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ABSTRACT

For pest control, large amounts of agrochemicals are continuously used which often
have adverse effects on the environment and human health. This fact has motivated
the search for less impacting alternatives. In this scenario, several mechanisms are
being studied in order to minimize these damages, such as the development of
carrier systems using biodegradable polymers and proteins. In addition, the use of
botanical insecticides has also shown potential for pest control, due to the possible
lower impacts caused by these products of natural origin. Therefore, the present
work describes the preparation and characterization of a nanobiopesticide based on
neem oil-loaded zein nanoparticles, together with evaluation of their toxicity towards
nontarget organisms (using Allium cepa, soil nitrogen cycle microbiota, and
Caenorhabditis elegans) and of their phytotoxicity (Phaseolus vulgaris). In addition
the biological activity of this new system on agricultural pests (Acanthoscelides
obtectus, Bemisia tabaci and Tetranychus urticae) were also carried out. The
spherical nanoparticles showed an average diameter of 278 + 61.5 nm, a high
encapsulation efficiency (>80%) and a good stability during the experiments. In the
toxicity assays with A. cepa, the neem oil-loaded zein nanoparticles mitigated the
increase in the DNA relative damage index caused by the neem oil. Molecular
genetic analysis of the soil nitrogen cycle microbiota revealed that neem oil-loaded
zein nanoparticles did not change the number of genes which encode nitrogen-fixing
enzymes and denitrifying enzymes. In C. elegans, the neem oil-loaded zein
nanoparticles had no toxic effect, while neem oil interfered with pharyngeal pumping
and GST-4 protein expression. Pre- and post-emergence treatments using this new
system did not cause any phytotoxic effects towards P. vulgaris. The neem oil
nanobiopesticide exhibited insecticidal effects on B. tabaci and T. urticae, while the
effect against A. obtectus was significantly increased, compared to plain neem oil.
Using labeled nanoformulations, it was possible to identify the exposure between
nanobiopesticide and A. obtectus mainly by their ventral region with prominence to
the legs and mouthparts. These neem oil-loaded zein nanoparticles showed
promising results as a nanobiopesticide developed with the "safer by design”
strategy which gives it great potential for use in pest control in sustainable
agriculture, causing less impacts on the environment and human health.

Keywords: Nanobiopesticide. Neem oil. Nanotoxicity. Phytotoxicity. Biological
activity. Pest control. Sustainable agriculture.



PASCOLI, M. Avaliacdo da toxicidade e atividade biologica de nanoparticulas de
zeina contendo o biocida azadiractina. 2019. 124 f. Tese de Doutorado em Ciéncias
Ambientais - Instituto de Ciéncia e Tecnologia, UNESP - Universidade Estadual
Paulista, Soracaba, 20109.

RESUMO

Para o controle de pragas, continuamente se faz o uso de elevadas quantidades
de agroquimicos que muitas vezes possuem efeitos adversos tanto para o ambiente
quanto para a saude humana. Este fato tem motivado a busca por alternativas
menos impactantes. Neste cenario, diversos mecanismos estdo sendo estudados
a fim de minimizar estes danos, como por exemplo, o desenvolvimento de sistemas
carreadores utilizando polimeros biodegradaveis e proteinas. Aliado a isto, a
utilizacéo de inseticidas botanicos também tem demonstrado potencialidade para o
combate a pragas, devido aos possiveis menores impactos causados por esses
produtos de origem natural. Portanto, o presente trabalho descreve o preparo e
caracterizacdo de um nanobiopesticida baseado em nanoparticulas de zeina
carreadas com 6leo de neem junto com a avaliacdo da sua toxicidade contra
organismos nao alvos (usando Allium cepa, microbiota do solo envolvida no ciclo
do nitrogénio e Caenorhabditis elegans) e da sua fitotoxicidade (usando Phaseolus
vulgaris). Ademais, a atividade biolégica desse novo sistema em pragas agricolas
(Acanthoscelides obtectus, Bemisia tabaci and Tetranychus urticae) também foi
investigada. As nanoparticulas esféricas apresentaram diametro médio de 278 +
61,5 nm, alta eficiéncia de encapsulacao (> 80%) e boa estabilidade durante os
experimentos. Nos ensaios de toxicidade com A. cepa, as nanoparticulas de zeina
carregadas com 0leo de neem mitigaram o aumento do indice de danos relativo ao
DNA causado pelo 6leo de neem. A andlise genética molecular da microbiota do
solo envolvida no ciclo do nitrogénio revelou que as nanoparticulas de zeina
carreadas de 6leo de neem nao alteraram o numero de genes que codificam
enzimas fixadoras de nitrogénio e enzimas desnitrificantes. Em C. elegans, as
nanoparticulas de zeina carreadas com 6leo de neem nao tiveram efeito téxico,
enquanto o 6leo de neem interferiu no bombeamento faringeo e na expresséo da
proteina GST-4. Este novo sistema ndo causou nenhum efeito fitotoxico em P.
vulgaris em tratamentos pré e pés-emergentes. O nanobiopesticida e o 6leo de
neem exibiram efeito inseticida sobre B. tabaci e T. urticae e 0 nanobiopesticida
aumentou significativamente o efeito inseticida em A. obtectus comparado ao 6leo
de neem. Utilizando nanoformulacées marcadas, foi possivel identificar a exposi¢cao
entre o nanobiopesticida e A. obtectus, principalmente por sua regiao ventral, com
destaque para as pernas e partes bucais. Estas nanoparticulas de zeina carreadas
com Oleo de neem mostraram resultados promissores como nanobiopesticida
desenvolvido com a estratégia "safer by design" o que lhe confere grande
potencialidade de uso no controle de pragas na agricultura sustentavel, causando
menores impactos ao meio ambiente e a saude humana.

Palavras-chave: Nanobiopesticida. Oleo de Neem. Nanotoxicidade. Fitotoxicidade.
Atividade Bioldgica. Agricultura sustentavel.
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INTRODUCAO GERAL

A expectativa em relagdo ao aumento da populacdo mundial é alarmante.
De acordo com estimativas realizadas pelas Na¢des Unidas, a populacdo mundial
atingiu 7,7 bilhdes no ano de 2017, e a previsdo € que este numero cresca para
perto de 9,8 bilhdes até 2050. Consequentemente, havera uma maior demanda por
alimentos, e a previsao € que seja necessario um aumento de 50% na producéo de
alimentos (FAO 2017). De acordo com Zhang et al. (2018), 187 milhfes de
toneladas métricas de fertilizantes e quase 4 milhdes de toneladas de pesticidas
sdao consumidos anualmente pela agricultura. O uso intensivo de pesticidas
apresenta sérios riscos a saude ambiental e humana, como contaminacdo da agua
e solo, desenvolvimento de pragas resistentes, acumulo de residuos téxicos nos
alimentos, bem como efeitos em organismos n&o-alvos (Sankoh et al. 2016). Com
isso, outras estratégias devem ser adotadas para suprir a necessidade agricola
evitando causar prejuizos a outros setores, como a utilizacdo de defensivos
agricolas a base de compostos naturais (biopesticidas), que podem ser pés e
extratos botanicos e/ou Oleos essenciais de origem vegetal. Os biopesticidas
podem apresentar diversos mecanismos de acdo como inibicdo de ovoposicao,
alimentacgao, alteragéo no desenvolvimento, movimento, podem causar infertilidade
e afetar hormonios, e geralmente apresentam baixa a moderada toxicidade para
organismos ndo alvos e prejuizos ao ambiente (Isman and Grieneisen, 2014;
Rehman et al. 2014; Benelli and Pavela, 2018; Oliveira et al., 2018b).

O 6leo de neem tem sido usado ha séculos como planta medicinal na Asia.
Atualmente, o0 uso de seus extratos se destaca como inseticida natural, pratica que
se intensificou nos ultimos 30 anos, quando seu principal composto, a azadiractina,
foi isolado (Mossini and Kemmelmeier, 2005). Além da azadiractina, o 6leo de neem
€ constituido por mais de 300 compostos ativos, a maioria triterpenos, que
apresentam eficiéncia contra uma vasta gama de pragas pelo seu amplo espectro
de acdo (Campos et al., 2016; Chandramohan et al., 2016). Porém, apesar da
potencialidade destes compostos, a sua utilizagcao pode ser limitada na agricultura
pois possuem alta sensibilidade a luz, umidade, temperatura e também a

degradacéao por microrganismos (Campos et al. 2016).
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A utilizacdo da nanotecnologia para o desenvolvimento de sistemas
nanoestruturados tem emergido como uma estratégia promissora e necessaria a
ser empregada na agricultura, uma vez que pode conferir aumento de solubilidade,
eficicia, estabilidade e biodisponibilidade ao composto bioativo, bem como reducgéo
da sua degradacao precoce, da dose necessaria e da toxicidade a organismos nao
alvos, assim maximizando a producéo agricola e aumentando a sustentabilidade
(Borgatta et al., 2018; Kah et al., 2019; Lowry et al., 2019). Os sistemas
nanoestruturados podem ser produzidos a partir de diversas matrizes poliméricas
e proteinas através de diversas metodologias de sinteses. A quitosana e a zeina
sao exemplos de matrizes usadas na producdo de nanomateriais para aplicacdo na
agricultura e tém apresentado resultados promissores (Mittal et al., 2013; Campos
et al., 2014, Bautista-Banos et al., 2016; Oliveira et al., 2018a, 2018b, 2019).

A limitada quantidade de informacdes sobre a seguranca do uso de
nanoparticulas gera preocupacdes a medida que VAarios nanomateriais sdo
atualmente sintetizados em larga escala, comercializados, manipulados e
descartados no ambiente sem controle ou regulamentacédo. Nao séao definidos os
potenciais riscos desses nanomateriais aos seres humanos e ao ecossistema. Uma
vez que a nanoencapsulacdo € capaz de modificar as propriedades e o
comportamento dos compostos, € necessario que todo novo sistema
nanoestruturado seja investigado para garantir seguranca em seu uso. Assim,
devem ser realizados ensaios para avaliar seu comportamento no ambiente e
possivel toxicidade utilizando organismos alvos e nao alvos, visando a
regulamentacdo do uso de nanobiopesticidas na agricultura sustentavel (Campos
et al., 2018a, 2018b; Fraceto et al., 2016; Pascoli et al., 2018a, 2018b; Kah et al.,
2019; Prajitha et al., 2019). O novo sistema deve ser sempre comparado com 0s
pesticidas comerciais e 0s novos riscos e beneficios emergentes devem ser muito
bem investigados. Nesse viés, se faz necessario destacar que para a aplicabilidade
da nanotecnologia na agricultura ser bem-sucedida é imprescindivel um trabalho
multidisciplinar no desenvolvimento da formulagédo, bem como o envolvimento do
proprio agricultor para que se alcance seu objetivo, e da propria sociedade para a

aceitacéo da nova tecnologia (Kah et al., 2019; Pascoli et al., 2019).

