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RESUMO

As nanoparticulas de oOxido de ferro (FesOs-NPs) apresentam propriedades
superparamagnéticas que possibilitam sua aplicacdo em diversas éareas, inclusive na
liberacdo de farmacos em locais especificos do organismo. Ja as nanoparticulas de prata
(Ag-NPs) tém potentes efeitos antimicrobianos. Embora a combinacédo de FeszOs-NPs e
Ag-NPs em uma nanoestrutura hibrida (FesO4s@Ag-NPs) tenha demonstrado aplicacdes
biomédicas promissoras, seus efeitos toxicoldégicos sdo desconhecidos e precisam ser
melhor avaliados. Utilizamos Caenorhabditis elegans, um modelo estabelecido para
analises nanotoxicoldgicas pois permite uma triagem inicial de novas substancias. Apos
exposicao aguda (30 minutos) de animais no primeiro estagio larval a FesO4-NPs, Ag-NPs
e FesOs@Ag-NPs, observamos que as NPs hibridas reduziram a sobrevivéncia e
reproducdo de C. elegans. Também observamos que FesOs@Ag-NPs causaram um
aumento na apoptose celular na linha germinativa e uma diminuicéo na postura de ovos,
o que foi associado a uma diminuicdo nos movimentos de natacdo do verme e a
anormalidades nos neurdnios colinérgicos. Fes0O4@Ag-NPs causaram um aumento nos
niveis de espécies reativas de oxigénio, juntamente com a ativacao do fator de transcri¢cao
DAF-16. Foi evidenciada maior expressao dos genes-alvo GST-4::GFP e SOD-3::GFP, o
que sugere a ativacdo do sistema antioxidante. Nossos resultados indicam a
reprotoxicidade causada por altos niveis de FesO4@Ag-NPs, bem como neurotoxicidade
colinérgica e ativacdo do sistema oxidante em C. elegans, sugerindo que altos niveis

desses nanomateriais podem ser prejudiciais aos organismos Vivos.

Palavras-chave: nanotoxicologia; NPs metélicas; nanoparticulas hibridas; reproducao



ABSTRACT

Iron oxide nanoparticles (FesO4-NPs) exhibit superparamagnetic properties that enable their
application in various areas, including drug delivery at specific locations in an organism.
Silver nanoparticles (Ag-NPs) have potent antimicrobial effects. Although the combination
of Fes04-NPs and Ag-NPs in one hybrid nanostructure (FesO4s@Ag-NPs) demonstrated
promising targeted biomedical applications, its toxicological effects are unknown and require
further evaluation. We used Caenorhabditis elegans, an estabilished model for
nanotoxicological analysis, because it allows for the initial screening of new substances.
After acute exposure to Fe3O4-NPs, Ag-NPs, and Fe3sOs@Ag-NPs, we observed that the
hybrid NPs reduced C. elegans survival and reproduction. We also observed that
FesO4@Ag-NPs caused an increase in germline cells apoptosis and a decrease in egg
laying, which was associated with a decrease in worm swimming movements and
abnormalities in cholinergic neurons. FesOs@Ag-NPs caused an increase in reactive
oxygen species levels, along with the activation of the DAF-16 transcription factor. Higher
expression of the target genes GST-4::GFP and SOD-3::GFP was observed, suggesting
activation of the antioxidant system. Our results indicate reprotoxicity caused by high levels
of FesO4@Ag-NPs, as well as cholinergic neurotoxicity and activation of the oxidant system
in C. elegans, suggesting that high levels of these nanomaterials can be harmful to living

organisms.

Keywords: nanotoxicology; metal NPs; hybrid nanopatrticles; reproduction
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1. INTRODUCAO

A nanotecnologia vem se tornando um campo crescente de pesquisa,
visto que os produtos obtidos por esse meio apresentam vantagens frente a
outros produtos de mesma composicdo (ARRUEBO et al., 2007). Estas
vantagens se devem principalmente por suas propriedades relacionadas ao
pequeno tamanho, a maior superficie de contato e as propriedades magnéticas
e eletrdnicas, que proporcionam um avanco de sua utilizacdo em grandes éreas
como o setor ambiental e biomédico (SAIFI; KHURANA; GODUGU, 2018; WU
et al., 2019). As NPs metalicas consistem em um metal ou nucleo de 6xido
metélico, encapsulado em um revestimento inorganico ou polimérico. Suas
propriedades magnéticas tornam-as de grande interesse na area biomédica por
serem biocompativeis, estaveis, podendo servir como suporte para
biomoléculas (ARRUEBO et al., 2007; BOEY; HO, 2020).

Estudos apontam que nanomateriais hibridos (mais de um metal)
podem apresentar avangos promissores em relacdo as NPs monofuncionais,
pois possibilita a associacdo de caracteristicas e fungcbes em uma Unica
estrutura, proporcionando um progresso para aplicacées de nanomateriais com
propriedades especificas (PIERETTI et al., 2019). Sabe-se que NPs metélicas
de Fe3Os e Ag apresentam aplicacdbes biomédicas como atividade
antimicrobiana (DURAN et al., 2018), antitumoral e carreadora de farmacos
(GHAZANFARI et al., 2016). No entanto, sdo poucos estudos que abordam 0s
efeitos de nanoparticulas hibridas de FesOs@Ag e, além disso, os dados
existentes abordam Fe3z04@Ag-NPs produzidas de forma quimica utilizando
solventes, e ndo através de sintese biogénica, que pode ser realizada através
do uso de bactérias, fungos, extrato de plantas ou algas (PIERETTI et al., 2019).

Com o aumento da aplicacdo de nanotecnologia na realidade atual, séo
necessarios maiores estudos sobre a bioseguranca destes materiais.
Considerando a probleméatica da avaliagdo toxicolégica em mamiferos e a

relevancia da politica dos 3R's (do inglés refine, replace, reduce) na pesquisa
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in vivo, utilizamos o Caenorhabditis elegans, um pequeno nematoide de vida
livre amplamente encontrado em matéria organica em decomposicao (WU et
al., 2019). Esse modelo experimental possui inUmeras vantagens, dentre elas,
trata-se de um animal transparente, com genoma totalmente sequenciado, de
facil manipulacdo e manutencdo (TEJEDA-BENITEZ; OLIVERO-VERBEL,
2016). O verme tem um ciclo de vida curto, que facilita a analise de parametros
reprodutivos como o tamanho da progénie e postura de ovos. Aproximadamente
60-80% dos genes humanos tém um ort6logo no genoma de C. elegans e 40%
dos genes conhecidos por estarem associados a doencas humanas tém
ortdlogos claros no genoma do C. elegans o que o torna um excelente modelo
a nivel genético (CULETTO, 2000; KALETTA; HENGARTNER, 2006). Por ser
transparente, o verme pode ser estudado em detalhes através da marcacao de
proteinas e compartimentos celulares utilizando fluorescéncia. As proteinas
fluorescentes também podem ser usadas para estudar processos de
desenvolvimento, rastrear mutantes e funcdo celular, isolar células e
caracterizar interacdes de proteinas in vivo (CORSI, Ann K.; WIGHTMAN;
CHALFIE, 2015). Dessa forma, o C. elegans tornou-se uma 6tima ferramenta
para estudos nanotoxicoldgicos, possibilitando avaliar os impactos destes
produtos em quatro sistemas, incluindo o sistema nervoso, digestivo,
imunolégico e reprodutivo, o que permite que os resultados de C. elegans sejam
confidveis e contribuam para avancos na saude humana (HUNT, 2017; WU et
al., 2019).

Neste estudo, investigamos os efeitos de toxicos Fe3Os@Ag-NPs
biogenicamente sintetizados usando o modelo in vivo de C. elegans.
Elucidamos a acao de NPs hibridas no sistema reprodutivo, neuronal e também
no sistema antioxidante, avaliando os niveis de espécies reativas de oxigénio

juntamente com a modulagéo de DAF-16, relacionada a resposta ao estresse.
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2. JUSTIFICATIVA

Individualmente, NPs de FesO4 e Ag apresentam diversas aplicacbes
biomédicas j& documentadas, dentre elas, propriedades antitumorais e
antimicrobianas. Nanoparticulas hibridas de FesO4@Ag vem apresentando um
promissor avanco devido a possibilidade de combinar as diferentes
caracteristicas e funcdes desses nanomaterais para obtencdo de um produto
final com propriedades especificas.

Os estudos visando a avaliacdo da seguranca de FesOs@Ag-NPs devem
ser ampliados, uma vez que, ainda existem poucos resultados in vivo sobre a
exposicdo a essas nanoparticulas. Aléem disso, a maioria os dados existentes se
concentra na toxicidade das nanoparticulas de forma quimica, existindo poucos
relatos de estudos que caracterizam a nanotoxicidade através de uma sintese
biogénica.

Dessa forma, a avaliagdo toxicolégica em um modelo experimental
alternativo como o Caenorhabditis elegans propiciara a possibilidade de
determinar o grau de toxicidade e seus mecanismos de agcdo em um organismo

vivo, com resultados mais rapidos, reduzindo a utilizacdo de mamiferos.

3. OBJETIVOS

Objetivo geral

Avaliar os efeitos toxicos da exposi¢do aguda a FesOs@Ag-NPs
sintetizadas de forma biogénica no modelo alternativo Caenorhabditis

elegans.
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Objetivos especificos

e Verificar se a exposicdo aguda as FesO4-NPs, Ag-NPs e FesO4@Ag-NPs altera
de maneira significativa parametros inicias de toxicidade;

e Observar se a exposicdo aguda as FesOs@Ag-NPs altera parametros
reprodutivos dos nematoides;

e Analisar se ha formacédo de corpos apoptéticos na linha germinativa apos a
exposicdo a FesOs@Ag-NPs em C. elegans;

e Determinar alteracdes locomotoras em C. elegans expostos a FesOs@Ag-
NPs;

e Investigar o possivel mecanismo envolvido na toxicidade gerada pela
exposicdo FesOs@Ag-NPs através da avaliacado do sistema colinérgico e
dopaminérgico;

e Avaliar o sistema antioxidante de C. elegans expostos a FesOs@Ag-NPs.

4. CONCEITOS GERAIS E REVISAO DE LITERATURA

4.1 Nanoparticulas

Particulas em escala nanométrica tém sido utilizadas em grandes areas como o
setor energético, ambiental e na biomedicina (GHAZANFARI et al., 2016; PIERETTI et
al., 2019). Sua importancia se da pela diferenca de comportamento de outras particulas
de mesma composicao, principalmente devido as suas propriedades fisico-quimicas
Unicas, aos efeitos de tamanho, as propriedades magnéticas e eletronicas, o papel
desempenhado nas superficies e suas excelentes propriedades opticas (WU et al.,
2019). Nanoparticulas (NPs) sdo comumente classificadas como particulas que variam
de 1-100 nm, no entanto, existem muitos nanomateriais relatados que atingem 500 nm,

dependendo da sua composicao, aplicacéao e as diferentes propriedades apresentadas
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em relacdo a sua estrutura (ARRUEBO et al., 2007; NANOPARTICLES PROMISES
AND RISKS, 2015). As NPs podem ser obtidas a partir de materiais inorganicos ou
materiais organicos (por exemplo, poliméricos ou lipidicos), que podem ou nao ser
biodegradaveis (ARRUEBO et al., 2007).

