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MARINHO, Victor Hugo de Souza. Desenvolvimento e caracterizacdo de nanoparticulas
de fibroina de seda combinadas a 6leos amazdnicos: Uma proposta sustentavel contra
larvas de Aedes aegypti e Spodoptera frugiperda. 2023. 157 f. Tese (Doutorado em
Biodiversidade e Biotecnologia, Rede BIONORTE) — Universidade Federal do Amapa,
Macapa, 2023.

RESUMO

Nanoparticulas poliméricas (NPs) estdo sendo usadas como alternativa vidvel aos inseticidas
convencionais para o controle de diversos insetos-praga. Entre os inseticidas de base bioldgica,
0s inseticidas contendo compostos bioativos botanicos sdo bem eficazes na melhoria da
toxicidade para as larvas desses insetos. Deste modo, 0 objetivo do presente trabalho foi o
desenvolvimento e a caraterizagdo de nanoparticulas poliméricas de fibroina de seda
combinadas a ésteres butilicos semissintetizados a partir de 6leos amazonicos (Astrocaryum
murumuru Mart, Bertholletia excelsa e Carapa guianensis Aublet), e avaliacdo do potencial
inseticida contra larvas de Aedes aegypti e Spodoptera frugiperda. As nanoparticulas tiveram
sua estabilidade temporal avaliadas por até 50 dias em 4 °C e 32 °C, apresentando tamanhos de
particulas que variaram de 187.6 (20.8) nm a 540.8 (£23.8) nm, indice de polidispersidade entre
0.238 a 0.560 e potencial zeta variando de -39.7 (£1.4) mV a -62.9 (£0.7) mV. As analises por
microscopia eletrénica de transmiss@o mostraram que as nanoparticulas exibiram distribuicédo
uniforme e formato esférico. Além disso, as nanoparticulas de fibroina de seda apresentaram
perfil de liberagdo lento e controlado induzindo assim uma elevada taxa de mortalidade nas
larvas de 3° estagio de Ae. aegypti e S. frugiperda. As nanoparticulas ainda foram capazes de
inibir a oviposicdo de fémeas do Ae. aegypti, e apresentou atividade ovicida contra S.
frugiperda. Contudo, as nanoparticulas ndo exibiram efeitos teratogénicos em embrides do
peixe zebrafish (Danio rerio) até 72 h pds-fertilizacao, sugerindo que podem ser utilizadas sem
causar danos ao meio-ambiente. Em conjunto, esses dados indicam que as nanoparticulas de
fibroina de seda combinadas a ésteres butilicos de 6leos amazbnicos podem tornar-se um
biometrial promissor para o controle desses insetos.

Palavras-chave: Oleos amaz6nicos; Casulo do bicho-da-seda; Fibroina de seda;
Nanobioinseticida.



MARINHO, Victor Hugo de Souza. Development and characterization of silk fibroin
nanoparticles combined with Amazonian oils: A sustainable proposal against Aedes
aegypti and Spodoptera frugiperda larvae. 2023. 157 f. Thesis (Doctorate in Biodiversity and
Biotechnology, BIONORTE) - Federal University of Amapa, Macapa, 2023.

ABSTRACT

Polymeric nanoparticles (NPs) are being used as a viable alternative to conventional
insecticides for the control of various insect pests. Among biologically-based insecticides,
insecticides containing botanical bioactive compounds are very effective in improving the
toxicity of the larvae of these insects. The aim of this study was to develop and characterize
polymeric silk fibroin nanoparticles combined with butyl esters semi-synthesized from
Amazonian oils (Astrocaryum murumuru Mart, Bertholletia excelsa and Carapa guianensis
Aublet), and to evaluate their insecticidal potential against Aedes aegypti and Spodoptera
frugiperda larvae. The nanoparticles had their temporal stability assessed for up to 50 days at 4
°C and 32 °C, with particle sizes ranging from 187.6 (+0.8) nm to 540.8 (+23.8) nm,
polydispersity index between 0.238 and 0.560 and zeta potential ranging from -39.7 (£1.4) mV
to -62.9 (x0.7) mV. Transmission electron microscopy analysis showed that the nanoparticles
were uniformly distributed and spherical in shape. In addition, the silk fibroin nanoparticles
showed a slow and controlled release profile, thus inducing a high mortality rate in the third-
stage larvae of Ae. aegypti and S. frugiperda. The nanoparticles were also able to inhibit the
oviposition of Ae. aegypti females, and showed ovicidal activity against S. frugiperda.
However, the nanoparticles showed no teratogenic effects on zebrafish (Danio rerio) embryos
up to 72 h post-fertilization, suggesting that they can be used without causing harm to the
environment. Taken together, these data indicate that silk fibroin nanoparticles combined with
butyl esters from Amazonian oils could become a promising biomaterial for controlling these
insects.

Keywords: Amazonian oils; Silkworm cocoon; Silk fibroin; Nanobioinsecticide.
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INTRODUCAO

Nas Ultimas duas décadas, o interesse por inseticidas oriundos ou a base de produtos
naturais tem crescido, sobretudo, pelos problemas ocasionados pelo uso dos inseticidas
sintéticos, como 0 mecanismo de resisténcia, ressurgéncia e erupgdo de pragas, além do uso
indiscriminados desses inseticidas causando danos ao meio ambiente e a animais ndo-alvos.
Adicionado a isto, tem-se o rapido aumento do custo de sintese de novas sustancias bioativas e
a crescente dificuldade de se descobrir novas classes de compostos com efetiva acao inseticida
[1].

Diante desse contexto, a nanotecnologia surge como uma das principais tecnologias do
século XXI. Biomateriais de pequenos tamanhos sdo capazes de mudar suas propriedades
fisico-quimicas e podem ser aplicados na agricultura no setor alimentar, no ramo farmacéutico
auxiliando na entrega de farmacos, na indlstria de inseticidas na busca por inseticidas
ambientalmente seguros, entre outros [2,3]. Destarte, € uma das maiores promessas para
melhorar a estabilidade, eficiAcia e 0 padrdo de seguranca de nanomateriais, entre esses 0S
inseticidas [4,5].

O Brasil, pais detentor da maior biodiversidade do planeta, possui cerca de 10 a 20%,
do total de 1 milh&o e meio de espécies ja catalogadas no mundo. Essa enorme biodiversidade,
sobretudo da regido amazonica, tem incentivado a estruturacdo de cadeias produtivas e a
expansdo de centros de pesquisa biotecnoldgica direcionada a bioprospeccdo de novos produtos
na regido. Haja vista que nessa parte do territorio brasileiro existem inimeras espécies vegetais
produtoras de sementes oleaginosas, das quais se extraem o6leos vegetais de composicao
quimica e propriedades fisicas diversas [6,7].

A exploracdo de insumos oriundos da floresta amazénica ja é realizada por povos
nativos ha muito tempo, tendo foco no uso de frutas, améndoas, folhas e espécies oleaginosas,
em geral como plantas medicinais para o tratamento empirico de doencas [8,9]. Atualmente, a
castanha-da-Amazonia (Bertholletia excelsa), 0 murumuru (Astrocaryum murumuru Mart.) e a
andiroba (Carapa guianensis Aublet) estdo entre as espécies vegetais que fornecem produtos
florestais ndo madeireiros de alto valor agregado, esses produtos florestais sdo utilizados em
diversos setores industriais como na industria alimenticia, de cosméticos, farmacéutica,
biocombustiveis entre outras [10].

Nos ultimos anos tem se utilizado varias espécies vegetais produtoras de bioativos
medicinais que apresentam potencial inseticida. Dentre essas, as oleaginosas despontam como

alternativa para a obtencdo de bioprodutos com acdo inseticida mais seletivas e menos
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prejudicial ao meio ambiente [11]. Isso tem ocorrido principalmente em decorréncia das
exigéncias do mercado consumidor, tornando-se importante a busca por novos compostos que
auxiliem no controle de insetos-praga, com menor contaminacdo ambiental e maior seletividade
[12].

A utilizacdo de inseticidas sintéticos, principalmente os ndo seletivos, ainda é a forma
mais comum de controle de insetos-praga. Apesar da grande contribuicdo econdmica desses
inseticidas, muitos problemas decorrem do seu uso incorreto e desordenado. Como a presenca
de residuos toxicos em alimentos, intoxicacao de produtos rurais e consumidores, contaminagao
do solo e da &gua, selecdo de pragas resistentes e prejuizos a populagdes de organismos nao-
alvo [13].

O Aedes aegypti € um vetor de doencas de grande relevancia para a satde publica nas
regides dos tropicos e subtropicos e em praticamente todo continente americano. As principais
arboviroses transmitidas por esse vetor sdo: febre amarela, dengue, Chikungunya e Zika virus.
Essas arboviroses sdo causa de preocupacdo para a salde publica, com impactos clinicos,
econdmicos e sociais. Seu controle representa um desafio, principalmente no Brasil [14]. Em
2022, o Brasil registrou 1.450,270 casos de dengue com taxa de incidéncia de 679,9 casos por
100 mil habitantes [15].

A Spodoptera frugiperda (lagarta-do-cartucho) € um inseto lepidéptero que em sua fase
larval tem preferéncia alimentar por folhas e brotos de diversas culturas agricolas e cultivares,
como o milho, a soja, o algoddo, entre outras. Seus habitos alimentares a torna uma praga
polifaga, migratdria e destrutiva de diversas plantacfes no hemisfério ocidental. A manutencéo
populacional da espécie se mantém constante por quase todo o ano, causando danos a
agricultura alimentar gerando consequentemente perdas econémicas [16]. Logo, todas essas
caracteristicas levaram os pesquisadores a considera-la uma praga de importancia econémica
[17]. Dados os problemas decorrentes do uso de inseticidas sintéticos, ha a necessidade de se
encontrar um manejo ecologicamente correto para o controle de inseto-pragas que ofereca um
mecanismo de acdo menos toxico e econdmico [18].

Em vista do exposto, o presente trabalho buscou coletar informacgdes dos constituintes
quimicos majoritarios de 6leos amazonicos e as a¢des biologicas das nanoparticulas de fibroina
de seda combinadas com ésteres graxos obtidos da gordura de A. murumuru e dos 6leos de C.
guianensis e B. excelsa, com o intuito de se conhecer as potencialidades das espécies vegetais
oleaginosas da regido amazénica, atrelando o conhecimento tradicional ao cientifico para
contribuir de maneira sustentavel com a biodiversidade da Amazénia, com perspectivas para o

crescimento cientifico e econdmico da regido.
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Nesse sentido, o presente trabalho buscou responder a seguinte pergunta: as
nanoparticulas de fibroina de seda associadas a ésteres graxos da gordura de A. murumuru e
dos oleos de C. guianensis e B. excelsa s@o bioinseticidas eficazes frente ao Ae. aegypti e a S.
frugiperda?

O estudo se caracteriza de natureza experimental e quanti-qualitativo e apresenta como
hipdtese de nulidade (HO): as nanoparticulas de fibroina de seda associadas a esteres graxos da
gordura de A. murumuru e dos 6leos de C. guianensis e B. excelsa ndo sdo bioinseticidas
eficazes frente ao Ae. aegypti e a S. frugiperda; e como hipotese alternativa (H1): as
nanoparticulas de fibroina de seda associadas a ésteres graxos da gordura de A. murumuru e
dos oleos de C. guianensis e B. excelsa sdo bioinseticidas eficazes frente ao Ae. aegypti e a S.
frugiperda.

Diante disso, o0 presente trabalho avaliou a atividade larvicida e de oviposicdo de
nanoparticulas de fibroina de seda associadas a dleos amazonicos frente as larvas de 3° instar
de Ae. aegypti, bem como a atividade larvicida e ovicida dessas nanoparticulas frente as larvas

de 3°instar de S. frugiperda, como alternativa aos inseticidas sintéticos convencionais.
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OBJETIVOS

Objetivo geral

Desenvolver e caracterizar nanoparticulas de fibroina de seda combinadas a ésteres

graxos semissintetizados a partir da gordura de Astrocaryum murumuru Mart. e dos 6leos de

Carapa guianensis Aublet e Bertholletia excelsa e avaliar seu potencial larvicida contra larvas

de Aedes aegypti e Spodoptera frugiperda.

Objetivos especificos

v

Caracterizar o perfil fisico-quimico (densidade, teor de perdxido, grau de acidez e
saponificacdo) dos 6leos de C. guianensis e B. excelsa;

Identificar e quantificar os principais acidos graxos presentes na gordura de A.
murumuru e dos 6leos de C. guianensis e B. excelsa;

Caracterizar por Ressonancia Magnética Nuclear de hidrogénio (*H) e carbono (**C),
Espectroscopia de infravermelho - FTIR e Cromatografia Gasosa Acoplada a
Espectrometro de Massas, a gordura de A. murumuru, os 0leos de C. guianensis e B.
excelsa e seus respectivos ésteres graxos;

Desenvolver nanoparticulas de fibroina de seda combinadas com ésteres graxos
semissintetizados a partir da gordura de A. murumuru e dos 6leos de C. guianensis e B.
excelsa;

Caracterizar as nanoparticulas quanto aos seus aspectos fisico-quimicos através das
técnicas de dispersdo dindmica da luz, calorimetria de varredura diferencial e
microscopia de transmisséo;

Comparar o perfil da atividade larvicida e de oviposi¢cdo das nanoparticulas de A.
murumuru, B. excelsa e C. guianensis frente as larvas de 3° instar de Ae. aegypti;
Comparar o perfil da atividade larvicida e ovicida das nanoparticulas de A. murumuru,
B. excelsa e C. guianensis frente as larvas de 3° instar de S. frugiperda;

Avaliar o grau de toxicidade das nanoparticulas de B. excelsa e C. guianensis em

embrides do modelo animal zebrafish (Danio rerio).
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A partir dos objetivos apresentados, esta tese foi estruturada em quatro capitulos, nos

quais sdo abordados os seguintes contetdos:

v

Capitulo 1: A contextualizacdo do problema atraves da fundamentacdo teorica da
tematica abordada.

Capitulo 2: Development of an environmentally friendly formulation of silk fibroin
combined from Astrocaryum murumuru Mart. effective against Aedes aegypti larvae.
Capitulo 3: Nanoparticles from silk fibroin and amazon oils: Potential larvicidal activity
and oviposition deterrence against Aedes aegypti.

Capitulo 4: Potencial controle ecoldgico de nanoparticulas de fibroina de seda e 6leos

amazonicos contra Spodoptera frugiperda.
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CAPITULO 1 - REFERENCIAL TEORICO

1.1 OLEOS E GORDURAS DE ORIGEM VEGETAL

Oleos e gorduras derivados de espécies vegetais sio compostos por fosfolipideos,
diésteres, manoésteres e triésteres de cadeias alquilicas longas. Este ultimo, formado a partir de
uma molécula de glicerol com trés moléculas de &cidos graxos, podendo os &acidos graxos
possuirem cadeias de 3 a 24 carbonos [1,2]. Esses triésteres sdo bem utilizados como matéria-
prima em diversos setores como o de alimentacdo, da industria médica, da cosmética e da
farmacologia. Sdo componentes essenciais na producdo de alimentos industrializados por suas
diversas propriedades nutricionais [3].

Os o6leos e gorduras vegetais sdo nutrientes importantes na dieta do homem,
desempenhando um importante papel no fornecimento de acidos graxos essenciais e energia.
Os acidos graxos essenciais sdo aqueles que ndo podem ser produzidos pelo homem em seu
organismo através de seu metabolismo, devendo ser ingeridos diariamente por meio de
alimentos, como sementes de oleaginosas, peixes, algas e outros [4].

As diferentes propriedades fisicas e quimicas que os lipidios possuem esta
intrinsicamente ligada ao tamanho da sua cadeia carbdnica, nimero da posi¢do das duplas
ligacdes e linearidade (estereoespecificidade, cis-tras). Os acidos graxos possuem diferentes
tamanhos de cadeia (3 a 24 atomos de carbono) e sdo classificados como saturados e
insaturados. Os &cidos graxos insaturados possuem duplas ligacGes e sdo considerados
quimicamente mais instaveis, sdo denominados monoinsaturados quando sua cadeia carb6nica
possui apenas uma dupla ligacdo e poliinsaturados quando possuem duas ou mais duplas
ligacdes [5]. Os acidos graxos saturados sdo menos reativos em comparagao aos insaturados, e
apresentam ponto de fusdo superior em relacdo ao acido graxo correspondente de mesmo
tamanho de cadeia com uma ou mais dupla ligagéo [6].

Segundo Rose e Connoly (1999) [7] a nomenclatura dos acidos graxos se inicia pela
numeracdo dos atomos de carbonos do grupo carboxila terminal, os atomos de carbono de
numero 2 e 3 adjacentes ao grupo carboxila sao nomeados de carbonos a e B, respectivamente,
e o ultimo € o ® ou n-carbono. A posi¢ao da dupla ligacdo ¢ indicada pelo simbolo A,
acompanhado por um niimero, a exemplo: A® referindo-se a dupla ligagdo entre os 4tomos 9 e
10 numerados a partir do grupo carboxila.

O acido oleico é um &cido graxo que pode ser sintetizado por todos os mamiferos,

inclusive 0 homem. Este &cido possui uma dupla ligacdo entre os carbonos 9 e 10 do grupo
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metila final, sendo designado como acido graxo monoinsaturado ®9 ou n-9. Os &cidos graxos
poliinsaturados ®3 (n-3) e w6 (n-6) ndo podem ser sintetizados por mamiferos por nédo
possuirem a enzima A9-dessaturase, enzima responsavel por introduzir a dupla ligacéo (cis)
entre os 4tomos de carbono 9 e 10, devendo deste modo ser obtidos através da dieta e séo
denominados de &cidos graxos essenciais [7,8].

Existem dois tipos de &cidos graxos essenciais, 0s acidos graxos n-6 derivados do acido
cis-linoleico (C18:2), e os acidos graxos n-3 derivados do acido a-linolénico (C18:3) [9] (Figura
1.1). Sdo chamados de essenciais por possuirem funcGes celulares normais, e atuarem como
precursores na sintese de acidos graxos poliinsaturados de cadeia longa como os acidos
araguidonico, eicosapentandico e docosahexaenoico, que desempenham importantes funcdes
celulares como a integridade e fluidez das membranas, atividade das enzimas de membrana,
interacdes lipidio-proteina e sintese de eicosanoides como as prostaglandinas, leucotrienos e
tromboxanos [10].

Figura 1.1 — Estruturas quimicas do &cido oleico (®9), acido linoleico (w6) e do acido a-

linolénico (®3).
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Fonte: Adaptado de Rose e Connely (1999).

A regido amazbnica possui a maior diversidade genética de espécies vegetais
produtoras de 6leos do planeta. S0 de grande importancia pois possuem propriedades
funcionais importante capazes de produzir efeitos metabdlicos ou fisioldgicos Uteis para manter
uma boa salde e ajudar na reducdo de doencas [3,11]. A diversidade de aplicaces dos 6leos
vegetais revela sua importancia para a obtencdo de novos produtos, por serem de facil acesso,
baixo custo e envolvidos em combina¢Bes quimicas estruturantes para diversos setores
industriais [12].
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1.1.1 A gordura de Astrocaryum murumuru Mart (murumuru)

A espeécie Astrocaryum murumuru Mart., é nativa da Amazonia e do norte da América
do Sul, pertence a familia Aracaceae. Esta palmeira € conhecida popularmente como
murumuruzeiro [13].

A espécie representa cerca de 15% das espécies de palmeiras nas areas de varzeas da
Amazonia e esta entre as cinco espécies com maior indice de importancia econémica [14]. O
fruto de murumuru contém cerca de 42% de gordura s6lida de cor amarela e ndo apresenta sabor
ou odor pronunciado. A gordura é rica em acidos graxos de cadeia média e longa, como o acido
laurico, miristico e palmitico, sendo esses acidos graxos largamente utilizados industrialmente
[15]. Na industria de cosméticos a gordura é utilizada para a fabricacdo de sabonetes, cremes e
Xampus, e na industria alimenticia € muito utilizada na producéo de margarina e derivados [16].

A gordura ainda é usada como alternativa na geracdo de energia, atraves da producao
de biocombustivel [17] (Figura 1.2). Para a industria farmacéutica a gordura torna-se uma
excelente alternativa na veiculagao de formulacGes, por possuir propriedades importantes como
biodegradabilidade, biocompatibilidade demostrando que este bioproduto tém elevado
potencial para a producdo de nanoparticulas lipidicas solidas efetivas para o transporte de

medicamentos hidrossoluveis e lipossoltveis [18].

Figura 1.2 — Gordura e sementes de Astrocaryum murumuru.

Fonte: Amazon oil.
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1.1.2 Oleo de Bertholletia excelsa (castanha-da-Amazonia)

A castanha-da-Amazo6nia é uma arvore nativa da regido amazonica, pertence a familia
Lecythidaceae e do género Bertholletia, espécie excelsa. A denominacdo boténica Bertholletia
excelsa H.B.K ocorreu quando a espécie foi descrita em 1808, por Humboldt, Bompland e
Kunth, em homenagem aos pesquisadores [19]. O fruto da castanheira € um ouri¢co que mede
cerca de 20 cm de didmetro, contendo em seu interior cerca de 12 a 24 sementes ou castanhas
as quais envolve as améndoas, parte comestivel do fruto [19,20].

As améndoas da castanha-da-Amazonia séo fontes de importantes constituintes com
acdo antioxidante e elevado teor de vitamina E, possuindo ainda percentuais de a, 3, y tocoferdis
que estdo diretamente relacionados a compostos fendlicos e vem sendo relatados como
constituintes funcionais [21]. O dleo da castanha-da-Amazénia possui alto teor de selénio, um
importante antioxidante que estd relacionado a reducdo de alguns tipos de cancer e outras
patologias [22,23].

O dleo extraido das améndoas da castanha-da-Amazénia apresenta elevado valor
funcional, seu perfil de acidos graxos é constituido por monoglicerideos, diglicerideos e
poliglicerideos, em menor quantidade (Figura 1.3). A grande relevancia encontra-se nos acidos
graxos insaturados, principalmente, o linoleico, oleico e o linolénico que estdo relacionados a
atividades farmacoldgicas apresentando eficacia no combate as dermatites de contato irritativa,
dermatite de contato alérgica e dermatite atOpica. Esses acidos graxos possuem tambem

caracteristicas antimicrobianas que melhoram a capacidade de defesa imunoldgica nata [19,23].

Figura 1.3 — Oleo e sementes da Bertholletia excelsa.

Fonte: Autor
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1.1.3 Oleo de Carapa guianensis Aublet (andiroba)

A andiroba € amplamente distribuida na Amazonia, pertence a familia Meliaceae,
espécie Carapa guianensis. Esta espécie vegetal tem grande potencial quando retratado seus
componentes medicinais e funcionais [24]. Possui frutos redondos, sementes grandes e
angulares de onde se extrai seu 6leo com propriedades fitoterapicas [25]. A andiroba foi relatada
pela primeira vez pelo farmacéutico Jean Baptiste Christophe Fusée-Aublet, no ano de 1775.

O dleo fixo da andiroba, bem como de outras espécies vegetais apresentam em sua
composi¢do principalmente triglicerideos, acidos livres, monoacilglicer6is e diacilglicerdis,
além de uma pequena quantidade de fosfolipideos, esterois livres e esterificado, alcoois
triterpénicos, tocoferdis e tocotriendis, compostos fendlicos, carotenos entre outros [26] (Figura
1.4). Dentre os acidos graxos presente no 6leo da andiroba destacam-se o &cido oleico, o acido
palmitico e o &cido linoleico.

O uso etnofarmacoldgico deste 6leo inclui o tratamento de dores artriticas, infeccdes do
ouvido, doencas de pele, entre outros [27]. Outro notavel potencial do 6leo da andiroba esta
associado a sua atividade larvicida contra Ae. aegypti, 0 vetor da dengue e varias outras doengas,
até hoje negligenciadas ou emergentes. A ampla gama de atividades biolégicas e propriedades
etnofarmacoldgicas faz do 6leo de andiroba uma valiosa matéria-prima para diferentes setores

industriais, destacando-se a industria farmacéutica e a de cosméticos [28].

Figura 1.4 — Oleo e sementes da Carapa guianensis.

Fonte: Autor.
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1.2 FIBROINA DE SEDA E SUAS APLICACOES

Os biopolimeros estdo cada vez mais presentes no setor industrial e nas pesquisas
cientificas, por suas diversas propriedades e vantagens exclusivamente sobre alguns materiais
sintéticos. Esses biomateriais sdo desenvolvidos para servir a uma ampla gama de usos na
natureza, pois possuem propriedades quimicas e mecanicas vantajosas para muitas aplicaces,
especialmente ambiental e farmacoldgica [29]. Varios polimeros naturais tém sido utilizados
como matriz para a administracdo de farmaco, como os polissacarideos, incluindo a celulose, a
quitosana, o acido hialurdnico, o alginato dextrano e amido, além de proteinas, como o
colageno, a elastina, a albumina e a fibroina de seda [30].

Os biopolimeros podem advir de varias fontes, como plantas, microrganismos e animais.
Alguns dos principais biopolimeros naturais estudados ou em uso incluem quitosana, queratina,
elastina e fibroina de seda [31]. A seda é produzida por diferentes larvas da ordem Lepidoptera,
incluindo bichos-da-seda, escorpido, aranhas, entre outros animais [32]. A maioria da producéo
mundial de seda utilizada na industria téxtil e em outras aplicacdes é produzida pelo bicho-da-
seda domesticado Bombyx mori. A seda proveniente do bicho-da-seda consiste de duas
principais proteinas a fibroina e a sericina [29]. A fibroina é a proteina do tipo folha pregueada,
anti-paralela e que conferem o carater fibroso ao casulo do bicho-da-seda, enquanto a sericina
é uma proteina que fornece um tipo de liga que mantém o casulo unido e, tanto uma gquanto a
outra podem ser utilizadas sozinhas ou em conjunto para a producéo de filmes com propriedades
quimicas e fisicas Unicas [33].

A principal estrutura da fibroina de seda € uma sequéncia de repeticdo de trés
aminoacidos (Ser-Gly-Ala), formando uma estrutura secundaria homogénea em uma
conformacgdo PB-folha antiparalela [34]. A regido B-folha antiparalela cristalina da fibroina
compreende dois tercos da proteina e a regido amorfa das fibras representa um terco e, juntas
essas regides conferem a fibroina de seda propriedades mecéanicas unicas [35]. Além disso, a
fibroina de seda é um copolimero natural que contém blocos hidrofilicos e hidrofébicos, que
faz dela um potencial material para sistemas emulsificantes. Os blocos hidrofobicos sdo os
responsaveis pela conformagdo B-folha através de ligacbes de hidrogénio entre os blocos e
ambas as regides conferem alta resisténcia, insolubilidade e estabilidade térmica a fibroina de
seda [36].

A biodegradacdo é a capacidade que um material tem de ser decomposto em
componentes mais simples e faceis de tratar. Este fenbmeno ocorre por processos bioldgicos

diferentes, tais como metabolismo bacteriano ou agdo de enzimas. No organismo, materiais
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estranhos sdo biodegradados através de interagdes complexas entre fatores bioldgicos, quimicos
e fisicos. O processo de biodegradacdo de um biomaterial em compostos ndo nocivos é
importante para muitas aplicagfes, como na engenharia de materiais e na liberacao controlada
de farmacos [32].

Constatou-se que produtos ativos contendo pequenos tamanhos de poros e altas
concentracOes de fibroina degradam-se lentamente e, este achado é importante tanto para a
engenharia de tecido quanto para a liberacdo controlada de farmacos utilizando a fibroina de
seda como veiculo. Na engenharia de tecidos, compostos contendo fibroina podem ser
modificados para degradar em taxas mais lentas ou mais baixa, dependendo da taxa de
crescimento do tecido, enquanto que para liberacdo controlada, a fibroina pode ser modificada
para degradar em diferentes taxas, dependendo do tempo e a cinética de liberacdo necessaria
para a entrega do farmaco [29].

A biocompatibilidade € a capacidade que um material tem de ndo provocar rejeicao
imunoldgica em uma aplicacdo especifica no interior do hospedeiro. A partir desta definicdo, a
biocompatibilidade de um material ndo € uma propriedade intrinseca do material, mas ela
depende da resposta imunologica do hospedeiro. Algumas dessas respostas incluem,
citotoxicidade celular do material ou dos produtos de degradacdo, resposta enzimaética e
resposta trombogénica [32,37,38]. Portanto, os indicadores de um material biocompativel sdo
a baixa capacidade inflamatoria, baixa toxicidade celular e baixa formacéo de trombose [29].

A citotoxicidade celular de um biomaterial ou produto quimico € a toxicidade que eles
podem causar quando estdo em contato com as células. Materiais citotoxicos podem causar uma
série de danos prejudiciais as células do hospedeiro, incluindo necrose e eventual lise celular
ou apoptose, ou diminui¢do do crescimento e viabilidade celular. A microscopia pode ser
utilizada para inspecionar a morfologia celular, e as diferengcas na membrana celular e organelas
podem ser indicativos de efeitos citotdxicos [38].

A fibroina de seda, por ser um biopolimero natural que exibe excelente
biocompatibilidade e biodegradabilidade, ¢ um material vantajoso para os sistemas de liberagdo
controlada de farmacos. Filmes produzidos a partir da fibroina de seda conseguem encapsular
e estabilizar proteinas e enzimas por forcas intermoleculares entre a seda e as biomoléculas,
liberando em seguida as proteinas ndo-desnaturadas e as enzimas em plena atividade [39]. A
fibroina de seda pode ainda ser utilizada como esferas para imobilizar enzimas, afim de catalisar
reacdes de transesterificacdo para a producao de biodiesel, na obtencédo de epdxidos precursores
da sintese de azéis com finalidades antifungicas [40,41], bem como nanoparticulas com a

finalidade de liberar principios ativos de extratos vegetais, 0leos vegetais € compostos
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biologicamente ativos com ampla atividade farmacoldgica, como atividades anti-inflamatéria,
anti-helmintica, inibidor de lipo-oxigenase [42-44], além de atuar como agente larvicida contra

vetores de doencgas, como 0 mosquito Ae. aegypti [45-48] (Figura 1.5).

Figura 1.5 — Biomateriais produzidos a partir de casulos de seda.

Fonte: Nature (2011).

Devido a coexisténcia de regides hidrofdbicas e hidrofilicas distintas, a fibroina de seda
pode residir nas interfaces de um fluido e estabilizar de forma eficaz sistemas dispersos,
reduzindo de forma eficiente a tensdo interfacial e formando um filme estérico e altamente
viscoelasticos na interface [49,50]. A reducdo da tensdo interfacial facilita a formagao de gotas
menores durante o processo de homogeneizacdo da nanodispersao, reduzindo assim o risco do
fendmeno de coalescéncia durante o processo de emulsificacdo e armazenamento a longo prazo
[51].

1.3 NANOTECNOLOGIA E SUAS APLICACOES
A nanotecnologia é considerada uma das tecnologias chaves do século XXI. Materiais

nanomeétricos sdo particulas coloidais de tamanho que variam de 10 a 1000 nm alterando suas

propriedades fisicas e quimicas. Uma variedade de produtos industriais, farmacéuticos e
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médicos foram inovados através da nanotecnologia [52,53]. A nanotecnologia tem sido aplicada
no ramo farmacéutico para a entrega de ativos farmacéuticos para uma variedade de doencas e
distdrbios [54]. Na agricultura, no setor alimentar e de inseticidas a sua inserc¢éo e relativamente
recente [55] (Figura 1.5). No geral, materiais nanométricos sdo esféricos por natureza, e sua
superficie é lipofilica e amorfa apresentando geralmente carga negativa, e devido ao seu
tamanho sdo translucidas [56].

O desenvolvimento de biopesticidas tornou-se um componente importante no sistema
de gestdo integrada de pragas [57,58]. Apesar dos biopesticidas apresentarem um carater
ecoldgico, eles sofrem uma série de problemas, como métodos de producéo dispendiosos, fraca
capacidade de armazenamento, suscetibilidade as condi¢bes ambientais, eficacia seletiva no
controle de pragas e vetores, o que dificulta o seu rapido progresso e utilizacdo. Assim, a
situacdo atual é comparavel a dos pesticidas comerciais sintéticos [59]. O desenvolvimento de
novos biopesticidas eficazes, seguros e comprovados que convengam as instituices
reguladoras, é também um grande desafio.

Do mercado global de pesticidas, apenas 5% é composto por biopesticidas, pois é
importante garantir a estabilidade e a eficacia destes no controle de pragas. Os novos compostos
bioativos, as novas formulagdes de pesticidas, a sua producado e as suas melhorias no sistema
de distribuicdo, sdo campos de investigagdo sempre atuante e estdo sempre apoiados pelos
avancos e inovac0es tecnologicas [59].

Nesse contexto, nos ultimo 50 anos, os sistemas de distribuicdo de pesticidas foram
aprimorados através da preparacdo promissoras de formulacdes de liberacdo controlada.
Inicialmente, as formulagdes de liberagdo controlada foram preparadas a partir do revestimento
de compostos bioativos em uma matriz polimérica, através das quais 0s compostos bioativos
sdo liberados de forma controlada para o ambiente durante um periodo de tempo definido [60].
A principal vantagem das formulacfes com liberacdo controlada é o fato de reduzir
substancialmente a quantidade de pesticida a niveis inferiores aos exigidos para os pesticidas
convencionais, atuando durante um periodo de tempo semelhante [61].

O modelo de liberacdo de um composto bioativo esta relacionado com a natureza
quimica da formulacdo e pode ocorrer atraves da difusdo e desmontagens das nanomatrizes
poliméricas contendo o composto bioativo apds contato com a agua e uma subsequente
liberacdo do composto [62]. Nas nanoformulagdes, em que ocorrem ligacbes polimero-
pesticida, é necessaria uma reacdo de hidrolise para a liberagdo do composto bioativo, e esta
liberacéo ¢ afetada pela forca destas ligacbes quimicas, pelas propriedades quimicas de ambas

as moléculas e pelo tamanho e estrutura da macromolécula. A tecnologia de encapsulagdo tem
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sido muito utilizada no ramo farmacéutico, porque esta tecnologia protege o farmaco, mantém
sua concentracao dentro de um intervalo étimo, ajustando a liberagdo dos componentes ativos
proporcionando a sustentabilidade do efeito [63].

NanoformulacBes a base de polimeros naturais conseguem encapsular uma ampla
variedade de moléculas hidrofdbicas [64], e um exemplo desse biomaterial é a fibroina de seda
que tem ganhado cada vez mais atengcdo nos ultimos anos na area biomédica, farmacéutica e
industrial [63,64]. A fibroina de seda possui uma ampla gama de plataformas de distribuicéo
de drogas tais como hidrogéis, filmes, microparticulas, nanoparticulas entre outros [64].
Dispositivos de entrega de farmacos feitos a base de fibroina de seda podem ser fabricados por
uma variedade de técnicas, e sua escolha depende do modo de aplicacdo, cinética de liberacdo
desejada e estabilidade do farmaco [65]. A liberacdo de farmacos a uma taxa definida ao longo
de um periodo especifico s6 é possivel por sintonizar propriedades do polimero como sua
estrutura, morfologia, composicéo, orientagdo da fibra e porosidade da teia fibrosa [66,67].

Diante disso, a nanotecnologia apresenta-se como alternativa para diferentes areas como
por exemplo, materiais téxteis, alimentos, fertilizantes, pesticidas, protecdo de plantas,
biocombustiveis, biocompostos e industrias agroquimicas para criar novos produtos com uma
vasta gama de aplicacdes. Nesse contexto, as nanoparticulas poliméricas por possuirem
propriedades fisicas Unicas como uniformidade e condutancia, tornam-se materiais desejaveis
na ciéncia dos materiais e em outras areas como as de biopesticidas [68], por serem possiveis
substitutos frente aos inseticidas e pesticidas sintéticos, reduzindo deste modo os impactos

ambientais sem perder sua eficiéncia [69].

1.4 Aedes aegypti

O mosquito Ae. aegypti pertence a familia Culicidae, ordem Diptera e género Aedes. O
Ae. aegypti é oriundo do continente africano, entretanto, acompanhou 0 homem ao longo de sua
ininterrupta migracao pelo mundo e permaneceu onde as altera¢fes antropicas propiciaram sua
proliferacdo [70]. Deste modo, 0 mosquito se estabeleceu nos paises da América latina, dentre
eles o Brasil, acredita-se que foi inserido nesses paises no periodo colonial por meio dos navios
negreiros [71,72].

Vaérias espécies de mosquitos do género Aedes podem servir como transmissores de
diversas arboviroses como: Dengue, Zika virus, Chikungunia e Febre amarela, no Brasil duas
delas estdo hoje inseridas o Ae. aegypti e o Aedes albopictus [73]. A sua alimentacéo tem como

base a seiva de plantas e sangue, porém somente 0 mosquito macho se alimenta de seiva. O
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repasto sanguineo é realizado pela fémea, geralmente durante o dia para oferecer proteinas para
a maturagdo dos ovos [71]. Ao ser fecundada, a fémea € atraida para reservatorios escuros ou
sombreados, com superficies asperas, onde possa depositar seus ovos, de preferéncia em agua
limpa ao invés de &gua que contenha matéria organica [71,74].

A metamorfose do mosquito ocorre de forma completa, e o ciclo de vida do Ae. aegypti
compreende quatro fases: ovo, larva (quatro estagios larvarios), pupa e mosquito [74] (Figura
1.6). O seu ciclo de desenvolvimento tem duracgédo de 10 dias, o inseto adulto pode resistir por
um periodo de 30 a 35 dias [75]. O mosquito € encontrado principalmente no meio urbano, por
possuir habitos domeésticos e diurnos. Entretanto, o Ae. aegypti tem demonstrado adaptacdes
em diferentes condi¢6es ambientais. Tem sua densidade populacional diretamente influenciada

pela presenca de chuvas [70].

Figura 1.6 — Ciclo de vida do mosquito Aedes aegypti.

Aedes Aegypti / /

Adulto 7
///

Larva 4

Fonte: Grupo Rede D’or.

No Brasil, as arboviroses como a dengue, febre amarela, Chikungunya e mais recente a
Zika, estdo associadas a grandes epidemias. Estas sdo doencas infecciosas febris de carater
inespecifico, sendo vinculadas pelos mesmos vetores: Ae. aegypti e Ae. albopictus [76]. Os
arbovirus possuem uma ampla variacdo de hospedeiros vertebrados e invertebrados; podendo

infectar mamiferos, aves, répteis e insetos [77].
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O ciclo de transmissdo da doenca se inicia quando a fémea do mosquito se alimenta do
sangue de um hospedeiro infectado. O virus presente no sangue entra em contato com as células
epiteliais do intestino médio do mosquito e se replica infectando outros tecidos como as
glandulas salivares do mosquito, e este ao se alimentar de sangue novamente transmite o virus
a um novo hospedeiro através da sua saliva infectada [78].

Umas das principais formas de controlar ou reduzir doencas infecciosas esta embasada
no controle e manejo de vetores, através de métodos ambientais, biologicos e quimicos [73]. A
literatura ja relata o uso de inseticidas bioativos que visam erradicar ou controlar vetores.
Inseticidas & base de produtos naturais ja sdo bastante utilizados na prevengdo ou controle de
pragas, além desse objetivo busca-se também que esses inseticidas ndo sejam toxicos ao meio
ambiente e a animais ndo-alvo. Tais compostos enfatizam atuar em um alvo molecular

especifico do vetor [79].

1.5 Spodoptera frugiperda

A Spodoptera furgiperda foi classificada em 1797 por J. E. Smith, como pertencente ao
filo Arthropoda, ordem Lepidoptera e familia Noctuidae. A espécie conhecida como lagarta-
do-cartucho é uma das principais pragas de diversas gramineas de importancia agronémica
(milho, arroz, trigo e etc) [80,81] e de dicotileddéneas como as solanaceas, leguminosas e outras
[82,83]. A espécie é originaria das zonas tropicais e subtropicais das Ameéricas, sendo
facilmente encontrada no continente sul-americano [84].

O Brasil possui caracteristicas favoraveis para o desenvolvimento da lagarta-do-
cartucho como temperatura para reproducdo, além de uma grande gama de plantas hospedeiras.
O habito alimentar generalista e a disponibilidade de plantas hospedeiras pelo cultivo
simultaneo, ou em sucessao, favorecem a ocorréncia de lagartas da espécie Spodoptera spp
[85]. Quando adulta a fémea é capaz de atingir uma média de 2000 ovos durante seu ciclo de
vida, com postura de cerca de 50 a 300 ovos [86]. Segundo Ruiz (2015) [87], o estagio larval
da espécie é composto por 4 a 7 instares, dependendo da disponibilidade de alimentacéo,
temperatura e heranca genetica. A espécie apresenta desenvolvimento completo com quatro

fases distintas: ovos, lagartas, pulpas e adultos (Figura 1.7).
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Figura 1.7 — Ciclo de vida da Spodoptera frugiperda.
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Fonte: Promip.

A principal forma de controle para a lagarta-do-cartucho ainda é o uso de inseticidas
sintéticos com um amplo ndmero de moléculas ja registradas frente a S. frugiperda [88]. Esses
inseticidas possuem varios mecanismos de acdo como 0s neurotdxicos, inibidores de quitina e
receptores de rionodina. Entretanto, séo eficazes somente quando aplicados de maneira correta.
Cerca de 30 a 70% dos produtos aplicados para o controle de S. frugiperda ndo possuem uma
eficécia elevada por utilizacdo de técnicas inadequadas o0 que ocasiona perdas na produtividade
estimadas em torno de 15 a 34% causadas pela acdo do inseto ao longo do desenvolvimento da
planta [80,89].

No Brasil ha relatos de dificuldades para o controle de S. frugiperda em diversas
culturas, pois ja foram registrados casos de populagdes resistentes para alguns defensivos como
o lambda-cialotrina, clorpirifés e outros. A resisténcia pode estar ligada ao fato de a espécie
atacar diversas culturas em qualquer periodo do ano, fazendo com que haja uma frequéncia e
uma intensificagdo maior no uso desses inseticidas para o controle da lagarta [88,89]. Diante
do exposto, hd a necessidade de inseticidas a base de bioprodutos com caracteristicas
importantes que vao além da sua eficacia, ou seja, devem ser produtos seletivos de longo
periodo residual que atuem nas partes das plantas que sdo mais atacadas pela lagarta,

diminuindo desse modo o nimero de aplicacdes e os custos operacionais [90].
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Abstract

The Aedes aegypti mosquito is a vector of several diseases, including dengue, yellow fever and the Zika
virus. Synthetic insecticides such as chlorpyrifos and chlorothalonil have been used to control
this vector, despite causing damage to both the environment and humans. Research into natural
active compounds with a low environmental impact is therefore required. The present study
developed an environmentally friendly formulation of silk fibroin (SF) combined with fatty
acid esters [ethyl (FAEE-SF), propyl (FAPE-SF) and butyl (FABE-SF)] from A. murumuru fat,
which was effective against larvae of the Ae. aegypti vector. The FABE-SF nanoparticle
induced a higher mortality rate in Ae. aegypti larvae after 48 h (LCso = 21.35 pg.mL™%). The
stability of the nano was monitored for 21 days, and FABE-SF exhibited greater stability
throughout this period, with average particle, zeta and PDI values of around 217.5 + 0.85 nm,
-25.6 + 3.24 mV and 0.338 + 0.01, respectively. This is the first work of its type to identify the
larvicidal activity of fatty acid esters from A. murumuru, combined with silk fibroin, against
Ae. aegypti.

Keywords: Nanoparticles; Silkworm cocoon; Larvicidal activity; Biomaterial; Biopesticide; Fatty acid
esters.
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2.1 INTRODUCTION

The effective and sustainable control of mosquito population vectors of diseases is a
challenging task [1,2]. For many years, the control of such populations has involved the use of
various synthetic insecticides, such as organochlorines, organophosphates and pyrethroids [3].
However, the indiscriminate and frequent use of such substances has caused selected
populations of mosquitoes to become more resistant, as well as resulting in environmental
pollution from their non-selective inhibitory enzymatic actions [4], putting humans and other
non-target populations at risk [5]. An effective low-cost insecticide with a lower environmental
risk is therefore required [1,2].

There isa growing demand for biopesticides, since certain plant species contain a variety
of bioactive compounds with insecticidal properties [1]. Fat extracted from the fruits of A.
murumuru, for example, is a potentially effective biopesticide for vector control. A. murumuru
fat is easily obtained, as the species is widely distributed around the Amazon estuary. Its natural
fat is used as a raw material in the cosmetics and food industries, as its composition contains
saturated fatty acids such as lauric and myristic acid [6]. Although the larvicidal, insecticidal,
and repellent action of fatty acids against mosquitoes has been widely reported in literature [7—
9], there are few studies on the effects of natural products used as larvicidal agents against
insects [10].

Nanoparticles are widely used drug delivery systems, nanoparticles formulated from
copolymers and proteins have become a viable alternative to improve the dispersion of essential
or fixed oils in aqueous vehicles, as mosquitoes and other disease vectors require an aqueous
environment for their life cycle [11]. There is a growing interest in the production of protein-
based nanoparticulate systems due to their unique functionalities, protein-based carriers are
biodegradable, non-antigenic and have excellent biocompatibility [12]. The different functional
groups of proteins can trigger a biological response to cells, as the surface of nanoparticles can
be modified by the covalent binding of drugs and ligands to increase therapeutic efficiency [13].

Silk fibroin is a natural polymer produced by insects and spiders, and therefore offers
highly diverse sequences, structures, and properties [14]. The study of silks started from the
cocoon of the domesticated silkworm Bombyx mori and the spider Nephila clavipes [15]. Silk
fibroin is a natural amphiphilic block of hydrophobic and hydrophilic co-polymers that mix
together, giving it flexibility and robustness [14,16]. Furthermore, fibroin is used in tissue

engineering, and in the delivery system of bioactive compounds, such as drugs, peptides and
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proteins [17,18], and in a variety of biomaterials, such as nanoparticles, nanospheres, hydrogels
and films [19].

In the last decade, nanotechnology has been applied in a wide range of different areas
such as medicine, electronics, catalysis and agriculture [20]. Nanopesticides or
nanoformulations involving thin films or encapsulation of the active ingredient of the pesticide
in nanostructures have emerged, the main advantage of which is the slow and controlled release
of their active ingredients [21], which makes them environmentally safer and non-hazardous in
comparison with chemical pesticides [22]. In this context, researchers have developed different
types of nanopesticides, such as nanoencapsulated formulations, nanoemulsions, nanogels, and
nanospheres [23]. In this way, nanoparticles can help in the production of new pesticides,
insecticides and repellents [24]. With this, nanotechnology can revolutionize insect
management, providing innovative tools for the controlled and safe delivery of pesticides [25].

Our research group has been investigating biopesticides using silk fibroin as a vehicle
for drug delivery. Aradjo [26] evaluated the larvicidal action of the hydroethanolic, methanolic,
and hexane extracts of Acmella oleracea leaves solubilized in silk fibroin (2%), while Sarquis
[27] reported the activity of free fatty acids from Carapa guianensis Aubl oil combined with
silk fibroin against Ae. aegypti larvae, and found an LCs of 16.7 ug.mL* after 48 h.

Therefore, continuing the study about silk protein as a vehicle for active larvicides, the
present study aimed to evaluate the preparation of potentially sustainable, stable, and low-cost
larvicidal nanoparticles containing fatty esters from A. murumuru fat combined with silk fibroin

solution.

2.2 MATERIAL AND METHODS
2.2.1 Reagents and solvents

The fat of A. murumuru Mart. was purchased from Aspacs (Amazonas, Brazil). Ethanol
(99.5%) was purchased from Solven (S&o Paulo, Brazil), and isopropanol (99.5%) and butanol
(99.5%) were purchased from Quimex (Séo Paulo, Brazil). The solvents n-hexane (98.5%) and
ethyl acetate (98%), used in the purification of the esters by column chromatography, were
obtained from Synth (Sdo Paulo, Brazil). The Amano AK Lipase from Pseudomonas
fluorescens (20.000 U/g) was purchased from Sigma-Aldrich (Sdo Paulo, Brazil) and fatty acid
standards (Lauric, Myristic, Oleic and Stearic) were purchased from Sigma-Aldrich (S&o Paulo,
Brazil).
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2.2.2 Synthesis of ethyl, isopropyl and butyl esters of A. murumuru Mart. fat catalyzed by

Amano AK lipase from Pseudomonas fluorescens

The enzymatic transesterification of the fat was performed separately for the ethyl,
isopropyl and n-butyl alcohols to generate the respective esters (FAEE, FAPE and FABE), as
described by Ferreira [28] with some modifications.

Transesterification was performed in a 50 mL reaction flask containing 1.0 g of fat, 3
mL of respective alcohol and 0.1 g (10%) of Lipase from Pseudomonas fluorescens. The
reaction mixtures were magnetically stirred for 24 h at room temperature. Afterwards, the
reaction solutions were filtered, the organic phases were dried with anhydrous sodium sulfate
and filtered, and the solvents were removed by vacuum under reduced pressure. The products
were purified by silica gel column chromatography, with the mobile phase involving a mixture
of n-hexane and ethyl acetate (9:1). The isolated products were characterized by their
spectroscopic data (GC-MS and FTIR).