Desta forma, o objetivo principal da presente tese foi preparar e caracterizar

um novo sistema carreador baseado na matriz natural zeina para carrear o
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composto 6leo de neem. Também foram investigados os possiveis efeitos tOxicos
do nanobiopesticida a organismos ndo alvos (Allium cepa, microbiota do solo
envolvida no ciclo do nitrogénio, Caenorhabditis elegans e Phaseolus vulgaris) e
sobretudo avaliada a atividade biolégica deste novo sistema a diferentes pragas
agricolas (Acanthoscelides obtectus, Bemisia tabaci and Tetranychus urticae). A
tese esta estruturada em quatro capitulos, os quais sdo compostos por artigos

publicados e/ou submetidos a periédicos cientificos internacionais.

Os dois primeiros capitulos constituem a revisdo bibliogréfica da tese. No
primeiro capitulo é apresentada uma revisdo de literatura onde se aborda o
potencial uso do 6leo de neem. O artigo descreve os compostos ativos do 6leo de
neem, bem como seu amplo espectro de aplicacdo que vai da saude a agricultura.
A respeito do seu uso na agricultura, é apresentado um levantamento dos produtos
comerciais que contém o 6leo de neem como principal composto ativo, seu modo
de acgéo contra diversas pragas e as limitacdes de seu uso em campo. Contudo,
essas limitacdes abrem perspectivas de que a nanotecnologia possa ser uma

potente aliada em seu uso.

Ja no segundo capitulo, é encontrado um “mini-review” que visa descrever
as diversas metodologias de sintese de nanoparticulas de zeina, sobretudo
estratégias para melhorar a estabilidade coloidal destas formulagdes. Composto
por trabalhos ciéntificos recentes, este trabalho pontua uma lacuna nos artigos a
respeito de nanoparticulas de zeina uma vez que muitos deles ndo avaliam a
estabilidade destas nanoparticulas em funcdo do tempo, ou demonstram baixa
estabilidade coloidal do sistema. As estratégias para se obter um sistema de
nanoparticulas de zeina com boa estabilidade coloidal vao desde tratamento

térmico da proteina, até recobrimento da particula e condi¢cdes de armazenamento.

Os dois ultimos capitulos constituem de artigos com os resultados do nosso
trabalho. O terceiro capitulo mostra o desenvolvimento do nanopesticida a base
de Oleo de neem como uma formulacdo ambientalmente amigavel para aplicacbes
na agricultura sustentavel. O artigo descreve o preparo e caracterizacdo do novo
sistema, bem como sao apresentados ensaios de toxicidade em organismos nao
alvos (Allium cepa, microbiota do solo envolvida no ciclo do nitrogénio,

Caenorhabditis elegans). Os ensaios com A. cepa mostraram reducéo no indice de
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danos relativos causado pelo composto ativo devido a nanoencapsulacédo e em C.
elegans, o nanobiopesticida ndo apresentou efeito toxico ao nematbide enquanto o
Oleo de neem interferiu de maneira negativa no bombeamento faringeo e na

expressao da proteina GST-4.

No quarto capitulo, é apresentada a sintese e caracteizacdo das
formulacdes de nanoparticulas de zeina em funcéo do tempo de estocagem, bem
como a avaliacdo dos possiveis impactos em organismos alvos e ndo alvos. A
fitotoxicidade foi investigada em Phaseolus vulgaris e a atividade bioldgica foi
avaliada contra as pragas agricolas Acanthoscelides obtectus, Bemisia tabaci e
Tetranychus urticae. O nanobiopesticida aumentou significativamente o efeito
inseticida em A. obtectus comparado ao 6leo de neem. Utilizando nanoformulacfes
marcadas com rodamina, foi possivel identificar a exposicdo entre o

nanobiopesticida e os besouros, principalmente pelo seu tegumento.

Por fim, o item concluséo geral e perspectivas completam a tese.
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Neem Oil and Crop Protection: From
Now to the Future

Estefania V. R. Campos'2, Jhones L. de Oliveira’, Ménica Pascoli’, Renata de Lima?® and
Leonardo F. Fraceto’2*

" Department of Environmental Engineering, S&do Paulo State University, Sorocaba, Brazil, ? Department of Biochemistry,
Institute of Biology, State University of Campinas, Campinas, Brazil, * Department of Biotechnology, University of Sorocaba,
Sorocaba, Brazil

A major challenge of agriculture is to increase food production to meet the needs of
the growing world population, without damaging the environment. In current agricultural
practices, the control of pests is often accomplished by means of the excessive use
of agrochemicals, which can result in environmental pollution and the development
of resistant pests. In this context, biopesticides can offer a better alternative to
synthetic pesticides, enabling safer control of pest populations. However, limitations of
biopesticides, including short shelf life, photosensitivity, and volatilization, make it difficult
to use them on a large scale. Here, we review the potential use of neem oil in crop
protection, considering the gaps and obstacles associated with the development of
sustainable agriculture in the not too distant future.

Keywords: neem oil, nanoparticles, sustained rel , sustainable agriculture

INTRODUCTION

Attention is increasingly being paid to the use of natural compounds (such as essential oils)
as a promising option to replace agrochemicals in agricultural pest control. These odoriferous
substances are extracted from various aromatic plants, which are rich sources of biologically active
secondary metabolites such as alkaloids, phenolics, and terpenoids (Esmaeili and Asgari, 2015),
using extraction methods employing aqueous or organic solvents, or steam distillation. Their
mechanisms of action can vary, especially when the effect is due to a combination of compounds
(de Oliveira, 2011; Esmaeili and Asgari, 2015).

Neem oil is extracted from the neem tree, Azadirachta indica Juss., a member of the Meliaceae
family that originates from the Indian subcontinent and is now valued worldwide as an important
source of phytochemicals for use in human health and pest control. Azadirachta is a fast-growing
small-to-medium sized evergreen tree, with wide and spreading branches. It can tolerate high
temperatures as well as poor or degraded soil. The young leaves are reddish to purple, while the
mature leaves are bright green, consisting of petiole, lamina, and the base that attaches the leaf to
the stem and may bear two small lateral leaf-like structures known as stipules (Norten and Piitz,
1999; Forim et al., 2014).

Neem oil contains at least 100 biologically active compounds. Among them, the major
constituents are triterpenes known as limonoids, the most important being azadirachtin (Figure 1),
which appears to cause 90% of the effect on most pests. The compound has a melting point of
160°C and molecular weight of 720 g/mol. Other components present include meliantriol, nimbin,
nimbidin, nimbinin, nimbolides, fatty acids (oleic, stearic, and palmitic), and salannin. The main
neem product is the oil extracted from the seeds by different techniques. The other parts of the
neem tree contain less azadirachtin, but are also used for oil extraction (Nicoletti et al., 2012). It has
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FIGURE 1 | Chemical structure of azadirachtin, the main component of
neem oil.

been suggested that the content of azadirachtin in the seeds can
be increased by artificial infection with arbuscular mycorrhiza
(Venkateswarlu et al., 2008).

Among the botanical insecticides currently marketed, neem
oil is one of the least toxic to humans and shows very
low toxicity to beneficial organisms, so it is, therefore, very
promising for the control of many pests. Target insect species
include the following: Anopheles stephensi (Lucantoni et al.,
2006), A. culicifacies (Chandramohan et al., 2016), Ceraeochrysa
claveri (Scudeler et al., 2013, 2014; Scudeler and dos Santos,
2013), Cnaphalocrocis medinalis (Senthil Nathan et al., 2006),
Diaphorina citri (Weathersbee and McKenzie, 2005), Helicoverpa
armigera (Ahmad et al., 2015), Mamestra brassicae (Seljasen and
Meadow, 2006), Nilaparvata lugens Stal (Senthil-Nathan et al.,
2009), Pieris brassicae (Hasan and Shafiq Ansari, 2011), and
Spodoptera frugiperda (Tavares et al., 2010). Arachnid targets
include Hyalomma anatolicum excavatum (Abdel-Shafy and
Zayed, 2002) and Sarcoptes scabie var. cuniculi larvae (Xu et al.,
2010).

The oil is considered a contact insecticide, presenting
systemic and translaminar activity (Cox, 2002). It has a
broad spectrum of action, inhibiting feeding, affecting hormone
function in juvenile stages, reducing ecdysone, deregulating
growth, altering development and reproduction, suppressing
fertility, sterilizing, repelling oviposition, and disrupting molting
processes (Brahmachari, 2004). Little is known about the mode
of action of azadirachtin as a feeding inhibitor, although it is
possible that it stimulates cells involved in feeding inhibition,
causing weakness and pest death (Brahmachari, 2004).

Azadirachtin, salannin, and other limonoids present in neem
oil inhibit ecdysone 20-monooxygenase, the enzyme responsible
for catalyzing the final step in conversion of ecdysone to the
active hormone, 20-hydroxyecdysone, which controls the insect
metamorphosis process. However, these effects are probably
secondary to the action of azadirachtin in blocking microtubule
formation in actively dividing cells (Morgan, 2009). Moreover,
azadirachtin can inhibit the release of prothoracicotropic
hormone and allatotropins from the brain-corpus cardiacum
complex, resulting in problems of fertility and fecundity (Mulla
and Su, 1999). Meliantriol and salannin also act to inhibit the
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feeding of insects, while nimbin and nimbidin mainly present
antiviral activity (EMBRAPA, 2008).

Azadirachtin can also interfere in mitosis, in the same way as
colchicine, and has direct histopathological effects on insect gut
epithelial cells, muscles, and fatty tissues, resulting in restricted
movement and decreased flight activity (Wilps et al, 1992;
Mordue (Luntz) and Blackwell, 1993; Qiao et al., 2014).

Several studies have described the action of neem oil in specific
groups of insects. Among the major insect groups, neem oil
has shown action against (i) Lepidoptera: antifeeding effect and
increased larvae mortality (Mancebo et al., 2002; Michereff-Filho
et al., 2008; Tavares et al., 2010); (ii) Hemiptera: early death
of nymphs in due to inhibition of development and ecdysis
defects (Weathersbee and McKenzie, 2005; Senthil Nathan et al.,
2006; Formentini et al., 2016); (iii) Hymenoptera: food intake
decrease, reduced larval and pupal development, larvae death
during the molting process (Li et al., 2003); (iv) Neuroptera:
severe damage in the midgut cells of larvae, injury and cell death
during the replacement of midgut epithelium, and changes in
cocoons, with increased porosity and decreased wall thickness
affecting pupation (Scudeler et al., 2013, 2014; Scudeler and
dos Santos, 2013). In another class, the Arachnida, exposure
of the Ixodidae group to neem oil decreased egg hatching and
caused malformation, deformities, and death of larvae and adults
(Abdel-Shafy and Zayed, 2002).

NEEM APPLICATIONS

For centuries, neem has been used in folk medicine for the
treatment of conditions such as malaria, ulcers, cardiovascular
disease, and skin problems. Despite the limited existence of
clinical trials to support therapeutic claims, the use of neem
has expanded over time, and it is an important component
of Ayurvedic medicine (medical knowledge developed in India
about 7000 years ago; Girish and Shankara Bhat, 2008; Ogbuewu
etal., 2011).

In addition to its medical applications, neem has aroused
interest in many other areas (Figure 2). In the cosmetics
and hygiene sector, neem is used in the composition of face
masks, lotions, sunscreens, soaps, and toothpastes (Mathur and
Kachhwaha, 2015). Products derived from neem can contribute
to sustainable development and the resolution of pest control
problems in agriculture (Lokanadhan et al., 2012). These
products benefit from the natural properties of neem as a
powerful insect growth regulator (IGR) that also affects many
other organisms (such as nematodes and fungi) and can act as
a plant fertilizer (Brahmachari, 2004).

The use of neem in agriculture is not a new practice. In India,
the traditional farming system employed neem extracts for pest
management and to supply nutrients to plants (Mossini and
Kemmelmeier, 2005; Sujarwo et al., 2016). Scientific research has
shown that neem is safe for workers, with no handling risks, and
can be used throughout the entire crop production cycle (Boeke
et al., 2004).

Neem has proven use as a fertilizer, with the organic and
inorganic compounds present in the plant material acting to
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FIGURE 2 | Potential applications of azadirachtin in different areas.
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improve soil quality and enhance the quality and quantity of
crops. The waste remaining after extraction of the oil from neem
seeds (neem seed cake) can be used as a biofertilizer, providing the
macronutrients essential for plant growth (Ramachandran et al.,
2007; Lokanadhan et al., 2012).

Nitrogen is one of the main nutrients required by plants
for their development, and urea is the main source of nitrogen
fertilizer used worldwide to supply the nitrogen demand of
crops. The control of urea hydrolysis and nitrification is one
of the principal strategies employed to avoid nitrogen losses in
agriculture (Ni et al., 2014). Neem has demonstrated activity as a
nitrification inhibitor, helping to slow the bacterial activity that is
responsible for denitrification, hence decreasing the loss of urea
from the soil (Musalia et al., 2000; Mohanty et al., 2008).

Due to their compositional complexity, neem-based products
can act as antifeedants, growth regulators, sterilants, anti-
oviposition agents, and repellents (Gonzalez-Coloma et al,
2013). Other factors that have stimulated the use of neem-
based products for pest control in agriculture are ecological and
toxicological aspects (low toxicity to non-target organisms), as
well as economic aspects (small amounts of the product can
provide effective pest control; Ogbuewu et al., 2011).

These features of neem support its contribution to organic
agricultural production systems that are more sustainable and
do not generate chemical residues (plants and crops are grown
without the use of any agrochemicals). This method also helps
to maintain soil productivity, ensuring longer production times.
Organic agriculture can be a viable alternative production
method for farmers, but there are numerous challenges to be
overcome. A key to success is to be open to new approaches,

and in this respect neem products can effectively contribute
to organic agriculture, being used as organic pesticides and as
soil fertilizers. In addition, growing concerns about conventional
agriculture and the demand for products that do not generate
waste justify increased adoption of the use of biopesticides
by farmers, which contributes to the growth of organic
agriculture (Dubey et al., 2010; Seufert et al., 2012; Gahukar,
2014).

COMMERCIAL PRODUCTS DERIVED
FROM NEEM (Azadirachta indica)

Neem has acquired commercial recognition due to its various
beneficial properties, which have been extensively investigated
over time. Compared to conventional chemicals, which are
generally persistent in the environment and highly toxic,
botanical pesticides are biodegradable and leave no harmful
residues. Most botanical pesticides are non-phytotoxic and are
also more selective toward the target pest. In terms of commercial
applications, biopesticides can provide substantial economic
advantages, since the infrastructure required is inexpensive,
compared to conventional pesticides (Pant et al., 2016).

This has resulted in the publication of numerous scientific
research articles and books, as well as the organization of
international conferences to discuss the benefits of the plant
(Girish and Shankara Bhat, 2008).

Several patents related to processes and products based on
neem have been deposited in the United States, India, Japan,
Australia, and elsewhere. Many of the products derived from
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neem are manufactured by crushing the seeds and other plant
parts, followed by the use of solvents to extract the active
ingredients possessing pesticide activity. The different methods
and techniques employed to obtain neem products can result
in different concentrations of the active compounds, as well as
different biological effectiveness (Roychoudhury, 2016). Table 1
lists some of the main commercial products based on neem.

Despite its many promising properties, there are limitations
that hinder effective large-scale use of neem. These impediments
must be overcome and many uncertainties clarified so that the
full potential of neem can be exploited. One of the main problems
facing the commercial development of neem is a lack of industrial
interest, largely due to the difficulty of patenting natural products,
as well as a shortage of scientific evidence to support claims
regarding the benefits of these substances. As a results, the
products are not widely publicized in the farming community and
elsewhere (Pant et al., 2016).

Disadvantages of neem are its low stability under field
conditions, due mainly to a high rate of photodegradation,
as well as a short residence time and slow killing rates,
compared to conventional pesticides (Isman, 2006; de Oliveira
et al.,, 2014; Miresmailli and Isman, 2014). Genetic factors are
mainly responsible for determining the chemical composition
of neem oil. However, environmental factors and the type

TABLE 1 | Neem applications and commercial products available
worldwide.

Application Product Manufacturer

Fertilizer Ozoneem Cake® Ozone Biotech (India)
Plan “B” Organics — Neem Cake® Plan “B” Organics (USA)
Fortuneem Cake® Fortune Biotech (USA)
Bio Neem Oil Foliar® FUSA - Fertilizers of the USA
Neem Cake® Unibell Corporation (Russia)
Ozoneem Coat® Ozone Biotech (India)
Parker Neem Coat® Parker Neem (India)
Neem Urea Guard® Neemex (India)
Fortuneem Coat® Fortune Biotech (USA)
Azadirachtin-based products

Agrochemical AZA-Direct® Gowan Company (USA)

Neemix 4.5© Certis (USA)
Fortune Aza 3% EC® Fortune Biotech (USA)
Azamax® UPL Ltda. (Brazil)

Neemazal Technical®

E.I.D. Parry Ltd. (India)

Ecosense® Agro Logistic Systems Inc. (USA)
Safer Brand 3 in 1 Woodstream Corp. (Canada)
Garden Spray®

Azatin XL® OHP Inc. (USA)

Azact CE® EPP Ltda. (Brazil)

Neem oil

Triact 70 EC® Certis Company (USA)
BioNeem® Woodstream Corporation (USA)

Shubhdeep Neem Qil®
DalNeem®
OzoNeem Oil®

NeemDrop®
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King Agro Food (India)

Dalquim Ltda. (Brazil)

Ozone Biotech (India)

Neem India Products Ltd. (India)

of extraction method can lead to significant differences in
composition. As a result, there is no standard active ingredient
in the composition of this botanical insecticide, which limits its
application in the control of agricultural pests (Ghosh et al., 2012;
Tangtrakulwanich and Reddy, 2014; Siegwart et al., 2015).

Neem oil contains a group of active ingredients with different
chemical characteristics. It was therefore believed that the
development of insect resistance would be virtually impossible.
However, as studies have progressed, it has been observed that
due to the low residual power of botanical insecticides, multiple
applications are required in order to control pests, which can
increase selection pressure on the pest population, possibly
leading to resistance (Ghosh et al., 2012; Tangtrakulwanich and
Reddy, 2014; Siegwart et al., 2015).

Currently, most of the botanical insecticides that are being
studied and that are effective against many pests are those with
feeding deterrent action, so their indiscriminate use could result
in the development of resistance (Tangtrakulwanich and Reddy,
2014; Mpumi et al., 2016). Feng and Isman (1995) evaluated the
behavior of two lines of Myzus persicae, which were exposed
to pure azadirachtin or to refined neem seed extract at the
same concentration as azadirachtin. It was found that after forty
generations, the line treated with azadirachtin had developed
ninefold greater resistance to azadirachtin, compared to a control
line, whereas the line treated with the extract did not show
resistance.

FUTURE TRENDS

Biological control is defined as the action of natural enemies
on a population of pests in order to keep it at a population
density that does not cause economic damage to crops
(Pal and McSpadden Gardener, 2006). Natural enemies have
been known since the third century BC, when the Chinese
used predatory ants for pest control in citrus. However,
after 1939, with the synthesis of the chlorinated pesticide
dichlorodiphenyltrichloroethane (DDT) and organophosphorus
pesticides, research on synthetic chemical pesticides and
their use increased greatly, while the opposite occurred with
biological control methods (Doutt, 1964; Niu et al, 2014).
Currently, with the emergence of the concept of Integrated
Pest Management (IPM), there is a resurgence of research with
emphasis on biological control techniques. Such systems seek to
harmoniously integrate various forms of control, with emphasis
on biological control, in order to gain economic, social, and
environmental improvements (Kogan, 1998; Ehler, 2006; EPA,
2016).

The biological control of insects and mites in agriculture can
be achieved using small wasps or flies, known as parasitoids,
which parasitize eggs, small caterpillars, and even adults. It
can also be performed using predators such as ladybugs,
bugs, predatory mites, and spiders, as well as parasitism by
entomopathogenic microorganisms including fungi, bacteria,
and viruses (Landis et al., 2000; Ehler, 2006; Smith and Capinera,
2014). Although biological control will not control all pests all of
the time, it is a key component of integrated pest management.
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The purpose of biological control is not to eradicate pests, but to
keep them at tolerable levels at which they cause no appreciable
harm (Orr and Lahiri, 2014).

There has recently been increased interest in the application
of plant-based materials (botanical insecticides), such as neem
oil, in pest control. Although these products are safer for
the management of pests, compared to synthetic chemicals,
their effects in IPM must be evaluated. Several studies have
investigated the relationships between botanical insecticides
and natural enemies of agricultural pests (Islam et al., 2011;
Mamoon-ur-Rashid et al., 2011; Islam and Omar, 2012;
Tunca et al, 2012; Usman et al, 2012). Sahayaraj et al
(2011) evaluated the use of different neem-based products
in colonies of Beauveria bassiana, Isaria fumosoroseus, and
Lecanicillium lecanii, and the results showed that these
entomopathogenic fungi were compatible with most products
tested. Raguraman and Kannan (2014) conducted a review in
order to score the impact and safety of different botanical
insecticides in the presence of parasitoids and predators
(beneficial arthropods), with the aim of standardizing strategies
and application methods to achieve better management of
agricultural pests.

The integrated use of botanical insecticides associated with
biological control (synergism) in IPM is becoming increasingly
widespread in the farming and research communities. The
advantage of this approach is that it offers the potential
to control agricultural pests, without serious impacts on the
environment, non-target organisms, and animal and human
health.

Botanical insecticides must meet the same criteria as
conventional insecticides. In other words, they must be selective
for the target pest and provide sufficient residual activity to
protect the plant during the period of vulnerability. Over
the past decade, there has been a significant increase in
the number of publications concerning the use of neem
oil to control agricultural pests (Montes-Molina et al., 2008;
War et al, 2012; da Costa et al, 2014; Gahukar, 2014;
Rehman et al, 2014; Bakry et al., 2016). However, many
studies have only involved testing at the laboratory level
(in vitro), due to the instability of this substance under field
conditions. From these studies, it is not possible to draw firm
conclusions concerning the in vivo biological efficacy of the
formulations, due to the effects of numerous environmental
variables.

In order to overcome the above-mentioned limitations,
nanotechnology has emerged as a novel tool to address the
problems of agricultural sustainability and food security (Khot
et al., 2012; Kah and Hofmann, 2014; Kookana et al., 2014; Kah,
2015; Kashyap et al., 2015; Fraceto et al., 2016). Many studies have
shown that the encapsulation of agrochemicals in nanoparticulate
systems can enhance the efficacy of the active ingredient, decrease
toxicity toward the environment and humans, and reduce losses
due to volatilization, leaching, and photobleaching (Kulkarni
et al., 1999; Riyajan and Sakdapipanich, 2009; Devi and Maji,
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2010; de Oliveira et al., 2014; Bakry et al., 2016; Giongo et al,,
2016).

From the point of view of sustainable agriculture,
nanotechnology can help in the development of environmentally
friendly agricultural inputs, improving the safety and stability
of active agents, enhancing their activity in pest control, and,
consequently, increasing their acceptance by producers (Nair
et al, 2010; Srilatha, 2011; Khot et al., 2012; Agrawal and
Rathore, 2014; Ram et al., 2014). The use of nanoparticles
provides an effective means of protecting neem oil against
premature degradation, resulting in prolongation of its effect
on the target pest. Sustained release of the active agent is
achieved, and environmental damage is minimal because the
polymers employed are biodegradable. Furthermore, the number
of applications of neem oil can be reduced, bringing substantial
economic benefits (Kulkarni et al., 1999; Isman et al., 2001;
Isman, 2006; de Oliveira et al., 2014; Isman and Grieneisen, 2014;
Miresmailli and Isman, 2014).

Although studies have demonstrated the beneficial effects of
nanoencapsulation of neem oil, some issues need to be resolved
so that the synergistic effect of nanoparticles associated with this
botanical insecticide can significantly contribute to the control
of insect pests. These issues include the need for: (a) regulation
of the use of nanomaterials in agriculture; (b) nanoformulations
that are easily scalable; (c) comparative studies employing neem
formulations available commercially to prove the cost/benefit of
nanoformulations; (d) detailed studies of the degradation and
behavior of these nanopesticides in the environment; and (e)
evaluation of toxicity toward non-target organisms (De Jong
and Borm, 2008; Joint Research Centre, 2015; Servin and White,
2016).

Given the importance of neem oil and its worldwide
use for combating numerous pests in different crops, the
nanoencapsulation of this oil should enable the production of
more stable formulations for the control of insects that damage
crops, especially those that are essential for human consumption.
In addition, the use of nanotechnology is an excellent way to
combat the development of resistance in insects due to the
indiscriminate use of neem oil.
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Zein, a protein extracted from maize, can be employed to easily produce nanoscale
particles suitable for use as carrier systems. This review investigates the main methods
for obtaining zein nanoparticles, as well as the problems and options available in the
development of stable colloidal suspensions. Considerable gaps were identified in the
literature concerning this topic, with studies being unclear about the factors that affect the
stability of zein particles. In the vast majority of cases, no data are presented in relation to
the stability of the formulations over time. It could be concluded that in order to produce a
high quality system, detailed evaluation is required, considering factors including the zein
concentration, pH, ionic strength, thermal treatment of the protein prior to preparation
of the nanoparticles, strategies employing other materials as coatings, and the storage
conditions. It is extremely important that these aspects should be considered during
product development, prior to commercial-scale manufacture.

Keywords: colloidal stability, thermal treatment, ionic strength, zein, nanoparticles

INTRODUCTION

Zein is the main protein present in maize, accounting for around 50% of the total protein content.
It belongs to the prolamin class and is composed of lipophilic amino acid residues. The o-zein
form accounts for over 70% of the total zein protein and is the type that is commercially available
(Paliwal and Palakurthi, 2014). It is not used for direct human consumption, due to its negative
nitrogen balance and low solubility in water. However, it can be easily converted to spherical
colloidal nanoparticles (Patel et al., 2010). Due to its high coating capacity, biodegradability, and
biocompatibility, zein has been used in modified release systems for the delivery of enzymes, drugs,
and essential oils, among other substances (Lee et al., 2013; da Rosa et al., 2015; Park et al., 2015;
Wang et al., 2017).

The purpose of the present work is to provide an overview of the main methods of preparation
of zein nanoparticles, as well as the main problems related to the temporal stability of these systems.
Possible options for increasing the colloidal stability of zein nanoparticles are presented, together
with future perspectives for the development of these carrier systems.

Preparation of Zein Nanoparticles

There are many methodologies described in the literature for the preparation of zein
nanoparticles used for loading with different active compounds (Supplementary Table 1), including
nanoprecipitation, liquid-liquid dispersion, phase separation, and electrospraying. Encapsulation
techniques are attractive methods based on precipitation processes (Tarhini et al., 2017).
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Antisolvent Nanoprecipitation, Liquid-Liquid
Dispersion, and Phase Separation Techniques

The antisolvent nanoprecipitation technique for the synthesis
of nanoparticles has been widely described in the literature
(Figure 1A). It is based on the differences in solubility of a
protein in different solvents, as a function of pH, ionic strength,
and electrolytes. The method involves the addition of a non-
solvent to a solution in order to induce supersaturation, leading
to precipitation of the solute and the formation of nanoparticles.
It is important to select a suitable solvent and antisolvent,
considering their miscibility in the concentration range in which
they will be used (Li et al., 2013). In this methodology, the
nanoparticles formed are dependent on the method and rate
of injection of the organic phase into the aqueous phase, the
agitation speed, and the volume ratio. There is no need for
an emulsifier for particle formation, although its nature and
concentration can influence the nanoparticle size (Rao and
Geckeler, 2011).

Liquid-liquid dispersion methods consist of the same
antisolvent nanoprecipitation method, with the different
solubilities of zein in ethanol and water being exploited in
order to produce nanoparticles. The interaction of the alcohol
and water acts to decrease the concentration of ethanol, hence
reducing the solubility of the zein and causing its production in
the form of nanoparticles (Zou et al., 2012).

The method described in the literature as phase separation
consists of the same procedures described for antisolvent
precipitation and liquid-liquid dispersion, followed by
centrifugation, separation, and purification of the nanoparticles
(Lee et al., 2013).

These different zein nanoparticle production methods involve
evaporation of the solvent, which can be achieved by magnetic
stirring at room temperature, rotary evaporation, or placing
under a flow of nitrogen (Hu and McClements, 2015;
Chuacharoen and Sabliov, 2016).

Advantages of these methodologies are that they do not
require complex equipment and involve straightforward
preparation conditions. They are low cost and provide
satisfactory encapsulation efficiencies for active ingredients.
However, while these techniques are useful for optimization of
formulations using small volumes of samples, the same results
may not necessarily be obtained at larger scales.

Electrohydrodynamic Atomization Method

The electrohydrodynamic atomization method (Figure 1B), also
known as electrospraying, is based on the separation of a liquid
into charged droplets under the influence of an electric field. The
liquid passes through a fine metal tube, such as a capillary or a
needle, and the liquid meniscus at the tip of the tube is electrically
stressed. Nanoparticles with different characteristics can be
obtained by varying the electric field strength, the properties
of the liquid, and the injection rate. Multiple solutions can be
used, with injection of one solution into another, which has the
important advantage of producing monodispersed nanoparticles
with high encapsulation efficiency (Gomez-Estaca et al., 2012).
This method offers faster production of nanoparticles in a single
step, making scale-up feasible. However, a disadvantage is the
high cost of the production process.
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COLLOIDAL STABILITY OF ZEIN
NANOPARTICLES

Despite the effectiveness of the methods used to prepare zein
nanoparticles, considerable challenges remain concerning the
temporal chemical stability of these systems under different
storage conditions (Li et al., 2013; Park et al., 2015). Chen
and Zhong (2014) studied dispersions of zein nanoparticles and
concluded that they presented poor colloidal stability, readily
forming aggregates and precipitates in the formulations, hence
losing their functionality.

At higher pH, formulations of zein nanoparticles have been
found to exhibit aggregation and precipitation (Cheng and Jones,
2017), due to the fact that in solutions with pH above 5, zein is
close to its isoelectric point (pH 6.2) (Hu and McClements, 2015).

In the case of ionic strength and pH, these nanoparticles
have been shown to be highly liable to aggregation at a low
concentration of sodium chloride (NaCl), and to be unstable at
pH above 5. The salt added to formulations increases the ionic
strength, with consequent increases in van der Waals interactions
and hydrophobic effects among the protein chains, favoring
aggregation and precipitation of the proteins (Dai et al., 2016).
Similar findings have been reported in other studies (Patel et al.,
2010).

Given that the technology of nanoencapsulation in zein
particles offers considerable potential for the development
of formulations capable of improving the properties of the
encapsulated compounds, it is essential to develop strategies
to improve the chemical stability and extend the shelf life of
these systems. Aspects to consider include the particle size,
polydispersity index, encapsulation efficiency, and release of the
active agent over an extended period. These issues are often not
discussed or presented in the published studies, but they are
vital for the development of commercial products based on zein
nanoparticles.

STRATEGIES TO IMPROVE THE STABILITY
OF ZEIN NANOPARTICLES

Several strategies have been reported for improving the stability
of zein nanoparticles (Table 1). However, it should be stressed
that there have been few relevant published studies concerning
this issue.

Storage Conditions

Studies of zein nanoparticles have found that their stability
varies according to the way that the formulation is stored.
Gomez-Estaca et al. (2012) reported that a formulation of zein
nanoparticles with curcumin remained stable for 3 months when
stored in the dark. The stability was not evaluated over an
extended period or in the presence of light, which would be very
important due to the photosensitivity of the active compound.
Lai and Guo (2011) and da Rosa et al. (2015) produced
zein nanoparticles containing active agents such as 5-fluoracil,
thymol, and carvacrol and found that formulations kept at 20°C
presented precipitation and aggregation after 2 and 6 months of
storage. However, nanoparticles kept at 6°C remained stable over
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TABLE 1 | Studies found in the literature concerning strategies to improve the stability of zein nanoparticles, and the results obtained.

Zein NPs (ZNPs) Strategies to improve

stability

Stability results

References

5-fluorouracil ZNPs Formulation stored at 4°C

ZNPs aggregated after 6 months at 256°C, but not at 4°C.
Coating the ZNPs increased the encapsulation efficiency. At low concentrations

Lai and Guo, 2011
Zhang et al., 2014

Thymol ZNPs Coated with caseinate and
chitosan of emulsifiers, ZNPs agregated.”
Mint oil ZNPs Coated with gum arabic

Thymol and carvacrol ZNPs
Resveratrol ZNPs

Lutein ZNPs

Hollow ZNPs

Hollow ZNPs

Resveratrol ZNPs

Formulation stored at 4°C

Coated with sodium
caseinate

Coated with lecithin and
Pluronic

Thermal treatment in a
thermostatic water bath

Coated with carrageenan

Coated with pectin

Coated ZNPs were stable at pH 3 to 8; uncoated ZNPs released the oil faster.*
ZNPs precipitated after 2 months at 20°C, but not at 4°C.

Coating the ZNPs improved their stability, considering the effects of ionic
strength, pH, and temperature during storage for 28 days.

Coating the ZNPs improved their chemical stability during 30 days, compared to
uncoated ZNPs.