Os avancos obtidos em pesquisas sobre sintese e caracterizacdo de NPs
facilitam a utilizacdo em grande escala de produtos baseados em nanotecnologia, 0
gue levou ao aumento do interesse de estudos nessa area (SAIFI; KHURANA,;
GODUGU, 2018). Aplicacdes biomédicas requerem NPs metalicas constituidas por
“nucleo-casca”, que consistem em um metal ou nucleo de éxido metalico, encapsulado
em um revestimento inorganico ou polimérico que torna as particulas biocompativeis,
estaveis e que podem servir como suporte para biomoléculas (ARRUEBO et al., 2007).
Suas propriedades magnéticas permitem que essas particulas possam ser usadas em
inUmeras aplicacbes como agentes de contraste magnético na ressonancia magnética
(RM); agentes de hipertermia e vetores magnéticos que podem ser direcionados por
meio de um gradiente de campo em direcdo a um determinado local, como no caso do
direcionamento de medicamentos; além de favorecer a atividade antimicrobiana,
oportunizando a solugcéo de problemas de resisténcia de alguns microorganismos a
antibiéticos (JURGONS et al.,, 2006; RODRIGUES et al., 2019; SAIFI; KHURANA;
GODUGU, 2018). Além disso, as NPs metalicas possuem facilidade para se anexar em
células e tecidos para funcionalizacdo, o que possibilita maiores acdes bioldgicas
(SALVATI; STELLACCI; KROL, 2015).

Entretanto, seus efeitos também podem trazer consequéncias negativas quando
se acumulam nos tecidos (BOEY; HO, 2020). O figado é um dos orgdos mais afetados
pela exposicdo a NPs, seguido do baco e rins (POON et al., 2019), embora estudos
mostrem que NPs metalicas também proporcionaram beneficios terapéuticos
surpreendentes para a saude destes orgaos (BOEY; HO, 2020). As Ag-NPs, por
exemplo, apresentaram efeitos protetores para hepatotoxicidade induzida por
acetaminofeno em ratos através da reducdo da peroxidacdo lipidica hepética e
restauracdo dos niveis de enzimas hepaticas, promovendo a regeneracdo dos
hepatocitos (RESHI et al., 2017). Considerando as aplicagdes da nanotecnologia, esta

também surge como uma ferramenta relevante para fornecer opgdes terapéuticas ao
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cérebro, visto que doencas como Parkinson, Alzheimer e Huntington tém incidéncia
global e poucas opcoes terapéuticas (WONG; WU; BENDAYAN, 2012). Um dos
obstaculos para acdo de NPs no cérebro é a barreira sangue-cérebro (WOHLFART;
GELPERINA; KREUTER, 2012). Para facilitar a penetracédo nos tecidos, a superficie
das NPs pode ser projetada com anticorpos e peptideos, podendo atingir diretamente
as mitocondrias dos neurdnios e amenizar o estresse oxidativo que induziria a morte
neuronal (KWON et al., 2016).

4.1.1 Nanoparticulas metalicas de FesOs e Ag

As NPs de Fes3Os também conhecidas como NPs de magnetita, possuem
propriedades magnéticas Unicas que possibilitam sua aplicacdo nas mais diversas
areas, recebendo atualmente um enfoque consideravel. Destacam-se aplicactes
biomédicas como em diagndsticos, ressonancia magnética por imagem, terapia
antitumoral, transporte controlado de farmacos, separacdo de células e deteccdo de
acido desoxirribonucleico (ADN) (GHAZANFARI et al, 2016; HUSSEIN
MONTAZERAN; SABER-SAMANDARI; KHANDAN, 2018; YANG et al., 2004). Estudos
mostram que estas nanoparticulas apresentam baixa toxicidade e facilidade de
funcionalizacdo da superficie, o que possibilita o direcionamento de farmacos. As
Fe304-NPs podem ser guiadas, através da aplicacdo de um campo magnético externo,
até o alvo de interesse, por exemplo, um tecido tumoral e regides infeccionadas por
bactérias, fungos ou parasitas (HADDAD et al., 2016; RODRIGUES et al., 2019). Um
dos seus potenciais mecanismos seria a producdo de espécies reativas de oxigénio
(ERO) induzidas por essas nanoparticulas através da formacgéo de radical hidroxila,
uma ERO altamente reativa, em sistemas biol6gicos via reacfes de Fenton (1) e Haber-
Weiss (2) (Figura 1).

Fe®t + 0, - Fe?t + 0,
Fe?* + H,0, —» Fe®*' + OH™ + OH (1)
0," + H,0, > 0, + OH™ + OH (2)

Figura 1. Reag0bes de Fenton (1) e Haber-Weiss (2) (MAI; HILT, 2019).
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As Ag-NPs sdo amplamente estudadas atualmente. S&o as nanoparticulas mais
utilizadas do ponto de vista industrial e comercial e atraem um grande interesse
cientifico devido as suas propriedades caracteristicas: estabilidade quimica,
maleabilidade, flexibilidade, elevadas condutividades elétrica e térmica, atividade
catalitica, relativo baixo custo de produgdo e principalmente potente acdo
antimicrobiana frente a bactérias, virus, fungos e protozoarios (DURAN et al., 2018).
Sua atividade antimicrobiana inicia pela interacdo fisico-quimica das Ag-NPs com a
superficie celular, o que leva a desestabilizacéo e perfuracdo da membrana microbiana,
além de danos causados pela geracado de ERO ou pela inativacdo de macromoléculas
como enzimas e proteinas a partir da liberacéo de jons Ag* (DURAN et al., 2018; TUNG
et al., 2016).

Com o objetivo de combinar as propriedades das Fe3Os.NPs com as
caracteristicas jA amplamente conhecidas das Ag-NPs, realizou-se a sintese biogénica
de FesOs@Ag-NPs (PIERETTI et al., 2019), visando uma estratégia para obtencao de
um nanomaterial com propriedades especificas combinadas (BAEZA; GUILLENA;
RAMON, 2016; TUNG et al., 2016).

4.1.2 Nanoparticulas hibridas de FesOs@Ag

A obtencdo de nanomateriais hibridos vem apresentando um promissor avanco
em relacdo as nanoparticulas monofuncionais, o que possibilita a combinacao de
diferentes caracteristicas e fungcdes em uma Unica nanoestrutura, melhorando seu
potencial de aplicacdo de nanomateriais na tecnologia, biomedicina e meio ambiente
(SANVICENS; MARCO, 2008).

Uma estrutura hibrida de FeszOs-NPs e Ag-NPs possibilita a obtencdo de
superparamagnetismos em fungado da presenca de Fes3Os-NPs e potente acado
antimicrobiana e antitumoral em funcéo da presenca de Ag-NPs (TUNG et al., 2016).
Estudos indicam um aumento da atividade antibacteriana das FesOs@Ag-NPs quando
comparada aos efeitos das nanoparticulas isoladas, além de um aumento da

penetracdo das nanoparticulas na superficie bacteriana de Staphylococcus aureus
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(concentracéo). Isso ocorre devido a forte liberacédo dos ions Ag * e Fe?*, indicando
um potencial efeito para aplicacdes biomédicas (TUNG et al., 2016). Dados da
literatura mostram que o tratamento utilizando FesO4@Ag-NPs apresentou toxicidade
frente a linhagem de células tumorais e ndo tumorais, indicando uma dose
dependéncia na reducdo da viabilidade celular. Entretanto, a porcentagem de células
viaveis foi maior em todas as concentra¢des na linhagem celular ndo tumoral, o que

indica uma seletividade para células tumorais (PIERETTI et al., 2019).

A sintese dessas nanoparticulas pode ser feita a partir da reducéo biogénica
das Ag-NPs na superficie das Fe304-NPs através do uso de bactérias, fungos, ou
extratos de plantas ou algas. A utilizacdo de extratos de plantas € uma estratégia com
grande potencial redutor conferido por diversas moléculas presentes nas plantas,
como polifendis, o que tem como vantagem adicional diminuir 0 uso de solventes
toxicos, reduzindo impactos no meio ambiente. Essas moléculas impedem a
agregacao das nanoparticulas e desempenham um importante papel na estabilizacdo
do nanossistema (SEABRA; DURAN, 2015). O extrato de Camellia sinensis (cha
verde) destaca-se por apresentar um potencial para a sintese de nanoparticulas, pois
€ rico em catequina, metabdlito secundario que consiste em um agente redox
polifendlico encontrado em plantas (Figura 2) (ROLIM et al., 2019). Entretanto, a
seguranca destas NPs é desconhecida, sendo necessarias maiores investigacdes que

possibilitem o esclarecimento de seus mecanismos de agéo in vivo.

NH,OH

0.7 mol L
AgNO, NaOH ;
| Extrato de
s _'J — cha verde Cha verd
FeCl, 44,0 Fan® —> = 4 verde
FeCl, 64,0 | L Fe,0, l {
| . — \ - > — >
1 w
— \ g \ [ \ AgNPs
\ \ ‘ \
|
Agitagio vigorosa Agitagao por 1 hora Agitacio por 2 horas

Figura 2. Esquema de sintese de Fe;0.s@Ag-NPs (PIERETTI et al., 2019).
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4.2 Nanotoxicologia

Com o aumento do uso de nanotecnologia em produtos comerciais, o estudo
sobre a interacdo de nanomateriais com 0s sistemas biologicos se torna necessario,
buscando desvendar os mecanismos de acao frente a proteinas e células a fim de
auxiliar no desenvolvimento de areas ambientais e biomédicas (SUH et al., 2009).
Esse estudo da toxicologia dedicado a pesquisa dos efeitos toxicologicos de
nanomateriais em diferentes sistemas bioldgicos, incluindo células, tecidos e

organismos vivos € denominado nanotoxicologia (SELVARAJ et al., 2018).

De acordo com a literatura, a maioria dos tipos de NPs pode penetrar nos
tecidos e células por diferentes rotas, incluindo inalagéo, injecdo, ingestdo e via
cutdnea, penetrando membranas celulares, o que pode resultar em danos
severos(SAIFI; KHURANA; GODUGU, 2018; WU et al., 2019). A exposicao
ocupacional a NPs em seres humanos em locais como laboratérios, indastrias,
servicos telefénicos, emisséo por veiculos automotores, soldagem e pintura € uma das
causas de contaminacdo por nanomateriais, gerando riscos a saude destes
trabalhadores (SAIFI; KHURANA; GODUGU, 2018). Em relacdo a exposicao
ambiental, NPs de metais e 6xido de metais, por exemplo, podem entrar na agua por
varios meios, como por exemplo, descarga direta ou descarga de residuos. Essas
particulas possuem boa dispersibilidade e estabilidade sob a acado da matéria organica
na agua e podem adentrar em organismos aquaticos como peixes através da cadeia
alimentar. Como consequéncia, 0 uso de produtos contaminados por humanos pode
gerar o acumulo destas substancias no organismo (BAI; TANG, 2020). Devido a isso,
€ necessario encontrar métodos e modelos eficientes para avaliar a biosseguranca de
NPs.

Existem modelos experimentais alternativos promissores para a avaliagao
toxicolégica de nanomateriais, como Danio rerio (peixe-zebra), Drosophila
melanogaster (mosca da fruta) e Caenorhabditis elegans. Estudos toxicologicos de
varias NPs usando o modelo de peixe-zebra e seus embrides sdo cada vez mais
utilizados, uma vez que sdo modelos que detectam e respondem a poluentes e metais

pesados no meio ambiente (YIN et al., 2018). Os testes em embrides de peixes foram
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reconhecidos como uma alternativa promissora ao teste classico de toxicidade aguda
devido a vantagens como transparéncia durante as fases embrionarias (BAIl; TANG,
2020; EMBRY et al., 2010). A Drosophila melanogaster permite uma avaliacao rapida
de NPs, devido ser um modelo experimental de facil manutencdo com um curto ciclo
de vida. Estudos demonstraram toxicidade de Ag-NPs em Drosophila melanogaster
levando a diminuicdo de sua sobrevivéncia e reproducao (POSGAI et al., 2011).

Segundo Saifi et al. (2018), “nanotecnologia, nanomedicina, e nanotoxicologia
sao trés faces do mesmo triangulo que visam a melhoria da vida humana”. Atualmente
as normas para a avaliacao toxicoldgica de NPs ainda nédo estéo totalmente definidas
(SAIFI; KHURANA; GODUGU, 2018), entretanto a Organizacéo para a Cooperacgao e
Desenvolvimento Econémico (OCDE) auxilia os paises na implementacao de politicas
nacionais que garantam o desenvolvimento responsavel de nanotecnologias (OECD,
2007). Além disso, a NanoReg, projeto de pesquisa para regulamentacdo em
nanotecnologia proposto pela Unido Europeia, no qual o Brasil faz parte, também tem
como objetivo disponibilizar aos legisladores um conjunto de ferramentas para o
desenvolvimento de estratégias de avaliacdes de risco do uso de nanomateriais e
estabelecer uma colaboracdo entre governos e indUstrias para gestdo adequada e
criacdo de abordagens comuns para avaliacdo de nanoseguranca (MIINISTERIO DA
CIENCIA E TECNOLOGIA, 2021). Essas politicas focam na seguranca e avaliacdo de
nanomateriais para garantir a saide humana e seguranca ambiental, envolvendo
testes para avaliacao de riscos (RASMUSSEN et al., 2016). A caréncia de dados sobre
a seguranca de produtos provenientes de particulas nanométricas faz necesséria

maiores investigacdes in vivo.

4.3 Caenorhabditis elegans

Buscando elucidar mecanismos relacionados a biologia molecular e diminuir
0 uso de vertebrados na pesquisa, o nematdide Caenorhabditis elegans vem sendo
amplamente estudado desde 1963. Devido a simplicidade genética do verme, o
bidlogo Sydney Brenner propds que o nematéide C. elegans seria um 6timo modelo
para resolver as limitacbes de outros modelos experimentais (CORSI, Ann K.
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WIGHTMAN; CHALFIE, 2015).

O C. elegans € um pequeno nematoide, ndo parasita, de vida livre. Quando
adulto mede aproximadamente 1 mm de comprimento, pertence a familia Rhabditidae,
que se alimenta de bactérias presentes em matéria organica em decomposi¢édo. No
ambiente laboratorial € mantido em placas de petri com meio de crescimento para
nematoide (NGM- nematode growth medium) e Escherichia coli como fonte de
alimento, a 20 °C. Este modelo alternativo apresenta 38% dos genes de codificacao
de proteinas ortélogos ao genoma humano, 60-80% dos genes humanos tem um
ortdlogo no genoma de C. elegans e 40% dos genes associados a enfermidades
humanas estdo claramente presentes no verme (CORSI, Ann K; WIGHTMAN;
CHALFIE, 2015; TEJEDA-BENITEZ; OLIVERO-VERBEL, 2016). Uma das grandes
vantagens do modelo é a sua reproducédo, este nematoide é encontrado nas formas
hermafrodita e macho, sendo sua forma hermafrodita 99.9% da populacéo, a qual faz
a postura de 200 a 300 ovos a cada ciclo de vida. O verme passa por 4 estagios larvais
até se tornar adulto, isso dura aproximadamente 4 dias em temperatura ambiente, com
uma longevidade de 12 a 20 dias (GILES; RANKIN, 2009) (Figura 3). Quando hd uma
diminuicdo da oferta de alimento no ambiente em que o verme se encontra, a forma
L1 ndo segue o seu ciclo normal, entrando em um estagio intermediario, chamado
larva dauer. Essa forma pode viver meses sem comida e ird continuar seu ciclo
normalmente apos encontrar condicbes adequadas de alimentacdo (TEJEDA-
BENITEZ; OLIVERO-VERBEL, 2016).
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Figura 3. Ciclo de vida do nematéide Caenorhabditis elegans (Fonte: WormAtlas).

Por ter 0 seu genoma completamente sequenciado, ha uma maior facilidade
para realizacdo de manipulacdes genéticas para geracdo de animais nocaute e
transgénicos, expressando proteina verde fluorescente (“green fluorescence protein”
GFP) dessa forma, marcando proteinas de interesse. Associado ao corpo
transparente é possivel visualizar in vivo neurdnios, expressdo de enzimas e trafego
de fatores de transcricdo tornando o modelo promissor para avaliacdo de seguranca

(Figura 4) (GONZALEZ-MORAGAS; ROIG; LAROMAINE, 2015).
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Figura 4. Estrutura corporal de Caenorhabditis elegans hermafrodita (Imagem adaptada
de WormAitlas).

A reproducao, bem como a postura de ovos de C. elegans sao “endpoints”
toxicoldgicos estudados ha décadas e estudos mostram que agentes toxicos podem
reduzir (RINGSTAD; HORVITZ, 2008; TESHIBA; MIYAHARA; TAKEYA, 2016) ou
aumentar esses parametros (EMERSON et al., 2021; HARDAKER et al., 2001). O
comportamento de postura de ovos de C. elegans € controlado por um pequeno
circuito de neurdnios que consiste em dois neurénios serotoninérgicos (HSNs) e seis
neurénios colinérgicos ventrais C (VCs) (Figura 5), que fazem sinapses em um
conjunto de musculos vulvares cuja contracdo expele os ovos (COLLINS et al., 2016;
FAGAN; PORTMAN, 2014; SCHAFER, 2006). Sabe-se que os musculos vulvares sédo
excitados ritmicamente de maneira conjunta com as curvas do corpo dos nematoides.
Isso se da pela sinalizac&o dos neurénios motores colinérgicos, incluindo os VCs, que
sdo ativados durante a locomocdo (COLLINS et al., 2016; WEINSHENKER,;
GARRIGA; THOMAS, 1995).
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Figura 5. Neurdnios serotoninérgicos (HSN) e neurdnios colinérgicos ventrais C (VC)
de C. elegans hermafrodita (Imagem adaptada de FAGAN; PORTMAN, 2014).

A via de sinalizacao tipo insulina / IGF-1 (“insulin-like growth factor”) de C.
elegans é regulada por ligantes semelhantes a insulina que se ligam ao ortélogo de
mamiferos DAF-2 do receptor transmembrana da insulina (IGFR) / IGF-1. A ativacédo
de DAF-2 / IGFR resulta na ativacdo da fosfoinositideo 3-quinase AGE-1/PI3K e, com
isso, proteinas quinases serina / treonina PDK-1, AKT-1 e AKT-2 séo ativadas. No
entanto, quando a via de sinalizacdo de insulina esta inativada (ha auséncia de
ligantes tipo insulina), ocorre a migracao do fator de transcricdo DAF-16 (homdlogo a
FoxO em mamiferos) do citoplasma para o ndcleo celular, onde exerce seus efeitos
(Figura 6) (MURPHY; HU, 2013; ROHN et al., 2018; SUN; CHEN; WANG, 2017). Além
disso, DAF-16 / FoxO interage com fatores nucleares adicionais, incluindo HSF-1
(ortélogo do HSF1 humano - fator de transcricdo de choque térmico 1) e SKN-1
(ortélogo a Nrfl/2/3 em mamiferos), levando a expressao de enzimas detoxificantes
como Mn-SODs (superoxido dismutase), catalase (CAT), GSTs (glutationa-S-
transferase) e GPX (glutationa peroxidase) (MURPHY; HU, 2013).

26




Longevity, stress resistance

Figura 6. Via de sinalizacdo da insulina em C. elegans (Imagem adaptada de KOCH et
al., 2014).

Dentre as vias de sinalizacdo estudadas em C. elegans est4 a apoptose
celular, visto que a remocao de células apoptéticas é essencial para a evolucéo
fisiologica e funcionamento normal do organismo. Em C. elegans, 0 mecanismo de
apoptose celular ainda ndo é bem compreendido, porém, sabe-se que o processo de
apoptose inicia com a ativacao de células EGL-1 que foram destinadas a morrer. EGL-
1 é analoga de BH3 em mamiferos, que, quando ativada, inibe CED-9 (analogo de
BCL-2 em mamiferos). CED-4 é andlogo APAF-1 em mamiferos e serve como um
ativador de CED-3, uma caspase, independente de EGL-1, que entdo leva a
subsequente ativacdo de CED-1, CED-6 e CED-7, causando a morte celular
(ARVANITIS et al., 2013; GARTNER; BOAG; BLACKWELL, 2008). O receptor CED-1

reconhece um ligante desconhecido na célula apoptética e sinaliza através de sua
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cauda citoplasmatica para a proteina adaptadora CED-6. CED-1, CED-6 e CED-7 sao
necessarias para a reorganizacdo da actina em torno da célula apoptotica, a fim de
causar o engolfamento da célula morta (Figura 7) (KINCHEN et al., 2005).

apoptosis in C. elegans

DNA
death engulfment degradation
r 1 | | I 1
C. elegans ced-1/6/7
dess egl-i —| ced9 —| ced4 —> ced3 —> _'° 5 —> nuc-1
mammalian BH3 5 Caspase
orthologs only pul gl 3

Figura 7. Via de sinalizagdo de apoptose em C. elegans e em mamiferos (Fonte:

CureFFl.org).

Com a crescente aplicacdo de NPs e o aumento da exposi¢do a produtos
provenientes da nanotecnologia estudos de avaliagdo de biosseguranca de NPs
utilizando C. elegans estdo aumentando. C. elegans tornou-se um modelo alternativo
promissor para avalia¢do toxicolégica de nanomateriais, oferecendo uma opcéo para
0s pesquisadores investigarem os efeitos biolégicos das NPs com menor custo e
tempo, diminuindo a limitacdo de ensaios in vitro e 0s problemas éticos com o uso de
mamiferos (WU et al., 2019). Além disso, como é um modelo experimental bem
conhecido, com alta sensibilidade a diferentes contaminantes, representa um
importante bioindicador para niveis de contaminacdo de solo e ecossistemas
aquaticos, sendo considerado um modelo com alto potencial para ser utilizado na
avaliacdo de risco ambiental (QUEIROS et al., 2019).

Os estudos avaliando as NPs de Fe e Ag isoladas demonstraram uma
significativa toxicidade em C. elegans. Um estudo anterior avaliou NPs magnéticas de
FesOs (MNPs) obtidas por uma sintese verde com glutationa nos nematoides e
observou que nuimero de ovos postos por verme diminuiu, conforme o aumento da
concentracdo de NPs. Este resultado pode ser consequéncia de inibicdo do seu
desenvolvimento, fazendo com que os vermes néo atinjam o estagio de adulto, no
qual se tornam férteis (MARIMON-BOLIVAR et al., 2019). C. elegans expostos a Ag-
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NPs apresentaram mudancas epigenéticas que sdo herdadas pela progénie nao
exposta (WAMUCHO; HEFFLEY; TSYUSKO, 2020). A inibicdo da reproducao segue
uma relacdo dose-dependente, refletindo a modificacdo na transcricdo de genes
relacionados ao comportamento reprodutivo (KIM; NAM; AN, 2012; LUO et al., 2016).

Estudos toxicoldgicos que avaliam NPs metalicas in vitro e in vivo ainda sao
escassos, e as normas para a avaliacao toxicologica dessas NPs ndo estéo totalmente
definidas (SAIFI; KHURANA; GODUGU, 2018; WU et al., 2019; ZIELINSKA et al.,
2020). Além disso, ndo existem estudos in vivo que demonstrem os efeitos de NPs

hibridas em organismos vivos tornando necessario maiores investigacoes.

5. MATERIAIS, METODOS E RESULTADOS

A metodologia, resultados e discussao dos resultados desta dissertacédo estéao

na forma de artigo, o qual foi publicado na revista Food and Chemical Toxicology.
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diagnostics, antitumor therapy and controlled drug transport (Gl

1. Introduction ranfari et al_| 2016; Hussein Montazeran et ol , 2018; Montiel Schoeides
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MNPs  Magnetic nanoparticles
NPs Nanaparticles
PDI Polydispersity index
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NGM Nematode growth medium
sS Stock suspension

ROS Reactive axygen species
carboxy-DCFH-DA  5(6)-carboxy-2.7 dichlorofluoroscein

diacetate
GST4  Glutathione-S-transferass 4
SOD3  Superoxide dismutase 3
GSH Reduced glutathione
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UHR Ultra-high resolution
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VCs ventral C neurons

s Insulin-fike growth factor signaling

IGFR Transmembrane insulin-dike réceptor
PI3K Phosphoinositide 3-kinase

However, the same properties that make nanomaterials attractive
may also be responsible for harmiful effects on living organisms when
they distribute and accumulate in tissues (Diuwan and Sharma, 2010
Boey and Ho, 2020). Most types of NPs can penetrate tissues and cells by
different routes, including inhalation, injection, ingestion, and skin
(Saifi et al, 2018; Wu et al, 2019) In addition, factors such as pil,
coating, synthesis route, or presence of humic substances play a signif.
icant role in their toxicokinetic, favaring or not penetration into cell
membranes (Dhawan and Sharma, 2010).

As we have demonstrated that hybrid FesOy@Ag-NPs have higher
toxicity against cancer cells and antibacterial effects, compared to in.
dividual FesOy-NPs ar Ag-NPs, in this present study we deeply charac-
terized their toxicity towards Casnorhabditis elegans, a promising model
for manotaxicological analysis. Caenorhabditis elegans has become a greast
tool for nanotaxicological studies, making it possible to evaluate the
impacts of these products on a variety of systems, including the nervous,
digestive, immune, and repeodoctive. It is transparent, of easy handling
arxd maintenance, in addition to having excellent molecular and genetic
characteristics, which allows the results to contribute to advances in the
environmental and biomedical areas  (Tejecs Demitez and
Olivern-Verbel, 2016; Singh et al. 2029), Previous studies tsing
C. eleguns reported a concentration-dependent increase in mitochondrial
superoxide dismutase (SOD-3) expression after exposure to Ag-NPs,
which was associated with a significant reduction in fertility (Rob
ol al. 2009). Inhibition of reproduction caused by Ag-NPs also followed a
dose-dependent relationship, reflecting the modification in the tran.
scription of genes related to reproductive behaviar (Pob el 2009; Kim
e ul. 2012 Luo et ul. 2016). However, Spagnoletti et al., 2021 reported
the safety of biogenically synthesized Ag-NPs in the development and
reproduction of C. elegans in relation to chemically synthesized (Spag
naletts e al 2021) FesOuNPs obtained by green synthesis increased
C elegans mortality, reducing nematodes size and locomation (Pati-
no-Pulz ef ol 2020). In the case of hybrid synthesis, few data are found
in the literature, and most of the studies address the synthesis and
characterization and not their biokogical activity. Many gaps still need to
be clarified for a better understanding of the effects of Fe,0 i@ Ag-NPS in
wro.
In this study, we investigated the effects of biogenically synthesized
FeqDeffAg-NPs using the in vivo C eleguns model, We elucidated the
action of hybrid NPs in the reproductive, neuronal and also the

Food end Chewedcal Tovicokogy 179 (2023) 113945

antioxidant system by evaluating the levels of reactive axygen species
together with the modulation of the DAF-16 redox-related pathway.

2. Material and methods
2.1, Chemicals

For the synthesis of nanoparticles, we use iron chloride [l tetrahy-
drate (FeCle4H,0), iron chioride [1 bexahydrate (FeCloo6H,0), and
silver nitrate (AgNO ) were obtained from Sigma-Aldrich (St Louis, MO,
USA). Hydrochloric acid (HCI), ethanol, ammonium hydroxide
(NH4OH), and sodium hydraxide (NaOH) were scquired from Labsynth
(Diadema, SP, Brazil). The green tea powder (Comellia Sinensis) was
purchased from Sumioka Shokuhin Kabnsshikikaisha Hiraguti (Japan).
Nanoparticles were synthesized using amalytical grade water, purified
by reverse osmosis purifier DVZS5 from ELGA (Ontario, Canada). For the
C. elegans analyzes we use levamisole (RIPERCOLR L 150F; SP, Brazil); 5
(6)-carboxy-2', 7 dichlorofluoroscein  diacetate  (carbaxy-DCFH-DA,
Sigma Aldrich; CAS: 127770-45.0; RS, Brazil); reduced glutathione
(GSH, Sigma Aldrich; CAS: 70-18.8; Brazil, RS); 1-chloro-2, 4-dinitroben-
zene (CDNB, Sigma Aldrich; CAS: 97.00-7; RS, Brazil); coomassie bril-
Hant blue G-250 (Sigma Aldrich; CAS: 6104-58-1; RS, Brazil). All other
reagents were of analytical grade and were obtained from local
suppliers.

2.2 Nanoparticies synthesis

Fe O NPs were synthesized by chemical co-precipitation of Fe*'/
Fe’' methad, and fully characterized Ag-NPs were synthesized by green
tea extract, while Fe O,@Ag-NPs were obtained by similar protocol,
through the reduction of silver ions an the surface of FesO-NPs using
green tes extract, as previously reported (Plereitl of ol 2019) A Zeta.
sizer nanoseties (Malvern Instruments, UK) coupled with a 633 nm laser
and adjisted with a backseattered angle of 173° was employed for
analyzing hydrodynamic parameters. All measurements were perfarmed
in triplicate, in plastic cuvettes and dispasable folded capillary zeta cell
(10 mm path length). The moarpbology and size distribution of
FeyOy-NPs, Ag-NPs and FesO4@Ag-NPs in solid state was obtained by a
transmission electron microscope (JEM-2100-JEOL LaB6) operating at
ultra-high resolution (UHR). The powdered sample was prepared using a
grid and analyzed at an angle of 42°. The micrographs were analyzed
using Image J (NIH, Bethesds, MD, USA) software for Windows,
generating a size histogram.

2.3. C. elegans strains and maintenance

Worms were cultivated in Petri dishes containing nematode growth
medium (NGM) (Sticrnngle, 2000) and fed with Escherichia coli OP50
urler cantrolled temperature (20 C) and humidity (>95%) (Panasonic
Healthcare company of North America, MIR-254-PA). The population
was synchronized to obtain all worms at the same larval stage. For this,
we used a bleaching solution (NaOH 1M, NaClO 1%, and distilled H20)
to break the cuticle of pregnant hermaphrodites and release the eggs. All
the straing employed were submitted to the same process. The strains
used cansisted of N2 (wild type), MD701 bels39 [m 7poced-1:GFP +
fin-15(+)] V, LX929 vsisd8 [unc-17::GFP], BY200 vtisl [dar Ip:GFP;
rol- 6(su1006)], CL2166 dvis19 [(pAF15)pe-4p:-GFP:-NLS] [I, CF1553
muls84 [(pAD76)sod 3p::GFP = rol-6(sul006)] and TI356 zl356
{daf-16¢::daf- 164/b=GFP + rol-6(sul006)] IV. The strains of C. elegans
and E coli were obtained from the Caenorhebditis Genetics Center (CGC,
Minnesota, USA). BY200 strain was donated by Dr. Michael Aschner
(Director, Einstein Center of Taxicology).

24. Exposure protocol

Far the treatment, 0.010 g of NPs (Fe,0,NPs, Ag-NPs, or Fe 0, @Ag-
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NPs) were dispersed in 1 mL of distilled water, obtaining a stock sus.
pension (SS) of 10,000 pg mL ', This SS was placed in the ultrasound
bath at room temperature for 1 h. From this SS, two dispersions were
prepared, for which 20 pL and 40 pL were pipetted, respectively, in
microtubes, topped up with distilled water to 2 mL. From these disper-
sions, final concentrations of 1, 10, 50 and 100 g mL ™ of NPs were
abtained, to which the worms were exposed (g 2S).

We used 1500 or 3000 worms treated at the first (L1; —14 b after
synchronization) or fourth (L4; —48 h after L1) Larval stage. The number
of worms and the [arval stage were chosen according to the need for the
anmalysis. For all experiments, the animals were acutely exposad to NPs
(Fey04-NPs, Ag-NPs, or FesOsftAg-NPs) for 30 min, in distilled water.
For the analysis of survival rate, body length and brood size, the effect of
these three NPs (FeyOq-NPs, Ag-NPs and Feq04&Ag-NPs) were evalu-
ated using the following groups: control (exposed only to distilled water)
and treated with NPs at 1, 10, 50 and 100 pg mL ™", Due to the lack of
information an hybrid NPs in the literature, we chose concentrations
based on previous studies using individualized Fe 0, and Ag NPs (Roh
ef al 2009 Lim et al 2012; Yang et al. 2016 Piercitd et al. 2019;
Amtigoni et al. 2027). The other tests were performed only with the
hybrid NPs (FesO4@Ag NPs) at concentrations 1, 10 and 50 pg mL ™,
ance significant toxicity was observed at 100 pg mL™ ', After expasure,
the warms were washed with saline (NaCl 0.5%) in three steps. then
placed on NGM plates seeded with E coli OPSD as a food source.

2.5. Survival rate

To verify whether the NPs demonstrate potential toxicity, we eval.
uated the strain N2 48 h after the trestment with Fe404-NPs, Ag-NPs or
FesOg@Ag-NPs and scored the live worms. Three experiments were
performed individually in duplicates using 1500 worms at L1 stage. The
woarm population was estimated by counting an area delimited by
quadrants, using a stereomicroscope (Leica S8 Apo Stereomicroscope,
SP, Brazil). The number of surviving animals were normalized by the
total number of worms in the control group (percentage of cantrol).
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Assays were repeated at least three times. LD (lethal dose 50%) values
extrapolation for mammls was calculated from the experimental LCsq
(lethal concentration 50%) obtained for Fe,0,@Ag-NPs during the
lethality assays by using the regression function described at ICCVAM
(2006):

Log(LDyy) = 0.439%kog LCsw) + 0.621

26. Body length assay

After 48 h of NPs expasure, the nematodes were collected with
distilled water and transferred 1o microtubes, washed 3 times with
distilled water after natural sedimentation. Then, the worms were
transferred to ghass slides cantaining levamisole (1 mM) and covered
with coverslips to oltain images using a Nikon Eclipse 508 microscope
(Nikon, Tokyo, Japan). Image J (NIH, Bethesda, MD, USA) software for
Windows was used to measure nemataode body length from head to tail,
The body length wis normalized by the body length of the control group
worms {percentage of cantrol). Each concentration group evaluated 5
nematodes and at least three independent experiments were performed.

2.7. Brood size assay

The reproductive capacity of C. elegans can be assessed by brood size
(Ou et sl 2019). After 48 h of exposure to NPy, nematodes from each
group (including control} were transferred 1o plates containing NGM
and E. coli OP50 seeded in the center of the plate. The worms were
individually transferred to new NGM plates every 24 h until the end of
the reproductive period. Using a stereomicroscope (Leica S8 Apo Ste.
reamicroscope, SP, Brazil), the size of the progeny of the worms was
recorded daily. The brood size was normalized by the brood size of the
control group worms (control percentage). The experiments were per-
formed in triplicates and at least three independent experiments were
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Fig. 1. Survival rate decreased after exposure to FeyO@PAg-NPs. Survival rate of worms exposed o different coacentrations of (A) Fe 04NPs (n ~ 6); (8) Ag-NPs
(n = 3k (C) FeOuiPAz-NPs (n = 4) after 44 h of the end of exposure (L4 stage). Data were expressed as mean £ standard error of mean (SEM). The analysis of the
survival rate for Fe,0,-NPs was performed by noeparametric Kruskal- Wallts test. For servival analysis of worms exposed to Ag-NPs and Fe 0, 0PAg-NPs was per.
formed One-way ANOVA. Using Tukey's multiple comparison test for the Fe 0,0 Ag NPs analysis. (*) Indicates a statistically significant difference in relation to the
control group with **'p < Q001 *"*'p < OLOOI. In (D) is represented the survival mte between the three NFs (o = 3). (%) Indicates a statistically significant
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pesformed.

2.8. Fgg laying end egg production assays

The egg laying was usad to evaluate Fe 0, @Az NPs modulation of
the cholinergic signaling in the N2 strain. 72 h after the end of exposure
to hybrid NPs (first adult day), 2 worms from each group were trans.
ferred to NGM plates with or without the cholinergic agonist levamisole
(500 mM). After 1 h, we measured the number of eggs laid by the warms
an the plate and compared with the control group.

The egg production is used 10 assess the egg production capacity of
warms. 72 h after the end of exposure to FeO,@Ag-NPs (first adult
day), 5 worms of the N2 strain were expased to a lysis solution (NaOH
1M, NaC30 1%, and distilled H20) under 2 glass slide. After the cuticle
was broken, the aumber of eggs that were inside the worms was scored
using a stereamicroscope (Lesca SB Apo Stereomicroscope, SP, Brazil)
and compared with the control group. All assays were repested at Jeast
three times.

2.9. Germiine apoptosis

MD701 transgenic worms, which express the proapoptotic caspase
CED-1 tagged with GFP, were exposed at the L4 stage to FesOg8Ag-NPs
for 30 min and 24 b later (first adult day) they were collected with
distilled water in microtubes and washed 3 times with distilled water
after natural sedimentation. Then, the worms were transferred to glass
slides containing levamisole (1 mM) and covered with coverslips to
obtain images using the FLold™ Cell Imaging Station fluorescent mi.
croscope (Thermo Fisher Scientific, Catalog number: 4471136, USA).
The number of apoptotic germ cells was scored in both ganad arms and
campared with the control group. 5 nematodes from each group were
assessed in each one of the three independent experiments.

2.10. Swinmming assay

Ten N2 worms per group treated at L1 stage to the treatments were
transferred to plates containing 2 mL of M9 buffer (0.02 M KHzPOy,
0.04 M NagHPOy and 0.085 M NaCl) and habituated to the new envi.
ronment for 1 min. Subsequently, the swimming movements were
recorded in a stereomicroscope (Leica S8 Apo Stereamicroscope, SP,
Brazil) and the videos analyzed using Image J (NIH, Bethesda, MD, USA)
software for Windows with Worm Tracker plugin. We measured the
velocity (mm/s) and distance (mm) travelled by the worms in the liquid
medium for 1 min and compared with the control group. Assays were
performed in three independent experiments.

2.11. Assessment of cholinergic and dopeminergic neurons

LX929 and BY 200 warms were expased to FesOo@Ag NPs at L1 stage
as described above and were collected 48 h after exposure with distilled
water in microtubes and washed 3 times with distilled water after nat.
ural sedimentation, Then, the worms were transferred to glass slides
containing levamisole (1 mM) and covered with coverslips to obtain
images using the FLoid™ Cell Imaging Station fluorescent microscope
(Thermo Fisher Scientific, Catalog number: 4471136, USA). To verify
the morphology of cholinergic neurons, 10 worms per concentration
were evitluated and the number of worms that presented abnormal
morphology {(y-shaped, blebbing, branching) in the axons and dendrites
of these neurons was scored and compared with the control group. To
evaluate the viability of chaolinergic and dopaminergic neurons present
in the head, images of 5 worms per concentration were obtained and the
area fluorescence intensity of these neurons was subsequently evaluated
using the Image J (NIH, Bethesda, MD, USA) software for Windows
(Singh et al. 20279). The mean head fluorescence area was normalized by
mean head fuorescence area of control worms (percentage of controf).
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These assays were repeated in af least three independent experiments.
2.12. Reactive axygen species assay

To detect the levels of reactive oxygen species (ROS), 48 h after
exposure 1o FeyOq@@Ag-NPs spproximately 1500 worms of the N2 strain
were transferred (o a sobution containing 50 mM of 5(6)-carboxy-2.7 -
dichloroflucroscein  diacetate (carboxy-DCFH-DA, Sigma) a well.
established probe to detect and quantify ROS (Eruslanoy and Rasman
wey, 2010). Worms were incubated for 1 h at 20 °C peotected from light.
Excess dye was removed by washing the worms 3 times with distilled
water, In parallel, 10 pl of Hz0z (100 mM) was added in control group
in order to stimulate the formation of ROS and wused as a pasitive coatral.
For imaging, the worms were placed on a ghass slides contiuining be-
vamisole (1 mM) for anesthesia and images of S worms per group, per
independent assay, were acquired. The fluorescence was observed using
a Floid™ Cell Imaging Station fluorescent microscope (Thermo Fisher
Scientific, Catalog number: 4471136, USA) and the intensity was
measured using Image J (NIH, Bethesda, MD, USA) software for Win.
dows. The mean fAuorescence area was normalized by mean fluoces-
cence ares of control worms (percentage of control). To quantify ROS
formation, the same procedure described above was performed, bow-
ever, the amount of ROS formed was messured in 3 AQuorimeter and
readings were obtained every 15 min for 1 h at 25 “C (SpectraMax M5
Series Multi-Mode Microplate Readers, Molecular Devices, USA), with
excitation wavelengths of 488 nm and emission of 500-538 nm. The
results were normalized to the levels of proteins present in the samples
(Dradiord, 1576) and compared with the control group. These assays
were repeated in ot least three independent experiments,

2.13. DAF.16 localization

DAF-16 transcription factor was verified using 4 strain in which the
promoter gene of this protein is tagged with green fluorescent protein
(GFP). This factor, when located in the cell nucleus, leads to the
expression of detoxifying and antioxidant enzymes. TJ356 worms were
exposed for 30 min to FesOs@Ag-NPs right after expasure (still at the L1
stage) and were evaluated. The worms were transferred to glass slides
containing levamisale (1 mM) and covered with coverslips for imaging
using the FLoid™ Cell Imaging Station fluorescent microscope (Thermo
Fisher Scientific, Catalog number: 4471136, USA). Results were
expressed as nuclear, intermediate or cytosolic, All assays were repeated
three times independently, using 30 worms per group in each assay.

2.14. GST4 and SOD.3 expression

To verify the target DAF.16 genes following expasure to Fe 0, Ag:
NPs, the expression of GST-4 (glutathione sitransferase) and SOD-3
(superoxide dismutase-3) were evaluated by using strains which the
promoter genes of these proteins are tagged with GFP. To evaluate GST-
4, 48h after exposure to NPs, CL2166 worms were collected with water
in microtubes and washed 3 times with filtered water after natural
sedimentation. To evaluate SOD-3, CF1553 worms were expased to NPs
arxl then (still at the L1 stage) were analyzed. In both analyses, the
warms were transferred to glass slides containing levamisole {1 mM)
ared covered with coverslips to obtain the images using the FLoid™ Cell
alog number: 4471136, USA). The mean fluarescences ares intensity was
subsequently evaluated using the Image J (NIH, Bethesda, MD, USA)

software for Windows. We performed three independent assays with 5
animals in each group, per independent assay.

2.15. Gleathione.S-transferuse activity

Forty-eight (48) hours after exposure to FesOu@Ag-NPs, approxi.
mately 3000 worms of the N2 strain were collected with distilled water
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in microtubes and washed 3 times with distilled water after natural
sedimentation. Samples were frozen and thawed 3 times and then son-
icated using the Ultrassanic Processor (Ultraschallprozessor, UP100H,
Germany) to obtain 3 homagenate (three 10-s pulses performed three
times on ice). After centrifugation (for 10 min, a1 7000 rotations per
minute, under 4 “C), the supernatant was collected and mixed with
potassium phosphate buffer (TFK 30 mM, pH 7,4) and distilled water
and incubated at 25 °C for 2 min in 2 96.well plate. Reduced glutathicne
(GSH 1 mM) was wsed as substrate and dinitrochlorobenzene (CONB 1
mM) was used to induce the reaction. Enzyme activity was read at 340
nm in # spectrophotometer {Spectrablax M5 Series Multi-Mode Micro-
plate Readers, Molecular Devices, USA), at 30-s intervals for 5 min. The
results were normalized for the levels of proteins present in the ho-
mogenate (Uradiond, 1976) and campared with the control graup. These
assays were repeated in least three independent experiments.

216 Statisicel analysis

All experiments were performed in duplicate or triplicate and
repeated at least three times in independent experiments. Data were
expressed as mean + standard error of mean (SEM), with p < 0.05
considered statistically significant. The normality of data distribution
was confirmed by the Shapiro-Wilk test (all ps > 0.05). Statistical sig-
nificance survival (Ag-NPs, Fe,0,@Ag-NPs and survival comparison of
NPs), length (Fey0-NPs and Fe 0,@Ag-NPs), brood size, egg produc-
tion, number of apoptotic cells, distance travelled, fluorescence of
cholinergic and dopaminergic neurons, ROS levels, DAF-16 localization,
GST-4 and SOD-3 expression and GST activity were analyzed by One-
way ANOVA followed by Tukey's multiple comparison test. To
analyze the egg laying we used Two-way ANOVA fallowed by Tukey's
multiple comparison test. To analyze the survival (F400NP), length
(Ag-NPs), velocity and number of worms with abnormal chalinergic
neurons we used the nonparametric test Kruskal-Wallis followed by
Dunn's multiple comparisons test. The values of F, P, mean, standard
(std) deviation and std emor of mean are described in detail in
Taldes 5157, LGy, was reported as logarithmic concentration (M)
using the percentage of dead worms. Statistical analyses were perfarmed
using Graph Pad Prism Version 8.0.1 (244) software,

3. Results
3.1. Nanoparticies synthess

Ag-NPs {average (hydrodynamic size of 35 nm) were obtained by
reduction of silver ions (Ag~) by green tea extract and well character-
fzed, as described in Rolim et al (2019). FesO4@Ag-NPs (average hy-
drodynamic size of 143 am) were obtained and charscterized as
reported before (Plereni eo al 2018), Talle 1 shows the hydrodynamic
size, polydispersity index and zeta potential for the three synthesized
NPs (Fey0 . NPs, Ag-NPs and Fe O, @ Ag-NPs). In addition, Fig. |Sshows
representative electran microscopy micrographs of the three NPs, which
were in accordance with hydrodynamic parameters. As previously ne-
ported, in the hybrid FeyOu@Ag-NPs, the FeaOq and Ag mass fractions in
are in 87.1 wt% and 12,9 wt%, respectively (Flerenl e ol 2019),

Table 1

Hydrodynamic size (% of intensity), polydispersity ndex (PDI} and zeta po.
tential (mV) of the synchesized NPs,

Naoopitacle Hydrodysamic sive (" Polydsgensity Zeta potential
isfenuty ) ladex (TIN) (=V)
Ag-Niw 347 = &4 0.28 = 0.01 -355= 332
Fo 0N 1505 = 801 054 = 0.03 -8.56 + 100
Fe DAy 1436 = 1L.7 0.46 = 0.0 -3273:
Ni% o3
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3.2. Survival rate

Survival is one of the initial parameters to evaluate the toxicity of
new substances in studies with C. elegans (Long ot ol 2023). In order to
find the lethal concentration of these NPs, we performed a
concentration-response curve. It was not possible to find a LCsy (lethal
concentration) for FeqO4 NPs and Ag-NPsg, since these NPs did not show
significant toxicity to the worms at the concentrations tested (Fig 1A
and B). However, an LCq « 236 pg mL~' was determined for
Feq0,@Ag-NPs, which showed a significant lethality from 50 pg mL !
(Fig 1C, p < 0.001). The comparison between the three NPs shows that
the hybrid NPs shows higher lethality for C. elegans in refation to the
monametallic NPs (Fig. 1D, p < 0.0001). LDy values were calculsted
from the experimental LCs obtained for FesO4@Ag-NPs during lethality
trials using the regression function described in ICCVAM (2006). The
predicted LDy, value was 0,346 mg kg~ ' for mammals.