2.2.3 Preparation of ethyl ester of lauric, myristic, oleic and stearic acids

First, the esters of oleic, myristic, stearic and lauric acids were prepared by enzymatic
catalysis to be employed as standards in GC-MS. Transesterification was performed ina 25 mL
reaction flask containing 1.0 g of respective acids, 3 mL of ethanol and 0.1 g (10%) of Lipase
from Pseudomonas fluorescens. The reaction remained under agitation for 48h and the reaction
was monitored by thin-layer chromatography (TLC). The mixture was dried with anhydrous
Na>SO4 and purified by flash chromatography with silica gel as the stationary phase, and n-
hexane:ethyl acetate (9:1) as the eluent. The products were characterized by CG-MS analysis
and retention time was compared with the chromatographic profile of the fatty ethyl esters by

the transesterification of A. murumuru fat (Supplementary Information).

2.2.4 Gas chromatography-mass espectrometry (GC-MS)

The samples (FAEE, FAPE and FABE) were analyzed by gas chromatography mass
spectrometry (GC-MS). These analyses were performed in a Shimadzu GC2010 system with a
mass selective detector (Shimadzu MS2010plus) in electron ionization mode (El, 70 eV) and
equipped with a 30mx0.25mmx0.25um RTX-5MS column. The GC-MS conditions were: an
oven temperature starting at 130 °C and remaining at this temperature for 2 min, increasing to

290 °C at5 °C min!, and maintained for 2 min. The total analysis time was 36 min. The injector
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and detector temperature were maintained at 210 °C; 1 pL of sample was injected with 1:15
split, and helium was used as the carrier gas at a 1.0 mL min~! flow rate. The ions were
monitored from 3 to 36 min in the m/z 40-500. The components present in the samples were

identified through comparison of spectral data with those in the Wiley library.

2.2.5 Infrared spectroscopy analysis

A Fourier transform infrared spectrophotometer (Shimadzu FTIR IRTracer-100)
recorded the FAT (A. murumuru), FAEE, FAPE and FABE spectra using a potassium bromide
beam splitter. The KBr pellet method was employed and the background spectrum was
collected. The range was set from 400 to 4000 cm™ with 16-cm™ resolution.

2.2.6 Diferential scanning calorimetry (DSC)

Differential scanning calorimetry was performed using DSC-60 plus equipment
(Shimadzu, Kyoto, Japan). Sample (5 mg) was placed in a closed aluminum pan and subjected
to heating rate of 10 °C min! to a temperature of 100 °C with nitrogen atmosphere at 50 cm?®
min~* as described by Gabbay [29].

2.2.7 Preparation of the silk fibroin solution

The silk fibroin solution was prepared based on the method developed by Maciel [30].
Silkworm cocoons (3.0 g, from Bratac, Brazil) were degummed in a boiling (2%) (w/v) Na.COs
solution for 30 min. The resultant fibers were filtrated and washed with distilled water (3 x 500
mL). Subsequently, silk fiber were dissolved in a ternary solution (50 mL) of H,O:EtOH:CaCl>
(8:2:1 molar proportions) at 30 °C for 4 h. This mixture was then dialyzed (cellulose tube with
an exclusion limit of 16 kDa, from Viskase, Brazil) for 3 days at room temperature, and the
water was changed every 24 h. The fibroin solution was centrifuged (6000 rpm for 10 min) to
remove impurities and larger particles. The concentration of the silk fibroin solution was
adjusted to 2% (w/w).

2.2.8 Preparation of ester/silk fibroin nanoparticles

The nanoparticles (FAEE-SF, FAPE-SF and FABE-SF) were produced by the
emulsification process. In summary, deionized water was added to esters (FAEE, FAPE or
FABE) and the silk fibroin solution (2%). The 10 mL solution contained 94% silk fibroin
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solution (2%), 1% active compounds and 5% of a mixture of ethanol and isopropanol (1:1). The
nanoparticles were prepared based on Sarquis [27] with slight modifications.

Initially, a mixture of ethanol and isopropanol was added to the esters (FAEE, FAPE or
FABE) under constant magnetic agitation (300 rpm) for 30 min. Next, the aqueous phase
containing a silk fibroin solution was added with continuous agitation for 5 min in a vortex.

Nanoparticles were stored at refrigerator temperature (4 °C) and drying oven (32 °C)
evaluated from 1 to 21 days after preparation. The droplet size, polydispersity index and zeta
potential of the nanoparticles were determined using a ZS zetasizer (Malvern, United
Kingdom). Each sample was diluted with distilled water (1:10) to avoid multiple scattering
effects, in accordance with Anarjan and Tan [31]. Measurements were taken in triplicate. The

average droplet size was expressed in mean diameter. All analyzes were performed at 25 °C.

2.2.9 Larvicidal activity

Nanoparticles of silk fibroin combined with esters (FAEE-SF, FAPE-SF and FABE-SF)
were prepared at different concentrations (7.5, 15, 25, 50 and 75 pg.mL* from a stock solution
of 10.000 pg.mL™Y) for the larvicidal tests in Ae. aegypti. Five replicates with 10 larvae each
were performed. The negative control consisted of the silk fibroin solution without the asset,
and a dichlorvos solution (6.25 ng.mL™) was used as the positive control. The larval mortality
rate was determined after 24 h and 48 h of incubation at a temperature of 25 °C and a humidity
of 75%. The larvae were considered dead when they did not respond to any stimulus or did not
move on the surface of the solution, in comparison with those observed in the control. The

bioassay was conducted according to WHOPES [32].

2.2.10 Morphological analysis on larvae

After treatment, the larvae were fixed in 10% formalin. Their external morphology was
then analyzed under an optical microscope and photographed using a digital camera (MDCE -

SC USB 2.0) with the Scopelmage 9.0 software package.

2.2.11 Statistical analysis

Probit analysis was performed with a 95% confidence interval to determine the lethal
concentrations (LCsp and LCgp), and the Chi-squared test was performed using the Statgraphics
Centurion XV version 15.2.11 software package (Statpoint Technologies, Inc., Warrenton,

VA). If the control mortality of the treated groups was between 5% and 20%, the analysis was
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corrected in accordance with the formula mortality (%) = X—Y/X x 100, where X = percentage

survival in the untreated control group and Y = percentage survival in the treated sample [32].

2.3 RESULTS AND DISCUSSION
2.3.1 Composition profile of fatty acid of A. murumuru fat

The transesterification reaction of A. murumuru fat with ethanol, isopropanol and n-
butanol using Amano AK lipase from P. fluorescens provided a fatty acid ethyl ester (FAEE)
percentage of 78.4%, a fatty acid propyl ester (FAPE) percentage of 75.1% and a fatty acid
butyl ester (FABE) percentage of 63.5%, after purification in a chromatographic column with
silica gel.

The gas chromatographic analysis of FAEE from A. murumuru revealed a composition
formed of saturated, monounsaturated, and polyunsaturated fatty acids (Table 2.1 and Fig. 2.1).
However, the highest saturated fatty acid percentage in A. murumuru fat from the present study
was 95.5%, with the predominant presence of lauric acid (C12:0) and myristic acid (C14:0), at
53.5% and 25.8%, respectively. Other saturated fatty acids, such as stearic (C18:0), capric
(C10:0) and caprylic (C8:0) acids, were also present in A. murumuru fat, in smaller proportions
(Table 2.1). From the unsaturated fatty acid, oleic (C18:1) and linoleic (C18:2) acid were
identified, at 3.8% and 0.7%, respectively. Due to a high short-chain fatty acid content, this fat
is used in the food industry to make margarine [33]. The chromatographic profile of the
compounds found in the samples were compared with the spectral data of those presented in
the Wiley library, and exhibited high levels of similarity.

The proportion of polyunsaturated/saturated fatty acids (P/S) of the A. murumuru fat
used was 0.007. Other studies have indicated higher P/S indexes for A. murumuru fat. Pereira
[34] identified the fatty acid composition of A. murumuru and found lauric acid as the main

constituent with a relative abundance of (47.6%) and a P/S index of 0.04.



51

Table 2.1. Fatty acid composition (%) of A. murumuru fat by GC-MS analysis.

Fatty acid Peak Time Relative

(min)  Concentration (%)°

Caproic (C6:0) 1 3.63 1.73
Caprylic (C8:0) 2 6.54 2.40
Lauric (C12:0) 3 10.11 53.51
Myristic (C14:0) 4 13.63 25.79
Palmitic (C16:0) 5 16.92 8.59
Linoleic (C18:2) 6 19.51 0.66
Oleic (C18:1) 7 19.59 3.88
Stearic (C18:0) 8 19.96 3.45
Total Saturated - - 95.47
Total - - 3.88
Monounsaturated

Total - - 0.66

Polyunsaturated

*Percentage of FAEE corresponding fatty acid; "MS database (NIST 5.0).
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Fig. 2.1. Fatty ethyl ester compositions of A. murumuru fat, determined by GC-MS analysis. Caproic
(1); Caprylic (2); Lauric (3); Myristic (4); Palmitic (5); Linoleic (6); Oleic (7); Stearic (8) acid.

The FTIR spectra (Fig. 2.2) for the three esters obtained from A. murumuru revealed
evidence of the formation of esters, including a C—H stretching vibration in the 2950-2853 cm’
! region for the presence of unsaturated and saturated carbons. Stretching bands C=0 at 1740

cm* are related to carbonyl group vibration, and bands characteristic of unsaturated esters were
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observed, such as C—-C—O at 1164 cm™ [35]. A stretching vibration C=C in the region of 1655-
1686 cm provided evidence of the presence of unsaturated carbons. C—H asymmetric angular
stretching bands were observed at 1466-1371 cm™ and O—C—C stretching bands in the region
of 1113-1111 cm™.

A. murumuru fat
FABE
FAPE
FAEE

Transmittance (a. u.)

v T v T ’ T v T T T v T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ™)

Fig. 2.2. FTIR spectra of A. murumuru fat and derivatives esters (FAEE, FAPE and FABE).

2.3.2 Preparation and study of silk fibroin/esters nanoparticles

Dynamic light scattering (DLS) analysis to verify the particle size distribution of
formulations (FAEE-SF, FAPE-SF and FABE-SF) were recorded at the beginning of the
experiment and every 7 days during storage (Table 2.2). The size of all the nanoparticles
prepared was satisfactory (Fig. 2.3), and no phase separation was observed in the formulation
during storage at 4 °C for 21 days, showing that silk protein can play an important role in the
stability of the lipid particles from the conjunct of fatty acid esters.

The stability of the nanoparticles of silk fibroin combined with esters is based on a
number of factors, including: 1) the fact that silk fibroin is an amphiphilic polymer with large
hydrophobic domains, interrupted by small hydrophilic spacers, and the N and C-termini of the
chains are also highly hydrophilic [36]. Therefore, the amphiphilicity of the chain organization
is likely to play a significant role in the stability of the nanoparticles; and 2) the viscosity of the

aqueous phase increases with the addition of the silk fibroin solution, which may have inhibited
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droplet aggregation and gravitational separation [37]. This favors Brownian motion and inhibits

flocculating and coalescing [38,39].

2.3.3 Short-term stability study

The results of the present study revealed that the stability of the mixture depended on
the fatty acid ester type present in the sample. For FABE-SF, the particle diameter was smaller
(215.5 + 1.57 nm and 217.5 + 0.85 at 0 days on the 21% day, respectively) than the particle size
of nanoparticles formed from fatty acid esters with propanol and ethanol [274.06 £ 2.41 nm (0O
days) and 702.5 + 92.43 nm (0 days), respectively] (Table 2.2). Alcohols, like ethanol, induce
fibroin to transform into a Silk 11 crystalline [40]. However, a reduction in the particle size was
observed, which was significant in the case of the FAEE-SF nanoparticle, starting at 702.5 (+
92.43) nm (0 day) and reducing to 229.4 (+ 8.31) nm (21% day). It is therefore believed that the
relationship between the ester structures can influence the particle diameter in the case of a
nanoparticle formed by ethanol, propanol, and butanol fatty acid esters from A. murumuru fat
(fatty acid mixture).

The polydispersity index (PDI) indicates the homogeneity and stability of the size of the
particles distributed in the nanoparticles. PDI values of around 0.3 or below indicate a more
homogeneous size distribution of the particles dispersed in the nanoparticles [41]. FABE-SF
had a good PDI value, ranging from 0.320 (+ 0.03) to 0.338 (+ 0.01), while FAPE-SF had a
PDI value ranging from 0.452 (+ 0.02) to 0.415 (x 0.04), and FAEE-SF a PDI value of 0.709
(+0.08) t0 0.396 (* 0.03). One notable finding was the reduction in the PDI values of the FAEE-
SF and FAPE-SF nanoparticles on the 21% day, to 0.396 and 0.415, respectively (Table 2.2).
The results of the present study indicate that the elongation of the ester carbon chain (-Ethyl; -
Isopropyl and -n-Buthyl) influenced the thermodynamic balance of the phases. Factors such as
the spontaneous diffusion and evaporation of volatile material from the internal phase have
been observed as a mechanism for reducing particles size [42].

Zeta potential is the electrostatic potential at the slipping plane a few molecules away
from the surface [43]. For the nanoparticles to be considered stable by electrostatic repulsion
alone, a zeta potential value £ 20 is required [44]. The nanoparticles exhibited zeta potential
values between -53.9 mV (£4.50) and -25.6 mV (£3.24) on all 21 days of monitoring. The
FAEE-SF nanoparticle exhibited zeta values between -53.9 mV (£4.50) and -33.3 mV (x0.65),
while FAPE-SF obtained values between -46.4 mV (£5.31) and -34.9 mV (+£3.84) and FABE-
SF exhibited zeta values between -43.6 mV (£5.42) and -25.6 mV (x3.24) (Table 2.2). The
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stability of a polymer is important for the storage of a drug delivery device. The stability of
these nanoparticles may be related to the improved balance between the dissociation of the
propyl and butyl esters with the carboxylic and amino groups present in silk fibroin, resulting
in a slight variation in the zeta potential of these nanoparticles, making them more stable.
Electrophoretic mobility experiments have demonstrated that SF was positively charged below
pH 3.9 and negatively charged above pH 3.9 [45], which is its pl (isoelectric point = 3.9).

Table 2.2. Particle size distribution, PDI and Zeta of nanoparticles prepared with silk fibroin and esters.

Fatty acid ester Time (days) Size (hm) PDI Zeta (mV)
0 702.5 (£92.43) 0.709 (+0.08) -53.9 (+4.50)
7 512.9 (£152.35) 0.528 (+0.15) -40.4 (£0.76)
14 315.7 (+5.96) 0.415 (+0.01) -33.6 (+6.20)
21 229.4 (+8.31) 0.396 (+0.03) -33.3 (x0.65)
0 274.06 (x2.41) 0.452 (+0.02) -46.4 (+5.31)
7 293.3 (£20.43) 0.419 (+0.02) -38.4 (+0.78)
14 293.5 (£11.50) 0.439 (+0.02) -30.7 (£2.94)
21 280.5 (+14.16) 0.415 (+0.04) -34.9 (+3.84)
0 215.5 (+1.57) 0.320 (+0.03) -43.6 (+5.42)
7 248.9 (+6.25) 0.419 (+0.02) -46.0 (x2.21)
14 235.3 (£8.73) 0.366 (+0.02) -29.5 (+1.85)
21 217.5 (+0.85) 0.338 (+0.01) -25.6 (£3.24)
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Fig. 2.3. Average particle size — FAEE-SF; Day 0: 702.5 + 92.43 nm; Day 21: 229.4 + 8.31 nm; FAPE-
SF; Day 0: 274.06 £ 2.41 nm; Day 21: 280.5 + 4.16 nm; FABE-SF; Day 0: 215.5 + 1.57 nm; Day 21:
217.5+£0,85 nm.

In the present study, the storage stability of the FABE-SF nanoparticle was determined
by comparing the zeta size, PDI and zeta potential values at 4 °C and 32 °C. As shown in Fig.
2.4, were no significant changes in the particle size, PDI, zeta potential and visual appearance
of the FABE-SF after 21 days of testing at 4 °C and 32 °C. Thus, the optimized formulation
FABE-SF can also be considered a stable system at the temperatures studied.



56

(A) ®)
e o 320C
250 0.5
B 4°C . 200
T 0.4 {
g _,""‘ ~\'~.
:; ii """""""""" s _ 034 g ------------------- §
-(% 200+ ' e i E %
= . 0.2
S
0.1+
150 T T T T T T 0.0 r ’ . ; . :
0 7 14 21 0 T T T
Time (days) Time (days)
©
-309 --e-- 32°C
o --m-- 49C
E -
s 07 {» --------------- :
° B T &
O 50
©
5]
N
-60 : : . : . .
0 ! 14 21
Time (days)

Fig. 2.4. (A) Particle size (nm); (B) polydispersity index (PDI); and (C) zeta potential (mV) of the
nanoparticles from the first to the 21" day of preparation for FABE-SF at 4 °C and 32°C.

2.3.4 Analysis of differential scanning calorimetry (DSC)

The DSC analysis showed that the prepared nanoformulations are silk fibroin
nanoparticles combined with fatty acid esters. Analysis of the DSC curve for the FABE-SF
nanoformulation exhibited a prominent peak at 185 °C, a steep slope and an exothermic peak
at 230 °C indicating a thermal transformation from silk I to silk Il. Furthermore, a small shift is
perceived at 274 °C indicating the thermal stability of the silk Il conformation in the
nanoparticles (Fig. 2.5).

Pham [46] found similar results when developing crosslinked silk fibroin nanoparticles,
the DSC curves of the formulations showed the silk 1l conformation, with the absence of the
peak at 230 °C, as well as a slight displacement of decomposition of the peak at 285 °C

indicating the thermal stability of the silk Il conformation in the nanoparticles.
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Fig. 2.5. DSC curve of silk fibroin nanoparticle combined with A. murumuru butyl ester (FABE-SF).

2.3.5 Larvicidal activity from nanoparticles of silk fibroin combined with esters

The choice of solvents of a formulation is essential for determining larvicidal activity in
an aqueous medium. Initially, we evaluated the effect of the fatty esters solubilized in DMSO
(5%), and the nanoparticles of silk fibroin combined with fatty esters, at concentrations of 25
and 75 pg.mL? (Table 2.3). The results were then obtained after 24 h against Ae. aegypti 111
instar larvae.

At the concentrations of 25 and 75 pug.mL™ tested, the results showed that all the fatty
acid esters (FAEE, FAPE and FABE) from A. murumuru fat combined with silk fibroin had
greater larvicidal activity against the mosquitoes than fatty acid esters in DMSO (Table 2.3).
The FAPE-SF and FABE-SF nanoparticles, for example, exhibited 92% mortality at a
concentration of 75 pg.mL™?, while the FAEE-SF nanoparticle yielded a mortality rate of 68%
at the same concentration. This result highlights the loading capacity of the fibroin formulation
and its positive impact on biological activity. It is likely that nanoparticles interact inside the
larva cells, leading to more rapid death than with the DMSO solution, due to changes in active
release kinetics (Table 2.4). Additionally, hydrophobic interactions were found to be the main
cause of interactions between SF and the fatty acid esters from A. murumuru fat. Similarly,
Sarquis [27] reported that a nanoemulsion containing 75% silk fibroin solution 2%, 5% fatty
acid from C. guianensis Aubl. and 24% ethanol was effective against Ae. aegypti (Il instar
larvae) with LCso values of 94.45 ug.mL™ at 24 h and 16.79 ug.mL™ at 48 h.

The use of silk fibroin in the nanoparticles system has a number of advantages, including

the biodegradation process, which occurs via enzymatic degradation, the production of non-
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toxic by-products, and the controllable degradation rate, which set it apart from other synthetic

or natural polymers [47].

Table 2.3. Comparison of the larvicidal activity of the nanoparticles (FAEE-SF, FAPE-SF and FABE-
SF) and in 5% DMSO.

Larvicidal Time (hours) % Mortality % Mortality
active agent 75 pg/mL 25 pg/mL
FAEE-SF 68 (+2.19) 54 (+1.09)
FAPE-SF 92 (+0.89) 28 (+0.89)
FABE-SF 24 h 92 (+0.89) 52 (+0.89)
FAEE-DMSO 28 (+0.83) 6 (+0.54)
FAPE-DMSO 70 (+2) 6 (+1.09)
FABE-DMSO 70 (+2) 6 (+1.09)
FAEE-SF 98 (+0.89) 78 (+0.89)
FAPE-SF 94 (+1.09) 52 (+0.89)
FABE-SF 48 h 100 (+0) 66 (+1.09)
FAEE-DMSO 34 (+1.09) 6 (+1.09)
FAPE-DMSO 70 (+2) 8 (+0.89)
FABE-DMSO 76 (+3.03) 8 (+1.09)

In view of the preliminary results, other concentrations were tested to determine the
LCso and LCg values of nanoparticles against Ae. aegypti larvae at 24 and 48 h.

Among the nanoparticles, FABE-SF exhibited the highest mortality rate after 24 h, of
92% at 75 pug.mL* and 4% at 7.5 pug.mL 2, the lowest concentration tested. At 48 h, the mortality
rate was 100% at 75 pg.mL™* and 20% at 7.5 pg.mL? (Fig. 2.6A and 2.6B). In contrast, a
negative control consisting solely of fibroin solution exhibited no larvicidal action. This result

demonstrates the lack of toxicity of the fibroin solution against Ae. aegypti.
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24 hours 48 hours
LCso (Mg.mL1) LCgo (ng.mL?) X? P LCso (ug.mL?) LCo (Hg.mL1) X2 P
(LCL-UCL) (LCL-UCL) (df=4) (LCL-UCL) (LCL-UCL) (df=4)
FAEE-SF 45.42 (40.25 — 51.48) 83.56 (74.15-97.11) 48.9534 0.000 | 21.28 (18.33 —24.53) 41.26 (36.44 — 48.14) 85.0352  0.000
FAPE-SF 40.29 (36.41 — 44.61) 64.69 (58.76 — 72.65) 8.7489  0.068 | 31.28 (27.58 — 35.39) 57.02 (51.03 - 65.25) 15.7390 0.003
FABE-SF 32.00 (27.62 — 36.80) 65.61 (58.00 — 76.43) 32.7666  0.000 | 21.35(17.99—24.94) 45.52 (39.87 — 53.81) 20.0456  0.000
FAEE-DMSO 94.96 (80.31 —122.95) 142.08 (116.35-196.57) 2.74536 0.253 | 87.63 (75.65—-108.17) 130.49 (109.53 -171.37) 2.34280 0.310
FAPE-DMSO  63.01 (56.45 —70.42) 91.16 (82.08 — 10.66) 0.90610 0.636 | 62.25(55.63 —69.91) 91.64 (82.19 — 105.53) 1.55002 0.461
FABE-DMSO  63.01 (56.45 —70.42) 91.16 (82.08 —104.66)  0.90610 0.636 | 60.08 (53.75 —66.93) 86.39 (78.15 — 98.23) 0.74155  0.690

*LC — lethal concentration (50% and 90%); LCL — lower confidence limit; UCL — upper confidence limit; X2 — chi-square; df — degree of freedom; significant

at P <0.05.

Fig. 2.6. Percentage mortality of Ae. aegypti after 24 h (A) and 48 h (B) of exposure to the nanoparticles (FAEE-SF, FAPE-SF and FABE-SF) in different
concentration; CLT (+): Dichlorvos solution (*6.25 ng.mL ). Each value in the column chart is the average of five repetitions + standard deviation and represents
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Values for the LCso and LCgo lethal concentrations (Table 2.4) using Probit analysis
were also established. The silk fibroin nanoparticles with fatty acids esters from A. murumuru
fat tested herein were effective against 11l instar Ae. aegypti larvae, with LCsp values ranging
from 32 to 45.42 pg.mL™* at 24 h, and from 21.35 to 21.28 pg.mL™* at 48 h (Table 2.4). FAEE-
SF had an LCso of 45.42 ug.mL?, while FAPE-SF and FABE-SF had LCso values of 40.29
ng.mL?* and 32 ug.mL™, respectively, at 24 h. When the larvae of Ae. aegypti were exposed to
the FABE-SF nanoparticle for 48 h, the LCso value was 21.35 pg.mL ™ and the LCgo value was
45,52 pg.mLL,

The present study found that around 78% mortality was observed at a concentration
lower than 75 pg.mL™? for the FAEE-SF and FAPE-SF nanoparticles, after 24 h of larvae
exposure. The FABE-SF nanoparticle at 24 h exhibited mortality of 92% at a concentration of
75 pg.mL*, and 100% mortality at 48 h. These results make it clear that nanoparticles of
different esters with silk fibroin represent promising larvicidal agents against Ae. aegypti.