ZNPs with treatment at 75°C for 15 min presented a smaller mean diameter and
lower polydispersity index.*

Coated ZNPs maintained a constant average diameter during storage at pH
between 5.25 and 6.75 for 30 days; uncoated ZNPs precipitated.

The stability was influenced by the pectin concentration.”

Chen and Zhong, 2015
da Rosa et al., 2015
Joye et al., 2015

Chuacharoen and
Sabliov, 2016

Sun et al., 2016

Cheng and Jones,
2017

Huang et al., 2017

(*) No evaluation was made of the temporal stability of these particles.

the same periods of time. No explanations were provided for the
differences in behavior according to temperature.

Thermal Treatment

Sun et al. (2016) subjected zein to thermal treatment in a
thermostatic water bath before synthesis of the nanoparticles,
using different conditions of time and temperature, in order
to modify the characteristics of the material and increase
its denaturation temperature. Zein particles produced with
treatment at 75°C for 15 min presented a smaller mean diameter

and lower polydispersity index. However, when longer periods
of time and higher temperatures were employed, the mean
diameter and polydispersity index of the nanoparticles increased.
No evaluation was made of the stability of the formulations as a
function of time. Selling et al. (2007) investigated the effects of
temperatures in the range 25-70°C on the secondary and tertiary
structures of zein. It was found that treatment at 70°C for 15 min
caused changes in the primary structures and decreased the
alpha-helix content of the secondary structure. These alterations
were reversed when the temperature returned to 25°C. In
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contrast, Cabra et al. (2006) reported irreversible changes in the
alpha-helix structures of zein proteins after treatment at 90°C.

These results suggest that a short heat treatment (15min)
partially unravels the tertiary structures of zein molecules,
resulting in a monodisperse formulation with smaller
nanoparticle size. Heat treatment for longer times and at
higher temperatures leads to complete unraveling of the
zein molecules, which can then aggregate, hence increasing
interactions among the polypeptide chains of different protein
molecules (Sun et al., 2016). However, there are limited studies
about the heat-induced structural and physicochemical changes
of alcohol-soluble proteins.

Coatings

Solutions proposed for overcoming the problems of aggregation
and precipitation of zein nanoparticles have involved coating
the particles with emulsifiers such as carrageenan, gum arabic,
lecithin, Pluronic, sodium caseinate, pectin, and chitosan, in
order to maintain repulsion among the particles (Luo et al,
2011; Chuacharoen and Sabliov, 2016; Cheng and Jones, 2017;
Huang et al,, 2017). As an example, the use of carrageenan
was found to maintain a constant average diameter of zein
nanoparticles stored at pH between 5.25 and 6.75 during 30 days,
while uncoated nanoparticles showed significant precipitation
(Cheng and Jones, 2017). Coating with gum arabic resulted in
stability of zein nanoparticles loaded with mint oil in an extended
pH range from 3 to 8, while release of the oil was faster at
lower pH (Chen and Zhong, 2015). However, no evaluation of
the temporal stability of these particles was made. Chuacharoen
and Sabliov (2016) coated nanoparticles composed of zein and
lutein with lecithin and Pluronic. The coated particles presented
a larger average diameter, compared to particles not coated
with the emulsifiers, together with improved performance in
the chemical stability parameters evaluated during 30 days in
the presence of ultraviolet light. Joye et al. (2015) reported that
the coating of zein nanoparticles with sodium caseinate was
effective in improving the stability of nanoparticles loaded with
resveratrol, considering the effects of ionic strength, pH, and
temperature during storage for 4 weeks. In a study of synthesized
zein nanoparticles loaded with resveratrol and coated with pectin,
Huang et al. (2017) reported an important influence of the pectin
concentration on the stability of the formulation, although no
data were provided for the chemical stability of the particles
according to time, temperature, or pH. The average diameter and
zeta potential of the nanoparticles were shown to be dependent
on the pectin concentration, with the nanoparticles aggregating
and forming precipitates at lower pectin concentrations. This
effect of emulsifier concentration on the chemical stability was
reported previously by Zhang et al. (2014), who used sodium
caseinate and chitosan to increase the encapsulation efficiency
and improve the antimicrobial activity of thymol contained in
the formulation. The substantial aggregation and sedimentation
of the nanoparticles at low concentrations of emulsifiers could
be due to the low electrical potentials on the particles, resulting
in weak electrostatic repulsion among them. It is also possible
that an emulsifier molecule could bind to two or more zein
nanoparticles, forming bridges and causing precipitation of the
formulation (Hu and McClements, 2015).
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Protein and Emulsifier Concentrations

Zhang et al. (2014) and Huang et al. (2017) described directly
proportional relations between the zein concentrations used to
produce the particles and their mean diameters, while inversely
proportional relations were obtained between the emulsifier
concentrations and the mean particle diameters, with the smallest
nanoparticles being produced using a combination of Pluronic
and lecithin.

lonic Strength and pH

The results obtained for the influence of ionic strength disagreed
with the findings of Joye et al. (2015), since there was no evidence
of any effect of ionic strength on the synthesis of the particles.
When the pH of the aqueous phase was increased from 2 to 7.4,
the mean diameter and polydispersity index values decreased,
while when the pH was further increased from 7.4 to 10, the
diameter and polydispersity of the particles increased. However,
no information was provided concerning the final pH values or
the temporal stabilities of the formulations.

Considering the findings of the published studies, we had
summarized how the factors affects the colloidal stability of zein
nanoparticles (Supplementary Figure 1). Also, Supplementary
Figure 2 (see supplementary material) recommended a strategy
for improving the stability of zein nanoparticles such as
thermal treatment as well as the use of coatings employing
other biopolymers such as pectin, chitosan, caseinate, and
others, or lipids such as lecithin. However, each case should
be analyzed individually, since if one of the objectives of
preparing the nanoparticles is to produce a carrier system
for bioactive compounds, it is necessary to consider possible
interactions of the active agent with the components of the
coating.

CONCLUDING REMARKS

This article presents and describes the methods used to produce
zein nanoparticles, as well as the main issues concerning the
colloidal stability of these particles and ways to improve their
stability. It was found that there have been few detailed studies
of the temporal stability of these particles present in solution. It is
notable that a considerable number of studies have reported low
stabilities of the formulations, which limits the production of zein
nanoparticles on a large scale for commercial purposes. Several
techniques have been employed to overcome this difficulty, in
order to benefit from the advantages offered by encapsulation
employing zein nanoparticles.

Therefore, it is strongly recommended that a detailed
study should be undertaken for each type of particle that
it is intended to prepare. Experimental design tools can be
employed to optimize preparation conditions in order to produce
nanoparticulate systems with good colloidal characteristics.
A number of important factors always must be considered
during this optimization, in order to maximize the temporal
stability of the system. These include polymer and emulsifier
concentrations, pH, ionic strength, thermal treatment, coatings,
temperature, and the presence of illumination during storage.
Furthermore, it is essential to evaluate and publish the colloidal
stability over extended periods. Such procedures are of great
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importance for the feasibility and reproducibility of processes
used to produce zein nanoparticles with the aim of developing
scalable processes for their commercial manufacture. The
marketing of products with shelf lives that are in accordance
with commercial requirements can bring benefits for various
purposes, justifying the investment in research carried out on this
subject.
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Abstract

Sustainable agriculture encourages practices that present low risks to the
environment and human health. To this end, zein (corn protein) can be used to
develop nanocarrier systems capable of improving the physicochemical
properties of biopesticides, reducing their possible toxicity. Neem oil extracted
from the Azadirachta indica tree contains many active ingredients including
azadirachtin, which is the active ingredient in multiple commercially available
biopesticides. In this study, we describe the preparation and characterization of
neem oil-loaded zein nanoparticles, together with evaluation of their toxicity
towards nontarget organisms, using Allium cepa, soil nitrogen cycle microbiota,
and Caenorhabditis elegans aiming to achieve the safer by design strategy. The
spherical nanoparticles showed an average diameter of 278 £ 61.5 nm and a
good stability during the experiments. In the toxicity assays with A. cepa, the
neem oil-loaded zein nanoparticles mitigated the increase in the DNA relative
damage index caused by the neem oil. Molecular genetic analysis of the soil
nitrogen cycle microbiota revealed that neem oil-loaded zein nanoparticles did
not change the number of genes which encode nitrogen-fixing enzymes and
denitrifying enzymes. In C. elegans, the neem oil-loaded zein nanoparticles had
no toxic effect, while neem oil interfered with pharyngeal pumping and GST-4
protein expression. This neem oil-loaded zein nanoparticles showed promising
results in the toxicity studies, opening perspectives for its use in crop protection

in organic agriculture.

Keyworks: Zein nanoparticle, nanopesticide, biopesticide, azadirachtin, safer

by design.
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1 Introduction

Biopesticides include essential oils which are complex mixtures of
substances typically containing more than sixty volatile and lipophilic
compounds derived from secondary metabolites in plants, involving terpenoids
such as monoterpenes, sesquiterpenes, and phenols (Campos et al.,, 2018;
Chellappandian et al., 2018). Essential oils can be extracted from the whole
plant or from isolated parts in order to obtain higher concentrations of a specific
compound. Since antiquity, essential oils have been used due to their repellent,
insecticidal, fungicidal, nematicidal, and bactericidal activities. They are
considered safer than synthetic pesticides, having been used for human
consumption and as medicines for thousands of years. They might be less toxic
to nontarget organisms, such as humans, and have low impacts in the
environment. Therefore, essential oils are a promising option for substituting the
synthetic pesticides used in agriculture (Benelli and Pavela, 2018; de Oliveira et
al., 2018; Ponsankar et al., 2016). Neem oil, which is extracted from the Indian
neem tree (Azadirachta indica Juss.), is valued worldwide for use in the areas of
human health and pest control (Lokanadhan et al., n.d.). Neem oil contains
more than 300 biologically active compounds, with the major constituents being
triterpenes known as limonoids (Figure 1), the most important of which is
azadirachtin (Chandramohan et al., 2016; Gupta et al., 2017; Nicoletti et al.,
2012). Neem oil is effective against a wide range of pests, exhibiting a broad
spectrum of action due to its systemic and transmembrane activities. It inhibits
feeding, reduces ecdysone, motion, and flight activity, deregulates
development, suppresses fertility and reproduction, and acts as a repellent

(Campos et al., 2016). In addition, neem oil can act as a fertilizer, improving the
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72 quality of soil for crop production, hence contributing to sustainable organic
73 agriculture. However, its use in the field is limited by its short persistence in the

74  environment (Kumar et al., 2018; Shah et al., 2017).
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76  Figure 1. Chemical structures of the main active compounds of neem oil.

7 The application of nanotechnology in agriculture emphasizes the goal of
78 the development of clean, safe, and environmentally friendly nanomaterials,
79  using biocompatible and nontoxic solvents, biodegradable and biocompatible

80 natural matrices, and energy-efficient and sustainable processes (Ashoka et al.,
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2017; Bai et al.,, 2018; Saratale et al., 2018). Nanocarriers are capable of
increasing the solubility of active compounds, while protecting them from
volatilization and from degradation. The improvements in efficiency can
generate better results, using lower doses and numbers of applications, hence
contributing to the reduction of both environmental contamination and risks to
human health (Campos et al., 2018; Choudhary et al., 2017; Oliveira et al.,
2018). Different types of nanoparticle formulations are used in agriculture as
herbicides, insecticides, fungicides, acaricides, fertilizers, and growth
regulators, among others (Pascoli et al., 2018b). The use of polymeric
nanoparticles as sustained release systems in agriculture has shown excellent
results, due to their biocompatibility, biodegradability, and low toxicity (Campos
et al., 2018; de Oliveira et al., 2018; de Oliveira et al., 2018b; Oliveira et al.,
2018). Several studies have demonstrated the potential of formulations of
biopesticides associated with polymeric nanoparticles (Campos et al., 2018; de
Oliveira et al., 2018; de QOliveira et al., 2018b; Maruyama et al., 2016; Oliveira et
al., 2018c; Pascoli et al., 2018). Zein nanoparticles meet the requirements of
environmentally friendly nanotechnology, since zein is a naturally product that is
biodegradable and biocompatible. It represents the main protein content of
corn, is composed of lipophilic amino acid residues, and is not used for direct
human consumption, due to its negative nitrogen balance and low water
solubility (Paliwal and Palakurthi, 2014). Due to its high coating capacity, zein is
used in the production of nanocarrier systems, employing a low toxicity solvent,
such as ethanol, which is evaporated during the synthesis, hence causing no
harm to the environment when the formulation is used in the field. Nanoparticles

are capable of modifying the properties of the active substances that
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encapsulated, so, it is necessary to re-screen the material in order to ensure its
safe use. This involves assays using target and nontarget organisms, as well as
evaluation of the behaviors of new formulations in the environment, aiming at
regulation of the use of biopesticides associated with nanomaterials in crop
protection (Campos et al., 2018; Dere et al., 2015; Fraceto et al., 2016; Pascoli

et al., 2018; Sola et al., 2014).

Given this background, the innovation of this study was to develop neem
oil-loaded zein nanoparticles. In addition to preparation and characterization of
the nanocarriers, using the novel safe by design strategy their potential toxicity
was evaluated by investigating their effects on nontarget organisms (Allium
cepa, nitrogen cycle bacteria, and Caenorhabditis elegans). The choice was
because they are model organisms, all are used in the research of toxicity of
materials making possible a broad investigation of the possible action of zein
nanoparticles loaded with neem oil, since they are in different classes of
organisms (plant, nematodes and microorganisms) that can come into contact
with this new biopesticide in the crops. The work opens perspectives for the use
of nanobiopesticides based on neem oil in crop protection, contributing to

sustainable organic agriculture as well as improved food safety.

2 Materials and Methods

2.2 Materials

Zein and Pluronic F-68 were purchased from Sigma-Aldrich. Neem oil
(Azamax) containing 12g/mL of azadirachtin was acquired from UPL Brazil.

Ethanol was obtained from Labsynth. Allium cepa seeds were purchased from
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Isla seeds (Brazilian company). The soil used was obtained from a local
agricultural supplier. C. elegans N2 (wild type) and CL2166 (dvis19 [(gst-
4p::gfp::nis] Ill) strains were purchased from the Caenorhabitis Genetics Center,
Minnesota, USA. Other chemicals and solvents used were analytical grade and

were purchased from local suppliers.

2.3 Preparation of neem oil-loaded zein nanoparticles

Zein nanoparticles were prepared by the environmentally-friendly
antisolvent precipitation method (Hu and McClements, 2014) with some
modifications (Pascoli et al., 2018a). The antisolvent method is a principle
where the active compound is dissolved in a solvent; the solution is then
injected with an antisolvent solution (in which the compound is insoluble). The
compound precipitates as a consequence of the change of supersaturation
caused by mixing the solution and the antisolvent solution. In this way, zein
powder (2% w/v) was added to an aqueous solution of ethanol (85% v/v) and
kept under magnetic stirring overnight. The zein solution was adjusted to pH
5.8, heat-treated at 75 °C for 15 min for protein densification, centrifuged, and
filtered through a 0.45 um membrane (Millipore) to remove insoluble particles. A
100 mg quantity of neem oil (in the form of an emulsifiable concentrate
containing 12 g/L of azadirachtin) was added to the zein solution. An aqueous
solution of Pluronic F-68 (a block-copolymer of ethylene oxide and propylene
oxide (C3HgO.C2H40)4) extensively used as surfactant, wetting agents and
emulsifiers) (2% v/v) was prepared and was adjusted to pH 4. The presence of

Pluronic F-68 decreased the surface tension of the nanoparticles and maintain
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the stability of the nanoparticles in suspension. Using a syringe, the zein
solution was rapidly injected into the Pluronic solution, under stirring. The
resulting colloidal dispersion was stirred for 12 h, at room temperature, in order
to evaporate the ethanol, and water (pH 4.0) was then added to make up the
original volume. The final concentration of neem oil in the nanoformulation was
5 mg/mL. This concentration was chosen since in agriculture, neem oil is used
at concentrations of between 4 and 6 mg/mL as recommended by the

manufacturer UPL Brazil.

2.4 Nanoparticle physicochemical characterization

The nanoparticle mean size distribution and polydispersity index (an
indicator of the homo/heterogeneity of the size distribution of particles
calculated by the square of the standard deviation divided by the square of the
mean size) were determined by the dynamic light scattering technique (DLS).
The zeta potential was measured by the microelectrophoresis method. These
analyses were performed using a ZetaSizer Nano ZS90 system (Malvern
Instruments, UK) at a fixed angle of 90° and 25 °C. The nanoparticle
concentrations, size distributions, and Span values (an additional parameter to
show the width of the size distribution calculated as Span = (Dggp — D10)/Dsp
being that Do, Dsp and Dgy refer, respectively, to the diameters where 10%,
50% and 90% of the particle population) were also measured by nanoparticle
tracking analysis (NTA), using a NanoSight LM 10 cell (green laser with
wavelength of 532 nm) and a sCMOS camera, controlled by NanoSight v. 3.2

software (Grillo et al., 2012; 2014).



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

39

For these analyses, the samples were diluted 1000x in ultrapure water
and in liquid medium (0.5% saline solution), at the highest concentration used in
the C. elegans assay. Stability analyses were performed using sample aliquots
removed after 0, 10, 20, 30, 40, 50, 60, 90, and 120 min of incubation in the
saline solution. Each result was expressed as the average of three

determinations.

Aliquots of zein nanoparticles and neem oil-loaded zein nanoparticles
were collected and diluted in ultrapure water. Samples were dripped onto a
silicon plate AFM sampler and kept in a desiccator for complete drying. The
samples were analyzed using an Easy Scan 2 Basic BT02217 atomic force
microscope (Nanosurf, Switzerland) operated in noncontact mode with TapAl-G
cantilevers (BudgetSensors, Bulgaria) and tip voltage of 90 Hz. The acquired

images were analyzed using Gwyddion software.

2.5 Toxicity studies

2.5.1 Allium cepa assay

Based on the procedure described by de Lima et al., (2010) germinated
A. cepa seeds were exposed to the nanoformulations (zein nanoparticles, neem
oil-loaded zein nanoparticles), neem oil (at a concentration of 5 mg/mL),
Pluronic F-68 surfactant, and ultrapure water (negative control) in 10 mL glass
beaker, in dark conditions for periods of 24 h. 10 roots were exposed to each
treatment. The roots were fixed in Carnoy’s reagent (methanol:acetic acid, 3:1
v/v), followed by acid hydrolysis with 1 mol/L HCI at 60 °C during 9 min. The

roots were stained with Schiff reagent for 2 h. For preparation of the slides, the
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meristematic region was crushed in one drop of 2% acetic-carmine, using a
cover slip. Three roots exposed for each treatment were used to prepared the
slides and all the cells were analyzed. This assay was repeated three
independent times in different days. Calculations were made of the mitotic index
(MI), the damage index (DI), and the relative index (RI) which are indicators of
the presence of cytotoxic, mutagenic or carcinogenic potential agents in the
environment. Ml was calculated by dividing the number of cells in division by the
total number of cells. DI was calculated by dividing the number of cells showing
DNA alterations during the mitosis by the total number of cells in division. RI
was calculated by dividing the values obtained for the treatments by the values

for the negative control.

2.5.2 Molecular analysis of the effects of the nanoparticles on soil

microbiota

We investigated the changes in all genes from the N cycle due the
importance of this cycle for the nitrogen fixation in soil making the soil fertile by
converting nitrogen into bioavailable forms that can be assimilated by living
beings for production of organic molecules such as amino acids proteins and
and nucleic acids. Therefore, the quantification of these functional genes
involved in N transformation performed in this work improves our understanding
of N-cycling soil microbiota responses to environmental impact (Hirsch and

Mauchline, 2015; Fang et al., 2019).

Before use, the fertilized commercial soil, (14% organic matter, pH 6.80)

was sieved using a 0.2 micrometer sieve, dried and separated into vessels with
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surface area of 0.025 m? each, and kept moist in a heated cabinet at 25 °C for
15 days. Two untreated soil samples were used as the negative control. Each
treatment (zein nanoparticles, neem oil-loaded zein nanoparticles, and neem
oil) were tested in duplicates (two vessels containing soil for each treatment).
The applications of the formulations (using sprays) were based on the dosage
and number of applications of neem oil employed in the field (three applications
were performed on the same sample at 7-day intervals, using a 5 mg/mL

solution at a dosage of 100 L/ha).

The extraction of DNA from soil microorganisms was performed 7, 14,
21, and 30 days after the first application of the treatments, using a Power Soil
DNA Isolation Kit (MoBio Laboratories). Quantification of the genetic material
was performed by fluorescence, using a Qubit 3.0 fluorometer with the Qubit
dsDNA BR Assay Kit (Invitrogen). All the samples were diluted to final

concentrations of 1000 ng/mL.

Real-time polymerase chain reactions (qPCR) were performed for
specific genes from nitrogen cycle bacteria: nifH (nitrogen fixation), nirK, nirS,
narG, cnorB, and nosZ (denitrification). The bacterial 16S RNA gene was used
as a reference. The reactions were performed using 1 pL of DNA sample, 12.5
ML of Planium SYBR Green gPCR SuperMix-UDG with ROX (Invitrogen), 1 uL
of each primer (sense and antisense), and sufficient ultrapure water to complete
the final volume to 25 uL. The amplifications were conducted according to a
procedure adapted from Jung et al., (2011) using a StepOne thermocycler
(Applied Biosystems), with an initial denaturation at 95 °C for 3 min, followed by
40 cycles of 95 °C for 45 s, 60 °C for 45 s, and 72 °C for 45 s. The SYBR Green

fluorescence emitted was measured at the end of each incubation at 72 °C.
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The results were analyzed using relative quantification, with calculation of
AACt (222%Y  employing 16S rRNA as the reference gene and the initial soil as
the reference sample (Yuan et al., 2008). The calculations were performed

using the StepOne Plus v2. 3 software of the equipment.

2.5.3 Caenorhabditis elegans assays

C. elegans trains N2 (wild type, established as valuable experimental
model due to the high level of genetic homology with humans, fast life cycle,
easy maintenance and handling) and CL2166 (genetically equal to wildtype and
tagged to green fluorescent protein, GFP, fused to the promoter of the
detoxifying enzyme glutathione- S- transferase-4) were maintained in plates
containing NGM (nematode growth media) enriched with salts and seeded with
the bacterium E. coli OP50, at 20 °C. The fertilized nematodes were
synchronized by lysing them with a bleaching mixture (1% NaOCI, 0.25 M
NaOH). The eggs obtained were washed with M9 buffer (0.02 M KH2PO4, 0.04
M NaxHPO4, 0.08 M NaCl, and 0.001 M MgSO4) and were kept in plates

containing M9 without bacteria, during 14 h, until the larvae hatched in stage L1.

Chronic exposure of the L1 worms to the negative control (0.5% NaCl)
and the different formulations (zein nanoparticles, neem oil-loaded zein
nanoparticles, and neem oil) was performed for 30 min with 0.05, 0.25, 0.5, and
0.75 mg/mL of the test material, using 1500 worms per replicate (per
microtube), in a liquid medium (0.5% NaCl), with stirring to ensure contact of the
nematodes with the treatments. Concentrations were tested in duplicates, in

every experiment using C. elegans, a procedure that was repeated in three
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independent experiments (in different days and different batch of worms). After
exposure, the worms were placed with the treatment on NGM plates with E. coli

OP50, and were kept at 20 °C for 48 h.

The wild type strain nematodes were evaluated in terms of their survival,
reproduction, body size, and pharyngeal pumping. For GST-4 enzymatic
expression, CL2166 strain that has GST-4 tagged to a GFP was used and the
labeled xenobiotic detoxification protein was determined according to its

fluorescence (Rathor et al., 2017).

For survival evaluation, 48 h after exposure a transparent grid was
placed beneath the NGM plate and 18 quadrants were analyzed under a
dissection microscope, obtaining a score according to the number of living
animals. After scoring survival, reproduction was determined by counting the
hatched larvae daily from three individual worms from each treatment
transferred to NGM plate covered with E. coli OP50, during 4 reproductive days.
Body size was evaluated by images acquired 48 h after the exposures, using an
inverted microscope (MEDILUX MDL-INV-1) connected to a digital camera
(SAMSUNG ST64). ImagedJ software was used to measure the body lengths of
10 worms per group, in each experiment. Pharyngeal pumping was counted for
1 min using 10 worms submitted to each treatment, in order to assess the
intake of the treatments. Individuals of the CL2166 transgenic strain were
exposed to the different treatments (0.5% NaCl as negative control, zein
nanoparticles, neem oil-loaded zein nanoparticles and neem oil) and were then
transferred to microscope slides containing levamisole (1 mM) as an anesthetic.

Images were acquired using an epifluorescence microscope (Nikon Eclipse 50i)
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with a GFP filter (with excitation at 365 nm and emission at 420 nm), and the

fluorescence was measured using ImageJ software.

2.6 Statistical analysis

The molecular analysis of the effects of the nanoparticles on soil
microbiota and C. elegans assays were performed in duplicate, and all other
experiments were performed in triplicate, however, these replicates are
considered one independent experiment and were repeated at least three
times, and the data were expressed as average of three independent
experiments + standard deviations, represented by error bars. Statistical
analyses were performed with GraphPad Prism v. 6 software, using two-way

ANOVA followed by the Tukey post-hoc test, at a significance level of p < 0.05.

3 Results and Discussion

3.1 Physicochemical characterization of the neem oil-loaded zein

nanoparticles

In order to characterize the neem oil-loaded zein nanoparticles we have
measured the mean hydrodynamic diameters of the nanoparticles dispersed in
water using DLS and NTA. The results obtained by DLS and NTA were 288 + 6
and 198 £ 16 nm, respectively (Figure 2A). These results indicated that during
the zein nanoparticles formation in presence the surfactant showed a range of

size as described by other authors. Wu et al., (2012), using zein nanoparticles
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containing thymol and carvacrol showed the mean size distribution by DLS in a
range of 52 to 328 nm. In pursuance of size distribution, using atomic force
microscopy (Figure 2B), the results showed that the neem oil-loaded zein
nanoparticles were spherical, with a mean diameter of 278 + 61 nm (with a
concentration of nanoparticles/mL of 1.13 x 1012). Using AFM, Chen et al.,
(2013) observed that zein nanoparticles were spherical, with sizes of around
100-200 nm. Cheng et al., (2019) reported the same size for spherical zein
nanoparticles containing lutein. Oliveira et al.,, (2018) showed that zein
nanoparticles containing geraniol and citronellal were spherical, with smooth

surfaces and mean size of 90-250 nm.

However, Figure 2A and Figure 2B showed a broad size distribution
curves, indicating that the particles were not monodisperse. This information
was confirmed by the measurement of the polydispersity index. The value
obtained for neem oil-loaded zein nanoparticles was 0.313 = 0.005. Also,
determined by NTA, the Span value calculated as described by Bender et al.,
(2012) was 1.3 £ 0.005. Based on both parameters a formulation is defined as
monodisperse when the polydispersity index and span presented values lower
than 0.2 and 1 respectively. However, in literature was described that
nanoparticles prepared with matrices of natural origin (such as zein) was not

monodisperse (Chuacharoen and Sabliov, 2016; Oliveira et al., 2018).
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Figure 2. Characterization and stability of the neem oil-loaded zein

nanoparticles: A) Mean hydrodynamic size distribution curves obtained using

the DLS and NTA techniques applied to a suspension of the nanoparticles in

water; B) Micrograph and size distribution obtained using the AFM technique in
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noncontact mode with TapAl-G cantilevers and tip voltage of 90 Hz. The image
obtained was treated using Gwyddion software; C) Mean hydrodynamic size
(lines) and concentration (bars) of the nanoparticles in saline medium (0.5%
NaCl), as a function of time. The spherical nanoparticles showed an average
diameter of 278 + 61.5 nm with no aggregates of 288 + 6 nm. The nanoparticles
were stable over 120 minutes, under the experimental conditions. Data are
expressed as average of three independent experiments (n=3) and the error
bars represent the standard deviations. A significance level of p < 0.05 was

adopted.

Also, in order to investigate the stability, we have been used the
microelectrophoresis technique to measure the zeta potential of neem oil-
loaded zein nanoparticles. The results showed that the zeta potential of this
system was -36 + 1 mV, which was close to the values characteristic of a stable
formulation (+/-30 mV). Furthermore, in the case of this zein nanoparticles,
during the preparation process we used Pluronic F-68 that provided steric
hindrance, which was another factor that contributing to the stability of the zein
nanoparticles in solution (Chuacharoen and Sabliov, 2016). Just in order to
compare, negative zeta potential values (determined by microelectrophoresis)
have been reported previously for zein nanoparticles loaded with 5-fluorouracil
(-45 £ 0.3 mV) (Lai and Guo, 2011), zein nanoparticles loaded with thymol (from
-34 to -40 mV) (Li et al., 2013), and zein nanoparticles stabilized with

carrageenan (from -40 to -50 mV) (Cheng and Jones, 2017).
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Moreover as we investigated the effect of the toxicity of these particles in
models (such as C. elegans) that used saline medium (0.5% NaCl), the Figure
2C showed that they maintained the same mean hydrodynamic size,
polydispersity, and concentration during 120 min (exposition time in C.
elegans), while the zeta potential decreased significantly. The zeta potential
was significantly lower in the saline environment, reaching -7.4 mV. This
decreasing in zeta potential value in the presence of saline medium was
reported in literature (de Oliveira et al., 2015; Grillo et al., 2014, 2012; Jacques
et al., 2017) and explained due the greater ionic strength of the saline medium
altered the ionic balance, leading to changes in the nanoparticle surface charge.
It is important to pointed out that even with the low values of zeta potential (-7.4
mV) the particles kept stable in solution, showing in this way, the importance of

the steric hindrance of Pluronic F-68 in neem oil-loaded zein nanoparticles.

3.2 Toxicity studies

3.2.1 Allium cepa chromosome aberration assay

The results obtained in the A. cepa assay (Figure 3) showed significant
differences between the control and all treatments, for both parameters
evaluated (mitotic index and relative damage index). The treatments with
Pluronic, zein nanoparticles, neem oil-loaded zein nanoparticles, and neem oil
decreased the relative mitotic index (Figure 3A). Use of the neem oil-loaded
zein nanoparticles resulted in a greater decrease in the mitotic index, compared
to all other treatments. Then, our results confirm the ability of the treatments to

interfer in cell mitosis, as reported by Kwankua et al., (2010) and Pasquoto-
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Stigliani et al., (2017), that showed that neem oil extract caused a significant
decrease in the mitotic index of Allium cepa roots. The decreases in the mitotic
index caused by neem oil, together with the presence of chromosome
alteration, c-metaphase (Figure 3B), could be attributed to the azadirachtin
ability to interfere in mitosis usually a consequence of changes in the spindles,
similar to that seen with colchicine treatment, which prevents the formation of

spindle fibers, impairing the cell cycle progress (Soliman, 2001).

The results obtained for the relative damage index (Figure 3C) showed
that the surfactant used in production of the zein nanocarriers caused fewer
chromosomal changes, compared to the control. For the other treatments (zein
nanoparticles, neem oil-loaded zein nanoparticles, and neem oil), the
chromosomal changes were significantly increased. The zein nanoparticles and
the neem oil-loaded zein nanoparticles caused increases of 25% in the damage
index. However, it should be noted that neem oil alone (in the absence of
nanoparticles) increased the number of chromosomal aberrations by 200%. A
similar result was reported by Kwankua et al., (2010) who found that neem ol
caused a 400% increase in chromosomal aberrations in Allium cepa, that
solidifies our findings that indicate the zein nanoparticles are promising carriers
for neem oil, since they are able to decrease over the genotoxicity towards

nontarget organisms.
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Figure 3. Results of the Allium cepa aberration assay: A) Relative mitotic index
values for the different treatments; B) Presence of c-metaphases in the neem oil
treatment; C) Relative damage index of roots submitted to treatments for 24 h
with Pluronic F-68 surfactant (280 mg/mL), zein nanoparticles (NP), neem oil-
loaded zein nanoparticles (Neem NP), and neem oil (Neem), using neem oil
concentrations of 5 mg/mL. Data are expressed as average of three
independent experiments (n=3) and the error bars represent the standard
deviations. Letters a, b, ¢, and d indicate a significant difference relative to the
control, Pluronic, NP, and Neem NP, respectively. The significance level

adopted was p < 0.05.

3.2.2 Effects of the nanoparticles on soil bacteria involved in the nitrogen

cycle

Soil microbiota are considered soil quality parameters once they are
responsible for regulating several important soil processes such as organic
matter decomposition, degradation of organic pollutants and transformation of
nutrients (Fang et al.,, 2019). The Nitrogen (N) cycle consists of several N
transformation processes which are performed by bacteria that have specific
genes to encode enzymes involved in each stage of the cycle including nifH
(encoding nitrogenase reductase, nitrogen-fixing enzyme: reduction of nitrogen
gas in ammonia), amoA (encoding ammonia monooxygenase, nitrification
enzyme: conversion of ammonia to hydroxylamine), haO (encoding

hydroxylamine oxidase, nitrification enzyme: oxidation of hydroxylamine to
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nitrite) narG (encoding nitrate reductase, first two denitrification steps: reduction
of nitrate to nitrite) nirK and nirS (encoding Cu-containing nitrite reductase and
nitrite reductase, respectively, first two denitrification steps: catalyze the
reduction of nitrite to nitric oxide), cnorB (encoding nitric oxide reductase,
second two denitrification steps: reduces nitric oxide to nitrous oxide) and nosZ
(encoding nitrous oxide reductase; second two denitrification steps: reduction of
nitrous oxide to molecular nitrogen) (Hirsch and Mauchline, 2015; Ouyang et al.,

2018).

In this context, soil analysis should be evaluated based on control
sample that exists for each period evaluated. The percentages of nitrogen cycle
genes (Figure 4B) show that after 7 days there is a small amount of bacteria
that present the cnorB gene, but this also presents small amount in the control,
indicating a homogeneity between the samples and the non-alteration of the
genes compared to the control (possible observation in 5A and 5B, referring to
7 days after exposure). The results in time of 14 days after exposure it is
possible to observe the presence of bacteria that have the cnorB gene, being
the proportions similar to those found in control soil. The concentration of
bacteria (time 14 days) presents a greater variation in relation to the control, but
the existing proportion of each type of bacteria responsible for the maintenance
of the nitrogen cycle is similar between the treatments and the control. It is also
possible to observe an increase the nifH gene, responsible for the nitrogen
fixation, especially in control sample, and in other treatments this still remains
with a low relative quantification. After 21 days the quantification shows that in
relation to the number of genes that participate in the cycle the treatments are

matched in a smaller quantity to control, it is possible to observe a decrease in
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the quantification of cnorB and a slight increase in the amount of nirS gene,
responsible for the second step of denitrification. In the end experiment (after 30
days of exposure) the increase nosZ and cnorB genes indicates an increase in
final steps of the nitrogen cycle, being observed in all the samples evaluated,
including in control. It was possible to observe greater homogeneity between
the samples in relation to both the quantification and the distribution have great
similarity indicating that the soll, in relation to the bacteria responsible for the
nitrogen cycle do not seem to suffer changes in the presence of the evaluated

compounds.
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Figure 4. Molecular analysis of the genes of bacteria associated with the
nitrogen cycle (nifH, nosZ, cnorB, nirK, narG, and nirS). A) Relative
quantification of genes by gPCR and B) proportions of genes in the control soil
and soils exposed to the zein nanoparticles (NP), neem oil-loaded zein
nanoparticles (Neem NP), and neem oil (Neem), at 7, 14, 21, and 30 days after
the initial treatment. Data are expressed as average of three independent

experiments (n=3).
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In according to our results, Pasquoto-Stigliani et al., (2017) investigated
the behavior of bacteria involved in the nitrogen cycle when exposed to poly(e-
caprolactone) nanocapsules loaded with neem and showed that the differences
in the proportions of these bacteria, compared to the control, varied during the
experiment, with no significant difference after 300 days. Maruyama et al.,
(2016) evaluated atrazine and imazethapyr nanocapsules, showed lower effects
on the bacterial profile associated with the nitrogen cycle, in the soil displayed in
comparison with control. Yang et al., (2013) and Guilger et al., (2017) analyzed
the effects of silver nanoparticles on nitrogen-fixing, nitrifying, and denitrifying
bacteria, and found that the nitrifying bacteria were significantly affected, while

the nitrogen-fixing and denitrifying organisms were not.

The use of molecular analysis of the genes of soil microbiota involved in
the nitrogen cycle to investigate the possible toxicity of new materials,
especially nanoparticles, is still recent and the literature is very limited. Further
detailed studies are needed and are essential to ensure the safe use of newly

emerging technologies.

3.2.3 Effects of the formulations on the nematode C. elegans

The results of toxicity assays performed with C. elegans (Figure 5)
showed that the survival, reproduction, and body length of the worms did not
present significant differences after exposure to the zein nanoparticles, neem
oil-loaded zein nanoparticles, and neem oil (using neem oil concentrations of

0.05, 0.25, 0.5, and 0.75 mg/mL). This lack of toxicity for a nontarget organism
25



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

325

526

527

528

56

is very promising for the advance of neem oil-loaded zein nanoparticle
research. These endpoints have been validated as the basic triad for safety
assessment. Even if mortality rate does not increase following exposure to a
toxicant, the reproductive system and the development of the worms are very
sensitive and may show tenuous signs of cellular damage (Tejeda and Olivero,
2016). That because during the larval stages, mitosis and meiosis are in fast
speed and it has been demonstrated that toxicants, pesticides included, can
disrupt cell cycle, elevate DNA double-strand break formation, activate
apoptosis and increase embryonic lethality (Shin et al., 2019). Of note, another
study evaluating the toxicity of zein nanoparticles loaded with the antidiabetic
drug glibenclamide (with an average size of 190 nm and a surface charge of
-37 mV) and showed that the formulation exerted significant hypolipidemic
activity in C. elegans, without causing any toxic effect (Lucio et al., 2017). In
contrast, nanoparticles toxicity can be detected in this animal model. Jacques et
al. (2017) have shown that different NPs interfered in the survival and vital
parameters of C. elegans. Solid lipid nanoparticles with or without atrazine and
simazine (sizes of 293 + 3 and 288 + 6 nm, respectively) and polymeric
nanoparticles with or without atrazine (sizes of 367 + 13 and 305 + 12 nm,
respectively) depicted dose-dependent increases of lethality and decreases of
C. elegans body length. Chitosan/tripolyphosphate nanoparticles, produced
using a natural biopolymer, with or without paraquat (sizes of 262 + 14 and 246
* 7 nm, respectively), caused increased mortality, but did not alter reproduction
or worm length in the surviving animals, therefore providing evidences that
natural biopolymers can be more compatible to nontarget organisms (Jacques

et al., 2017). Using another nontarget organism Deng et al., (2013) and Wang
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et al., (2013) investigated the subacute, acute, and subchronic toxicity of neem
oil towards mice and the only significant result was after 90 days, when the
mice treated with neem oil at a dose of 1600 mg/kg/day presented several
degrees of lesions in the testes, liver, and kidneys. However, the lesions were
decreased or eliminated after a 30-day recovery period not demonstrating
critical toxicity to the organism studied, in the same way that it happened in our

research. (Wang et al., 2013).

In the present work, the pharyngeal pumping of the worms (Figure 5D)
decreased significantly in the treatments with neem oil at concentrations of 0.5
and 0.75 mg/mL, compared to the control group, while the neem oil-loaded zein
nanoparticles caused no significant alterations in the worms. Pharyngeal
pumping is an indicator of a healthy worm and is mainly controlled by
cholinergic and glutamatergic innervation, as well as by dopamine and
serotonin (Raizen, 2012). Reduced pharyngeal pumping can lead to dietary
restriction (Powolny et al., 2011). The results suggested that the zein
nanoparticle formulation was able to decrease the toxicity of neem oil in this
organism. These findings were in agreement with the work of Sanches Moraes
et al., (2016) who reported the ability of polymeric nanocapsules to decrease

the toxic effects of clozapine in C. elegans.
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Figure 5. Toxicity assay using C. elegans exposed for 48 h to 0.05, 0.25, 0.5,
and 0.75 mg/mL of zein nanoparticles (NP), neem oil-loaded zein nanoparticles
(Neem NP), and neem oil (Neem). The wild type strain was evaluated for A)
survival rate, B) brood size, C) body length, and D) pharyngeal pumping. The
transgenic CL2166 strain was evaluated for E) fluorescence intensity, which
indicates levels of GST-4 expression. The neem oil caused decreases in
pharyngeal pumping and GST-4 expression. Data are expressed as average of
three independent experiments (n=3) normalized to % and the error bars
represent the standard deviation. Letters a, b, and c indicate a significant
difference relative to the control, NP, and Neem NP, respectively. A significance

level of p < 0.05 was considered.

As shown in Figure 5E, the treatments with neem oil at all concentrations
caused significant decreases in fluorescence intensity, indicating reduced GST-
4 expression, compared to the untreated animals. The zein nanoparticles and
neem oil-loaded zein nanoparticles did not affect the GST-4 enzyme levels.
GST-4 is involved in cellular detoxification and cell defense, so the reduction
induced by neem oil could lead to oxidative stress and cell death (Lindblom and
Dodd, 2006). The results showed that the neem oil decreased GST-4 levels in
C. elegans by up to 66%, compared to the control, representing a threat since
this protein is regulated by protective transcription factors, promoting longevity
and resistance to stress (Rathor et al., 2015). It should be highlighted that the
neem oil-loaded zein nanoparticles did not affect this parameter, providing
further evidence that the new zein nanoparticle system was capable of reducing

toxicity towards nontarget organisms (Figure 6). In previous studies, it has been
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found that treatments using extracts of Lavandula latifolia, Melissa officinalis,
Origanum vulgare (Gayoso et al., 2018), Ginkgo biloba (Kampkotter et al.,
2007) and antioxidant compounds such as quercetin (Blchter et al., 2015) led
to reduced GST-4 expression. It should be noted that the antioxidant capacity of
pure neem oil has been demonstrated in several previous studies (Mattos et al.,

2017; Rinaldi et al., 2017; Sithisarn et al., 2005).

[~

Figure 6. Images of the CL2166 transgenic strain exposed to the zein
nanoparticles, neem oil-loaded zein nanoparticles, and neem oil (using neem oil
concentrations of 0.05, 0.25, 0.5, and 0.75 mg/mL) for 48 hours acquired using
an epifluorescence microscope (Nikon Eclipse 50i) with a GFP filter. It is
possible to observe the decrease in the intensity of the fluorescence emitted by
worms treated with neem oil at all concentrations used, indicating a decrease in

GST-4 expression.
30
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4 Conclusions

The neem oil-loaded zein nanoparticles developed in this work presented good
colloidal characteristics and stability in different media. In the A. cepa analysis,
the use of zein nanoparticles decreased the relative damage index caused by
neem oil. In relation to the microbiota of the soil nitrogen cycle, the response to
the neem oil-loaded zein nanoparticles was similar to that observed for control.
In tests using C. elegans, the organism was susceptible to the effects of neem
oil, while the nanoparticles did not show potential toxicity. In this way, more
studies must be carried out to guarantee the effects of this nanopesticide before
its application in agriculture. It is therefore extremely important to recognize its
mechanisms of action (for both, nanopesticides and neem), as well as their
possible effects at the cellular level, their efficacy and their toxicity to target
organisms. A final consideration is that the definition of the risks associated with
nanobiopesticides requires a multidisciplinary approach and that, in order to be
sustainable and safe, it is crucial to ensure the awareness and use of correct

management practices between farmers and the wider population.

Abbreviations

GST-4, glutathione S-transferase 4; CL2166, transgenic fluorescence C.
elegans type; AFM, atomic force microscopy; gqPCR, real-time polymerase
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protein; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; NP,
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