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RESUMO

Os tratamentos convencionais aplicados na agua tém em geral, boa capacidade
de retencdo de substancias, entretanto, muitas moléculas quimicas com potencial risco
ecoldgico tém passado diariamente pelos sistemas tradicionais de tratamento. Os
Carbonos Micro/Nanoestruturado Hibridos (CMNH) tém ganhado destaque por
possuirem propriedades elétricas, mecanicas e térmicas Unicas, 0s quais podem ser
aplicados em varios campos industriais. Poucos estudos com essas nanoestruturas focam
em remediacdo de ecossistemas aquaticos contaminados por farmacos psicotropicos.
Objetivo: avaliar a interacdo de duas nanoestruturas carbonaceas (Carvao Ativado (CA)
e CMNH) com um farmaco constantemente detectado em matrizes ambientais, fluoxetina
(FLX), utilizando o peixe-zebra como biossensor. As nanoestruturas foram caracterizadas
por: Espalhamento Dindmico de Luz (EDL), Microscopia Eletronica de Varredura
(MEV) com espectroscopia de raios X por dispersdo de energia (EDS) acoplado e
Espectroscopia Infravermelho com Transformada de Fourier (FTIR). Os testes de
embriotoxicidade para avaliacdo da interacdo entre farmaco e nanoestruturas foram
conduzidos de acordo com a OECD n°236. Analises de Cromatografia Liquida de Alta
Resolucdo (HPLC) e FTIR foram realizadas para avaliar a saturacao e o tipo de interacdo
entre 0s compostos, respectivamente. Os resultados dos testes de embriotoxicidade
mostraram que ha interacdo entre a FLX e as nanoestruturas carbonaceas. Observou-se
uma diminuicdo significativa dos efeitos subletais e letalidade na mistura entre os
compostos quando comparados ao controle positivo. As analises de HPLC mostraram que
0 CMNH adsorveram mais moléculas do farmaco quando comparados ao CA, além disso,
0 FTIR mostrou que a ligagdo entre as nanoestruturas ¢ o farmaco ¢ do tipo -n. Conclui-
se que o peixe-zebra é um bom biossensor; os CMNH levam vantagem como elementos
filtrantes em comparacdo ao CA; carbonos nanoestruturados séo eficientes na remogéo

de moléculas presentes em ecossistemas aquaticos contaminados por farmacos.

Palavras-chave: Danio rerio; descontaminagdo aquatica; nanomateriais; ecotoxicologia,

tratamento de agua.



ABSTRACT

Conventional treatments applied to water have generally good retention capacity,
however, many chemical molecules with potential ecological risk have been daily passed
through traditional treatment systems. The Hybrid Micro / Nanostructured Carbon
(HMNH) have gained prominence because they have unique electrical, mechanical and
thermal properties, which can be applied in various industrial fields. Few studies with
these nanostructures focus on remediation of aquatic ecosystems contaminated by
psychotropic drugs. Aim: to evaluate the interaction of two carbonaceous nanostructures
(Activated Charcoal (AC) and HMNC) with a drug constantly detected in environmental
matrices, fluoxetine (FLX), using the zebrafish as biosensor. The nanostructures were
characterized by: Dynamic light scattering (DLS), Scanning Electron Microscopy (SEM)
with coupled energy dispersive X-ray spectroscopy (EDS) and Fourier Transform
Infrared Spectroscopy (FTIR). Embryotoxicity tests to evaluate the interaction between
drug and nanostructures were conducted according to OECD n°236. High Resolution
Liquid Chromatography (HPLC) and FTIR analyzes were performed to evaluate the
saturation and the type of interaction between the compounds, respectively. The results
of the embryotoxicity tests showed that there is interaction between the FLX and the
carbonaceous nanostructures. There was a significant decrease in sublethal effects and
lethality in the mixture between the compounds when compared to the positive control.
HPLC analysis showed that CMNH adsorbed more drug molecules when compared to
AC, in addition, FTIR showed that the bond between the nanostructures and the drug is
of the m-m type. It is concluded that the zebrafish is a good biosensor; HMNC take
advantage as filter elements compared to AC; and Nanostructured carbons are effective

at removing molecules present in drug-contaminated aquatic ecosystems..

Keywords: Danio rerio; aquatic decontamination; nanomaterials; ecotoxicology, water

treatment.
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FTIR - Fourier Transform Infrared Spectroscopy (Espectroscopia de Infravermelho por
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Estrutura da tese

Esta tese de doutorado esta dividida em 3 capitulos, (1) potencial risco ecoldgico dos
farmacos no ambiente aquatico e formas de remocdo dessas substancias quimicas
utilizando nanoestruturas carbonaceas, (2) Resultados em formato de artigo cientifico
(remediacdo aquatica); (3) conclusdo e por fim anexos e apéndices (artigos publicados

em colaboracéo).

Mais detalhadamente o texto pode ser dividido da seguinte forma:

Capitulo 01 — Contextualizacdo e objetivos da tese: nesse capitulo é apresentada a
probleméatica dos poluentes emergentes (farmacos) além da necessidade do
desenvolvimento de tecnologias eficientes no controle ambiental. S8o também

apresentados os objetivos do presente projeto.

Capitulo 02 — Resultados: nesse capitulo é apresentado o artigo “CNTs coated charcoal

as a hybrid composite material: adsorption of Fluoxetine probed by zebrafish embryos
and its potential for environmental remediation”, que foi publicado na revista

“Chemosphere”. Fator de impacto: 5.108 (2018), Qualis Al (Capes).

Capitulo 03 — Conclusdo: Nesse capitulo é apresentada a conclusdo da tese de doutorado.

Anexos e apéndices: Nesse capitulo é apresentada a declaracdo da comissédo de ética no

uso animal do instituto de ciéncias bioldgicas da universidade de Brasilia — UnB,
protocolo n°100226/2014 e artigos publicados em colaboracéo ao longo do periodo de
doutoramento. Os artigos cientificos foram publicados nas seguintes revistas indexadas:

Comparative Biochemistry and Physiology, Part C (fator de impacto: 2.697);



Ecotoxicology and Environmental Safety (fator de impacto: 4.527) e Chemosphere (fator
de impacto: 5.108). Journal of Environmental Chemical Engineering, CiteScore: 4.09
(2018); Journal of Ethnopharmacology, fator de impacto: 3.414 (2018) e Acta
Limnologica Brasiliensia, fator de impacto: 0.18 (2018).






Capitulo 01 — Introducéao: contextualizacao e

objetivos da tese

Tese de Doutorado

2019

1. Introducéo

1.1. Contextualizacéo

A &gua doce de boa qualidade € de extrema importancia para a manutencao das
mais variadas populacgdes e sustentabilidade dos ciclos do planeta. Atualmente devido ao
ritmo acelerado da industrializacdo e aumento populacional, a contaminacao dos recursos
hidricos tem ocorrido globalmente. Vale ressaltar que a demanda por dgua nos Gltimos
anos aumentou significativamente nos setores: agricola, industrial e domestico,
consumindo: 70%, 22% e 8%, da agua doce disponivel, respectivamente, o que
consequentemente resulta na geracao de grandes quantidades de &guas residuais (Helmer
et al. 1997; Lehr and DeMarre 1980; Nemerrow 1978) podendo conter varios tipos

poluentes emergentes.

Bogardi et al., (2012) alertam que garantir a qualidade dos recursos hidricos € um
dos maiores desafios do milénio para a humanidade. Nos ultimos anos, os produtos

farmacéuticos tém recebido crescente atencdo por serem na maioria das vezes quimicos



bioativos em matrizes ambientais (Kimmerer, 2009). Baseado em amplas revisoes sobre
o destino final dos farmacos, na Figura 1 é apresentada algumas importantes rotas de
contaminacdo aquética (Kimmerer 2009; Monteiro and Boxall 2010; Pauwels and

Verstraete 2006).

Esgoto sanitario / ETEs \

Efluente liquido Lodo ativado
Solo
| }
Aguas superficiais <€ ‘l' > Aguas subterraneas

Tratamento de 4gua f/

Agua para consumo humano

Figura 1. Principais rotas de contaminagdo de ecossistemas aquaticos por farmacos.
ETEs — Estacfes de tratamento de esgoto.

Estes compostos e seus metabdlitos bioativos sdo continuamente introduzidos no
ambiente aquatico, onde sdo detectados em concentragdes residuais (gama entre ng/L™? —
ug/L™Y) (Tim Aus et al., 2015), podendo tornar-se pseudo-persistentes. Normalmente esse
tipo de poluicdo surge de variadas formas, como: (1) emissdo dos locais de producédo
(exemplo: industria); (2) do descarte direto de medicamentos em excesso (residéncias

domeésticas e hospitais); (3) excrecdo via urina ou fezes apds a administracdo de



medicamentos (humanos ou animais); (4) tratamentos de agua (exemplo: piscicultura);

(5) entre outros.

A funcdo principal de uma Estacdo de Tratamento de Esgoto (ETE) é reduzir a
carga organica langada no corpo d’agua receptor, entretanto, moléculas inalteradas ou
metabolitos de produtos farmacéuticos tem persistido devido a sua eliminacédo incompleta
(permanecendo entre 60-90% dessas substancias mesmo apos as a¢des de: biodegradacéo,

desconjugacdo, adsorcdo e fotodegradacao) (Jones, Lester, and Voulvoulis 2005).

Embora que para muitos farmacos os efeitos agudos e crdnicos sobre organismos
ndo-alvos ainda estejam pouco elucidados, alguns trabalhos tém abordado que essas
moléculas liberadas no meio ambiente podem trazer toxicidade para organismos de
qualquer nivel trofico. Exemplo: horménios sintéticos, como o etinil estradiol, causam
feminizacdo em populacdes de peixes (Jobling et al. 1998), antibioticos desencadeiam o
aumento de genes de resisténcia em bactérias (Allen et al. 2010). Antinflamatorios, como
o diclofenaco, causam hepatotoxicidade em aves e peixes (Triebskorn et al. 2004).
Antihelmintos, como as ivermectinas, sao extremamente toxicas para artropodes edaficos
(Sanderson et al., 2007). Farmacos psicotropicos, como 0 oxazepam, podem modular o
comportamento de peixes, interferindo em seu nado, alimentacao, fuga de predadores e

reproducdo (Brodin et al. 2013).

Ainda no contexto dos farmacos psicotrdpicos, vale destacar que na presente tese,
nos anexos e apéndices, é possivel visualizar alguns artigos publicados em revistas
indexadas ao longo do periodo de doutoramento, como exemplo o artigo intitulado:

Exposure to low concentration of fluoxetine affects development, behaviour and



acetylcholinesterase activity of zebrafish embryos. No referido, Farias et al., (2018)
avaliaram os efeitos toxicologicos da fluoxetina (FLX) (antidepressivo que atua inibindo
a recaptacdo de serotonina / parametros: sobrevivéncia, desenvolvimento,
comportamento e marcadores bioquimicos neuronais) utilizando embrides de peixe-zebra
como organismo modelo. Os autores observaram efeitos significativos sobre a atividade
locomotora (alteracbes comportamentais) e atividade da acetilcolinesterase (AChE)
(alteracGes bioquimicas), > 0,88 e 6 ug / L, respectivamente, tais concentragdes de efeito
estdo proximas das encontradas em aguas superficiais, assim, 0s autores sugerem que a

FLX é neurotoxica para 0s estagios iniciais de vida do peixe-zebra.

Seguindo a mesma linha de desenho experimental, o artigo intitulado: Exposure
to dilute concentrations of bupropion affects zebrafish early life stages. Franco et al.,
(2019), ao estudarem os efeitos toxicologicos da bupropiona (BPP) (antidepressivo que
atua inibindo da recaptacdo de noradrenalina e dopamina) observaram gque concentracdes
a partir de 7300 ug / L provocaram alteracdes no equilibrio dos embrides eclodidos
(técnica utilizada: Fish Embryo Toxicity FET test). A analise comportamental
(equipamento: Zebrabox) mostrou que a bupropiona afetou 0 comportamento locomotor
do peixe-zebra, diminuindo a atividade dos organismos expostos a concentracdo de 0,6
ug / L, aumentando a atividade em 8,8 e 158 ug / L e diminuindo a atividade em 50000
ug / L. A analise bioguimica mostrou um aumento da atividade da AChE em 158 e 2812
ug / L, um aumento na atividade da Glutationa S-Transferase (GST) nas concentracdes
mais altas, alteracdo na atividade da Catalase (CAT) e aumento do Lactato desidrogenase

(LDH) em 0,6; 2812 e 50000 ug / L, assim os autores puderam concluir que a BPP afeta



0s estagios iniciais de vida do peixe-zebra em concentracfes que podem ser encontradas

nas matrizes ambientais.

Santos et al., (2018), no artigo intitulado: Chronic effects of carbamazepine on
zebrafish: Behavioral, reproductive and biochemical endpoints ao estudarem os efeitos
toxicoldgicos cronicos da carbamazepina (CBZ) utilizando organismos adultos de peixe-
zebra como modelo bioldgico (parametros analisados: comportamento alimentar, taxa de
crescimento, nimero de ovos fecundados / viabilidade, alteracGes histologicas nas
gbnadas femininas e biomarcadores associados as defesas antioxidantes (atividades da -
CAT e GST); neurotransmissor (atividade da AChE) e metabolismo (LDH)), observaram
que a viabilidade dos ovos foi significativamente prejudicada; houve alteracdes nos
estagios foliculares das gdnadas femininas; houve alteracdes bioquimicas nas referidas
enzimas em concentracdes ambientalmente relevantes. Os autores destacaram graves
preocupacfes com os riscos colocados pelos residuos de CBZ para as populacdes de

peixes.

Baseado em todo o contexto de polui¢do aquética e ao entender a &gua como um
recurso cada vez mais escasso e essencial para o bem-estar humano e do meio ambiente,
fazem-se necessarios métodos mais eficientes no controle da poluicdo de guas residuais,

superficiais e subterraneas.

1.1.1. Nanomateriais como adsorventes para tratamento de agua

Atualmente existem varias técnicas destinadas ao tratamento de aguas residuais,
como: extracdo por solvente, micro e ultrafiltracdo, sedimentacdo e separacdo por

gravidade, flotacdo, precipitacdo, coagulacdo, oxidacao, evaporacgéo, destilacdo, osmose



reversa, adsorcdo, troca ibnica, eletrodialise, eletrdlise, etc. Dentre as técnicas
mencionadas vale destacar a “adsorcdo”, pois pode remover uma ampla gama de
poluentes organicos, inorganicos e biologicos, soluveis e insollveis; pode recuperar
fontes para fins de agua potavel; é de facil operacéo e ha disponibilidade de uma ampla
gama de agentes adsorventes. Entretanto, apesar dos adsorventes possuirem varias
vantagens 0s mesmos possuem certas limitacGes, como: ndo conseguir um bom status a
niveis comerciais; um unico adsorvente ndo é capaz de remover todos os tipos de
poluentes (normalmente um adsorvente € selecionado baseado nos tipos de poluentes que

ele pode adsorver) (Huang et al., 2011), entre outras.

Sanady. M et al., (1995) em um estudo comparativo de tecnologias de tratamento
de agua definiram o seguinte ranking de custo-beneficio: (1) adsorcéo; (2) evaporacgdo;
(3) aerdbica; (4) anaerobica; (5) troca ibnica; (6) eletrodialise; (7) micro e ultrafiltracdo;
(8) osmose reversa; (9) precipitacdo; (10) destilacdo; (11) oxidacdo; e por fim (12)
extracdo por solvente. Baseado nesses resultados a “adsorcdo” podera ser a principal

técnica de tratamento de &gua em um futuro préximo.

Para qualquer processo de adsor¢cdo, um adsorvente com grande area superficial,
volume de poros e funcionalidades adequadas € a chave para o sucesso. Atualmente, ha
o desenvolvimento de muitos materiais porosos destinados a remocédo de poluentes do ar,
agua e solo (exemplos: carvao ativado, zedlitos, 6xidos mesoporosos, polimeros, entre
outros) (Ngah, Teong, and Hanafiah 2011; Wang and Peng 2010; Yi 2004). Dentre esses
varios desenvolvimentos, os adsorventes a base de carbono, incluindo: carvao ativado,

nanotubos de carbono, fulerenos e grafeno, tem se destacado por apresentarem alta



capacidade de adsorcéo e estabilidade térmica (G. P. Rao, Lu, and Su 2007; Ren et al.

2011; Seymour et al. 2012).

Atualmente o carvao ativado € o principal adsorvente mais utilizado no mundo
para purificacdo de agua e ar em escala industrial (Yu et al., 2016). Para uma melhor
compreensdo da utilizacdo do carvéo ativado a Figura 2 mostra um desenho esquematico

de sua estrutura morfoldgica.

Moléculas orgéanicas Moléculas organicas
dissolvidas grandes dissolvidas pequenas

_

Carvao Ativado

Micro Poro Meso Poro

Macro Poro

Figura 2. Desenho esquematico de um carvdo ativado evidenciando sua estrutura
morfoldgica. Fonte: Google imagens.

O carvdo ativado € constituido por trés tipos de volume de poros: (1) macroporos,
(2) mesoporos e (3) microporos. A fungdo dos macroporos é facilitar a entrada de
moléculas quimicas no carvéo ativado; 0s mesoporos tem como fungdo o “transporte” e
0s microporos tem como fungdo a adsorcdo de substancias. Em resumo, as moléculas
sdo difundidas nos poros do carvao ativado, que aderem as superficies internas. Vale
ressaltar que nem todas as moléculas sdo adsorvidas igualmente na area superficial do

carvdo ativado (existem graus de afinidade por diferentes substancias quimicas -



exemplo: maior interacdo por impurezas que tenham carbono como base e menor
afinidade por compostos como o sodio, nitratos, etc.). Ademais, moléculas de menor peso
molecular se difundem mais profundamente (resultando em um maior dominio de area
superficial (havendo mais ligacdes quimicas) quando comparadas a moléculas de maior

peso molecular) (Yu et al., 2016).

A producdo de carvao ativado pode ser dividida em trés etapas: (1) pré-tratamento
de matérias-primas (ex: madeira, carvao, 0ssos, carocos de frutas, etc); (2) carbonizagédo
em baixa temperatura e (3) ativacdo. Existem dois tipos de ativacdo: ativacgao fisica: que
é a ativacdo da matéria-prima ap0s a carbonizacdo, temperatura entre 800 - 1000 °C -
normalmente em ambiente anaerdébico (Laine., Calafat, and M. 1989; Wigmans 1989); e
ativacdo quimica: que € a adicdo de produtos quimicos as matérias-primas para posterior
aquecimento sob a protecdo de um gés inerte; 0s processos de carbonizacdo e ativacdo

sdo realizados simultaneamente (Mohammad-Khah e Ansari, 2009).

Atualmente a ativacdo quimica tornou-se o principal método para producéo de
carvao ativado de alto desempenho devido ao curto tempo de ativacao, reacdo de ativacdo
facilmente controlavel e grande area de superficie especifica, quando comparadas as

técnicas de ativacdo fisica (Ahmadpour and Do, 1996).

Existem diferentes tipos de carvdo ativado de acordo com suas propriedades
fisico-quimicas (por exemplo: tamanho de particula e distribui¢do de tamanho de poros,
area de superficie, densidade aparente) e a capacidade de adsor¢do depende dessas
propriedades. A distribuicdo dos grupos funcionais na superficie do carvédo ativado é

responsavel pelas interacbes com os contaminantes. O mecanismo de adsorcdo é



controlado por interacdes do tipo Van der Walls com contaminantes apolares e para
contaminantes polares a interacdo é do tipo eletrostatica entre a superficie de carvédo

ativado.

Apesar do carvdo ativado possuir inumeras vantagens o valor elevado do custo
para sua manufatura, dificuldades de reativacdo, necessidade de um maior tempo de
contato para obter uma boa adsorcéo, entre outros (EI Gamal et al. 2018; Mccreary and
Snoeyink 2014; Yoon et al. 2008) tem incitado pesquisadores a criarem novas formas de
desenvolvimento. A nanotecnologia é uma ciéncia multidisciplinar que nos ultimos anos
tem desenvolvido muitas nanoestruturas carbonaceas (incluindo o carvao ativado) e tem
proporcionado novas alternativas para o tratamento de aguas residuais (Jusoh, Su, and
Noor 2007; Tratnyek and Johnson 2006; Vaseashta et al. 2007; Zhang 2003). Um
exemplo tem sido os nanotubos de carbono que possuem grande area superficial ativa;
bom controle em relacdo ao volume e distribuicdo de tamanho de poros; tém boa
capacidade de adsorcdo e alta eficiéncia de adsor¢do em comparagdo com carvao ativado

granular convencional que possui algumas limitacoes.

1.1.1.1. Nanotubos de carbono

Desde a descoberta dos nanotubos de carbono e suas variadas aplicacdes, como
exemplo: aplicagdo em energia (Kolpak 2011), adsorcéo (Calvaresi and Zerbetto, 2014),
distribuicdo de farmacos (Yang et al., 2009), tem sido um grande desafio projetar esses
adsorventes a um custo menor pois a producdo em larga escala ainda € inviavel

economicamente.
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Os nanotubos de carbono sdo alétropos de carbono e estes podem apresentar
diversas formas estruturais do elemento carbono (Figura 3). Basicamente 0s nanotubos
de carbono apresentam a forma cilindrica (formato de tubo). De acordo com Endo et al.,
(2005), os nanotubos de carbono possuem trés formas: (1) nanotubos de carbono de
parede Unica (com didmetro tipico do tubo de aproximadamente 0,4 - 2nm (Ajayan, 1999;
Hong et al., 2005)); (2) de parede dupla e (3) multi-paredes (estes consistem em cilindros
concéntricos com espacamento entre camadas de 0,34 nm com um diametro de 2 a 25 nm
(Ajayan, 1999)). Vale destacar que as definicdes dos formatos dos nanotubos sdo
determinadas pelo nimero de camadas grafiticas da estrutura cilindrica (Yu et al 2016).
Ademais, aléem do diametro e comprimento (que frequentemente excede a ordem
nanométrica), a quiralidade (angulo entre os hexagonos e o0 eixo do nanotubo) é outro

parametro chave na organizacdo dos nanotubos de carbono (Ajayan, 1999).
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Figura 3. Diferencas morfoldgicas dos nanotubos de carbono. (A) - nanotubos de carbono
de parede unica. (B) - nanotubos de carbono de parede dupla. (C) - nanotubos de carbono
multi-paredes. Fonte: Rafique et al., (2016).

A literatura tem mostrado que a capacidade de adsor¢do de nanotubos de carbono
depende dos grupos funcionais de sua superficie e da natureza do adsorbato. Por exemplo:
a acidez superficial em nanotubos (por grupos: carboxilico, lacténico e fenélico) favorece
a adsorcdo de compostos quimicos polares — intera¢6es quimicas (X. Wang, Lu, and Xing
2008). Por outro lado, a ndo-funcionalizacdo superficial em nanotubos favorece uma
maior afinidade por compostos apolares (exemplo: hidrocarbonetos aromaticos
policiclicos) — interac@es fisicas (Stafiej and Pyrzynska 2008). Além disso, a capacidade
de adsor¢do de nanotubos de carbono é efetiva em uma ampla faixa de pH (Santhosh et

al. 2016).



Embora a manufatura dos nanotubos de carbono ainda seja mais cara em
comparagdo com o carvao ativado convencional, sua adsorcdo e ciclos de dessorcao sdo
mais eficientes. Atualmente, existem trés principais métodos de producédo de nanotubos
de carbono (Andrews et al. 2002; Charlier 2007; Dai 2002; Thostenson, Ren, and Chou
2001), que sdo: (1) descarga por arco elétrico, (2) ablacéo a laser (nessas duas técnicas
a sintetize é através da vaporizacdo de amostras de grafite) e (3) deposicdo de vapor
quimico (o vapor contendo carbono é passado sobre o catalisador (hanoparticulas

metalicas, como: niquel, cobalto, ferro) mantido em temperatura constante em um forno).

Vale ressaltar que dependendo da forma de sintese os nanotubos de carbono
podem apresentar algum grau de toxicidade a organismos nao-alvos devido a presenca de
catalisadores metalicos, enquanto o0s nanotubos de carbono funcionalizados

guimicamente até o0 momento ndo demonstraram toxicidade (Chen and Wang 2006).

Muitos estudos tém mostrado o quao valem os esforcos para o desenvolvimento
de nanotubos. Por exemplo: Ji et al. (2010) em um estudo analitico avaliando a interacdo
entre nanotubos de carbono a compostos monoaromaticos (fenol e nitrobenzeno) e
antibidticos (sulfametoxazol, tetraciclina e tilosina) em solucBes aquosas observaram que
apos a modificacdo dos nanotubos de parede Unica e multi-paredes com KOH a area de
superficie especifica foi aumentada de 410,7 m?/g para 652,8 m?/g e de 157,3 m?/g para
4226 m?/g, respetivamente. E consequentemente, a adsor¢do dos solutos do teste foi
aumentada de 2-3 vezes em nanotubos de parede Unica e de 3-8 vezes em multi-paredes.
Além disso, os nanotubos de carbono ativados mostraram reversibilidade de adsorcao
aprimorada para 0s compostos monoaromaticos selecionados, em compara¢do com 0s

homologos intocados.
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Cho, Huang, and Schwab (2011) ao estudarem as interacfes entre ibuprofeno e
triclosan sobre nanotubos de carbono relataram que a adsorcao dos referidos compostos
em nanotubos de carbono de parede unica foi mais forte quando comparados aos
nanotubos de carbono multi-paredes devido a maior area superficial especifica. Além
disso, os autores baseados nos resultados da isoterma de adsorcédo confirmaram que a
quimica da superficie dos nanotubos, as propriedades quimicas dos adsorbatos e a
quimica da solucdo aquosa (pH, forca idnica, acido fulvico) desempenham papel

importante na adsorcao.

Lu and Chiu (2006) ao avaliarem a adsorcdo de zinco (I1I) com nanotubos de
carbono purificados com solucbes de hipoclorito de sodio observaram que as
propriedades dos nanotubos (como: pureza, estrutura e natureza da superficie) foram
melhoradas. Os autores observaram que a purificacdo removeu os catalisadores metalicos
e carbono amorfo dos nanotubos tornando as nanoestruturas mais hidrofilicas e
adequados para a adsor¢do de Zn?*. Os potenciais zeta dos nanotubos de carbono
purificados foram mais negativos que os de nanotubos sem purificacdo devido a presenca
de grupos funcionais negativos na superficie. Um estudo comparativo na adsorcao de
Zn?* entre nanotubos de carbono de parede Unica, multi-paredes e carvdo ativado
comercial em p6 também foi realizado. As capacidades méaximas de adsor¢do do Zn?*
calculadas pelo modelo de Langmuir, foram: 43,66; 32,68 e 13,04 mg/g?,
respectivamente, em uma faixa de concentracio inicial de 10-80 mg/I* de Zn?*. Os
autores observaram que a cinética de adsor¢do de Zn?* nos nanotubos de carbono foi
relativamente rapida (60 min). Por fim, os autores baseados no curto tempo de contato

necessario para atingir o equilibrio, bem como a alta capacidade de adsorcdo, sugerem
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que os nanotubos de carbono de parede Unica e multi-paredes possuem aplicagdes

altamente potenciais para a remocéo de Zn?* da agua.

Sotelo et al., (2012) ao avaliarem as interacdes do atenolol, cafeina, diclofenaco,
isoproturona e efluente de estacdo de tratamento municipal com trés materiais
carbonaceos: (1) carvéo ativado, (2) nanotubos de carbono multi-paredes e (3) nanofibras
de carbono, chegaram a importantes conclusdes, como: todas as nanoestruturas
carbonaceas mostraram-se eficientes na remocao dos referidos farmacos; a capacidade de
adsorcdo dessas nanoestruturas em solucdes individuais é maior quando comparado ao
desempenho das mesmas em aguas residuais reais, sugerindo que o material organico
natural de fundo tem um impacto no processo de adsorcédo; a influéncia da temperatura
no processo de adsorcao € mais apreciavel em carvao ativado do que em nanotubos de
carbono multi-paredes ou nanofibras de carbono; os nanotubos de carbono multi-paredes
e nanofibras de carbono podem ser adsorventes alternativos no tratamento de agua
entretanto, os autores ressaltam que trabalhos adicionais devem investigar o desempenho

e custo operacional desses materiais.

Chatterjee, Lee, and Wooa (2010) ao avaliarem a eficiéncia de adsorcéo de esferas
de hidrogel de quitosana com nanotubos de carbono multi-paredes impregnados em sua
superficie para remoc¢do do “corante vermelho congo” observaram que a referida
modificacdo tornou as esferas mais densas e porosas. A adsorcdo do corante nas esferas
modificadas foi altamente dependente do pH. A capacidade maxima de adsorcéo foi de
450,4 mg/g?. Os valores obtidos a partir de modelos cinéticos de primeira e segunda
ordem e o modelo de difusdo intra-particula mostraram que a taxa de transferéncia de

massa foi bastante aumentada pela adi¢éo dos nanotubos.
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N&o ha davidas de que os nanotubos de carbono possuem grande potencial como
adsorventes superiores para remocao de varias substancias quimicas em solu¢des aquosas
e diante o contexto de poluicdo aquatica a prioridade atual € desenvolve-los para aumentar
ainda mais sua capacidade de adsorcéo e eficiéncia de remocéo para realizar o controle

efetivo de poluentes ambientais a um custo relativamente baixo.

1.1.1.2. Grafeno e derivados

O grafeno, considerado o material mais fino do universo, pode ser visto como a
unidade de construcdo de importantes al6tropos de carbono, como: grafite que é um
empilhamento de camadas de grafeno, nanotubos de carbono que é uma laminagéo de
uma ou mais camadas de grafeno, fulerenos que é um envolvimento de uma camada de

grafeno, entre outros (Geim and Novoselov., 2007).

O grafeno é composto de uma Unica camada de d&tomos de carbono (hibridizacao
sp?) dispostos em uma estrutura hexagonal (Novoselov et al., 2004) ligados entre si por
meio de ligagdes coOm outros trés a&tomos de carbono vizinhos (ligacdes d covalentes)
proporcionando alta estabilidade mecéanica (Zhu et al., 2010). Além disso, o grafeno
também possui grandes valores de mobilidade intrinseca de aproximadamente 200.000
cm? V1 st area superficial tedrica de 2630 m?/g?l, transmitincia Optica de
aproximadamente 97,7% para uma Unica folha de grafeno, médulo de Young de
aproximadamente 1 TPa e condutividade de aproximadamente 5000Wm™ (que é
resultante do tipo de hibridizacdo dos atomos de carbono presentes em sua estrutura)
(Carbon et al. 2010; Neto 2009; C. N. R. Rao et al. 2009; