg.L™* permitted by Brazilian legislation for
freshwater, considering use of the water for human consumption and the protection of aquatic
life (CONAMA, 2005) is lower than stipulated by the World Health Organization (0.1 mg.L™?)

(WHO, 2017), Australia (0.02 mg.L™Y) (NHMRC/NRMMC, 2011) e United State (0.003
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mg.L) (USEPA, 2009). The results obtained in the present study also indicate the need to
review the maximum concentrations of atrazine currently established by environmental
agencies, since atrazine at a concentration of 0.002 mg.L™ caused lethal and sublethal effects
in the larvae of Chironomus sancticaroli.

In a study carried by Armas et al. (2007) in the Corumbatai River (Mato Grosso do
Sul, Brazil), concentrations of atrazine were detected which ranged from 0.0006-0.0027 mg.L"
! including levels near the standard established by Brazilian legislation (0.002 mg.L™?). The
toxicity to aquatic organisms of atrazine at environmentally relevant concentrations also was
reported by Botelho et al. (2015), who detected the herbicide in water samples from the
Piracicaba River (S&o Paulo State, Brazil) and in Bioassays with Danio rerio revealed that
concentrations between 0.001 and 0.002 mg.L™? induced the formation of micronuclei,
indicative of genotoxicity potential of this pesticide.

Based on 78 published articles, Kah et al. (2018) reported that nanoagrochemicals are
about 20-30% more efficient than the conventional analogues. However, it is essential to
evaluate their toxicity and environmental bioavailability, due to concerns about the potential

adverse impacts that nanoparticles can cause for human health and the environment.

5. Conclusions

The concentration of atrazine considered acceptable according to regulatory agencies
(as example from Brazil) was toxic to the larvae of Chironomus sancticaroli, leading to
mortality and biochemical changes. It is suggested that environmental agencies should review
the concentration of atrazine allowed, because the current limit value for this contaminant
represents a risk for aquatic species, highlight by Chironomus sancticaroli. Under the
experimental conditions tested the nanoparticles loaded with atrazine showed results similar

to free atrazine, causing mortality and biochemical alterations on Chironomus sancticaroli
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larvae. The nanoparticle control (without the active ingredient) caused biochemical alterations
and mortality, indicating a possible toxic effect of the formulation on the larvae. However, the
nanoparticles did not affect the larvae developmental stage of Chironomus sancticaroli and
also did not cause statistically significant mentum deformities. In the acute bioassay the
concentrations (0.002, 0.47 and 0.95 mg.L?) of formulation loaded with atrazine were not
dose dependent for the endpoint mortality. The toxicities of solid lipid nanoparticles (with or
without an active agent) should be evaluated using different routes of exposure. In addition, as
a safer strategy for nanopesticides, it is important to separately test the compounds present in
nanoformulation. This is the first study to report the effects of atrazine, as well as a
nanoparticle formulation, using the benthic organism Chironomus sancticaroli. The results
showed that this organism could be a useful model in investigations of the potential toxic

effects of nanopesticides in the Neotropical region.
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Supplementary Material

Atrazine's stability
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Figure S1 Stability of atrazine in water in the sediment-water exposure system under laboratory conditions,
during ten days.
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Figure S2A-D Daily analysis of the stability of the nanoparticles in the sediment-water exposure system under
laboratory conditions, during the acute bioassay (96 h). A-B Mean diameter by dynamic light scattering (DLS).
C-D Mean diameter by nanoparticle tracking analysis (NTA). SLN + ATZ = solid lipid nanoparticles loaded

with atrazine; SLN = solid lipid nanoparticles.
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Figure S3A-D Daily analysis of the stability of the nanoparticles in the sediment-water exposure system under
laboratory conditions, during the subchronic bioassay (240 h). A-B Mean diameter by dynamic light scattering
(DLS). C-D Mean diameter by nanoparticle tracking analysis (NTA). SLN + ATZ = solid lipid nanoparticles

loaded with atrazine; SLN = solid lipid nanoparticles.

41


Felicia
Máquina de escrever
93


906
907
908
909
910

911

912

Table 1S Physical-chemical variables for the acute and subchronic bioassays using free atrazine, SLN loaded

with atrazine, and SLN. pH = hydrogen potential; Cond. = conductivity; D.O. = dissolved oxygen; A. = acute

bioassay; S. = subchronic bioassay; ATZ = atrazine; SLN+ATZ = solid lipid nanoparticle loaded with atrazine;

SLN = solid lipid nanoparticle; W.C. = water control; S.C. = solvent control. The values are shown as the mean

and standard deviation for each treatment.

Treatments pH Cond. 20 ms D. 0. (mg.L )
A.ATZ Start Final Start Final Start Final

W.C. 7.20+0.08 7.19 £ 0.06 0.15+0.01 0.14+0.01 6.59 +0.15 6.50 £ 0.16
S.C. 7.19+0.06 7.25+0.05 0.15+0.01 0.14+0.01 6.51+0.16 6.53+0.11
0.002mg.L? 7.23+0.05 7.25+0.08 0.15£0.00 0.15+£0.01 6.58 £0.15 6.48 £0.11
0.47mg.L?  7.30+0.08 7.28 £0.05 0.15+0.00 0.15+0.00 6.52+0.11 6.47 £0.19
0.95mg.L?  7.24+0.07 7.21+£0.06 0.15£0.00 0.15+£0.01 6.57£0.14 6.66 £0.10
1.9mg.L? 7.28 £ 0.07 7.24 £ 0.05 0.15 £ 0.00 0.14£0.01 6.58 £ 0.10 6.63+0.14
A.SLN+ATZ

W.C. 7.38 £ 0.07 7.36 £0.05 0.16 £ 0.00 0.16 £ 0.00 6.47 £0.14 6.39+0.12
0.002mg.L? 7.38+0.07 7.34 £0.05 0.17£0.01 0.16 £ 0.01 6.58 £0.14 6.46 £ 0.09
0.47mg.L?  7.35+0.05 7.29+0.12 0.16 +0.01 0.16 £ 0.00 6.42+£0.10 6.41+0.10
0.95mg.L?  7.35+0.08 7.36 £0.05 0.16 £ 0.01 0.15+£0.01 6.45+0.10 6.36 £ 0.09
1.9mg.L? 7.33+0.05 7.31+0.04 0.16 +0.01 0.15+0.01 6.51 + 0.06 6.42+0.12
A.SLN

W.C. 7.33+£0.05 7.33+£0.05 0.16 £ 0.00 0.16 £ 0.01 6.49 £0.19 6.48 £0.11
0.002 mg.L? 7.34+0.07 7.31+£0.04 0.16 £ 0.00 0.16 +£0.01 6.48 + 0,16 6.44 +0.14
0.47mg.Lt  7.34+0.05 7.33+0.05 0.16 +£0.01 0.16 +£0.01 6.45+0.16 6.60 + 0.18
0.95mg.L?  7.31+0.04 7.33+£0.05 0.16 £ 0.00 0.16 £ 0.01 6.39£0.11 6.63+£0.14
1.9mg.L? 7.33+0.05 7.30 +£0.00 0.16 £ 0.00 0.16 +0.01 6.48 +0.16 6.61 +0.16
S.ATZ

W.C. 7.30£0.08 7.30 £0.08 0.15+£0.01 0.16 £ 0.00 6.64 £0.12 6.69 £0.16
0.002mg.Lt 7.25+0.05 7.35+0.05 0.15+0.00 0.16 £ 0.00 6.62 +0.15 6.65+0.13
S.SLN+ATZ

W.C. 7.30£0.00 7.30£0.00 0.16 £ 0.00 0.16 £ 0.01 6.49 £ 0.09 6.44 £ 0.17
0.002mg.Lt 7.35+0.08 7.30 +£0.00 0.16 +0.01 0.16 £ 0.00 6.45+0.11 6.48 + 0.09
S.SLN

W.C. 7.31+£0.04 7.30£0.00 0.16 £ 0.01 0.16 £ 0.01 6.48 £ 0.17 6.44 £ 0.15
0.002mg.Lt 7.29+0.04 7.33+0.05 0.16 £ 0.01 0.16 +0.01 6.42 + 0.08 6.39+0.15
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Concluséo Geral

Atrazina é um herbicida pré e pds emergente que estéa disponivel no mercado a mais de
50 anos, com amplo uso em diversos paises. Devido sua persisténcia e mobilidade pode ser
detectada em ambientes aquéticos e terrestres que vao além da sua &rea de aplicacdo. Em
ecossistemas aquaticos este herbicida afeta o desenvolvimento, reproducéo e comportamento
de uma grande diversidade de espécies.

A nanotecnologia oferece alternativas para otimizar e melhorar 0 uso de pesticidas na
area agricola, melhorando as formulagfes existentes e criando novos nanosistemas. Estas
nanoformulagdes possibilitam reduzir a contaminacdo ambiental e frequéncia de aplicagdes,
diminuem a dose a ser aplicada e sua liberacdo modificada (mais lentamente) permite que o
organismo alvo fique em contato com o ativo por maior tempo de exposigéo.

Neste estudo, sobre as condicOes testadas para os endpoints mortalidade e
biomarcadores bioquimicos foi observado que as nanoparticulas carregadas com atrazina ndo
diferem da sua forma livre apresentando efeito tdxico e letal sobre as larvas de Chironomus
sancticaroli. A nanoparticula controle (sem o ingrediente ativo) também causou alteracdes
nos biomarcadores bioquimicos e mortalidade, indicando um possivel efeito toxico da
nanoformulacdo. Entretanto, ambas nanoformulac¢6es ndo causaram deformidade no mento e
nenhum atraso no desenvolvimento larval, bem como nanoparticulas sem atrazina nao
causaram alteracdes dos biomarcadores bioquimicos no bioensaio de longa duracdo (10 dias),
indicando que novos estudos precisam ser realizados com esta espécie avaliando outros
marcadores.

Para que a nanoatrazina seja utilizada no campo, sdo necessarios novos estudos para
compreender os efeitos desta formulacdo sobre organismos nédo alvo, incluindo a analise de

diferentes marcadores bioldgicos (morfolégico, molecular, celular, genético e histolégico).
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Além disso, € de grande relevancia que essa nanoformulacdo seja testada no campo e em
bioensaios que simulem diferentes condigdes ambientais (solo, umidade e temperatura).

O organismo bentonico Chironomus sancticaroli  demonstrou sensibilidade as
nanoparticulas, indicando potencial para ser utilizado na avaliagdo nanotoxicolégica na regido
Neotropical.

Desta forma a presente tese pode contribuir para o uso do organismo Chironomus
sancticaroli como um potencial marcador para estudos de seguranga no uso de

nanopesticidas.
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ANEXO |

Teste com substancia de referéncia

O teste com substancia de referéncia deve ser realizado periodicamente para verificar a
sensibilidade dos organismos teste e as condi¢des da cultura (Aradjo et al., 2006; OECD,
20044, b). Este deve ser realizado apds serem introduzidos novos organismos na cultura ou
quando ha mudancas significativas nas condicdes de criacdo (OECD, 2011).

A sensibilidade da cultura foi avaliada a cada seis meses, pois de acordo com a OECD
(2011) deve ser realizado teste com substancia de referéncia pelo menos duas vezes por ano.

Como substancia de referéncia foi utilizado o cloreto de potéassio (KCI) nas seguintes
concentragdes: 1,5; 2,25; 3,5; 5,0 e 7,5 g.L! (Baggio, 2016; Rebechi, 2012; Richardi, 2013;
Morais, 2014), este sal foi selecionado porque tem sido muito utilizado em testes de
sensibilidade com espécies da familia Chironomidae (OECD, 20044, b, 2010, 2011).

O bioensaio agudo foi conduzido em frascos de vidro de 250 mL contendo: 200 mL de
agua mineral sem cloro, larvas de IV instar inicial (7 dias) de C. sancticaroli, concentracdes
de cloreto de potassio a serem testadas (Baggio, 2016; Rebechi, 2012; Richardi, 2013; Morais
2014) e 1,5 mg de racdo Tetra Min adicionada no inicio e terceiro dia do teste, adaptado de
OECD (2004a, b, 2010). Como controle foi utilizado agua (Baggio, 2016; Morais, 2014;
Rebechi, 2012; Richardi, 2013). Os bioensaios foram acondicionados em camara do tipo
BOD programada, com temperatura de 25°C * 2, fotoperiodo 12 horas luz e 12 horas escuro,
umidade em torno de 80 + 10% e aeracdo constante.

Os tratamentos foram realizados em triplicata, com cada réplica contendo 6 larvas (n =
18), totalizando 108 organismos por bioensaio (Baggio, 2016; Morais, 2014; Rebechi, 2012;
Richardi, 2013). A duracdo do bioensaio agudo foi de 96 horas (Rebechi, 2012; Richardi,

2013). Foram consideradas larvas vivas as que apresentaram mobilidade normal ou baixa.
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A solucéo padréo foi preparada com 30 g de KCl e 100 mL de &gua mineral sem cloro,
da qual pegou-se uma aliquota referente as concentragdes utilizadas no teste.

Para preparar o alimento foi utilizado 60 mg de ragéo Tetra Min® (macerada) e 20 mL
de &gua mineral sem cloro, desta foi pipetado em cada frasco 0,5 mL = 1,5 mg. O cloreto de
potéssio e o alimento foram adicionados no experimento na forma liquida, assim descontou-se

o valor de ambos no valor total a ser adicionado de 4gua em cada béquer.

Avaliacao da populagéo de Chironomus sancticaroli

A populagdo de Chironomus sancticaroli foi avaliada durante a realizagéo de todos os
bioensaios agudo e subcronico, para isso realizou-se 3 testes de sensibilidade com cloreto de
potassio, cada um com intervalo de 180 dias (Tabela 1).

Os resultados do teste de sensibilidade foram analisados atraves do programa
Trimmed Spearman-Karber com a finalidade de obter a CLso do cloreto de potassio para
larvas de Chironomus sancticarloli. A faixa de sensibilidade foi estabelecida de acordo com a
USEPA (2000) através do valor médio da CLso, mais ou menos dois desvios padréo, para este
modelo calculou-se a média (X), o desvio padréo (S) e o coeficiente de variacdo (CV) (Tabela
1). Assim foi estabelecido o limite superior (X + 2.S) e o limite inferior (X — 2.S) (Fig. 1).
Valores da CLso que permanecem dentro desta faixa sdo utilizados e os demais descartados
(Fig. 1). O coeficiente de variacdo foi utilizado para avaliar a precisdo analitica e a
variabilidade dos testes de sensibilidade (Baggio, 2016; Morais, 2014; Rebechi, 2012;

Richardi, 2013), através da seguinte equagéo 1.

CV =2 .100 (Equagio 1)

Onde CV é o Coeficiente de variacdo; S € o Desvio padrédo e X é a Média
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Tabela 1 Valores da Concentragdo Letal (CLso) durante o bioensaio agudo (96 horas) com cloreto de potassio e

o intervalo de confiancia (IC (95%)) de cada teste de sensibilidade com Chironomus sancticaroli. Coef. =

coeficiente.
Numero do teste Data Clso (96 h) g.L?! IC (95%) g.L!
1 12/2016 3,71 2,90-4,74
2 06/2017 4,33 3,60 -5,20
3 12/2017 3,18 2,03-4,97
Média (X) 3,74
Variancia (S?) 0,33
Desvio Padréo (S) 0,58
Coef. variacdo em % (CV) 15,51
Faixa de sensibilidade 4,90 -2,58
=~
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Figura 1 — Concentragdes Letais CLso (g.L™) por teste de sensibilidade realizado, com o limite superior e

inferior da faixa sensibilidade de Chironomus sancticaroli ao cloreto de potassio (KCI).

Todos os testes apresentaram a CLso dentro da faixa de sensibilidade estabelecida,

sendo a média 3,74 g.L %, limite superior 4,90 e limite inferior 2,58 g.L*, com um coeficiente

de varicdo de 15,51% (Tabela 1; Fig. 1). Os resultados do presente estudo permaneceram

proximos dos obtidos por Baggio (2016), Dornfeld (2006), Morais (2014), Rebechi (2012) e

Richardi (2013). Diante do exposto, é possivel indicar que a populacdo de Chironomus
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sancticaroli mantida no Laboratério de Limnologia da Unesp de Sorocaba — SP, foi adequada

para ser utilizada como organismo teste em bioensaios ecotoxicoldgicos.
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