Although the toxicity mechanism of these nanoparticles is not well known, we suggest
that the larvicidal properties of the nanoparticle, especially FABE-SF, come from the
interaction between their hydrophobic character and the silk protein, enhanced by the increased
alkyl chain of the fatty acid.

Our results are corroborated by the findings of Kannathasan [48], who obtained good
larvicidal activity against Culex quinquefasciatus using long-chain saturated methyl esters
extracted from Vitex trifolia leaves, with LCso and LCoo values of 9.26 and 21.28 pg.mL™?,
respectively, after 24 h of treatment. It should be noted that this plant species has a fatty acid
composition similar to that of A. murumuru fat.

De Melo [49] performed larvicidal tests on C. quinquefasciatus using different fatty
acids, such as oleic acid, palmitic acid, stearic acid, linoleic acid and linolenic acid and their
respective methyl esters. In this study, saturated fatty acids, such as stearic acid and palmitic
acid, demonstrated moderate larvicidal activity. In the present study it can be suggested that
lauric acid, the saturated fatty acid present in greatest quantities in the A. murumuru fat, is
responsible for larvicidal action against Ae. aegypti.

Tiburcio [50] observed that methyl esters from different vegetable oils can result in
potentially larvicidal bioproducts. The different methyl esters used in this study had LCso values
ranging from 42.32 to 196.27 pug.mL™, with the lowest LCso value observed for the methyl ester
obtained from sunflower oil. These findings suggest that esters obtained from different

vegetable oils may represent a promising class of new larvicide compounds.
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Optical microscopy images of the Ae. aegypti larvae after 48 h of exposure in the
nanoparticles (FAEE-SF, FAPE-SF and FABE-SF) revealed precipitated of the nanoparticles
in the larvae, which caused lesions in the cuticles of their initial segments, such as the head and
thorax. In addition to adhering to the lateral bristles, darkening and twisting was also observed
on the body of the larvae (Fig. 2.7B). These morphological alterations in the larvae are the
lethality effect of the nanoparticles. Sarquis [27] observed similar changes when using a
nanoemulsion with free fatty acid from C. guianensis and silk fibroin, which caused changes in
the anal papilla and in the digestive and respiratory systems of Ae. aegypti larvae. Aradjo [26]
observed morphological alterations in the respiratory siphon and anal papilla in Ae. aegypti
larvae when using a hexanic extract from the leaves of Ac. oleracea solubilized in silk fibroin.
Together, these results indicate that precipitation and the penetration of silk fibroin particles
into the larval cuticle are crucial for larvicidal activity and may be recognized as a possible
mechanism of insecticidal action. There were no changes in the structures of the larvae exposed
to the control (Fig. 2.7A).

0.4 mm

Fig. 2.7. Optical microscopy image of the initial segment of the Ae. aegypti (0.4 mm). (A) Larva exposed
to negative control (silk fibroin solution 2%) with intact head, chest, and lateral bristles. (B) Larvae
treated with nanoparticle (FABE-SF 50 pg/mL) showing deformation and darkening of the head and
chest, as well as adherence of the biomaterial to the lateral bristles. H: head; Lb: lateral bristles; C:
chest.
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The use of FABE-SF nanoparticle is based on global trends towards sustainable
development and the growing use of renewable and biodegradable raw materials, such as esters
of murumuru, which demonstrate better biological performance than synthetic-based vehicles

(in this case DMSO) for mosquito larval control drug-delivery systems.

2.4 CONCLUSION

This is the first study to use different esters combined with silk fibroin as larvicidal
agents. The esters (FAEE, FAPE and FABE) combined with the silk fibroin solution exhibited
strong larvicidal activity, especially the FABE-SF nanoparticle, which presented a CLso value
of 21.35 ug.mL™, after 48 h of larvae exposure, and displayed greater temporal stability
throughout all 21 days of monitoring, with an average particle value of 217.5 (£ 0.85) nm, a
zeta potential of -25.6 (£ 3.24) mV and a PDI of 0.338 (£ 0.01). The FABE-SF exhibited both
a hydrophobic and hydrophilic character, increasing the biodistribution and bioavailability
control of the fatty acid esters in the aqueous medium. It was also observed that the
nanoparticles caused structural changes in the larvae, affecting their development and survival.

This mortality rate shows that the formulations can be used as biopesticides.
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Abstract

This work reports the preparation of nanoparticles of silk fibroin with esters obtained from the oils of
two Amazonian plant species (Carapa guianensis Aublet and Bertholletia excelsa) with excellent
physicochemical properties and activity against the larvae of the vector Aedes aegypti. The temporal
stability of the nanoparticles was evaluated for 50 days at temperatures of 4 °C and 32 °C. The size of
the nanoparticle was satisfactory, with sizes ranging from 207 + 2.3 nm to 540.8 + 23.8 nm, and PdI
values ranging from 0.294 to 0.560, and zeta potential from -37.9 + 0.3 mV to -62.9 £ 0.7 mV. Study of
the morphology of nanoparticles, by transmission electron microscopy analysis, clearly showed
spherical shapes. The nanoparticles presented slow and controlled release that induced a high mortality
rate in the 3rd larval instar of Ae. aegypti, with LCso of 27.45 pg. mL* for FABE-Cg-SF-NPs and LCs
of 21.14 pg.mL* for FABE-Be-SF-NPs, after 48 h of exposure. In addition, they were able to inhibit
oviposition by Ae. aegypti. However, the nanoparticles did not present significant teratogenic effects on
zebrafish embryos up to 72 h post-fertilization. Thus, the formation of nanoparticles by butyl esters in
silk fibroin may become an (eco)alternative and effective in the control of Ae. aegypti larvae.

Keywords: Amazon oils; Nanobioinsecticide; Oviposition; Toxicity; Silk cocoon.
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3.1. INTRODUCTION

The World Health Organization states that vector-transmitted infectious diseases such
as dengue, yellow fever, Zika fever, chikungunya fever, malaria, filariasis, leishmaniasis and
Chagas disease account for more than 17% of infectious diseases worldwide and cause more
than 700,000 deaths per year (WHO, 2018). Arboviruses are groups of viruses of medical
relevance for public health that can be transmitted to vertebrate hosts through several vectors
such as hematophagous arthropods, sandflies and ticks, but mosquitoes are the principal vector
for this group of viruses (Huang et al., 2019; Sukhralia et al., 2019; Young, 2018).

Dengue is a serious public health problem that affects millions of people worldwide. It
is transmitted by mosquitoes that carry arboviruses. Dengue is endemic in more than 129
countries, especially in tropical and subtropical regions, where the climate and environmental
conditions favor the breeding of mosquitoes (Duarte et al., 2021). An estimated 100-400 million
cases of dengue occur per year, with 96 million symptomatic cases and 40,000 deaths
worldwide (WHO, 2018). There is still no specific antiviral treatment for the different dengue
serotypes (Beckham and Tyler, 2015; Donalisio et al., 2017). The strategy most used for
controlling this disease is based on population control of the vector (Balasubramanian et al.,
2017; WHO, 2018).

Thus, searching for alternatives for prevention of these diseases is essential, and
nanotechnology has emerged as an alternative means for development of new techniques for
vector control or development of new drugs for treating viral diseases (Singh et al., 2017).
Furthermore, nanometric systems have been successfully used for management of vectors such
as Aedes aegypti and other viral agents causing diseases (de Oliveira et al., 2014; Duarte et al.,
2021; Kumar et al., 2019).

Brazil has a significant part of the planet's biodiversity, with 13% of all existing species
(Silveira et al., 2020). Within this scenario, the Amazon region stands out because of its vast
vegetation, which is rich in plant species that produce oils. Among the various oil-producing
native species of this region, Carapa guianensis Aublet and Bertholletia excelsa can be
highlighted. However, within this biodiversity, most of the secondary metabolites produced
these plants have been little studied for biotechnological purposes, such as for production of
bioproducts for application in managing disease-causing vectors and treating viral infections
(Beltréo and Oliveira, 2007; Malheiros et al., 2022, 2020; Peniche et al., 2022).

The interaction between nanoparticles and bioactive compounds obtained from plants

has led to sustainable development of various sectors of agriculture, the food industry and fine
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chemical and drug production (Amiri et al., 2014; Ashna et al., 2022). For example,
encapsulation of vegetable oils has expanded the application of these compounds, along with
their bioactivity in aqueous systems (Bajerski et al., 2016; Malheiros et al., 2022; Oliveira et
al., 2022). Nanoformulations have shown promise with regard to delivery of drug systems, for
substances with low solubility in water or low permeability in membranes, due to their ability
to dissolve lipophilic substances (Gupta et al., 2016). In addition, nanometric transport systems
have the capacity to increase the stability and effectiveness of fixed oils and other natural
products (Lucca et al., 2018).

Polymeric nano-dispersion is generally produced using surfactants that act at the
interface between two immiscible phases by decreasing surface tension and serving as a barrier
to coalescence of the nanoformulation. It is driven by a system that tries to achieve a minimal
state of Gibbs free energy (Kabalnov, 1998). The use of proteins as surfactants for stabilizing
nanosystems is already well established, given their amphiphilic nature, consisting of sequences
of hydrophilic and hydrophobic groups that act at the interface of the two nanoformulation
phases (Lam and Nickerson, 2013).

Silk fibroin is a natural protein produced by the silkworm, Bombyx mori, that is formed
by hydrophobic amino acid sets such as glycine, alanine, serine and tyrosine. This composition
gives it interesting mechanical, physical and chemical properties (Ferreira et al., 2014; Zhang
et al., 2007) that have been shown to be useful in a variety of applications, such as tissue
engineering, bioactive organic compound delivery systems, production of films, hydrogels,
microspheres, nanoparticles, among others (Araujo et al., 2020; Ferreira et al., 2017; Holanda
etal., 2022; Kohetal., 2015; Zahariaetal., 2012). The amphiphilic nature of silk fibroin enables
preparation of products such as nanoparticle formulations, in stable water/oil systems with
controlled release (Nong et al., 2021).

In this light, the aim of the present work was to develop polymeric nanoparticles from
silk fibroin in association with butyl esters obtained from Amazon oils (C. guianensis and B.
excelsa). The larvicidal potential of this bionanomaterial against Ae. aegypti was also evaluated
as an alternative to synthetic insecticides. The nanoparticles did not show any toxicological

effect on zebrafish (Danio rerio) embryos.
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3.2. MATERIAL AND METHODS
3.2.1. Reagents and solvents

B. excelsa (Brazil nut) oil was obtained from the Jari Farmers’ mixed cooperative
(Laranjal do Jari, Amapa, Brazil). C. guianensis (andiroba) oil was obtained from Embrapa
(Macapéa, Amapa, Brazil). Butyl alcohol (99.5%) was purchased from Cromato Chemicals (Sado
Paulo, Brazil). Solvents for use in ester purification through column chromatography (98.5%
n-hexane, 98% ethyl acetate and silica gel 60 [70-230 mesh]) were purchased from Synth (S&o
Paulo, Brazil). Amano AK lipase from Pseudomonas fluorescens (20,000 U/g) was purchased

from Sigma-Aldrich (Séo Paulo, Brazil).

3.2.2. Physicochemical analysis on vegetable oils from C. guianensis and B. excelsa

The acidity index (mg KOH.g™}), saponification index, density (mg.mL™) and peroxide
content (meq.kg?) determined from the vegetable oils were analyzed using the methods
described in the analytical standards of the Adolfo Lutz Institute (Lutz, 2008).

3.2.3. Synthesis of butyl esters from andiroba and Brazil nut oils, catalyzed by Amano AK lipase

from Pseudomonas fluorescens

The enzymatic transesterification reaction was performed separately for andiroba and
Brazil nut oils to generate the respective esters (FABE-Cg and FABE-Be), as reported by
Ferreira et al. (2017). It was done in a 50 mL reaction flask containing 1.0 g of oil, 3 mL of
butyl alcohol and 0.1 g (10%) of Amano AK lipase from Pseudomonas fluorescens. The
reaction mixtures were magnetically stirred for 24 h at room temperature. Afterwards, the
reaction solutions were filtered, the organic phases were dried using anhydrous sodium sulfate
and filtered, and the solvents were removed under reduced-pressure vacuum. The products were
purified by means of silica gel column chromatography, using a mixture of n-hexane and ethyl
acetate (9:1) as the mobile phase. The isolated products were characterized according to their

spectroscopic data (using GC-MS and FTIR, as described below).

3.2.4. Gas chromatography-mass spectrometry (GC-MS)

The vegetable oil samples transesterified with n-butyl alcohol were analyzed by means

of gas chromatography coupled to mass spectrometry (GC-MS). These analyses were
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performed in a Shimadzu GC2010 system with a selective mass detector (Shimadzu
MS2010plus) in electron ionization (EI, 70 eV) mode. The system was equipped with an RTX-
5MS column (30 m x 0.25 mm x 0.25 um). The GC-MS conditions started with an oven
temperature of 130 °C, which was maintained for 2 min and then increased to 290 °C at a rate
of 5 °C.min. The final temperature was maintained for 2 min. The total analysis time was 36
min. The injector and detector temperatures were maintained at 210 °C; 1 pL of sample was
injected with 1:15 split; and helium was used as the carrier gas at a flow rate of 1.0 mL.min.
The ions were monitored from 3 to 36 min for m/z 40-500. Components present in the samples

were identified by comparing spectral data with those described in the Wiley library.

3.2.5. FT-IR spectroscopy analysis

A Fourier-transform infrared spectrophotometer (Spectrum Two FT; PerkinElmer, Inc.,
Waltham, MA, USA), with an attenuated total reflection (ATR) sampling accessory, a diamond
plate and a deuterated triglycine sulfate detector, was used to record the spectra of vegetable
oils transesterified with n-butyl alcohol and FABE-Cg-SF-NPs and FABE-Be-SF-NPs
nanoparticles. The spectral range was set at between 350 and 4,000 cm™, and the resolution was
set to 0.5 cm™ (de Oliveira Penido et al., 2017).

3.2.6. 3C nuclear magnetic resonance (NMR) analysis

The *C NMR experiments were performed in an Agilent Technologies 400 MHz
Premium Shielded spectrometer. All samples (vegetable oils and FABE-Cg and FABE-Be; 20
uL) were prepared by dissolving them in 600 uL of deuterated chloroform (CDCls, 99.99%;
Cambridge Isotope Laboratories, Andover, USA) and tetramethylsilane (TMS) as the internal
standard. The chemical shifts were expressed in ppm (Ferreira et al., 2019).

3.2.7. Preparation of the silk fibroin solution

The silk fibroin solution was prepared based on the method developed by Ferreira et al.
(2014). Silkworm cocoons (3.0 g; from Bratac, Brazil) were degummed in a boiling aqueous
Na>CO3 solution (2%, w/v) for 30 min. The resultant fibers were filtrated and washed with
distilled water (3 x 500 mL). Subsequently, the silk fibers were dissolved in a 50 mL ternary
solution with H.O:EtOH:CaCl> molar proportions of 8:2:1 at 30 °C for 4 h. This mixture was
then dialyzed (cellulose tube with an exclusion limit of 16 kDa; from Viskase, Brazil) for 3

days at room temperature, and the water was changed every 24 h. The fibroin solution was
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centrifuged (6000 rpm for 10 min) to remove impurities and larger particles. The concentration

of the silk fibroin solution was adjusted with water to 2% (w/w).

3.2.8. Preparation of polymeric silk fibroin nanoparticles with the synthesized esters FABE-Cg
and FABE-Be

A volume of 10 mL of the nanoparticles was produced by homogenizing the silk fibroin
solution with the butyl esters synthesized (Section 2.3). In summary, the 1% (v/v) esters FABE-
Cg or FABE-Be were separately added to a mixture of 5% (v/v) ethanol and isopropanol (1:1)
and stirred for 30 min using a magnetic stirrer. Then, the 94% (v/v) silk fibroin solution (2%)
was separately added dropwise to the previous mixture of FABE-Cg and FABE-Be esters and
the formulation was vortex-stirred at 300 rpm for 1 h, as described by Sarquis et al. (2020). The
polymeric silk fibroin nanoparticles in association with butyl esters were named with the codes
FABE-Cg-SF-NPs (silk fibroin nanoparticles with C. guianensis) and FABE-Be-SF-NPs (silk
fibroin nanoparticles with B. excelsa).

3.2.9. Characterization of the polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs)

3.2.9.1. Particle size and distribution

The nanoparticles (FABE-Cg-SF-NPs and FABE-SF-Be-NPs) were characterized by
means of dynamic light scattering using a Zetasizer Nano ZS (Malvern Pananalytical, Malvern,
UK), with application of noninvasive back-scatter (scattering angle 173°) at a temperature of
25 °C. The nanoparticles were diluted (1:10) with ultrapure water prior to measurements. The
average particle size (Z-average) and polydispersity index (Pdl) were obtained through
cumulative analysis on the scatter data recorded by the instrument software (measurements in
triplicate) and the results were expressed as means and standard deviations, as described by
Anarjan and Tan, (2013).

3.2.9.2. Zeta potential

The zeta potential, which represents the particle surface electrostatic charge, was
determined through electrophoretic mobility (Zetasizer Nano ZS; Pananalytical, Malvern, UK)
for FABE-Cg-SF-NPs and FABE-Be-SF-NPs. The samples of polymeric silk fibroin
nanoparticles were diluted in ultrapure water (1:10). The Helmholtz-Smoluchowski equation
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was used to calculate the zeta potential, in the instrument software, as described by Anarjan and
Tan (2013).

3.2.9.3. Stability analysis on polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs)

The nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) were stored at different
temperatures, at 4 °C in a refrigerator and at 32 °C in a drying oven. Then, the particle sizes,
polydispersity index and zeta potential of the nanoparticles were evaluated from day 1 to day
50 after preparation using a ZS zetasizer (Malvern, UK). Each polymeric silk fibroin
nanoparticle sample was diluted with distilled water (1:10) to avoid multiple dispersion effects,
as described by Anarjan and Tan (2013). Measurements were made in triplicate. The mean
droplet size was expressed in terms of the mean diameter. All analyses were performed at 25
°C.

3.2.9.4. Oxidative stability of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs)

The nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) were placed in an amber
glass and then incubated in the dark at 4 °C in a refrigerator and at 32 °C in a drying oven for
50 days. Samples, were collected periodically over the course of this storage, to analyze their
oxidative stability. The lipid hydroperoxide content was measured using a method adapted from
Walker et al. (2017). Lipid extraction was performed by adding an aliquot of the nanoparticles
(0.7 mL) to an isooctane/2-propanol mixture (3:1 v/v; 2 mL) and then vortexing the sample
three times for 10 s, followed by centrifugation at 1300 g for 3 min. The supernatant (0.2 mL)
was mixed with methanol/1-butanol (2:1 v/v; 2.8 mL), followed by addition of 3.94 M
ammonium thiocyanate/ferrous sulfate solution (1:1 v/v; 30 uL). After 20 min in the dark, this
mixture was analyzed at 510 nm wavelength in a UV-vis spectrophotometer (Beckman Coulter

Inc., USA). Each sample was analyzed in triplicate.

3.2.9.5. Differential scanning calorimetry (DSC)

The samples of nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) were air-
dried for 4 h at room temperature for DSC analysis. This was performed using DSC-60 plus

equipment (Shimadzu, Kyoto, Japan). A total of 5 mg of each sample of fibroin nanoparticles
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was placed in a closed aluminum pan and subjected to a heating rate of 10 °C.min™?, up to a
temperature of 100 °C with a nitrogen atmosphere at 50 cm®.min%, as described by (Pereira et
al., 2019).

3.2.9.6. Morphology of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-Be-
SF-NPs)

Transmission electron microscopy (TEM) analyses on the nanoparticles (FABE-Cg-SF-
NPs and FABE-Be-SF-NPs) were performed using a JEM 2100-FS microscope (JEOL Ltd.,
Tokyo, Japan) operated at 200 kV. For sample preparation, a drop of the suspension was
deposited on formvar/carbon-coated copper grids (300 mesh, Electron Microscopy Sciences,
Hatfield, PA, USA). After 60 s, the excess was gently dried with filter paper and the grid was
stained using a drop of 2% w/v of uranyl acetate solution (Sigma-Aldrich, St. Louis, MO, USA)
for 120 s. The staining solution was gently eliminated using filter paper and the grid was rapidly
dipped in particle-free ultrapure water to further eliminate loosely bound material and excess
staining. The images were processed using the Digital Micrograph software (Gatan Inc.,
Pleasanton, CA, USA), as described by Pereira et al., (2019).

3.2.9.7. In vitro drug release

In vitro release of esters (FABE-Cg and FABE-Be) in the nanoparticles (FABE-Cg-SF-
NPs and FABE-Be-SF-NPs) was performed using the dialysis bag method, with modifications
(Zhao et al., 2012). The experiment was performed at 37 °C using phosphate buffer (pH 7.4) as
the release medium. The dialysis bag (MWCO 12,000 to 14,000 Da, Sigma-Aldrich, St. Louis,
MO, USA) containing 2 mL of the FABE-Cg-SF-NPs and FABE-Be-SF-NPs samples was
placed in contact with 100 mL of release medium, thus ensuring sinking conditions, under
moderate magnetic stirring. 2 mL of the release medium was removed and replaced with the
same volume of fresh medium at predetermined times (0, 1, 2, 3, 4, 5, 6, 7, 8 and 24 h) for
analysis. The concentrations of the released esters (FABE-Cg and FABE-Be) from the samples
were obtained at 250 nm using a spectrophotometer (PerkinElmer Lambda 35 UV-Vis,
Canada). The data were analysed using mathematical modelling (KinetDS software, version
3.0, Krakow, Poland) in order to gain a better understanding of the ester release behaviour of
the nanoparticles. The model that best described the release profile was selected based on the

correlation coefficient (r).
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3.2.10. Larvicidal activity and oviposition-deterrence analyses

Polymeric silk fibroin nanoparticles associated with butyl esters (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs) were prepared at different concentrations (7.5, 15, 25, 50 and 75 pg.mL™)
for larvicidal tests on Ae. aegypti. The Rockefeller colony maintained by the Arthropod
Laboratory (ARTHROLAB) of the Federal University of Amapa was the source of the
specimens used. Five replications were performed with 10 larvae each. Silk fibroin solution
(2%) without the active agent was used as a negative control, and a dichlorvos solution (6.25
ng.mL™) was used as a positive control. Larval mortality was determined after 24 and 48 h of
incubation at a temperature of 25 °C and humidity of 75%. Larvae were considered dead when
they did not respond to any stimuli or did not move on the surface of the solution, compared
with what was observed in the control. Bioassays were performed in accordance with the
recommendations of WWHO (2005).

The oviposition deterrence evaluation was conducted in accordance with the WHOPES
guidelines (WHO, 2005). For this assay, 50 pregnant females (fed with blood) were transferred
to cages measuring 40 cm x 40 cm x 40 cm under conditions of 25 £ 2 °C and relative humidity
of 75 + 5% and 12-h photoperiods. The cages contained dark ovitraps containing nanoparticles
(FABE-Cg-SF-NPs and FABE-Be-SF-NPs) at concentrations of 25, 50 and 100 pg.mL™. The
control solution for this assay was prepared with water and silk fibroin (2%). The oviposition
response was determined by counting the numbers of eggs laid on filter papers. The test was
done in quadruplicate and the number of eggs was determined after 96 h with the aid of a

stereoscopic magnifying glass.

3.2.11. Morphological analysis on larvae of Ae. aegypti

After the larvicide test, the larvae were fixed in 10% formalin. Their external
morphology was then analyzed under an optical microscope and photographed with a digital
camera (MDCE - SC USB 2.0) using the Scopelmage 9.0 software, as described by Aratjo et
al. (2022).

3.2.12. Toxicity assay on zebrafish embryos

Zebrafish (Danio rerio) were purchased from the company Power Fish, located in
Itaguari-RJ, Brazil. They were kept in tanks in which the water conditions were controlled (23
+ 2 °C and light/dark cycle 14/10 h) for 8 months before the trials, as described by Borges et al.
(2018) and Tavares Carvalho et al. (2016).
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Sexually mature zebrafish were selected and placed in a breeding aquarium in the
proportions of two males per female, separated by a glass partition and by a titanium mesh held
horizontally 5 cm above the bottom of the aquarium to keep the fish apart from the eggs, which
sink to the bottom of the tank. After overnight, lights were switched on to simulate the dawn
and incite oviposition (Yang et al., 2018). After collection, the eggs were washed with aquarium
water.

The reproduction test followed the recommendations of the Organization for Economic
Cooperation and Development (OECD, 236)/(OECD, 2013). The eggs were washed with
aquarium water, randomized, separated into 7 groups with N = 50 eggs and treated in triplicate.
The groups were treated with FABE-Cg-SF-NPs and FABE-Be-SF-NPs at concentrations of
20.5 pg.mL*t and 26.5 pg.mL?, respectively, and transferred to wells of a 96-well plate
containing a final volume of 250 pL. Solutions of silk fibroin (2%) and dichlorvos (6.25 ng.mL-
1) were used as negative and positive controls, respectively. Microplates containing the treated
and control groups were maintained at a controlled temperature (28 + 2 °C) in an incubator
(SOLAB - SL, Brazil). Teratogenic alterations, vitality and absence of pigments were observed
through analysis under an optical microscope (Model BIO3 research, W LED 6 V DC, 1200
mA) at 24, 48, 72 and 96 h post-fertilization (hpf) (OECD, 1997).

3.2.13. Statistical analysis

Lethal concentrations (LCso and LCgo) were determined after 24 and 48 h of incubation
and were calculated using Probit analysis in the StatGraphics Centurion XV software, version
15.2.11. If the control mortality of the treated groups was between 5 and 20%, the analysis was
corrected in accordance with the WHO (2005) formula: mortality (%) = X-Y /X x 100, where
X = percentage survival in the untreated control and Y = percentage survival in the treated

sample.
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3.3. RESULTS AND DISCUSSION

3.3.1. GC-MS analysis on andiroba and Brazil nut oil transesterification by P. fluorescens

lipase

The economic and biological importance of oils (both fixed and volatile) from plant
species of the Amazon region, such as those from andiroba and Brazil nut, stimulated us to
expand their potential through use of biotechnology, with the aim of obtaining bioactive
nanoformulations through a sustainable approach.

Firstly, through GC-MS analyses on triglycerides esterified from andiroba and Brazil
nut oils, through use of P. fluorescens lipase (Fig. 3.1), high similarity was observed between
the main fatty acid derivatives identified in both oils (Table 3.1). The esterified andiroba and
Brazil nut oils presented 43.95% and 36.6% saturated fatty acids in their compositions,
respectively, with highlighting of palmitic and stearic acids. In both samples, oleic acid (C18:1,
®-9) was identified at a greater proportion, with 46.61% for andiroba oil and 31.8% for Brazil
nut oil. In contrast, linoleic acid (C18:2, w-6) was identified with proportions of 2.35% in
andiroba oil and 28.8% in Brazil nut oil.

The fatty acid profile identified in andiroba and Brazil nut oils was in accordance with
what had previously been observed in the literature (Barata et al., 2020; Sarquis et al., 2020).
The relationship between the compositions of saturated and unsaturated fatty acids of oils
influences the physical-chemical properties of their polymeric nanoparticles, as well as their
biological activity (da Costa Vieira et al., 2020).
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Fig. 3.1. Chromatographic profile of FABEs (butyl esters of acids fatty) from C. guianensis (in black)
and B. excelsa (in pink) oils, as determined by CG-MS analysis.
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Table 3.1 Composition of FABESs from C. guianensis (andiroba) and B. excelsa (Brazil nut),
determined by means of CG-MS analysis.

Fatty esters in n-butyl® Relative Relative
concentration (%)° concentration (%)°
C. guianensis B. excelsa

Palmitic (C16:0) 40.5 19.0
Linoleic (C18:2, »-6) 2.35 28.8
Oleic (C18:1, ®-9) 43.61 31.8
Vaccenic (18:1, o-7) 0.53 2.0
Stearic (C18:0) 3.45 17.6
Unidentified 1.95 -

X Saturated 43.95 36.6

¥ Monounsaturated 44.14 33.8

X Polyunsaturated 2.35 28.8

aMS database (NIST 5.0). ® Values selected through integration of the peaks.
Note: The oils were previously transesterification by lipase from P. fluorescens using n-butyl alcohol.

3.3.2. Physical-chemical properties of in natura oils from andiroba and Brazil nut

The physical-chemical parameters of in natura oils from andiroba and Brazil nut were
determined in accordance with previously developed protocols (Lutz, 2008). The acidity index
for andiroba oil and Brazil nut were 3.73 (+ 0.15) mgNaOH.g* and 0.54 (+ 0.01) mgNaOH.g"
! respectively. The peroxide indices for andiroba and Brazil nut oils were 8.15 (+ 0.01) meq.kg
Land 7.15 (+ 0.01) meq.kg?, respectively. Andiroba oil presented a saponification index of
152.05 (+ 1.00) mgKOH.g* and Brazil nut oil, 156.70 (+ 0.70) mgKOH.g*. In addition,
andiroba and Brazil nut oils presented density values of 1.010 (+ 0.010) g.mL* and 1.030 (+
0.010) g.mL?, respectively (Table 3.2). This similarity of results regarding the physical and
chemical properties of these in natura oils was also reported by Elson et al. (2014) and Vilhena
et al. (2020). Quality control on in natura oils provides important information that can influence
the physical-chemical characteristics of formulations that may arise from them or their
derivatives. Such characteristics can impact on the size and structure of the dispersed phase, as
well as on its distribution. In addition, these factors are closely linked to the intrinsic
characteristics of each oil, such as interfacial tension and hydrophobic character (\ergallo,
2020).
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Table 3.2 Physical-chemical properties of C. guianensis and B. excelsa fixed oils in natura®

Oils Acidity index Peroxide value Saponification Density (g.mL™?)
(mgNaOH.g?t) (meg.kg™) index
(mgKOH.g?)
Carapa guianensis 3.73£0.15 8.15+0.01 152.05 +1.00 1.01 £0.01
Bertholletia excelsa 0.54 £0.01 7.15+0.01 156.70 +0.70 1.03 +£0.00

2Average values + standard error of average determinations in triplicate.

3.3.3. Characterization of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-
Be-SF-NPs)

3.3.3.1. Temporal stability of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs)

Polymeric nanoparticles are essential components of nanometric-sized drug transporters
(Bigaj-Jozefowska and Grzeskowiak, 2022). The best way to evaluate the temporal stability of
a nanosystem is by monitoring particle size, polydispersity index and zeta potential over the
storage time. Through the technique of dynamic light dispersion, the changes to these
parameters can be ascertained. The smaller the particle size is, the greater its resistance to
gravitational forces will be, thus decreasing the probability of aggregation and flocculation
(McClements, 2012; Ostertag et al., 2012). Table 3.3 shows the size, polydispersity index and
zeta potential of the FABE-Cg-SF-NPs and FABE-Be-SF-NPs nanoparticles during the 50 days
monitoring period, while stored at 4° and 32 °C.

The FABE-Cg-SF-NPs nanoparticles stored at 4 °C exhibited sizes between 330.7 + 1.8
nm and 207 £ 2.3 nm. In contrast, when stored at 32 °C, they exhibited particle sizes between
330.7 £ 1.8 nm and 306.5 + 3.9 nm, over the 50 days of monitoring (Table 3.3). FABE-Be-SF-
NPs stored at 4 °C exhibited sizes ranging from 383.2 £ 36.8 nm to 239.9 + 4.8 nm. When
stored at 32 °C the sizes of the nanoparticles ranged from 383.2 + 36.8 nm to 540.8 £ 23.8 nm,
over the course of the monitoring days (Table 3.3).

In this study, the formulations obtained from polymeric silk fibroin nanoparticles
associated with butyl esters (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) showed good stability
in relation to their sizes during the period of up to 50 days of monitoring. The only exception
was FABE-Be-SF-NPs stored at 32 °C, which showed a small increase in their sizes on the 50"
day (Table 3.3).
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These changes in nanoparticle sizes may have been influenced by the chain lengths and
types of the fatty acid esters present in the formulation (Marinho et al., 2022). Furthermore, the
B-sheet structure of silk fibroin can be induced by the ethanol present in the formulation and in
this way can form silk fibroin microcrystals. These microcrystals can grow and aggregate along
with the conformational transition process due to the free chains of silk fibroin in the
formulation (Cao et al., 2007).

The increase in the chain of solid lipid-based nanocarriers from C16:0 to C18:0, had a
slight influence on the particle size of these nanocarriers (162 = 26.9 nm to 360 = 31.7). This
phenomenon was also observed previously in vegetable oil-based nanocarriers that had high
content of fatty acids of the C16:0 to C18:0 types in their lipid composition (Pinto et al., 2018).
This phenomenon can be explained by the formation of a more viscous lipid phase, which leads
to increased surface tension and consequently can lead to formation of larger particles
(Ekambaram et al., 2012; Niculae et al., 2014).

In the present study, the good stability of the nanoparticles over the 50 days period
consisted of storage of the formulation developed from silk fibroin associated with butyl esters
derived from the fixed oils of the andiroba and Brazil nut plants. This stability can be attributed
to adsorption of silk fibroin to the oil/water interface, which effectively reduces the interfacial
tension and exhibits a good emulsifying effect. Silk fibroin is able to form a film at the oil/water
interface, which improves the viscoelastic properties and thus plays an important role in
stabilizing this type of nanoformulation (Tang et al., 2015).

The polydispersity index (Pdl) is defined as the ratio of standard deviation to average
particle size. It thus indicates the degree of uniformity of particle size within a formulation
(Jadhav and Yadav, 2020). Hence, the scatter effect is better and stability is greater when the
PdI value is less than 0.5 (McClements and Jafari, 2018).

FABE-Cg-SF-NPs showed Pdl values between 0.315 and 0.294 at 4 °C, and ranged from
0.315 to 0.308 when stored at 32 °C for up to 50 days (Table 3.3). The PdI values for FABE-
Be-SF-NPs ranged from 0.484 to 0.278 when stored at 4 °C for up to 50 days. When FABE-
Be-SF-NPs were stored at 32 °C for up to 50 days, their Pdl values ranged from 0.484 to 0.486
(Table 3.3).

With these Pdl values, the nanoformulations showed less dispersed particle size
distribution. This provides nanoformulations that are less susceptible to delamination or
precipitation, in addition to conferring greater stability for the biomaterial (Shi et al., 2021).

The interfacial tension between the two phases of the nanoformulations is maintained

by various attractive interactions between the molecules of the two liquid phases. These
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interactions may be minimized by the amphiphilicity of silk fibroin, which has a polypeptide
chain containing a mixture of hydrophilic and hydrophobic amino acids. The amphiphilic nature
of silk fibroin may be responsible for decreasing the interfacial tension and thereby decreasing
its free energy. Consequently, it reduces the particle size and favors less polydispersion, thus
improving the emulsification process and the stability of the nanoparticles (Schroén, 2020).

Zeta potential is a measure of electrostatic stability. The higher the surface load of the
nanoformulation is, the more stable it will be. In cases of low load values, the particles tend to
collide with each other and thus increase their sizes, which diminishes the stability of the
reformulated nanoparticles (Jafarizadeh-Malmiri, 2020). Thus, stability of nanoformulations is
associated with a zeta potential value of £ 30 mV, which is usually indicative of a stable
nanoformulation (Aswathanarayan and Vittal, 2019).

The zeta potential for FABE-Cg-SF-NPs was between -46.8 £ 0.7 mV and -41 + 0.5 mV
when maintained at 4 °C and between -46.8 £ 0.7 mV and -62.9 £ 0.7 mV when maintained at
32°C. For FABE-Be-SF-NPs, the zeta potential was from -50.7 £ 2.1 mV to -47 £ 0.9 mV when
stored at 4 °C and from -50.7 + 2.1 mV to -51.0 £ 0.6 mV when kept at 32 °C. Monitoring of
zeta potential analyses was performed for all synthesized nanoparticles during the 50 days
storage period (Table 3.3).

The process of stabilization of polymeric nanoformulations is governed by the
properties of the layers that are adsorbed on to the surface of the oil droplets (Wlastra, 1996).
Macromolecules such as proteins form an adsorbed film on the nanoparticle surface, thus
creating an energy barrier against coalescence. When adsorbed, the protein molecules can
unfold and reorient their amino groups so that the hydrophobic groups align with the oil
molecules and the hydrophilic groups align with the aqueous phase. Therefore, a viscoelastic
or gelatinous layer can form at the interface (Song and Forciniti, 2000). Because of these
characteristics, it can be inferred that there are attractive interactions between butyl esters
derived from in natura oils and the amino acids alanine and glycine, which are found in the

outer layer of silk fibroin.
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Table 3.3 Particle size distribution, Pdl and zeta potential of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs).

4°C 32°C
Time (days) Size (nm) Pdl Zeta (mV) Time (days) Size (nm) Pdl Zeta (mV)
FABE-Cg-SF- 0 330.7 (£1.8) 0.315 -46.8 (£0.7) 0 330.7 (£1.8) 0.315 -46.8 (£0.7)
NPs 7 305.1 (+13.0) 0.439 46.7 (+4.8) 7 329.1 (+12.2) 0.359 455 (+3.4)
14 267.3 (£7.2) 0.477 -42.7 (£4.8) 14 334.5 (£6.6) 0.350 -43.1 (£2.3)
21 229 (£6.5) 0.348 -44.5 (£0.2) 21 328.4 (£2.2) 0.323 -46.7 (£0.8)
28 226.3 (£2.6) 0.320 -38.1 (x0.4) 28 323.2 (£14.6) 0.343 -45.3 (£1.4)
50 207 (£2.3) 0.294 -41 (£0.5) 50 306.5 (£3.9) 0.308 -62.9 (£0.7)
FABE-Be-SF- 0 383.2 (£36.8) 0.484 -50.7 (£2.1) 0 383.2 (+36.8) 0.484 -50.7 (£2.1)
NPs 7 334.5 (£11.6) 0.451 -42.9 (£1.1) 7 381.8 (+26.8) 0.449 -50.2 (£1.1)
14 301.6 (£2.1) 0.413 -42.4 (£1.6) 14 361.4 (£16.8) 0.430 -44.9 (£0.26)
21 274.3 (£3.7) 0.374 -43.2 (#4.5) 21 334.1 (£9.3) 0.505 -49.7 (£1.6)
28 255.6 (£7.4) 0.271 -37.9 (20.3) 28 363.7 (x41.3) 0.560 -43.4 (£1.5)
50 239.9 (£4.8) 0.278 -47.0 (20.9) 50 540.8 (£23.8) 0.486 -51.0 (20.6)
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3.3.3.2. Oxidative stability of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs)

The oxidative stability of FABE-Cg-SF-NPs and FABE-Be-SF-NPs was monitored
during the period of up to 50 days of storage, at temperatures of 4 °C and 32 °C, by measuring
the primary lipid oxidation products (lipid hydroperoxides). In both nanoformulations, lipid
oxidation products gradually increased during the monitoring period (Fig. 3.2). However, the
formulations showed low lipid oxidation values in comparison with the oxidation values of their
oils in natura.

The FABE-Cg-SF-NPs and FABE-Be-SF-NPs showed similar lipid hydroperoxide
values, ranging from 0.3 to 0.4 meqg.kg™ at the different temperatures studied. These were
comparable with those of in natura oils, which showed similar lipid hydroperoxide values
ranging from 0.1 to 0.7 meq.kg™ (Fig. 3.2).

(Yan et al., 2022) also evaluated the oxidative stability of emulsions stabilized by
soybean protein nanoparticles and found values similar to ours. The low lipid oxidation found
in these studies may be related to a compact layer formed by the protein at the oil/water
interface, which would prevent water-soluble pro-oxidants from approaching lipids (Zhang et
al., 2020). In addition, proteins not adsorbed at the interface can bind to pro-oxidants, thus
inhibiting their ability to adsorb on the surface of drops and promote their oxidation (Gumus et
al., 2017).
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Fig. 3.2. Influence of temperature on hydroperoxides values in silk fibroin polymeric nanoparticles
associated with butyl esters during 50 days storage. Hydroperoxides values are also presented for the in
natura oils and the silk fibroin solution (2%). (A) FABE-Cg-SF-NPs sample at 4 °C. (B) FABE-Cg-SF-
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NPs sample at 32 °C. (C) FABE-Be-SF-NPs sample at 4 °C. (D) FABE-Be-SF-NPs sample at 32 °C.
Statistical significance is shown by different lower-case letters, based on the ANOVA test (p < 0.05).

3.3.3.3. Differential exploratory calorimetry (DSC)

The DSC thermogram characterized the energies involved in the pyrolysis process of
the FABE-Cg-SF-NPs and FABE-Be-SF-NPs. The Fig. 3.3 shows an endothermic event from
50 to 100 °C, attributed to moisture evaporation. The formulations of FABE-Cg-SF-NPs and
FABE-Be-SF-NPs showed peaks similar to the peaks of silk fibroin nanoparticles. Sharp peaks
were observed at 218 °C for FABE-Cg-SF-NPs and 221 °C for FABE-Be-SF-NPs. There was
also an exothermic peak at 250 °C for both formulations, which indicated a thermal
transformation from silk 1 to silk I1.

In the literature, a similar profile was observed for polymeric silk fibroin nanoparticles
with the butyl ester of Astrocaryum murumuru Mart. fat (Marinho et al., 2022). Another similar
result was observed for cross-linked silk fibroin nanoparticles designed for drug delivery (Pham
etal., 2018).
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Fig. 3.3. DSC curves from silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) at a
heating rate of 10 °C.min, nitrogen atmosphere at 50 cm3.min-L.

3.3.3.4. Transmission electron microscopy (TEM)

The micrographs of Transmission electron microscopy showed that the nanoparticles of
FABE-Cg-SF-NPs and FABE-Be-SF-NPs exhibited uniform distribution and spherical
particles, surrounded by the silk fibroin polymer wall (Fig. 3.4). Through TEM, it was observed
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that the nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) showed some aggregation
between two or more particles, causing the particles to vary in sizes from 200 to 300 nm, which
corroborates with the polydispersity index values obtained with the DLS measurements
presented in Table 3.3. However, the FABE-Cg-SF-NPs and FABE-Be-SF-NPs exhibited
compact stable structures. This may have been induced by the reticulation effect of the silk

fibroin chains when they approached for formation of amidic bonds (Pham et al., 2018).

Fig. 3.4. TEM analysis on polymeric silk fibroin nanoparticles (FABE-Be-SF-NPs and FABE-Cg-SF-
NPs).

3.3.3.5. FT-IR analysis on polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-
Be-SF-NPs)

The FT-IR analyses on the solution of silk fibroin and the nanoparticles (FABE-Cg-SF-
NPs and FABE-Be-SF-NPs) exhibited characteristic bands for silk fibroin (Fig. 3.5). Bands in
the region from 1600 to 1640 cm™ were observed, corresponding to the (C = O) group of amide
I. Bands present in the region from 1520 to 1540 cm™ corresponded to the (N — H) group of
amide 11 and those between 1230 and 1270 cm™ were characteristic of the (C — N) and (N — H)
groups of amide Ill. Together, these bands corresponded to the conformations of the protein
material and represented the -sheet structure of silk fibroin II. Intramolecular B-sheet bands
increase during the process of formation of polymeric silk fibroin nanoparticles, due to
interactions between the organic solvent and the hydrophobic region of the fibroin (Carvalho et
al., 2018).
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The FT-IR spectra for FABE-Cg-SF-NPs and FABE-Be-SF-NPs were similar to that of
silk fibroin. Therefore, it could be deduced that silk fibroin forms the wall of the nanoparticles,

while esters are at their core, as seen in TEM micrographs.
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Fig. 3.5. FT-IR spectra of silk fibroin (SF) and nanoparticles (FABE-Be-SF-NPs and FABE-Cg-SF-
NPs).

3.3.3.6. In vitro release of butyl esters from FABE-Be-SF-NPs and FABE-Cg-SF-NPs

The in vitro release profiles of the butyl esters from the nanoparticles (FABE-Cg-SF-
NPs and FABE-Be-SF-NPs) were determined through a 24 h dissolution assay. Quantification
of the free esters dispersed in the release medium was performed using the UV-vis technique.
FABE-Cg-SF NPs showed release rates of 45% in the first 8 h and 70% in 24 h. While FABE-
Be-SF NPs showed release rates of 20% in the first 8 h and 40% in 24 h (Fig. 3.6). This seemed
indicate that the nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) exhibited slow and
sustained release profiles.

Generally, in the case of polymeric nanoparticles, the drug release profile is attributed
to the diffusion process through the pores of the polymer wall (Schaffazick et al., 2003). Thus,
the diffusion process seems to be the main release mechanism of the butyl esters contained in
the nanoparticles. Moreover, the differences in the lipid composition of the esters influenced
not only the particle size but also the Pdl of the nanoparticles which may have influenced the

release of the lipids.
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The ester release data were fitted using various kinetic models to better understand the
release mechanism of the esters in the formulations. However, the release profile obtained for
both formulations was best fitted by the Korsmeyer-Peppas kinetic model, which confirms that
the initial release model may be by diffusion or swelling (Pourtalebi Jahromi et al., 2020).
FABE-Cg-SF-NPs and FABE-Be-SF-NPs nanoparticles showed correlation coefficient (R?)
values of 0.999 and 0.995, respectively.

The FABE-Be-SF-NPs showed a slower release rate than FABE-Cg-SF-NPs, inferring
this fact to a better interaction of the butyl esters of B. excelsa to the polymer matrix of the silk
fibroin nanoparticles. This results was interesting, since this change in the release profile can
lead to several positive factors, among them we highlight the reduction of the amount of
chemical necessary for pest control, reduction of the risk of environmental contamination,
reduction of the amount of energy spent, since the number of necessary applications compared
to conventional formulations is reduced, in addition to other (Silva et al., 2010).
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Fig. 3.6. Release profile of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-
NPs), over a 24 h period (n = 3).

3.4. Larvicidal activity of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-
Be-SF-NPs) and oviposition deterrence test against Ae. aegypti

The results regarding the larvicidal efficacy of FABE-Cg-SF-NPs and FABE-Be-SF-
NPs are presented in Table 3.4. The FABE-Cg-SF-NPs showed better larvicidal effect after 24
h of contact with larvae of Ae. aegypti, with 94% mortality at the highest concentration (75
ug.mL?) and 8% at the lowest concentration (7.5 pg.mL™). For FABE-Be-SF-NPs, the
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mortality rate was 66% at the concentration of 75 pug.mL™* and 4% at the concentration of 7.5
ug.mL? (Fig. 3.7A).

After 48 h of treatment, a slight increase in larvicidal effect was observed for FABE-
Be-SF-NPs, with 100% mortality at the concentration of 75 pg.mL? and 20% at the
concentration of 7.5 pg.mL?. The nanoformulation of FABE-Cg-SF-NPs showed 98%
mortality at the concentration of 75 pg.mL™ and 20% at the concentration of 7.5 pg.mL™* (Fig.
3.7B). In contrast, a negative control consisting solely of fibroin solution exhibited no larvicidal

action.
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Fig. 3.7. Percentage mortality of Ae. aegypti after 24 h (A) and 48 h (B) of exposure to the nanoparticles
(FABE-Cg-SF-NPs and FABE-Be-SF-NPs) at different concentrations. CLT (+): dichlorvos solution
(6.25 ng.mL1). Each value in the column graph is the mean of five repetitions + standard deviation and
represents the mortality rate of the two nanoformulations. Statistical significance is shown by different
lower-case letters, based on the ANOVA test (p < 0.05).

We also evaluated the LCsp and LCgo values for the nanoparticles at 24 and 48 h (Table
3.4). After 24 h of larval exposure to the formulations, the FABE-Cg-SF-NPs showed better
larvicidal activity, with LCso of 40.88 pg.mL™ and LCgo of 68.22 pg.mL™. FABE-Be-SF-NPs
showed LCso of 52.99 pug.mL? and LCg of 95.57 pg.mL™. After 48 h, FABE-Be-SF-NPs
showed LCso of 21.14 pg.mL™* and LCgo of 41.11 pug.mL*; and FABE-Cg-SF-NPs exhibited
LCso of 27.45 pg.mL? and LCy of 51.87 pg.mL™. These results showed that the larvicidal
action of the nanoparticles was dependent on the composition of fatty acids present in the lipid

matrix.
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Table 3.4 LCsp and LCqgp values for Ae. aegypti in contact with the polymeric silk fibroin nanoparticles (FABE-Be-SF-NPs and FABE-Cg-SF-NPs).

FABE-Cg-SF-
NPs
FABE-Be-SF-
NPs

24 hours 48 hours
LCso (g.mL71) (LCL-UCL)  LCogo (ug.mL?) (LCL-UCL) X2 (df = P LCso (ug.mLY) (LCL-UCL) LCgo (ng-mL?) (LCL- X2 (df = P
4) UCL) 4)
40.88 (2.22 — 45.62) 68.22 (3.92-77.37) 3.68820 0.450 27.45 (1.86 — 31.40) 51.87 (3.51-60.25) 8.0158 0.091

52.99 (3.44 - 60.82)

95.57 (7.29 — 113.63)

17.3142  0.002

21.14 (1.54 — 24.45)

41.11 (3.06 — 48.63) 11.3448 0.023

*LC — lethal concentration (50% and 90%); LCL — lower confidence limit; UCL — upper confidence limit; X2 — chi-square; df — degree of freedom; significant

at P <0.05.
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Use of natural compounds from plants and/or their derivatives has been investigated for
mosquito control. For example, vegetable oils rich in fatty acids have shown larvicidal action
against Culex quinquefasciatus (Kannathasan et al., 2008; Perumalsamy et al., 2015). This
action is seen especially when long-chain unsaturated fatty acids are present in the composition
of these oils (Bury et al., 1998). However, in another study, it was observed that oleic, linoleic
and linolenic fatty acids and their respective methyl esters had lower LCso than saturated fatty
acids (palmitic and stearic), against C. quinquefasciatus larvae (Rocha et al., 2018).

Sarquis et al. (2020) evaluated the larvicidal activity of a nanoemulsion of C. guianensis
free fatty acid in association with silk fibroin against third-instar larvae of Ae. aegypti. They
found 68% larval mortality at 50 pg.mL™ (LCso = 16.79 pg.mL™) after 48 h of exposure.
Furthermore, Marinho et al. (2022) produced polymeric silk fibroin nanoparticles combined
with fatty acid esters from Astrocaryum murumuru fat and observed that the nanoparticles thus
produced induced 100% mortality of third-instar larvae of Ae. aegypti at 75 pug.mL™? (LCso =
21.35 pg.mL?) after 48 h of treatment.

The larvicidal effect of nanosystems such as nanoparticles has been correlated with
denaturation of proteins essential to larvae (Byrne, 1988). Penetration and transmission of the
nanoinsecticide formulation occurs through the larval exoskeleton (Lomonaco et al., 2009). In
addition, other mechanisms of action such as inhibition of chitin synthesis (inhibiting larvae
growth), inhibition of acetylcholinesterase and inhibition of GABA have been observed
(Marcombe et al., 2018).

The toxicity of the nanoparticles has been correlated with their nanoscale particle size
and the slow and gradual release of the active agents present in the formulation (Anjali et al.,
2012; Oliveira et al., 2016). However, the diversity of compounds present in the oils needs to
be taken into account, and it is likely that the efficacy of larvicidal action also occurs through
several other mechanisms that may be acting synergistically (Amado et al., 2020).

In the oviposition deterrence assay, it was observed that the polymeric silk fibroin
nanoparticles associated with butyl esters inhibited the oviposition action of females of Ae.
aegypti. Females preferred ovitraps in the control group containing water only, which gave rise
to an oviposition rate of 39%. On the other hand, the control group containing silk fibroin
solution showed oviposition rates of 25.3% and 28.8% for the trials with FABE-Cg-SF-NPs
and FABE-Be-SF-NPs, respectively (Table 3.5). Females showed only 6% preference for the
ovitraps containing FABE-Cg-SF-NPs at the concentration of 100 pug.mL™* and 8% for FABE-

Be-SF-NPs at the same concentration.
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The analysis of variance presented p<0.05, thus demonstrating that this assay showed a
significant difference between the concentrations administered (100, 50 and 25 pg.mL™), in
relation to the control groups. Thus, it can be suggested that the nanoparticles presented

repellency in relation to the females, such that they helped prevent egg-laying (Fig. 3.8).

Table 3.5 Effects of polymeric silk fibroin nanoparticles (FABE-Be-SF-NPs and FABE-Cg-SF-NPs)
on the oviposition action of females of Ae. aegypti.

OA (%) OA (%) OA (%) OA (%) OA (%) 5 value
Water Silk Fibroin2% 100 yg.mL?* 50 pyg.mL? 25 pug.mL™*
FABE-Cg-SF- p<0.0001
NPs 39 25.3 6 11.1 14.6
FABE-Be-SF- 39 28.8 8 11.6 15.1 p<0.0001
NPs

OA = Qviposition activity.
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Fig. 3.8. Effect of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) on
oviposition of pregnant females of Ae. aegypti. The bars represent the percentage corresponding to the
average number of eggs laid by the females in the controls (water and 2% silk fibroin solution).
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A study on the oviposition effect of Syagrus coronata oil showed that this oil yielded
an oviposition index among females of Ae. aegypti of -0.35 to 50 pg.mL™. In the same study,
the deterrent effect of octanoic acid was observed, with a deterrence index of -0.31 at the same
concentration (Nascimento et al., 2017). Water-dispersible tablets containing neem oil, which
is rich in oleic, linoleic, palmitic, stearic and arachidonic acid, were able to deter oviposition
among females of Anopheles culicifacies, with 89% efficiency (Kala et al., 2019).

Previous studies have shown that oxygenated hydrocarbons are capable of stimulating
responses in the antennae of Ae. aegypti females, thus interfering with egg laying by these
females (Bezerra-Silva et al., 2016). Thus, it can be inferred that the deterrent effect of silk
fibroin nanoparticles associated with butyl esters of Amazonian oils may be related to the

stimulus caused by the butyl esters to the antennal sensillae of Ae. aegypti females.

3.5. Morphological analysis on larvae of Ae. aegypti

The effect of nanoparticles (FABE-Be-SF-NPs and FABE-Cg-SF-NPs) on the external
morphology of larvae of Ae. aegypti was observed (Fig. 3.9). Optical microscopy images
revealed the presence of precipitates of nanoparticles in the bodies of the larvae, causing
damage to the cuticles. This, possibly contributed to the penetration of the nanoparticles into
the interior of the larvae. Their bodies became dark, distorted and contracted. In addition, the
final segment of the larvae, which includes the abdomen (AB), respiratory siphon (S) and anal
papilla (AP), presented swelling (Fig. 3.9A). In contrast, these changes to the external
morphology of the larvae were not observed in the control group treated with 2% silk fibroin
solution (Fig. 3.9B). Results similar to these were reported by Sarquis et al. (2020), who used
nanoemulsions of ethyl esters of C. guianensis combined with fibroin, and by Araujo et al.
(2020), who used a hexanic extract from the leaves of Acmella oleracea dissolved in a solution

of silk fibroin.
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Fig. 3.9. Optical microscopy image of Ae. aegypti larva (0.4 mm). (A) Larva exposed to negative control
(2% silk fibroin). (B) Larva treated with polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs)
showing deformation, darkening and swelling of its abdomen (AB), respiratory siphon (S) and anal
papilla (AP).

3.6. Evaluation of the toxicity of polymeric silk fibroin nanoparticles (FABE-Cg-SF-NPs and
FABE-Be-SF-NPs) in zebrafish embryos

Use of zebrafish embryos in a toxicity assay has several advantages as an experimental
model, because the embryos are transparent and have high reproduction and fertilization rates,
rapid growth and a short life cycle. This enables a variety of experimental tests that make it
possible to observe the toxic effects of different pollutants, such as nanomaterials, pesticides,
pharmaceuticals, industrial chemical residues and heavy metals, among others (Busquet et al.,
2014).

The main changes to embryotoxicity in zebrafish are evaluated within 96 h after
exposure to the test substance. These trials evaluate mortality rate changes, head malformations,
cardiac edema, calf sac edema, malformations and tail detachment (\VVerma et al., 2021).

In our study, the nanoparticles (FABE-Cg-SF-NPs and FABE-Be-SF-NPs) in zebrafish
embryos (Danio rerio) showed no significant toxicity at concentrations tested at up to 96 hpf
(Fig. 3.10). However, the positive control performed with dichlorvos (6.25 ng.mL™) gave rise
to embryonic toxicity with 100% mortality in the initial hours of embryo development. On the
other hand, the groups of negative controls treated with water and 2% silk fibroin solution did

not present morphological damage or mortality.
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In the literature, biogenic silica nanoparticles loaded with thymol did not induce lethal
or sublethal effects on zebrafish embryos, even at the highest tested concentration of 793 mg.L"
1 (Pereira et al., 2021). A toxicological evaluation on titanium dioxide nanoparticles also
showed no teratogenic effects on zebrafish embryos up to 96 hpf, at a concentration of 100
mg.L? (Vranic et al., 2019).
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Fig. 3.10. Representative image of zebrafish embryos exposed to polymeric silk fibroin nanoparticles
up to 72 hours after fertilization (hpf).

3.7 CONCLUSION

Polymeric nanoparticles of silk fibroin (FABE-Cg-SF-NPs and FABE-Be-SF-NPs)
preparate with butyl esters derived from C. guianensis and B. excelsa oils showed temporal
good stability up to 50 days of storage at temperatures of 4 and 32 °C. The nanoparticles were
spherical in shape, with diameters ranging from 200 to 300 nm. The release profile of the
nanoparticles was considered slow and gradual, which favored a high larvicidal action at low
lethal concentrations. FABE-Cg-SF-NPs and FABE-Be-SF-NPs showed CLsg 0f 27.45 pg.mL"
Land 21.14 pg.mL?, respectively, after 48 h of treatment against the larvae of the vector Aedes

aegypti. The nanoparticles produced morphological damage in the larvae and were effective in
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inhibiting oviposition of gravid females of Ae. aegypti. Furthermore, no teratogenic effect of
the nanoparticles was observed in zebrafish embryos up to 72 h after fertilization. Thus, silk
fibroin nanoparticles can be an interest sustainable alternative and effective tool to improve the

control of Ae. aegypti larvae.
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Resumo

Fibroina de seda (SF) vem sendo aplicada como um biopolimero promissor na producgdo de sistemas
“drug delivery”, com vasta aplicacdo na area médica e ambiental. Neste sentido, 0 presente estudo teve
por objetivo avaliar nanoparticulas de fibroina de seda combinadas com ésteres butilicos
semissintetizados a partir de dleos amazonicos [(Astrocaryum murumuru Mart. (Am-SF-NPs),
Bertolletia excelsa (Be-SF-NPs) e Carapa guianensis (Cg-SF-NPs)] contra as larvas de 3° instar de
Spodoptera frugiperda, bem como seu o efeito ovicida. As nanoparticulas foram monitoradas por 50
dias em diferentes temperaturas (4° C e 32° C), apresentando tamanhos de particulas que variaram de
187.6 (£0.8) nm a 540.8 (£23.8) nm, com indice de polidispersidade de 0.238 a 0.560 e potencial zeta
de -39.7 (x1.4) mV a -62.9 (x0.7) mV. As microimagens por TEM mostraram que as nanoparticulas
apresentaram distribuicdo uniforme e formato esférico. O método de imersdo alimentar foi utilizado
para avaliar a atividade larvicida das nanoparticulas em diferentes concentragdes (5000-292 pg.mL1).
As Be-SF-NPs apresentaram maior taxa de mortalidade larval, cerca de 100%, com valor de LCs de
563.03 pg.mL, ap6s 96 h de exposicdo. As Be-SF-NPs ainda foram capazes de inibir a eclosdo dos
ovos de S. frugiperda em 87% com valor de LCs, de 341.03 pg.mL™. Este é o primeiro registro da
atividade larvicida de 6leos vegetais amaz6nicos combinados a nanoparticulas de fibroina de seda contra
S. frugiperda. Este trabalho demostrou gque as nanoparticulas de fibroina de seda apresentam grande
potencial como agentes de biocontrole contra S. frugiperda e s@o promissoras para uma gestdo bem
sucedida no manejo de insetos-praga.

Palavras-chave: Lagarta-do-Cartucho; Nanomateriais, Biopesticida; Oleos amazdnicos; Fibroina de
seda.
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4.1 INTRODUCAO

Spodoptera frugiperda, também conhecida como lagarta-do-cartucho, é um lepiddptero
migratorio altamente polifago. A espécie causa infestacdo em uma vasta gama de culturas,
incluindo trigo, soja, milho, amendoim, cana-de-agUcar e outras, levando a graves perdas de
colheitas (Assefa and Ayalew, 2019). E nativa das Américas, mas relatorios recentes mostram
que sua presenca na Europa, Africa e no Sudeste Asiatico esta cada vez mais comum (Harrison
et al., 2018; Togola et al., 2018). No Sudeste Asiatico, a espécie tornou-se um importante
inseto-praga causando danos significativos as culturas, se o crescimento populacional continuar
seguindo neste ritmo, estima-se que num curto periodo de tempo ela podera passar de uma praga
importada para uma praga endémica (Elizalde et al., 2020).

A S. frugiperda é capaz de reproduzir-se rapidamente, migrar e alimentar-se de uma
ampla variedade de plantas hospedeiras, tornando dificil o seu controle (Deshmukh et al., 2020;
Maruthadurai and Ramesh, 2020). Por ndo possui predadores naturais, os inseticidas sintéticos
tornam-se o principal método de controle desta espécie. Entretanto, a utilizacdo desses
inseticidas ndo estdo sendo capazes de reduzir sua reincidéncia nas lavouras, e ainda causam
danos ao meio ambiente e a organismos ndo-alvo (Kumaravel et al., 2021).

Nesse contexto, como forma de aumentar a eficiéncia e seletividade em organismo alvo,
uma abordagem alternativa & utilizacdo de inseticidas sintéticos tem surgido a partir de
nanoformulagfes, como as nanoparticulas lipidicas (Carvalho et al., 2010). Nanoparticulas,
como “drug delivery”, ja possuem varias aplicacdes na agricultura, medicina, inddstria
farmacéutica, setor energético e algumas outras ciéncias (Kathiravan et al., 2015).
NanoformulagBes comuns ao manejo de pragas incluem o0s nanogéis, nanoesferas e
nanosuspensao (Pittarate et al., 2023), a partir de polimeros organicos ou 6xidos metalicos
inorganicos que estdo sendo utilizados para o controle de insetos-praga (Raju et al., 2019). Os
principais objetivos desses materiais sdo: (a) aumentar a solubilidade de ingredientes ativos
pouco soluveis, (b) permitir liberacdo gradual e orientada e/ou proteger da degradacéo
prematura (Shah and Wani, 2016).

As plantas naturalmente produzem substancias para se defender de insetos, patdgenos e
microrganismos (Souza et al., 2017). Geralmente os metabdlitos com propriedades inseticidas
incluem terpenoides, limonoides, flavonoides, entre outros (Sarria et al., 2011). Estes
compostos possuem diferentes modos de agdo sobre os insetos, podendo ser agudamente

toxicos, repelente, inibir a alimentacdo, o crescimento, o desenvolvimento e reproducao.
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Inseticidas derivados de plantas geralmente estdo disponiveis, comercialmente, como pos,
extratos ou Oleos (Guerra et al., 2009; Haas et al., 2014).

A floresta amazobnica possui uma rica biodiversidade vegetal que se reflete na
diversidade de constituintes quimicos isolados dessas espécies. Dentre essas, as plantas
oleaginosas possuem poucos estudos acerca de sua caracterizacdo, que é restrita a composi¢do
das cadeias graxas dos seus 6leos e gorduras (Hidalgo et al., 2016). As propriedades quimicas
das oleaginosas ndo se restringem apenas a sua composi¢ado lipidica, mas também a presenca
de outras substancias, como compostos fenolicos e vitaminas, que possuem propriedades
bioldgicas importantes (Souza et al., 2017; Li et al., 2013).

Entre os polimeros de origem natural, a fibroina de seda € um potencial candidato para
a administracdo de inseticidas a base de 6leos vegetais (Marinho et al., 2022; Sarquis et al.,
2020). A fibroina de seda produzida pelo bicho-da-seda, Bombyx mori, tem um grande potencial
para a administracdo de farmacos ou substancias hidrofobicas (Holanda et al., 2022), devido a
uma rara combinacdo de propriedades quimicas e fisicas, tais como a possibilidade de
isolamento e purificacdo em meio aquoso, biodegradabilidade, alta resisténcia, facil
manipula¢do mecénica, entre outros (Ferreira et al., 2020; Rockwood et al., 2011). A fibroina
é composta por polipeptidios repetidos de glicina, alanina e serina, unidos por ligacdes de
hidrogénio, formando estruturas secundarias P-folha que conferem a seda a sua forga e
estabilidade (Cheng et al., 2014). Os sistemas de entrega de farmacos baseados em fibroina de
seda sdo influenciados por suas propriedades mecanicas, sua estrutura secundaria e
cristalinidade (Rockwood et al., 2011).

Diante do exposto, o presente trabalho teve por objetivo avaliar a eficacia da acao
larvicida e ovicida de nanoparticulas de fibroina de seda combinadas com ésteres graxos de
Oleos e gordura de trés espécies vegetais da Amazoénia (Astrocaryum murumuru, Bertholletia

excelsa e Carapa guianensis) frente as larvas de 3° instar de S. frugiperda.

4.2. MATERIAIS E METODOS

4.2.1 Reagentes e solventes

A gordura de A. murumuru Mart. (murumuru) foi adquirida da Aspacs (Amazonas,
Brasil), o 0leo de B. excelsa (castanha-da-Amazoénia) foi obtido da Cooperativa Mista dos
Agricultores do Jari (Laranjal do Jari, Amapa, Brasil), o 6leo de C. guianensis (andiroba) foi
obtido da Embrapa (Macapa, Amapd, Brasil). O &lcool butilico (99.5%) foi adquirido da

Cromato Chemicals (S&o Paulo, Brasil). Os solventes utilizados na purificagdo dos ésteres por
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cromatografia em coluna (n-hexano 98.5%, acetato de etila 98% e silica gel 60 [70-230 mesh])
foram adquiridos da Synth (Sdo Paulo, Brasil). A lipase Amano AK de Pseudomonas
fluorescens (20.000 U/g) foi adquirida da Sigma-Aldrich (Sdo Paulo, Brasil).

4.2.2 Sintese de ésteres butilicos da gordura de murumuru e dos 6leos de castanha-do-Brasil e

andiroba, catalisada pela lipase Amano AK de Pseudomonas fluorescens

A reacdo de transesterificacdo enzimética foi realizada separadamente para a gordura de
murumuru e para os 0leos de andiroba e castanha-da-Amazonia, gerando os respectivos ésteres
butilicos (FABE-Am, FABE-Cg e FABE-Be), conforme metodologia adaptada por Ferreira et
al., (2017). As reagdes foram realizadas em um bal&o de reagdo de 50 mL contendo 1.0 g da
gordura e dos respectivos 6leos, 3 mL de alcool butilico e 0.1 g (10%) de lipase Amano AK de
Pseudomonas fluorescens. As misturas de reacdo foram agitadas magneticamente durante 24 h
a temperatura ambiente. Em seguida, as solucGes reacionais foram filtradas, as fases organicas
foram secas com sulfato de sddio anidro e filtradas, e os solventes foram removidos sob vacuo
a pressao reduzida. Os ésteres butilicos foram purificados por cromatografia em coluna de gel
de silica, utilizando uma mistura de n-hexano e acetato de etila (9:1) como fase mével. Os
produtos isolados foram caracterizados de acordo com o0s seus dados espectroscOpicos
(utilizando GC-MS e FTIR, como descrito abaixo).

4.2.3 Cromatografia gasosa-espectrometria de massas (GC-MS)

As amostras de gordura e Oleos vegetais transesterificadas com n-butanol foram
analisadas por cromatografia gasosa acoplada a espectrometria de massas (GC-MS). Estas
analises foram realizadas num sistema Shimadzu GC2010 com um detetor de massa seletivo
(Shimadzu MS2010plus) em modo de ionizagdo de electrdes (El, 70 eV). O sistema estava
equipado com uma coluna RTX-5MS (30 m x 0.25 mm % 0.25 pm). As condi¢des do GC-MS
comecgaram com uma temperatura de forno de 130 °C, que foi mantida durante 2 min e depois
aumentada para 290 °C a uma taxa de 5 °C.min™. A temperatura final foi mantida durante 2
min. O tempo total de analise foi de 36 min. As temperaturas do injetor e do detetor foram
mantidas a 210 °C; foi injetado 1 pL de amostra com divisdo 1:15; e utilizou-se hélio como gas
de arrastamento a um caudal de 1.0 mL.min%. Os fons foram monitorizados de 3 a 36 min para
m/z 40-500. Os componentes presentes nas amostras foram identificados por comparagdo dos

dados espectrais com os descritos na biblioteca Wiley (Ferreira et al., 2017).
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4.2.4 Andlise de FT-IR

Um espectrofotbmetro de infravermelho com transformada de Fourier (Spectrum Two
FT; PerkinElmer, Inc., Waltham, MA, EUA), com um acessorio de amostragem de reflexdo
total atenuada (ATR), uma placa de diamante e um detetor de sulfato de triglicina deuterado,
foi utilizado para registar os espectros da gordura e dos 6leos vegetais transesterificados com
alcool n-butilico. A gama espectral foi fixada entre 350 e 4.000 cm™ e a resolucdo foi fixada
em 0.5 cm™* (de Oliveira Penido et al., 2017).

4.2.5 Preparacdo de nanoparticulas poliméricas de fibroina de seda com os ésteres sintetizados
Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs

10 mL de nanoparticulas foram produzidas através da homogeneizacao da solugéo de
fibroina de seda com os ésteres butilicos sintetizados (Seccao 2.2). As nanoparticulas foram
desenvolvidas adicionando 1% (v/v) de cada conjunto de ésteres a uma mistura de etanol e
isopropanol (1:1) a 5% (v/v) e agitados vigorosamente por 30 min em agitador magnético. Em
seguida, 94% (v/v) de solucdo de fibroina de seda (2% de concentracdo) foi adicionada
lentamente a cada mistura de ésteres (FABE-Am, FABE-BE e FABE-Cg). Por fim, a
formulacdo foi agitada em voértex a 300 G durante 1 h, conforme descrito por Sarquis et al.,
(2020). As nanoparticulas poliméricas de fibroina da seda combinadas com ésteres butilicos
foram denominadas com os cédigos: Am-SF-NPs (nanoparticulas de fibroina de seda com A.
murumuru), Be-SF-NPs (nanoparticulas de fibroina de seda com B. excelsa) e Cg-SF-NPs

(nanoparticulas de fibroina de seda com C. guianensis).

4.2.6 Caracterizacdo das nanoparticulas de fibroina de seda (Am-SF-NPs, Be-SF-NPs e Cg-SF-
NPs)

Todas as nanoparticulas (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs) foram previamente
caracterizadas quanto ao seu tamanho de particula, indice de polidispersidade e potencial Zeta,
através da técnica de dispersdo dindmica de luz utilizando um Zetasizer Nano ZS (Malvern
Pananalytical, Malvern, Reino Unido). A morfologia externa das nanoparticulas foi
determinada através da técnica de microscopia eletrbnica de transmissdo utilizando um
microscopio JEM 2100-FS (JEOL Ltd., Tokyo, Japan) (Marinho et al., 2023, 2022).
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4.2.7 Atividade larvicida e ovicida das nanoparticulas de fibroina de seda (Am-SF-NPs, Be-
SF-NPs e Cg-SF-NPs) em S. frugiperda

A populacgéo de S. frugiperda utilizada no estudo foi fornecida pela estacéo de Pesquisa
do DU PONT DO BRASIL S.A. da cidade de Toledo — PR.

A atividade larvicida por ingestdo das nanoparticulas (Am-SF-NPs, Be-SF-NPs e Cg-
SF-NPs) sobre as larvas de S. frugiperda foi realizada conforme metodologia adaptada de
(Knaak et al., 2013). Nas dietas dos tratamentos foram aplicados 100 pL das nanoparticulas de
fibroina de seda em diferentes concentragdes (5000-292 pg.mL™?), e 100 pL da solucéo de
fibroina de seda 2% como controle negativo, alem de 100 pL dos controles positivos Karate
zeon® (0.5 pg.mL™?) e Neem® (30 pg.mL™2). As dietas, apos remocio do excesso de umidade
a temperatura ambiente, foram colocadas individualmente em c&maras de bioensaio (9x5x4
cm?®) juntamente com 18 lagartas de 3° instar por tratamentos e grupos controles. As cdmaras
de ensaio foram vedadas e incubadas a 25 + 2 °C com 70 + 10% de umidade relativa e 12 h de
fosfatase. O delineamento experimental foi inteiramente casualizado, com 6 repeticoes,
totalizando 144 larvas de S. frugiperda. A mortalidade foi registrada ap6s 96 h, ap6s exposicao.

Para avaliar a atividade ovicida das nanoparticulas de fibroina de seda, foram retiradas
posturas de S. frugiperda com até 48 h de idade. O método utilizado baseou-se na imersédo dos
ovos nas solugdes das nanoparticulas e na solucao de fibroina de seda 2% como grupo controle
negativo, além dos controles positivos Dimilin® (2.5 pg.mL™) e 6leo de Neem® (25 pg.mL™Y),
conforme metodologia adaptada de (Mink and Luttrell, 1989). Foram utilizados 30 ovos por
concentragdo de nanoparticulas, as concentragbes variaram de 2222-292 ug.mL*. Apds
remocdo do excesso de umidade a temperatura ambiente, as camaras de bioensaio foram
vedadas e incubadas a 25 £ 2 °C com 70 £ 10% de umidade relativa e 12 h de fosfatase. O
delineamento experimental foi inteiramente casualizado, com 3 repeticdes, totalizando 540

ovos. A atividade de eclosao dos ovos foi registrada ap6s 96 h, apos exposicao.

4.2 .8 Ensaio de toxicidade ambiental

Para o ensaio de toxicidade ambiental das nanoparticulas (Am-SF-NPs, Be-SF-NPs e
Cg-SF-NPs) foi utilizado a alga verde Chlorella vulgaris, conforme metodologia descrita por
(Oliveira et al., 2017) com modificagdes. Aliquotas de 10 mL de C. vulgaris foram cultivadas
em solugdo aquosa de nitrogénio, potassio e fosforo (NPK 08:08:08). A densidade celular
inicial foi de 1x10* células mL™ para todos os grupos. As concentragdes das nanoparticulas,

utilizadas no ensaio, foram baseadas nos valores de CLsg obtidos do ensaio larvicida. Para as
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Am-SF-NPs (1117.49 pg.mL™), Be-SF-NPs (563.03 pg.mL™) e Cg-SF-NPs (914.59 pg.mL™).
Além dos grupos controles: um contendo somente fibroina de seda 2% e outro contendo uma
dispersdo de C. vulgaris (1x10* células mL™) em solugdo aquosa de NPK. A densidade das
células foi quantificada usando uma camara de Neubauer ap6s 1, 5, 10, 15, 20 e 30 dias. A
porcentagem de células viaveis (%VC) foi calculada da seguinte forma: %VC = (D/DO) x 100,
onde: DO ¢ a densidade celular antes da adicdo das solugdes; D e a densidade celular em cada

dia especifico. Todos os ensaios foram realizados em triplicata.

4.2.9 Andlise morfolégica das larvas de S. frugiperda

Apbs o teste larvicida, as larvas mortas foram fixadas em formalina a 10%. A sua
morfologia externa foi entdo analisada num microscépio 6tico e fotografada com uma camera
digital (MDCE - SC USB 2.0) utilizando o software Scopelmage 9.0, tal como descrito por
Araujo et al., (2022).

4.2.10 Analises estatistica

As concentracdes letais (LCso e LCgo) foram determinadas pelo modelo Probit através
do Polo-Plus software (LeOra Software Co., Petaluma, CA, USA), com intervalos de confianca
de 95%, também por ANOVA com teste de compara¢es de médias e teste de Tukey com
intervalos de confianca a 95% por meio do Sistema SAS para Windows versdo 9.00 (SAS
Institute, 2001).

4.3 RESULTADOS E DISCUSSOES
4.3.1 Anélise de CG-MS da gordura de A. murumuru e dos 6leos de C. guianensis e B. excelsa

A reacdo de transesterificacdo da gordura de A. murumuru e dos 6leos de castanha-da-
Amazonia e andiroba foi realizada utilizando a lipase P. fluorescens e analisada através da
técnica de CG-MS. A anélise de CG-MS revelou que a gordura de A. murumuru apresentou
predominantemente a presenca de acidos graxos saturados com destaque para o acido laurico
(C12:0) e o acido miristico (C14:0), com 53.5% e 25.8%, respectivamente. Enquanto, que 0s
6leos de castanha-da-Amazénia e andiroba esterificados apresentaram alta similaridade entre
seus principais derivados de acidos graxos, com destaque para o &cido oleico (C18:1, ®-9)
31.8% e 43.61%, respectivamente. Além do acido palmitico (C16:0) 19% e 40.5%, para a
castanha-da-Amazonia e andiroba, respectivamente Tabelas S1, S2; Figuras S1, S2 (Material

suplementar). Dados obtidos dos trabalhos anteriores de Marinho et al., (2022, 2023).
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4.3.2 Andlise de FT-IR dos ésteres graxos FABE-Am, FABE-Be e FABE-Cg

A figura 4.1 exibi os espectros de FT-IR para os trés ésteres obtidos do murumuru,
castanha-da-Amazonia e andiroba. Os espectros revelaram evidéncias da formacéo dos ésteres,
incluindo uma vibragdo de estiramento C-H na regifo 2950-2853 cm™ para a presenca de
ligacGes alifaticas. As bandas de estiramento C=0 a 1740 cm™ estdo relacionadas com a
vibragdo do grupo carbonila, e foram observadas bandas caracteristicas de ésteres insaturados,
tais como C-C-O a 1164 cm™. Uma vibragdo de estiramento C=C na regido de 1655-1686 cm"
! evidenciou a presenca de carbonos insaturados. Foram observadas bandas de estiramento
angular assimétrico C-H a 1466-1371 cm™ e bandas de estiramento O-C-C na regido de 1113-

1111 cm™. Resultados semelhantes foram relatados por Enumo et al., (2020).
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Fig. 4.1. Espectro de FT-IR dos ésteres butilicos (FABE-Am, FABE-Be e FABE-Cg).

4.3.3 Caracterizacdo das nanoparticulas de fibroina de seda (Am-SF-NPs, Be-SF-NPs e Cg-SF-
NPs)

As nanoparticulas de fibroina de seda combinadas aos ésteres graxos da gordura de A.
murumuru e dos 6leos de C. guianensis e B. excelsa tiveram seus tamanhos de particulas, indice
de polidispersidade e potencial zeta determinados através da técnica de dispersdo dindmica da
luz DLS. A estabilidade temporal das nanoparticulas foi avaliada até o 50° dia em diferentes

temperaturas a 4 °C e a 32 °C, ap06s o preparo (Tabela 4.1).
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O perfil das nanoparticulas por DLS mostrou que as Am-SF-NPs apresentaram
tamanhos que variaram de 190.3 £ 1.5 nma 187.6 = 0.8 nm, quando estocadas a 4 °C, enquanto
foram estocadas a 32 °C o tamanho de particulas variou de 190.3 £ 1.5nm a221.5+ 1.9 nm. Ja
as nanoparticulas Be-SF-NPs quando estocadas a 4 °C o tamanho das particulas variou de 383.2
+ 36.8 nm a 239.9 £ 4.8 nm e quando estocadas a 32 °C apresentou tamanho de 383.2 + 36.8
nm a 540.8 £ 23.8 nm. Enquanto que, as nanoparticulas Cg-SF-NPs exibiram tamanhos entre
330.7 £ 1.8 nm a 207 £ 2.3 nm, durante os 50 dias de monitoramento (Tabela 4.1).

As Am-SF-NPs exibiram valores de indice de polidispersidade (Pdl) variando de 0.288
a0.248 a 4 °C, e variando de 0.288 a 0.286 quando estocadas a 32 °C. As Be-SF-NPs exibiram
valores de PdlI variando de 0.484 a 0.278 quando estocadas a 4 °C, e quando estocadas a 32 °C
apresentaram valores entre 0.484 e 0.486, e as Cg-SF-NPs apresentaram valores de Pdl entre
0.315 e 0.294 quando estocadas a 4 °C, e a 32 °C os valores variam entre 0.315 a 0.308, durante
0s 50 dias de monitoramento (Tabela 4.1).

O potencial zeta (PZ) para as Am-SF-NPs apresentou valores de -49.0 £ 0.37 mV a -
41.0 £ 1.7 mV quando foram mantidas a 4 °C, e com baixa variacao de -49.0 £ 0.37 mV a -48.2
+ 1.6 quando mantidas a 32 °C. As Be-SF-NPs exibiram valores de PZ entre -50.7 + 2.1 mV e
de -47.0 £ 0.9 mV quando mantidas a 4 °C, e entre -50.7 £ 2.1 mV a -51.0 £ 0.6 mV quando
mantidas a 32 °C, e as Cg-SF-NPs exibiram valores de ZP quanto mantidas a 4 °C entre 46.8 £
0.7 mV e -41.0 £ 0.5 mV, e quando mantidas a 32 °C apresentaram valores entre -46.8 + 0.7
mV e -62.9 £ 0.7 mV. Durante os 50 dias de monitoramento (Tabela 4.1).

As micrografias de microscopia eletronica de transmissdo mostraram que as
nanoparticulas Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs apresentaram distribui¢do uniforme e
formato esférico (Figura 4.2). A estrutura compacta que as nanoparticulas exibiram pode ter
sido induzida pelo efeito de reticulagdo das cadeias da fibroina de seda quando elas se

aproximam para a formacéo de ligacdes amidicas (Pham et al., 2018).



Tabela 4.1 Tamanho de particulas, Pdl e zeta potencial das nanoparticulas poliméricas de fibroina de seda (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs).
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Am-SF-NPs

Be-SF-NPs

Cg-SF-NPs

o 0
Tempo (dias) Tamanho (nm) = PDI Zeta (mV) Tempo (dias) Tamanho (nm)32 . PDI Zeta (mV)
0 190.3 (x1.5) 0.288 -49.0 (20.37) 0 190.3 (£1.5) 0.288 -49.0 (0.37)
7 211.1 (#4.1) 0.407 -40.7 (£3.3) 7 202.1 (20.2) 0.238 -44.2 (£1.6)
14 200.2 (£2.9) 0.290 -47.2 (£1.2) 14 211.7 (£2.9) 0.324 -39.7 (£1.4)
21 195.2 (+3.6) 0.282 -46.5 (£0.7) 21 211.2 (¢1.6) 0.275 -41.3 (£1.1)
28 189.8 (+2.8) 0.258 -39.0 (£0.5) 28 217.3 (£1.7) 0.250 -41.2 (£1.7)
50 187.6 (x0.8) 0.248 -41.0 (£1.7) 50 221.5 (£1.9) 0.286 -48.2 (£1.6)
0 383.2 (£36.8) 0.484 -50.7 (x2.1) 0 383.2 (£36.8) 0.484 -50.7 (£2.1)
7 334.5 (£11.6) 0.451 -42.9 (£1.1) 7 381.8 (+26.8) 0.449 -50.2 (£1.1)
14 301.6 (£2.1) 0.413 -42.4 (£1.6) 14 361.4 (+16.8) 0.430 -44.9 (£0.2)
21 274.3 (£3.7) 0.374 -43.2 (x4.5) 21 334.1 (£9.3) 0.505 -49.7 (£1.6)
28 255.6 (£7.4) 0.271 -37.9 (20.3) 28 363.7 (£41.3) 0.560 -43.4 (£1.5)
50 239.9 (+4.8) 0.278 -47.0 (20.9) 50 540.8 (+23.8) 0.486 -51.0 (0.6)
0 330.7 (£1.8) 0.315 -46.8 (£0.7) 0 330.7 (£1.8) 0.315 -46.8 (£0.7)
7 305.1 (£13.0) 0.439 -46.7 (£4.8) 7 329.1 (£12.2) 0.359 -45.5 (£3.4)
14 267.3 (£7.2) 0.477 -42.7 (+4.8) 14 334.5 (16.6) 0.350 -43.1 (£2.3)
21 229 (£6.5) 0.348 -44.5 (£0.2) 21 328.4 (+2.2) 0.323 -46.7 (£0.8)
28 226.3 (+2.6) 0.320 -38.1 (£0.4) 28 323.2 (£14.6) 0.343 -45.3 (£1.4)
50 207 (x2.3) 0.294 -41.0 (20.5) 50 306.5 (£3.9) 0.308 -62.9 (£0.7)
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Fig. 4.2. Micrografias de TEM das nanoparticulas de fibroina de seda (Be-SF-NPs, Cg-SF-NPs e Am-
SF-NPs).

4.3.4 Atividade larvicida e ovicida das nanoparticulas de fibroina de seda (Am-SF-NPs, Be-SF-
NPs e Cg-SF-NPs) em S. frugiperda.

Os resultados da atividade larvicida mostraram que as nanoparticulas de fibroina de seda
(Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs) foram altamente toxicas para as larvas de 3° instar de
S. frugiperda, através do método de imersdo alimentar. A atividade larvicida entre as
nanoparticulas variaram aproximadamente de 85 a 100%, ap6s 96 h de tratamento. As
nanoparticulas Be-SF-NPs foram mais eficientes, apresentando taxa de mortalidade de 100%,
na concentracdo de 5000 pg.mL™* contra as larvas de S. frugiperda, exibindo uma atividade
larvicida ligeiramente superior aos controles positivos Karate zeon® e 0 6leo de Neem®,
inseticidas comerciais ja bem utilizados no manejo desses insetos (Figura 4.3). Todas as
nanoparticulas apresentaram efeito larvicida quando comparadas a solucdo de fibroina de seda
2%, utilizada como controle negativo.
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Fig. 4.3. Porcentagem de mortalidade de S. frugiperda apds 96 h de exposicao as nanoparticulas (Am-
SF-NPs, Be-SF-NPs e Cg-SF-NPs) em diferentes concentragfes. CLT (+): solucdo de Karate zeon [0.5
pg.mL?], Neem [30 pg.mL?]. Cada valor na figura é a média de trés repeticOes + desvio padrédo e
representa a taxa de mortalidade das trés nanoformulacfes. A significncia estatistica é mostrada por
letras mindsculas diferentes, com base no teste ANOVA (p < 0,05).

A atividade larvicida das nanoparticulas (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs) esta
intrinsicamente ligada & sua composicdo lipidica. A literatura ja noticia que varios acidos
graxos, como o &cido laurico, miristico, palmitico, oleico e linoleico sdo compostos bioativos a
uma variedade de insetos artropodes, agindo por contato bloqueando a respiracéo e afetando as
funcdes da membrana celular, além de reduzir sua movimentacado e alimentagdo (Bernklau et
al., 2016; Fenigstein et al., 2001; Sims et al., 2014). Outrossim, alguns 6leos vegetais podem
conter outros compostos bioativos a insetos, a exemplo o 6leo de andiroba que contém varios
limonoides, terpenos e outros compostos com atividade bioinseticida (Santos et al., 2012).
Foram determinados os valores de LCso e LCoo para as nanoparticulas apos 96 h de
tratamento (Tabela 4.2). Apds exposicdo das larvas por 96h, as Be-SF-NPs foram mais
eficientes quando comparadas as demais nanoparticulas, apresentando LCso 563.03 ug.mL? e
LCgo de 3685.98 pg.mL™?. Ja as nanoparticulas Cg-SF-NPs apresentaram LCso de 914.59
ng.mL™* e LCg de 5831.98 pg.mL™, apds 96 h de exposicdo. Por fim, as nanoparticulas Am-
SF-NPs, apds 96 h apresentou menor toxicidade para as larvas de S. frugiperda com LCso de
1020.46 pg.mL™ e LCqoo de 1117.49 pug.mL™.

Pittarate et al., (2023) relataram que nanoparticulas metélicas de iodeto de potéssio,

disponiveis comercialmente, apresentaram alta susceptibilidade contra larvas de 4° instar de S.
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frugiperda pelo método de imersdo alimentar com taxa de mortalidade variando de 31 a 83%,
apos trés dias de exposicdo. Nanoformulacdo a base de Neem (Azadirachta indica) exibiu
elevada mortalidade contra larvas de 2° 3° e 4° insta de Spodoptera litura com taxas de
mortalidade de variando de 76.56 a 68.43% a 100 pg.mL™?, 0 método de imerséo alimentar da
nanoformulacdo a base de Neem ainda foi capaz de retardar o crescimento dos insetos

prologando o periodo larval em até 4 dias (Kamaraj et al., 2018).

Tabela 4.2 Valores de LCso € LCqy para S. frugiperda em contato com as nanoparticulas poliméricas de
fibroina de seda (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs).

Nanoparticulas Inclinagdo+E.P  LCs (ug.mL™?) LCoo (Mg.mL™) X? (df = 6)

(UCL-LCL) (UCL-LCL)
Am-SF-NPs 1.33:05 1020.46 1117.49 1.38
(4739.72-7841.70)  (488.64-1944.34)
Be-SF-NPs 563.03 3685.98 4.19
1.5720.31 (326.28-793.99)  (2293.37-9658.02)
Cg-SF-NPs 1.59+0.29 914.59 5831.98 1.1

(623.58-1263.47)  (3464.71-6415.11)

*LC - concentracdo letal (50% e 90%); LCL - limite inferior de confiangca; UCL - limite superior de
confianga; X2 - qui-quadrado; df - grau de liberdade; significativo a P < 0,05.

O presente estudo ainda demonstrou que os ovos de S. frugiperda foram susceptiveis as
nanoparticulas de fibroina de seda (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs). As nanoparticulas
Be-SF-NPs inibiram a eclosdo de aproximadamente 87% dos ovos de S. frugiperda, na maior
concentracdo testada. J& as nanoparticulas Am-SF-NPs inibiram a eclosdo de 65% dos ovos.
Enquanto, que as nanoparticulas Cg-SF-NPs inibiram cerca de 62% a eclosdo dos ovos de S.

frugiperda (Figura 4.4).
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Fig. 4.4. Porcentagem de eclosdo de ovos de S. frugiperda apds 96 h de exposic¢do as nanoparticulas
(Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs) em diferentes concentragdes. CLT (+): solugdo de Dimillin
[2.5 ug.mL1], Neem [25 pg.mL1]. Cada valor na figura é a média de trés repeti¢des + desvio padrdo e
representa a taxa de mortalidade das trés nanoformulacdes. A significancia estatistica € mostrada por
letras minUsculas diferentes, com base no teste ANOVA (p < 0,05).

As nanoparticulas Be-SF-NPs mostraram atividade ovicida contra a eclosdo de ovos de
S. frugiperda com LCso de 341.03 pg.mL™ e LCoo de 3901.22 ug.mL™, ap6s 96 h de exposicao.
As Am-SF-NPs inibiram a eclosdo de ovos de S. frugiperda com valores de LCso de 781.07
png.mL?t e LCy de 1516.07 ng.mL™, ap6s 96 h de exposicdo. As Cg-SF-NPs apresentaram
atividade ovicida frente aos ovos de S. frugiperda com valores de LCsode 1046.88 ng.mL™t e
L Cgo de 8806.45 ng.mL™, ap6s 96 h de exposicdo (Tabela 4.3).

Tabela 4.3 Valores de LCso e LCq para a atividade ovicida das nanoparticulas poliméricas de fibroina
de seda (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs) em ovos de S. frugiperda.

Nanoparticulas Inclinagdo+E.P  LCsp (ug.mL™) LCoo (Mg.mL™) X2 (df = 4)

(UCL-LCL) (UCL-LCL)

Am-SF-NPs 1.01%0,22 781.07 1516.07 5.09
(257.11-1585.06)  (4400.28-9433.66)

Be-SF-Nps 341.03 3091.22 2.38
1.34x0.22 (201.38-468.23)  (2059.16-6451.61)

Cg-SF-NPs 1.3920.26 1046.88 8806.45 3.89

(729.05-1466.36)  (4763.25-0472.44)

*LC - concentracdo letal (50% e 90%); LCL - limite inferior de confianca; UCL - limite superior de
confianga; X2 - qui-quadrado; df - grau de liberdade; significativo a P < 0,05.



119

A literatura ainda € carente de dados que relacionam nanoparticulas lipidicas no controle
das larvas de S. frugiperda, bem como para o controle da eclosao de seus ovos. Pinheiro et al.,
(2022) observaram que o Oleo essencial das folhas e frutos de Piper fuligineum foi capaz de
reduzir a viabilidade de 84% dos ovos de S. frugiperda. Segundo Machado et al., (2011) o
extrato aquoso das folhas de neem inibiu cerca de 86.2% da ecloséo dos ovos de S. frugiperda.

Don-Pedro (1989) observou que 6leos fixos foram capazes de inibir a eclosdo de ovos
de Callosobruchus maculatus e atribui o efeito ovicida a acumulacédo de metabolitos toxicos na
superficie dos ovos, como resultado de um efeito barreira. Além do efeito toxico direto da
penetracdo do 6leo ou de seus constituintes no interior dos ovos através do corio, membrana
serosa que permite a troca gasosa entre o embrido e o meio externo. O grau de saturacdo de
6leos fixos também pode influenciar na eficacia do efeito ovicida, pois segundo Hall & Harman
(1991), os acidos graxos altamente insaturados aderem mais facilmente para o interior dos ovos
através do corio que os acidos graxos saturados que normalmente solidificam formando uma
pelicula mais espessa sobre 0s ovos. Deste modo, o efeito ovicida provavelmente pode decorrer
das propriedades fisicas ou quimicas do composto testado (Krinski et al., 2018). Diante do
exposto, o efeito ovicida das nanoparticulas (Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs podem
estar relacionados tanto pela toxicidade dos seus componentes, bem como com as propriedades

fisicas dos 6leos.

4.3.5 Anélise morfoldgica das larvas de S. frugiperda expostas as nanoparticulas Am-SF-NPs,
Be-SF-NPs e Cg-SF-NPs

As nanoparticulas Am-SF-NPs, Be-SF-NPs e Cg-SF-NPs causaram danos na
morfologia externa das larvas de 3° instar de S. frugiperda. As larvas expostas as Am-SF-NPs
apresentaram auséncia de pigmentagdo, encurtamento do torax e diminui¢do da cabeca. As Be-
SF-NPs causou inchago no térax e na cabega, além de deformacao no segmento final do abdome
das larvas expostas a elas. As Cg-SF-NPs causou deformacdo no toérax e no segmento inicial do
abdome das larvas, em contraste as larvas submetidas ao controle contendo somente fibroina
de seda 2% nao apresentou alteragcdes morfologicas (Figura 4.5). Os efeitos obtidos com as
nanoparticulas de fibroina de seda podem estar sendo induzidos a uma inibi¢do na produgdo

dos hormonios ecdisterdides, que sdo os hormdnios encontrados em artrépodes, responsaveis
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pela muda, desenvolvimento e em menor grau a reprodugdo (Matos et al., 2009; Roel and
Vendramim, 2006).

Segundo Magrini et al., (2015) os extratos de frutos e sementes de Cabralea canjerana
canjerana (Vell.), quando testados em estagios imaturos de S. frugiperda, impediu que as larvas
realizassem a ecdise para estidgios intermediarios de desenvolvimento. Além disso, foi
observado o aparecimento de tumores nas larvas tratadas. O extrato aquoso de Melia azedarach
promoveu a morte de larvas de S. frugiperda durante a ecdise, sem que ocorresse a liberacao
total de exuvia e da cépsula cefalica. Ainda de acordo com o estudo, os extratos utilizados
diminuiram os niveis de ecdisonios das larvas utilizadas nos testes (Maroneze and Gallegos,

2009).

0.4 mm

Fig. 4.5. (A) Larva exposta ao controle contendo fibroina de seda 2%. (B) Larva exposta a Am-SF-NPs.
(C) Larva exposta a Be-SF-NPs. (D) Larva exposta a Cg-SF-NPs.

4.4 CONCLUSOES

Em resumo, este estudo avaliou a atividade bioinseticida das nanoparticulas de fibroina
de seda (Am-SF-NPs, Be-SF-NPs e Cg-Be-NPs) contra as larvas de 3° instar de S. frugiperda.
As nanoparticulas apresentaram boa estabilidade temporal durante os 50 dias de monitoramento
nas temperaturas de 4 °C e 32 °C. As nanoparticulas apresentaram distribuicdo uniforme e

formato esférico. Todas as nanoparticulas apresentaram boa atividade larvicida e ovicida contra
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S. frugiperda, com destaque para a Be-SF-NPs que apresentou taxa de mortalidade larval de
100% com LCsp de 563.03 pug.mL*. A Be-SF-NPs também foi capaz de inibir em 87% a eclosio
dos ovos de S. fugiperda, apresentando valor de LCso de 341.03 pg.mL™. As nanoparticulas
ainda foram capazes de causar deformac6es na morfologia externa das larvas. Em conjunto,
esses resultados sugerem que as nanoparticulas obtidas a partir da fibroina de seda e derivados
de 6leos amazdnicos podem tornar-se uma alternativa sustentavel para futuras aplicacdes na

nanotecnologia agro-ambiental.
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CONSIDERACOES FINAIS

O presente trabalho teve por objetivo desenvolver e caracterizar nanoparticulas de
fibroina de seda combinadas a 6leos amaz6nicos como promissor agente larvicida frente as
larvas do mosquito Ae. aegypti e da lagarta S. frugiperda. Insetos de grande importancia na
atualidade, pois um atua como vetor de transmissao de doencas ao homem e 0 outro vem
causando grandes perdas na agricultura.

As nanoparticulas produzidas a partir da solugdo fibroina de seda combinadas com
gordura de A. murumuru e dos 6leos de B. excelsa e C. guianensis foram caracterizadas através
das técnicas de espalhamento dinamico da luz, microscopia eletrbnica de transmisséo,
infravermelho. Em conjunto essas analises mostraram que as nanoparticulas produzidas
apresentaram tamanhos de particulas variando de 207 + 2.3 nm a 540.8 £ 23.8 nm, valores de
PdI variando de 0.294 a 0.560 e potencial zeta variando de -37.9£ 0.3 mV a-62.9+ 0.7 mV. A
microscopia eletrdnica de transmissdo mostrou que as nanoparticulas apresentaram distribuicéo
uniforme e formato esférico. Os espectros de infravermelho das nanoparticulas obtidas foram
semelhantes ao espectro de infravermelho da fibroina de seda, deste modo, pode-se inferir que
a solucdo de fibroina de seda forma a parede das nanoparticulas armazenando em seu nucleo os
6leos.

Todas as nanoparticulas apresentaram boa atividade larvicida frente as larvas de Ae.
aegypti, com destaques para as nanoparticulas combinadas a ésteres butilicos oriundos dos
diferentes 6leos. As nanoparticulas de fibroina de seda combinadas ao éster butilico de A.
murumuru (FABE-SF) exibiu taxa de mortalidade de 100% (LCso de 21.35 ug.mL™), apos 48
h de tratamento. As nanoparticulas em combinacao com o éster butilico de B. excelsa (FABE-
Be-SF-NPs) apresentou taxa de mortalidade de 100% (LCso de 21.14 pug.mL™), apds 48 h de
tratamento. As nanoparticulas combinadas com o éster butilico de C. guianensis (FABE-Cg-
SF-NPs) exibiu taxa de mortalidade de 98% (LCso de 27.45 pug.mL™), apds 48 h de tratamento.
As nanoparticulas FABE-Be-SF-NPs e FABE-Cg-SF-NPs ainda foram capazes de inibir a
oviposicdo de fémeas de Ae. aegypti. Além disso, as nanoparticulas causaram danos em varios
segmentos do corpo das larvas. Entretanto, as nanoparticulas FABE-Be-SF-NPs e FABE-Cg-
SF-NP néo causaram efeitos teratogénicos significativos em embrides de zebrafish, até 96 h pds
fertilizacdo.
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Por fim, foi avaliada a atividade larvicida de todas as nanoparticulas frente as larvas de
S. frugiperda, apds 96 h de tratamento. As nanoparticulas de fibroina de seda combinadas com
o0 éster butilico de B. excelsa (Be-SF-NPs) apresentou melhor taxa de mortalidade, cerca de
100% (LCso de 563.03 pg.mL™), ligeiramente maior que os controles positivos Karate zeon®
e 0 Oleo de Neem® j& bem utilizados contra a S. frugiperda. As nanoparticulas Be-SF-NPs
inibiram a eclosdo de ovos de S. frugiperda em 87% (LCso de 341.03 pg.mL™). As
nanoparticulas ainda causaram modificagdes em varios segmentos do corpo das larvas de S,
frugiperda.

No geral, a producdo de nanoparticulas de fibroina de seda combinadas a ésteres
butilicos de diferentes 6leos amazdnicos, podem tornar-se uma ferramenta eficaz, sustentavel e
ecologicamente correta para o controle de larvas de Ae. aegypti e S. frugiperda.

Como perspectivas futuras este trabalho apresenta as seguintes possibilidades:

« Auvaliar o grau de toxicidade ambiental das nanoparticulas de A. murumuru, B. excelsa
e C. guianensis em algas verdes (Chlorella vulgaris).
+¢+ Elucidar os mecanismos de acdo dos 6leos de B. excelsa e C. guianensis e da gordura

de A. murumuru, bem como de suas respectivas nanoparticulas.
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ABSTRACT

Keywords:
Silkworm cocoon
Larvicidal activity
Biomaterial

The Aedes aegypti mosquito is a vector of several diseases, including dengue, yellow fever and the Zika virus.
Synthetic insecticides such as chlorpyrifos and chlorothalonil have been used to control this vector, despite causing
damage to both the environment and humans. Research into natural active compounds with a low environmental

Bi cid impact is therefore required. The present study developed an environmentally friendly formu- lation of silk fibroin
lopesticide (SF) combined with fatty acid esters [ethyl (FAEE-SF), propyl (FAPE-SF) and butyl (FABE- SF)] from A. murumuru

Fatty acid esters
Dengue
Amazon oil

fat, which was effective against larvae of the Ae. aegypti vector. The FABE-SF nanoparticle induced a higher mortality
rate in Ae. aegypti larvae after 48 h (LCso = 21.35 pg/mL). The stability of the nano was monitored for 21 days, and
FABE-SF exhibited greater stability throughout this period, with average particle,zeta and PDI values of around

217.5 £ 0.85 nm, —25.6 + 3.24 mV and 0.338 + 0.01, respectively. This is the first work of its type to identify the
larvicidal activity of fatty acid esters from A. murumuru, combined with silk fibroin, against Ae. aegypti.

1. Introduction

The effective and sustainable control of mosquito population vectors
of diseases is a challenging task [1,2]. For many years, the control of such
populations has involved the use of various synthetic insecticides, such as
organochlorines, organophosphates and pyrethroids [3]. How- ever, the
indiscriminate and frequent use of such substances has caused selected

populations of mosquitoes to become more resistant, as well as resulting in
environmental pollution from their non-selective inhibitory enzymatic
actions [4], putting humans and other non-target populations at risk [5].
An effective low-cost insecticide with a lower environmental risk is
therefore required [1,2].

There is a growing demand for biopesticides, since certain plant
species contain a variety of bioactive compounds with insecticidal
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properties [1]. Fat extracted from the fruits of A. murumuru, for example,
is a potentially effective biopesticide for vector control. A. murumuru fat
is easily obtained, as the species is widely distributed around the
Amazon estuary. Its natural fat is used as a raw material in the cosmetics
and food industries, as its composition contains saturated fatty acids
such as lauric and myristic acid [6]. Although the larvicidal, insecticidal,
and repellent action of fatty acids against mosquitoes has been widely
reported in literature [7-9],
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ARTICLEINFO
ABSTRACT

Keywords:
Andiroba This work reports the preparation of nanoparticles of silk fibroin with esters obtained from the oils of two Amazonian

plant species (Carapa guianensis Aublet and Bertholletia excelsa) with excellent physicochemical properties and
activity against the larvae of the vector Aedes aegypti. The temporal stability of the nanoparticles was evaluated for
50 days at temperatures of 4 °C and 32 °C. The size of the nanoparticle was satisfactory, with sizes ranging from
207 + 2.3 nm to 540.8 + 23.8 nm, and PdI values ranging from 0.294 to 0.560, and zeta potential from — 37.9 £ 0.3
) mV to — 62.9 + 0.7 mV. Study of the morphology of nanoparticles, by transmission electron microscopy analysis,
Amazon oils clearly showed spherical shapes. The nanoparticles presented slow and controlled release that induced a high

Carapa guianensis
Brazil nuts
Bertholletia excelsa
Dengue

mortality rate in the 3rd larval instar of Ae. aegypti, with LCso of 27.45 jg. mL™ for FABE-Cg-SF-NPs and LCso of

21.14 ug.mL'1 for FABE-Be-SF-NPs, after 48 h of exposure. In addition, they were able to inhibit oviposition by Ae.
aegypti. However, the nanoparticles did not present significant teratogenic effects on zebrafish embryos up to 72
h post-fertilization. Thus, the formation of nanoparticles by butyl esters in silk fibroin may become an
(eco)alternative and effective in the control of Ae. aegypti larvae.

1. Introduction . . .
this group of viruses (Huang et al., 2019; Sukhralia et al., 2019; Young,

2018).

Dengue is a serious public health problem that affects millions of
people worldwide. It is transmitted by mosquitoes that carry arbovi-
ruses. Dengue is endemic in more than 129 countries, especially in
tropical and subtropical regions, where the climate and environmental
conditions favor the breeding of mosquitoes. (Duarte et al., 2021). An
estimated 100-400 million cases of dengue occur per year, with 96
million symptomatic cases and 40,000 deaths worldwide (Who, 2018).
There is still no specific antiviral treatment for the different dengue

The World Health Organization states that vector-transmitted in-
fectious diseases such as dengue, yellow fever, Zika fever, chikungunya
fever, malaria, filariasis, leishmaniasis and Chagas disease account for
more than 17% of infectious diseases worldwide and cause more than
700,000 deaths per year (Who, 2018). Arboviruses are groups of viruses
of medical relevance for public health that can be transmitted to
vertebrate hosts through several vectors such as hematophagous ar-
thropods, sandflies and ticks, but mosquitoes are the principal vector for
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Characterization of murumuru fat by GC-MS

Fig. 1. Fatty ethyl ester compositions of A. murumuru, determined by GC-MS analysis.

Table 1. Fatty acid composition (%) of A. murumuru fat by GC-MS analysis

Fatty acid Peak Time Relative
(min)  Concentration (%)°
Caproic (C6:0) 1 3.63 1.73
Caprylic (C8:0) 2 6.54 2.40
Lauric (C12:0) 3 10.11 53.51
Myristic (C14:0) 4 13.63 25.79
Palmitic (C16:0) 5 16.92 8.59
Linoleic (C18:2) 6 1951 0.66
Oleic (C18:1) 7 19.59 3.88
Stearic (C18:0) 8 19.96 3.45
Total Saturated - - 95.47
Total - - 3.88
Monounsaturated

Total - - 0.66

Polyunsaturated

*Percentage of FAEE corresponding fatty acid; "MS database (NIST 5.0)
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Fig. 1a. Lauric acid ethyl ester profile determined by GC-MS analysis.
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Fig. 1c. Myristic acid ethyl ester profile determined by GC-MS analysis.
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Fig. 1d. GC-MS of Myristic acid ester.
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Fig. 1g. Stearic acid ethyl ester profile determined by GC-MS analysis.

Fig. 1g. GC-MS of Stearic acid ester.
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Characterization of murumuru oils and derivatives by FTIR
Murumuru fat

Yellow oil; FTIR vma(cm™) (pure) = 2931, 2850, 1740, 1655, 1465, 1371, 1164.

Murumuru FAEE
Yellow oil; FTIR vmax(cm™) (pure) = 2930, 2853, 1740, 1655, 1462, 1376, 1169.

Murumuru FAPE
Yellow oil; FTIR vmax(cm™) (pure) = 2923, 2853, 1747, 1653, 1462, 1379, 11609.

Murumuru FABE
Yellow oil; FTIR vma(cm™) (pure) = 2950, 2854, 1743, 1686, 1466, 1371, 1164.
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Fig. 2. FTIR spectra of Murumuru fat and derivatives.
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Fig. 3. GC-MS of Murumuru esterification reaction with ethanol.
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Fig. 3a. GC-MS of Hexadecanoic acid ethyl ester 1 (96% similarity).
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Fig. 3b. GC-MS of ethyl (92, 12Z)-octadeca-9,12-dienoate 2 (94% similarity).
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Fig. 3c. GC-MS of Ethyl oleate 3 (93% similarity).
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Fig. 3d. GC-MS ethyl (E)-octadec-9-enoate 4 (94% similarity).
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Table 2. GC-MS analyses of Murumuru esterification using Ethanol.

Compounds Retention Quantity Similarity
tome (min) compound (%)
(%)
Hexadecanoic acid ethyl ester 23.1 22.0 96
ethyl (92,12Z)-octadeca-9,12- 25.7 37.3 94
dienoate

Ethyl oleate. 25.8 30.0 93

ethyl (E)-octadec-9-enoate 26.1 10.6 94
Total identification (%) 99.9
Monounsaturated compounds (%) 40.6
Poly-unsaturated compounds (%) 37.3
Saturated compounds (%0) 22.0

*MS database (NIST 5.0)

Murumuru FAPE

Fig. 4. GC-MS of Murumuru esterification reaction with propanol.
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Fig. 4a. GC-MS of Hexadecanoic acid propyl ester 1 (95% similarity).
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Fig. 4b. GC-MS propyl linoleate 2 (88% similarity).
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Fig. 4c. GC-MS propyl oleate 3 (89% similarity).
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Fig. 4d. GC-MS propyl (E)-octadec-9-enoate 4 (92% similarity).
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Table 3. GC-MS analyzes of Murumuru esterification using propanol.
Compounds retention time Quantity Similarity
(min) compound (%)
(%)
Hexadecanoic acid propyl ester 235 22.0 95
propyl linoleate 26.1 39.4 88
propyl oleate. 26.2 32.3 89
propyl (E)-octadec-9-enoate 26.6 6.25 92
Total identification (%) 99.9
Monounsaturated compounds (%) 38.5
Poly-unsaturated compounds (%) 394
Saturated compounds (%0) 22.0

*MS database (NIST 5.0)
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Murumuru FABE

Fig. 5. GC-MS of Murumuru esterification reaction with butanol.
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Fig. 5a. GC-MS of Hexadecanoic acid butyl ester 1 (95% similarity).
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Fig. 5b. GC-MS of butyl linoleate 2 (91% similarity).
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Fig. 5¢c. GC-MS of butyl oleate 3 (91% similarity).
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Fig. 5d. GC-MS of butyl (E)-octadec-9-enoate 4 (93% similarity).
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Table 4. GC-MS Analyzes of murumuru esterification using Butanol.

Compounds Retention Quantity Similarity
time (min) compound (%)
(%)

Hexadecanoic acid butyl ester 26.1 24.7 95

butyl linoleate 28.6 29.3 91

butyl oleate 28.7 31.7 91

butyl (E)-octadec-9-enoate 28.9 14.2 93
Total identification (%) 99.9
Monounsaturated compounds (%6) 45.9
Poly-unsaturated compounds (%6) 29.3
Saturated compounds (%) 24.7

*MS database (NIST 5.0)
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ANEXO 4

Supplementary Information

Polymeric Nanoparticles from Silk Fibroin and Amazon Oils: Potential
Larvicidal Activity and Oviposition Deterrence Against Aedes aegypti

Victor H. S. Marinho?, Fabricio H. Holanda?, Inana F. Aradjo?, David E. Q. Jimenez?, Rayanne R. Pereira®,
André L.M. Porto®, Adriana M. Ferreira?, José C.T. Carvalho?, Ana C. G. Albuquerque de Freitas®, Caio P.

Fernandes?, Raimundo N. P. Souto®, Irlon M. Ferreira?,”

aBiocatalysis and Applied Organic Synthesis Laboratory, Federal University of Amapéa, University Campus
Marco Zero do Equador, Rodovia Juscelino Kubitschek de Oliveira, Km 02, Bairro Zeréo, 68902-280, Macapa,
AP, Brazil.

bFederal University of Western Pard, Institute of Collective Health (Tapajés Unit), 68035-110 Santarém, PA,
Brazil.

°Department of Physical Chemistry, Institute of Chemical of Sdo Carlos, University of S&o Paulo. Av. Jodo
Dagnone, 1100, Ed. Prof. Douglas Wagner Franco, Santa Angelina, 13563-120, S&o Carlos, SP, Brazil.

dDrug Research Laboratory, Federal University of Amap4, University Campus Marco Zero do Equador,
Rodovia Juscelino Kubitschek de Oliveira, Km 02, Bairro Zerdo, 68902-280, Macapa, AP, Brazil.

¢Drug Planning and Development Laboratory, Institute of Exact and Natural Sciences, Federal University of
Pard, Belém, PA, Brazil.

fArtropod Laboratory, Federal University of Amapa, University Campus Marco Zero do Equador, Rodovia
Juscelino Kubitschek de Oliveira, Km 02, Bairro Zerdo, 68902-280, Macapéa, AP, Brazil.

*Corresponding author: irlon.ferreira@gmail.com /Orcid.org/0000-0002-4517-0105
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C. guianensis Oil. FTIR vmax(cm™) (pure) = 2926, 2855, 1748, 1466, 1165, 1022, 725.; *H NMR
(500 MHz, CDCls) § (ppm) = 5.38-5.24 (m, 3H), 4.29 (dd, J = 11.9, 4.3 Hz, 1H), 4.14 (dd, J = 11.9,
6.0 Hz, 2H), 2.38-2.27 (m, 5H), 2.07-1.97 (m, 6H), 1.61 (M, 5H), 1.38-1.20 (m, 49H), 0.91-0.85 (m,
7H).; °C NMR (126 MHz, CDCl3) & (ppm) = 173.5, 173.4, 173.0, 130.2, 129.9, 129.8, 128.2, 69.0,
62.2, 34.4,34.2, 34.2,32.1,32.1,29.9, 29.9, 29.9, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.5, 29.4, 29.4,
29.33,29.3, 29.27, 29.2, 29.2, 27.4, 27.3, 25.0, 25.0, 25.0, 22.8, 14.3.

B. excelsa Oil. FTIR vmax(cm™) (pure) = 2927, 2855, 1747, 1466, 1163, 1035, 724.; *H NMR (500
MHz, CDCls) & (ppm) = 5.39-5.24 (m, 4H), 4.29 (dd, J = 11.9, 4.3 Hz, 1H), 4.14 (dd, J = 11.9, 6.0
Hz, 1H), 2.77 (t, J = 7.0 Hz, 1H), 2.31 (m, 4H), 2.07-1.98 (m, 5H), 1.61 (m, 5H), 1.37 — 1.23 (m,
19H), 0.88 (m, 5H).; 3C NMR (126 MHz, CDCls) & (ppm) = 173.7, 173.7, 173.7, 173.3, 173.2, 130.6,
130.4, 130.4, 130.4, 130.1, 130.1, 128.5, 128.5, 128.3, 128.3, 77.2, 69.3, 62.5, 34.6, 34.5, 34.4, 32.3,
32.3, 31.9, 30.2, 30.1, 30.1, 30.1, 30.1, 30.0, 30.0, 30.0, 29.9, 29.9, 29.9, 29.8, 29.8, 29.7, 29.7, 29.7,
29.7,29.7, 29.6, 29.6, 29.6, 29.5, 29.5, 29.5, 29.5, 27.6, 27.6, 27.6, 26.0, 25.3, 25.3, 25.2, 23.1, 23.1,
23.0, 14.5, 14.5.

FABE-Cg. FTIR vma(cm') (pure) = 2927, 2856, 1743, 1468, 1166, 1036, 724.; *H NMR (500 MHz,
CDCl3) 8 (ppm) = 5.37-5.32 (m, 3H), 3.86 (d, J = 6.7 Hz, 6H), 2.38-2.29 (m, 8H), 2.08-1.99 (m, 12H),
1.93 (dt, J = 13.3, 6.7 Hz, 3H), 1.67-1.57 (m, 20H), 1.36-1.25 (m, 67H), 0.94 (d, J = 6.7 Hz, 18H),
0.89 (t, J = 7.0 Hz, 14H).; 3C NMR (126 MHz, CDCls) § (ppm) = 174.2, 130.2, 129.9, 70.5, 65.3,
63.5, 62.8, 34.6, 34.6, 32.1, 32.1, 29.9, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.5, 29.4, 29.3,
29.3,29.3,29.3, 29.3, 29.2, 27.9, 27.4, 27.3, 25.2, 25.2, 22.8, 19.3, 14.3.

FABE-Be. FTIR vmax(cm™) (pure) = 2927, 2857, 1743, 11467, 1164, 1036, 725.; *H NMR (400 MHz,
CDCls) § (ppm) = 5.38-5.30 (m, 3H), 3.85 (d, J = 6.7 Hz, 4H), 2.79-2.75 (m, 1H), 2.30 (t, J = 7.5 Hz,
3H), 2.07-1.98 (m, 5H), 1.92 (dt, J = 13.4, 6.7 Hz, 1H), 1.66 -1.58 (m, 5H), 1.36-1.22 (m, 29H), 0.92
(dd, J = 6.7, 3.0 Hz, 10H), 0.88 (td, J = 7.0, 4.1 Hz, 4H).; 3C NMR (100 MHz, CDCl3) 5 (ppm) =
173.9, 173.9, 130.0, 129.9, 129.9, 129.8, 129.8, 129.6, 127.9, 127.7, 74.8, 70.2, 70.1, 65.0, 63.1, 62.3,
34.2,34.2,31.8, 31.7, 31.4, 29.6, 29.5, 29.5, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 29.2, 29.2, 29.1, 29.0,
29.0, 28.9, 28.9, 27.5, 27.0, 27.0, 27.0, 27.0, 25.6, 25.0, 24.9, 22.5, 22.4, 18.9, 13.9, 13.9.
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Figure S1. *H NMR (500 MHz, CDCIs) of C. guianensis Oil.
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Figure S2. 3C NMR (126 MHz, CDCI3) of C. guianensis Oil.
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Figure S3. FT-IR of C. guianensis Oil.
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Figure S4. *H NMR (500 MHz, CDCls) of B. excelsa Oil.
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Figure S5. 3C NMR (126 MHz, CDCls) of B. excelsa Oil.
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Figure S7. *H NMR (500 MHz, CDCls) of FABE-Cg.
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Figure S8. C NMR (126 MHz, CDCls) of FABE-Cg.
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Figure S9. FT-IR of FABE-Cg.
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Figure S10. 'H NMR (400 MHz, CDCls) of FABE-Be.

0.94 0.92 0.90 0.88 0.86

1.90
f1 (ppm)

1.95

3.88 3.86 3.84 3.82

f1 (ppm)

05

756
H/g.mN
F1zs

1T
W 66t
4%
=17
= £v'0

=15¢

F00€

10

12

13

f1 (ppm)




154

Figure S11. *C NMR (100 MHz, CDCls) of FABE-Be.

T T
70 60 50 40 30 20

T
80

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

T
220

FABE-Be

Figure S12. FT-IR of FABE-Be.
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ANEXO 5

Material Suplementar

Potencial controle ecolégico de nanoparticulas de fibroina de seda e oOleos
amazonicos contra Spodoptera frugiperda

Victor H. S. Marinhoa, Donald Manigatb, Jéssica C. E. Vilhenac,d, Silvia M. M. Faustinoc, Raimundo N. P.
Soutob, Irlon M. Ferreiraa,*

8L aboratério de Biocatalise e Sintese Organica Aplicada, Universidade Federal do Amapa, Campus
Universitario Marco Zero do Equador, Rodovia Josmar Chaves Pinto, Km 02, Bairro Zerdo, 68903-419,

Macapa, AP, Brasil.

b|_aboratério de Artropodes, Universidade Federal do Amapé, Campus Universitario Marco Zero do Equador,
Rodovia Josmar Chaves Pinto, Km 02, Bairro Zerdo, 68903-419, Macapé, AP, Brasil.

Laboratorio de Cultivo de Algas, Curso de Farmacia, Universidade Federal do Amapa, Campus Universitario
Marco Zero do Equador, Rodovia Josmar Chaves Pinto, Km 02, Bairro Zerdo, 68903-419, Macapé, AP, Brasil.

dPrograma de Pés-Graduacdo em Ciéncias Ambientais, Universidade Federal do Amapa, Marco Zero do
Equador, Rodovia Josmar Chaves Pinto, Km 02, Bairro Zerdo, 68903-419, Macapé, AP, Brasil.
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Tabela 1 (S1) Composicéo de &cidos graxos (%) da gordura de A. Murumuru determinada por anélise
de GC-MS.

Acidos graxos Picos Tempo Concentracdo

(min) relativa (%)°
Caproico (C6:0) 1 3.63 1.73
Caprilico (C8:0) 2 6.54 2.40
Laurico (C12:0) 3 10.11 53.51
Miristico (C14:0) 4 13.63 25.79
Palmitico (C16:0) 5 16.92 8.59
Linoléico (C18:2) 6 19.51 0.66
Oleico (C18:1) 7 19.59 3.88
Esteérico (C18:0) 8 19.96 3.45
¥ Saturado - - 95.47
X Monoinsaturado - - 3.88
Y Poliinsaturado - - 0.66

Fig. 1 (S1). Composicao de acidos graxos da gordura de A. murumuru, determinada por analise de
GC-MS. Acidos Caproico (1); Caprilico (2); Laurico (3); Miristico (4); Palmitico (5); Linoléico (6);
Oleico (7); Esteérico (8).
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Tabela 2 (S2). Composi¢do de &cidos graxos dos 6leos de C. guianensis (andiroba) and B. excelsa
(Brazil nut), determinada por analise de CG-MS.

Acidos graxos? Concentracao Concentracao

relativa (%0)° relativa (%0)°
C. guianensis B. excelsa

Palmitico (C16:0) 40.5 19.0

Linoléico (C18:2, m-6) 2.35 28.8

Oleico (C18:1, ®-9) 43.61 31.8

Vancénico (18:1, o-7) 0.53 2.0

Esteéarico (C18:0) 3.45 17.6

Né&o-identificado 1.95 -

X Saturado 43.95 36.6

X~ Monoinsaturado 44.14 33.8

X Poliinsaturado 2.35 28.8

Fig. 1 (S2). Perfil cromatografico dos acidos graxos dos 6leos de C. guianensis (andiroba) e B. excelsa
(castanha-da-Amazonia), conforme determinado pela anélise CG-MS.
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