3.3. Fey0,NPs and Pes0,@Ag-NPs cause alteration in C. elegans
reproduction bt do not change the development of the worms

To verify whether NPs change other physiological parameters be
sides survival, we verified the brood size and the development of the
worms. C. elegans exposed to FegOeNPs presented a reduced progeny at
the 50 pg mL ™' (Fiz. 2A, p < 0.05). However, worms exposed 10 Ag-NPs
showed no change in reproduction (Vizg. 2B)L. When evaluating the
worms exposed to hybrid NPy, it was passible to observe that they
sluwedadecruseinpmgenyfmmwpgm"(ﬁg. 2C,p < 0.05), even
though warms did not show a reproductive defay (Figure 5 10), The
body length of the nematodes was evaluated in order to verify whether
exposure to NPs interferes with the development of the worms. Nane of
the NPs tested caused any change in the body length of C. elegons when
compared to the control, which indicates that no developmental delay
occurred (Vig, § 3A. 3B and 3C).

3.4. Hybrid NPs decrease egg laying induced by cholinergic agonist
levamisole It do not alter ege production

To verify the relationship between the reprotoxicity and the integrity
of the cholinergic signaling we used the levamisole induced egg-laying
test. A decrease in egg laying of worms exposed only to NPs from 1
pg mL " was observed (p < 0.05). The decrease in egg laying observed
after exposure to 1 g mL* and 10 pg mL— ! was reversed by expasare to
levamisole (p < 0.01), However, worms exposed to 50 pg mL ™' of
FeaDy@ Ag-NPs showed an impaired cholinergic response, reducing the
number of eggs laid even after exposure to the cholinergic agonist

A

Egg laylng per hour

F o080 NPx (ugml )
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(Vig. A, p < 0.0001). It can also be observed that the egg production
wits not altered after exposure to hybrid NPs (Flg. B), thus indicating
that there is an impairment in the eggs release by muscies controlied by
the chalinergic system.

3.5 FeyO,@Ag NPs induce germline apoprosis

The MD701 straio allows the visualization of apoptotic corpses of
germliine cells by marking the ced-1 gene, a caspase involved in cell
apoptasis {(Kinchen et gl 2005), Tt was possible to quantify a significant
increase in the number of apoptotic cells in the germiine cells of worms
treated with 10 pg mL -~ and 50 pg mL ! of Fe,0,@Ag-NPs (Vig, 4A and
B p < 0.05).

3.6 FesOuAg-NPs decrease the swimming movement rate

In ocder to evaluate whether the treatment with the hybeid NPs
affected the movement of C elegans, we verified the velocity and dis.
tance travelled by the worms during swimming. Both the velocity (p <
0.01) and distance (p < 0.001) swam by the worms were decreased after
expasure of 50 pg mL ™' (Fig SA and B).

3.7. FesOq4@Ag NPs induce damuge in cholinergic newrons but do not
affect the dopaminergic neurons

Since we have found evidences of cholinergic impairment in swim-
ming assay and in egg-laying. induced by levamisole, we verified the
integrity of cholinergic neurons using the GFP tagged LX929 strain. It
wats possible to detect a high number of abnormalities (y-shaped axans)
in the cholinergic neurons (Fig. oA and D, p < 0.05), as well as a
decrease in their fluorescence after exposure to 10 pg mL " and 50 ug
ml. " of Fe,0,@Ag-NPs (Vig. cBand E, p < 0.05). To abserve if another
group of newrons important for locomotion were slso affected, we
observed the integrity of dopaminergic neurons using the BY200 strain.
We did not observe any change in dopaminergic neurons after exposure
to FesOu@Ag-NPs (Fig. 6C and FL

3.8 FesOq4@AgNPs increase ROS production

Because oxidative stress is a common mechanism of NPs toxicity,
especially neuronal and reproductive (Ajdary et ol 2018), we evaluated
ROS levels in order to verify the redox status following exposure to NPs.
In both analysis, after expasure to 50 pg mL ' of FesOy@Ag-NPs there
wats an increase in ROS production when compared to the control group
(¥ig. VA and B, p < 0.05). In addition, there was no significant difference

150+

—
g

Eggs per worm
g

Contral H 10
Fes0/AgNPs (pganL ™)

Flg. 3. Number of eggs laid decreased after exposure to FesO4@Ag-NPs, but egg production was not altered. In (A) s represented the egg-laying difference
between worms with levamitsole and without levamisale after exposure 10 Fe 0 65Ag-NPs in the first day adult (n - 4). Levamisole (500 mM) did not induced egg
Laying in woems expased to 50 pug mL " of hytrid NPs. (*) Indicates statistically significant difference in relation 1o the (- ) levamisale groap with *“p < 0.01, ***p
< 0.001, ****p < 0.0001. (*) Denotrs statistically significant difference in relation to control with p < (.05, **p < .01 by Two-way ANOVA fallowed by Tukey's
multiple comparisons test. In (8) the egg production of the worms in the first day adult, analyzed by One-way ANOVA (n - 5). All data were expressed as mean =
standard eroe of mean (SEM).
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Number of apoptotic cells
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Fig. 4. Number of apoptotic cells increased after exposure to FesO@Ag-NPs. (A} Number of apoptotic cells of worms in the first day adult (o -
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S0 pg.mi

4% (8)

Representative Images of MD701 strain showing apoptotic germbine cells {(indicated by ammows). Data were expressed a3 mean = standard error of mean (SEM). (*)

Indicates a statistically significant difference in relation to the contral groep with p < 0.05,

comparison test.

between worms exposed to positive control (H202) and the highest NPs
concentration tested (Fig. 7A, B and 7C).

3.9. Fes04@Ag NPs modulate transcription factor DAF-16

The migration of DAF-16 transaription factor from the cytosol to the
cell nucleus is related to the activation of detoxifying enzymes in
C. eleguns (\ 179). We identified that DAF-16 migrated
from the cytosol to the cell nucleus when worms were exposed to 10 pg
mL ' and 50 pg mL* of PesOu@Ag-NPs (Viz. YA and B, p < 0.01).

3.10. FesOq@Ag NPs increase the GST4, SOD-3 expression and GST
activity

To evaluate the antioxidant system of C eleguns, the protein
expression of GST-4 and SOD-3 was verified (Fig. 9A and B). We
observed an increase in GFP expression in both enzymes after exposure
to 50 pg mL ™' of FesOu@Ag-NPs (Fig. 9C and D, p < 0.05). In addition,
the activity of the glutathione-S-transferase, an enzyme involved in the
cellular detaxification process of xenobiotics (Faring and Awchner, 2019)
was also increased after exposure to Fe O0,@Ag- NPs (g 9E. p < 0 05).

4. Discussion

The increasing use of products obtained through nanu(crhnolog\
makes necessary to assess their biosafety (!
2009). Green synthesized NPs have been dev dupcd mlh lh:- aim of
c-nablmb more efficient and low-cost final products, seeking to optimize
the synthesis, improve properties and applications, in addition to
providing a lower environmental impact (A ). How-
ever, the same properties that make nanomaterials attractive may alkso
be rrspmulbk for the harmful effects on exposed organisms (1
s ), In this sense, we sought 1o evaluate the nfﬂv of
FesOgf As-.\Ps in C. elegans, a promising experimental model for the
evaluation of nanomaterials since 1) it has several orthologous genes to
humans, which favaors the prediction of the findings; 11) it kas 2 short life
cycle, enabling faster results and; 1) its transparent body allows the in

~

P < Q01 by One-way ANOVA followed by Tukey's multiple

vivo labeling and visualization of pm!rms involved in antioxidant and
detoxification processes (1landy « ! ( <) In the light
of green chcmlsu’y FesO@Ag- VP: were oblmncd by a -:lmplc chemical
reduction of Fe’ ™ and Fe*" ians, in aqueous medium at room tempera-
ture, leading to the Fe Oy NPs (core), which was coated with bio
genically synthesized Ag-NPs (shell), obtained by green tea extract. We
have previously reported the cytotoxicity against cancer cell lines,
antibacterial and hemocompatibility effects of FeaOu@Ag-NPs (

I 2019), suggesting that these NP might find important biomedical
applications at safe dosages. In this stixly, we observed that high con-
centrations of these NPs caused toxicological outcomes, including
increased oxidative stress and increased stress response, which was not
enough to counteract ROS- induced apoptosis-dependent reprotoxicity
and cholinergic neurotoxicity. The decrease in the swimming mave-
ments and in egg-laying induced by cholinergic agonist levemisole is in
accordance with the abnormalities and decreased fluorescence of the
cholinergic neurons in the nematodes expased to high levels of the
hybrid NPs.

Initially, we observed that C. elegans acutely exposed to Fe O @Ag
NPs presented significantly reduced survival and reproduction rates at
the highest concentrations tested {(Figa 10 and 2C). On the other hand,
when worms were exposed 1o FeyO4-NPs and Ag-NPs at the same con-
centrations, there was no significant mortality (| IA and B). In rela
tion to reproduction, FesO4-NPs showed a significant decrease after
expasure to 50 pg mL ! (Fiz. 2A). However, no change in reproduction
wats observed after exposure to Ag-NPs (11 2B). The development of the
woems wias not affected by any of the NPs evaluated (Figs. S3A and 10 e
3C). The acute aral toxicity potential of chemicals is usually determined
by the calculation of the median lethal dose (LDsgy) that is the dose that is
expected to kill 50% of the test popalation. This parameter is crucial for
hazard and risk assessment purposes, since it helps the industry, regu.
Btory agencies and the international community for the hazard classi
fication and l:lbclling of chemicals and test materials (ICCVAM, 2006,

¢ 22). In this study, the m.cmm.th.m LDso value based on
the rxprﬂmrmal LCa was 0.346 mg kg '. The LDegg value found in this
study is lower than the values rtponrd for rudrms 'Ahe'n cxposrd to
FesOy4 and Ag NPs individually (MANEEWATTANAY | 2011%;
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Panvar ot al. 2016), this can be justified because the existing results
evaluate only isolated and noa-hybrid NPs.

After observing that FesOu@Ag-NPs caused a decrease in brood size,
indicating reproductive toxicity in C elegans, we sought 1o evaluate
more specific parameters. Cellular apoptosis may be related to reduced
repriciuction in C elegans, as germiine cells can undergo apoptosis due
to DNA damage or oxidative stress (Jacgues et al 2019 Zear and
Braeckman, 2020 We verified an increase in the number of apoptotic
cells in the nematode germline after exposure to the highest concen:
trations of FesOs@Ag-NPs (Fig. A e 4B), suggesting a cytotoxic effect,
which was alreacly observed in tumoral cell lines in the previous study
using hybrid NPs (Plereai ot ol 2019). However, the apoptosis did not
change the number of eggs inside the werus (I 1B), suggesting that
the eggs produced may be infertile, since we observed reduced brood
size. This data also suggested that eggs could be inside the uterus for a
longer period of time in comparison to unexposed worms because of
vulvar movements alterations. n order to observe whether the decrease
in progeny size is refated to the egg release by the vulva, we verified the
number of eggs laid by nematodes after exposure to NPs. We observed
that egg laying was also redoced in a concentration-dependent manner
after treatment with hybrid NPs (¥ig. JA). To verify the possible
invalvement of the cholinergic system with this decrease in egg laying,
we evaluated the exposure to the cholinergic agonist levamisole, which
induces the egg release by increasing vulvar muscle contractions

Food end Oersical Toxicology 179 (2023) 113945

Expasure to levamisole (500 mM) was able to induce egg laying in
worms expased to lower concentrations of NPs, however, the same did
no(occmah:rupnmmbSOpgmL"(Fxg 1A). These results suggest
that besides activation of the apoptotic process, which reduces the
generation of altered progeny, NPs exposure st high levels may be
interfering with the cholinergic system, since it is directly involved in
the mechanism of egg release through the vulva (Colline ¢t al 2016)
Our hypothesis would be that cholinergic neurons may be undergoing
cellular apoptasis as the germiine cells, however, we do not have a strain
that demonstrates this process exclusively in neurons, and therefore, we
can only suggest that this process is occurring in neurons and other cells.

Once we observed significant reprotaxicity in the worms treated with
higher concentrations of the hybrid NPs, we scught to elucidate the
relationship of these effects with the cholinergic and dopaminergic
system of C. eleguns. It is known these systems are intimately involved in
the control of worm muscles related to movement and egg release
(Heemann et al. 2018; lomone ¢t al 2020). Thus, we evaluated the
swimming movements and it was possible to observe a2 significant
decrease in the velocity and distance travelled by the pematodes
exposed to 50 pg mL ! of FeyO4@Ag-NPs (g 5A and BYL It is known
that the vulvar muscies are excited rhythmically in conjunction with the
body curves of nematodes. This is due to the signaling of chalinergic
motor neuroas, including the ventral C neurons (VCs), which are actived
during locomotion (Weinshenker et ol 1995; Colling e al. 2016) A
similar study by Muarimon-Bolivar et al (2019) with FesO, magnetic
nanoparticles (MNPs) in C. elegens, demonstrated that the presence of
these nanomaterials increases mortality and decreases developmental
parameters (size and egg laying), in addition to locomotor activity,
suggesting a concentration-dependent effect (Marimon Bolivar et al.
2019). In this serse, we evaluated the cholinergic newrons of the muscle
and head of C elegans and observed the formation of bifurcations
(y-shaped) in the neurons present in the body (Vip oA and D), in addi.
tion to the decrease in the fluorescence of the neurons in the head
(¥lg. 0B and E). These results corroborate to the reproductive toxicity
and the decreased swimming in the worms (Figs. 34 5A and 5B)
Curiously, dopaminergic neurons were not affected in pematodes
exposed to hybrid NPs (Fig. (C and F). This could be due to a lower
sensitivity of dopaminergic neurons to these NPs, or the different
manner by which these NPs enter nearons, In addition, a study by Joshi
demonstrated that C elegans dopaminergic neurons promote proteos
stasis when exposed to a xenobiotic, increasing the expression of stress
response genes (Jodhi e 2l 2010). One of the limitations of our study is
that we did not evaluate the absorption of NPs in the systems separately,
therefore, we cannot state whether these alterations are cocurring by
NPs differential absorption.

Previows studies have shown that chronic exposure to high cancen-
trations of Ag-NPs promotes an increase in ROS formation (Soria ef al
2015; Singh ef al. 2027) and activation of proteins involved in the stress
response, including GST and SOD-3, as well as activation of cellular
apoptosis and decrease in reproductive potential in C. elegans (Hob et sl
2009; Lim et al. 2012; Zecit and Benechoman, 2020). Therefore, we aimed
to observe whether oxidative stress would be involved in toxic effects
caused by high concentrations of FesOy@Ag-NPs. Using two method.
alogies, we observed that expasure to 50 pg mL " caused an increase in
ROS levels compared to the control group, moreover, thess levels were
similar to those observed in the group exposed only to Hz0;, used as a
positive control (Fig. 7A, B and 7C). Following increase oa ROS, the
stress response in C eleguns is activated and controlled by several
pathways, being the insulin/IGF.1-like/DAF.2 signaling pathway of
major importance. The enzymes from the cascades have high structural
and functional similarity to that of mammals and establish the interac
tion of nutrients with metabolism, in addition to being involved in the
development, longevity, behavior amd stress response in worms, The
IIS/DAF-2 pathway is regulated by insulin-like ligands that bind to the
mammalian DAF.2, ortholog of the transmembrane insulin receptor
(IGFR)/IGF-1. DAF-2/IGFR controls the activity of a phosphoinositide
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Flg. 6. Cholinergic nearons are affected following exposure to Fe 0 @Ag-NPs, however, dopaminergic nesurons are not. (A) Number of aboormalities and
(B) fluorescence Intensity of cholinergic (n ~ 4) and (C) dopaminergic neurces (n ~ 3) (14 stage). (D) Representative images of 1X929 strain showing bifurcations (y-
shaped) in cholinergic newrans (Indicated by arrow) and (E) decreased fluorescence of cholinergic neurons in the bead. (F) Representative images of dopaminergic
neurans of BY200 straln exposed to Fe O PAg NPs. Data In A, B and C were expressed as mean £ standard error of mean (SEM). For the pumber of abnormalities
analysis (*) indicares a statistically significant difference In relation to the control group with *p < G.05 by ncaparametric Kruskal-Wallis test followed by Dunn's

multiple compartson test. For the analysts of fuarescence intensity of cholinergic nearons (*) denotes a statistically sigoificant difference in relation 10 the control

group with *p < 0.05 by Oneway ANOVA followed by Tukey's multiple comparison test.
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Jkinase (PISK)/AkL kinase cascade, resulting in the regulation of tran
scription factor FOXO/DAF-16, which governs most of the functions of
this pathway through migration from the cslupl.um to the nucleus,
where it exerts its effects (Mg i 201 1 .
). One of the factors that induces this mlgm!mn to the nucleus
is the presence of ROS, aiming at activating the expression of enzymes
such as GSTs and SODs that can pru(rct the cells from external insults
such as chemicals (Gurkus «) ‘ L We have
found that hybeid \P‘s were able to pmmolr !hc nuclear Jocalization of
DAF.16 (10 pg ml ! and 50 (174 mL ™) [ A and B). The activation of
several subsequent proteing in these signaling cascades may indicate a
defense mechanism of the arganism against toxic agents ( I
). Previous studies have shown that toxic agents
mducr the nuclear localization of DAF.16 #s an stress response (
20T, L
Ta confirm this hypothesis, we evaluated the expression of the target
genes GSTA (stage L4) and SOD-3 (stage L1) tagged with GFP. The
difference in the evaluation stage is due to the earlier response of SOD-3

expression  against xenobiotics ( { /). Both

) Representative tmages of ROS levels demoastrated in (A). Data were expressed as mean standard error of mean (SEM). (¥) Denotes a statistically
0.01.("
“*p < 0.01. Satisitcal analysis was performed by One-way ANOVA followed by Tukey multiple comparison rest.

) Denotes 2 statistic .-u; signtficant difference in refation to the HxO; group with

expressions were increased after exposure to 50 ugmL ™' (Fiz. GA, B, 9D
and SE). Added to this, there was an increase in the enzymatic GST
activity (! ¥). These data reinforce the results obtained previously
( A and B), where there was an increase in the transiocation of
DAF-16 to the cell nuclens, suggesting a detoxification mechanism in
face of exposure to FeqOu@Ag- NP The increase in the expression and
activity of GST suggests a decrease in glutathione (GSH) levels, an
antioxidant capable of mitigating the damage caused by ROS. Therefore,
this decrease can make animals even more susceptible to oxidative
stress, if they are not being replenishesd bv a de novo synthesis of GSH
( it and Vaslic i; I ). The
SOD-3 enxyme acts in lhr extracellular environment and catalyzes the
dismutation of superoxide radical into oxygen and hydrogen prmxxdr
becoming an important antioxidant defense (Mizo o 2 -

i 1). The increase in this enzyme suggests an increase in
ROQ induced by toxicants, as depicted in thas sty ( A, B and 7C).

In general, taxicological studies involving hybrid metallic nano
particles are still scarce, making it difficult to estimate environmentally
relevant environmental concentrations. In addition, there are few data
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that characterize the namotoxicity of biogenic synthesized NPs, which
makes it an area of great interest for further investigation. It is known
that the toxicty of NPs is dependent on the absorption and retention of
particies by the organism () ! ), however, these parame
ters can be influenced by the chemical composition of the NPy, surface
chemistry, which is redated to the reactivity, as well as by the size of NPs,
and state of agglomeration (R b et 20). Previous studies in
cell culture show that the treatment using Fe 0@ Ag-NPs showed
toxicity ageinst tumor cell lineage (LCso 30 pg mL ') and alo
non-tumor cells (LCsp « 150 pg mL ™), indicating 1 dose dependence in
reducing cell viability ( ). The synthesis of the NPs
used in this stody was performed by a simple co-precipitation of
Fe?* /Fe’ in agueous medium, in the absence of organic and toxic
chemicals, followed by a biogenic reduction of Ag® to Ag-NPs on the
surface of FeO NPy, using Camelia sinensiés (green tea) extract, since the
use of plant extracts has great reducing potential due to the variety of
molecules present in plants, such as polyphenols (Ve !
1), which prevent the oxidation and aggregation of NPs (

L 5). Because of these new characteristics and the increasing of use of
nanomaterials in the biomedical area, it is relevant to analyze their of
fects and their potential toxicity preliminary in simpler organisms, in
arder to guarantee the safety of the applicability of these NPs.

5. Condusion

In summary, it was possible to observe that, although synthesized
using green chemistry, acute exposure to Fe 08 Ag-NPs cased sig
nificant toxicity in nematodes at high tested concentrations. To the best
of our knowledge, this is the first study to demonstrate the toxicity of
these NPs in wyo. The results show that high levels of FesOqfAg-NPs
induce a decrease in worm survival and reproduction, observed through
decreased brood size and egg laying. Reproductive toxicity seems to be
related 1o germlme cell apoptosis, oxidative stress and muscle cholin
ergic newronal damage, impairing the release of vulvar eggs. The
decrease in nematode swimming movements reinforces the hypothesis

201 by Oneway ANOVA followed by Tukey's multiple comparison test.

that the cholinergic system may be impaired, as the vulvar muscles are
excited in conjunction with the body bends movement. Cholinergic
damage may have been caused by oxidative stress, as increase in ROS
fevels and changes in stress response proteins were observed. The
increased translocation of DAF-16 to the cell nucleus stands out, which
corroborates with the greater expression and activity of GST, SOD-3 and
increased cell apoptesis, as an indication of the activation of cellular
detoxification mechanisms in C elegans, These preliminary results sug
gest that these NPy are potentially toxic at high levels to C elegans and
although they show promising properties for biological applications,
their levels should be monitored.
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Fig. 9. Relative fluorescence of GST.4, SOD-3 and GST
activity increased after expasure 10 FeyO@0Ag-NPs. (A
Quantification of g4 :GFF expression In straln CL2186
(L4 stage) (n « 3) and (B) s50d-3::GFP In strain CF1553 (L1

stage) (n 5) after exposure 1o Fe ;0 Ag-NPs. (C)

Representanve tmages of CL2166 and (D) CF1553 worms
expased 10 Fey O Ag-NPs. (E) Quantfication of GST
emzymee activity after 48h exposure 10 Fe O 00 AZNPs (n

5). Data were expressed as mean £ standard emmor of mean
(SEM). (") Denotes a statis
refation 1o the controd group with *p < .05 by One-way
ANOVA followed by Tukey's multiple compartsons test

cally significant difference in
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Supplementary Materials

Figure 1S. Transmission electron microscopy micrographs of (A) FesO.@Ag-NPs, (B) Ag-NPs
and (C) FesOs@AQg-NPs.
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Figure 2S. Representative image of the preparation of stock suspensions of FesO., Ag and



Fes0.@Ag nanoparticles. NPs= nanoparticles; SS=stock suspension.

Table 1S. Description of the parametric statistical analysis by one-way ANOVA followed by

Tukey's comparisons test.

Analyzed Parameters F (DFn, DFd) | P value
Body length - FesOs-NPs | 1.018 (4, 17) 0.4260
Body length - Fes0.@Ag- | 1.573 (4, 20) | 0.2200
NPs

Brood size - Fes04-NPs 3.751 (4, 14) 0.0282
Brood size - Ag-NPs 0.801 (4, 15) 0.5429
Brood size - Fes0.@Ag- | 15.560 (4, 23) | <0.0001
NPs

Fluorescence intensity of | 5.484 (3, 12) 0.0132
cholinergic neurons

DAF-16 localization 15.340 (11, 24) | <0.0001
Distance travelled 8.908 (3, 36) 0.0002
Dopaminergic neurons 1.411 (3, 8) 0.3091
Germline apoptosis 7.707 (3,12) 0.0039
Glutathione-S-transferase | 4.213 (3, 20) 0.0183
activity

GST-4 expression 4.933 (3, 8) 0.0316
Number of eggs 0.447 (3, 16) 0.7225
Reactive oxygen species | 2.293 (4, 15) 0.1073
(images)

Reactive oxygen specie 3.706 (4, 15) 0.0273
SOD-3 expression 3.852 (3, 12) 0.0384
Survival comparison 10.520 (14, 56) | <0.0001
Survival rate — Ag-NPs 0.573 (4, 10) 0.6885
Survival rate —113.660 (4, 22) | <0.0001
Fes0.@Ag-NPs

Table 2S. Description of the parametric statistical analysis by two-way ANOVA followed by

Tukey's comparisons test.

Analyzed Parameters

F (DFn, DFd)

P value

Egg laying

6663 (3, 9)

0.0116




Table 3S. Description of nonparametric statistical analysis by Kruskal-Wallis test followed by

Dunn’s comparisons test.

Analyzed Parameters Kru_sk_aI-WaIIis P value
statistic

Abnormal morphology | 11.640 0.0004

of cholinergic neurons

Body length - Ag-NPs 2.807 0.5907

Survival - Fe304-NPs 3.937 0.4146

Velocity 12.360 0.0063

46



Table 4S. Description of the mean, standard (std) deviation and std error of mean of analyzes performed.

47

Control 1 pg.mL? 10 ug.mL* 50 pg.mL? 100 pg.mL*
Analyzed
Parameters Mean Std Std Mean Std Std Mean Std Std Error of | Mean Std Std Mean Std Std
Deviation | Error of Deviation | Error of Deviation Mean Deviation | Error of Deviation | Error
Mean Mean Mean of
Mean
Abnormal 1.2 0.9 0.4 2.7 0.0 0.4 5.0 1.0 0.5 45 0.5 0.2 - - -
morphology of
cholinergic
neurons
Body length - | 100.0 0.0 0.0 104.2 12.0 6.0 99.0 2.0 1.0 103.7 7.3 3.6 104.9 26.2 13.1
Ag-NPs
Body length - 100.0 0.0 0.0 97.5 10.0 3.8 93.8 12.1 5.4 96.6 14.9 8.6 82.8 15.4 8.9
FesO4s@Ag-NPs
Body length - | 100.0 0.0 0.0 97.8 12.2 5.0 99.4 4.6 2.3 93.1 11.5 6.6 90.0 5.4 3.1
Fe304-NPs
Brood size - 100.0 0.0 0.0 105.2 5.3 0.2 103.8 8.2 4.1 102.4 14.4 7.2 116.8 27.4 13.7
Ag-NPs
Brood size - 100.0 0.0 0.0 86.8 7.0 2.8 80.0 12.4 5.0 52.3 19.1 8.5 61.0 11.4 5.1
Fes0.@Ag-NPs
Brood size - 100.0 0.0 0.0 78.7 10.3 5.1 75.7 13.9 6.9 67.4 9.8 49 72.3 23.5 13.6
Fes04-NPs
Distance 0.6 0.1 0.0 0.5 0.1 0.0 0.6 0.2 0.0 0.2 0.1 0.0 - - -
travelled
Dopaminergic 100.0 0.0 0.0 95.6 16.3 9.4 92.2 10.3 5.9 83.3 7.1 41 - - -
neurons
Fluorescence | 100.0 0.0 0.0 84.8 16.9 8.4 72. 145 7.2 71.2 5.5 2.7 - - -
intensity of
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cholinergic
neurons
Germline 6.3 1.9 0.9 9.5 4.2 2.1 14.9 3.7 1.8 16.1 2.7 1.3 - - -
apoptosis
Glutathione-S- | 100.0 0.0 0.0 147.4 54.3 22.1 149.4 51.5 21.0 185.0 36.2 14.7 - - -
transferase
activity
GST-4 100.0 0.0 0.0 116.1 3.0 1.7 1215 7.9 45 1345 20.5 11.8 - - -
expression
71.2 16.0 7.1 74.8 9.2 4.1 72.6 8.5 3.8 66.6 10.9 4.9 - - -
Number of eggs
Reactive 100.0 0.0 0.0 197.1 36.0 18.0 370.5| 229.0 1145 550.8 243.3 121.7 - - -
oxygen species
Reactive 100.0 0.0 0.0 100.8 11.2 5.62 143.8 22.7 11.3 193.0 41.2 20.6 - - -
oxygen species
(images)
SOD-3 100.0 0.0 0.0 131.8 33.1 16.5 143.7 38.9 19.4 165.0 21.0 10.5 - - -
expression
Survival - 100.0 0.0 0.0 101.3 7.0 2.8 96.5 10.3 4.2 94.6 9.0 3.6 - - -
Fe304-NPs
Ag-NPs
Survival rate — | 100.0 0.0 0.0 93.0 14.1 5.7 80.6 14.7 6.0 61.1 14.3 6.4 56.2 5.3 2.6
Fes0.@Ag-NPs
Velocity 0.5 0.2 0.0 0.4 0.0 0.0 0.4 0.1 0.0 0.2 0.1 0.0 - - -
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Table 5S. Description of the mean, standard (std) deviation and std error of mean of survival comparison.

Survival comparison

Control
Mean Std Deviation Std Error of Mean
Hybrid NPs Fe;0.@Ag-NPs Ag-NPs Hybrid NPs | FesO4s@Ag-NPs Ag-NPs Hybrid NPs Fes0.@AQg-NPs Ag-NPs
100.0 100.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
1 pg.mL?
Mean Std Deviation Std Error of Mean
Hybrid NPs Fe;0.@Ag-NPs Ag-NPs Hybrid NPs | FesO4s@Ag-NPs Ag-NPs Hybrid NPs Fes0.@AQg-NPs Ag-NPs
93.1 101.3 102.9 14.2 7.0 4.9 5.7 2.8 2.8
10 yg.mL?
Mean Std Deviation Std Error of Mean
Hybrid NPs Fes04s@AQg-NPs Ag-NPs Hybrid NPs | FesOs@Ag-NPs Ag-NPs Hybrid NPs Fes04@Ag-NPs Ag-NPs
80.6 96.5 95.6 14.7 10.3 2.8 6.0 4.2 1.6
50 ug.mL?
Mean Std Deviation Std Error of Mean
Hybrid NPs Fes04s@AQg-NPs Ag-NPs Hybrid NPs | FesOs@Ag-NPs Ag-NPs Hybrid NPs Fes04@Ag-NPs Ag-NPs
61.1 94.6 100.5 14.3 9.0 8.3 6.4 3.6 4.7
100 pg.mL*?
Mean Std Deviation Std Error of Mean
Hybrid NPs Fes04s@Ag-NPs Ag-NPs Hybrid NPs | FesOs@Ag-NPs Ag-NPs Hybrid NPs Fes04@Ag-NPs Ag-NPs
56.2 103.8 98.8 5.3 11.8 114 2.6 5.2 6.5




50

Table 6S. Description of the mean, standard (std) deviation and std error of mean of egg laying.

Egg laying
Control
Mean Std Deviation Std Error of Mean
(-) levamisole | (+) levamisole | (-) levamisole | (+) levamisole [ (-) levamisole | (+) levamisole
29.7 45.7 9.6 10.9 4.8 5.4
1 pg.mL?
Mean Std Deviation Std Error of Mean
(-) levamisole (+) levamisole (-) levamisole (+) levamisole (-) levamisole (+) levamisole
18.5 41.0 9.9 9.0 4.9 4.5
10 pg.mL?
Mean Std Deviation Std Error of Mean
(-) levamisole (+) levamisole (-) levamisole (+) levamisole (-) levamisole (+) levamisole
14.5 31.7 3.3 12.0 1.6 6.0
50 pg.mL?
Mean Std Deviation Std Error of Mean
(-) levamisole | (+) levamisole | (-) levamisole | (+) levamisole [ (-) levamisole | (+) levamisole
7.7 13.2 6.0 6.2 3.0 3.1




Table 7S. Description of the mean, standard (std) deviation and std error of mean of DAF-16 translocation.
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DAF-16 translocation

Control
Cytosol Intermediate Nucleus
Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean
18.6 3.2 1.8 9.6 2.0 1.2 1.6 15 0.8
1pug.mL?
Cytosol Intermediate Nucleus
Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean
18.3 3.0 1.7 10.3 15 0.8 1.3 15 0.8
10 yg.mL?
Cytosol Intermediate Nucleus
Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean
6.0 3.6 2.0 10.3 2.5 1.4 13.3 2.0 1.2
50 ug.mL?
Cytosol Intermediate Nucleus
Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean Mean Std Deviation Std Error of Mean
4.0 3.0 1.7 11.3 4.0 2.3 14.6 1.5 0.8




52

?150- =3"150-
E €
° e
v o —
= S =
i‘lﬂo . =1100-
" "
£ £
e
£ 504 £ 504
s s
= 3
) )
S S
- 04 T T - 04 T
Control 1 10 50 100 Control 1 10 50
Fe,0,NPs [ug.mL") Ag-NPs (ug.ml ")
?150*
E
3
o
;100- - n e
-
E
s
= 504
%
=
)
H
- 0+ ™ »_
Control 1 10 50 100

Fey0,@Ag-NPs (pg.mL")

Figure 3S. Exposure to NPs did not alter the body length. Body length of worms exposed to different
concentrations of (A) Fes04-NPs (n=6); (B) Ag-NPs (n=4) and (C) Fe;0.@Ag-NPs (n=7) (L4 stage). Data were
expressed as mean + standard error of mean (SEM). The analysis of the body length for Fe;04-NPs and Fe;0.@Ag-
NPs was performed by One-way ANOVA. To analyze of the body length of worms exposed to Ag-NPs was
performed by nonparametric Kruskal-Wallis test.

6. CONSIDERACOES FINAIS

O aumento do uso de produtos obtidos por meio da nanotecnologia gera a
necessidade da ampliacdo de estudos sobre a seguranca dessas substancias.
Nanoparticulas hibridas representam uma promissora estratégia no desenvolvimento
de nanomateriais versateis com diferentes caracteristicas e fungées em uma Unica
nanoestrutura. No entanto, existem poucos estudos in vivo que comprovem a

seguranca de FesOs@Ag-NPs sintetizadas por rota biogénica, sendo necessarias



maiores investigacdes sobre sua atuacdo em sistemas biolégicos.

As FesOs@Ag-NPs apresentaram toxicidade significativa na sobrevivéncia e
reproducao de C. elegans, todavia o0 mesmo ndo ocorreu para Fesz0s4-NPs e Ag-NPs.
Além disso, a exposicdo a FesOs@Ag-NPs diminuiu a postura de ovos, bem como
causou o0 aumento da apoptose celular na linhagem germinativa dos vermes. Apoés a
exposicado ao agonista colinérgico levamisol, a postura de ovos nao foi estimulada na
maior concentracdo testada, sugerindo que a toxicidade esta relacionada com o
sistema colinérgico.

De forma geral, é possivel verificar que FesOs@Ag-NPs causam toxicidade
significativa em C. elegans. Nosso trabalho sugere que o mecanismo de toxicidade das
FesO4@Ag-NPs atua no sistema colinérgico diminuindo a reprodugdo e o movimento
natatorio dos vermes, ativando também a apoptose celular. Além disso, observamos o
aumento dos niveis de EROs e a modulagéo do fator de transcricdo DAF-16, por meio
da sua translocacdo para o nucleo celular e consequentemente a ativacdo de
processos de detoxificacdo, verificados pelo aumento da expressédo de GST-4, SOD-3
e atividade de GST.
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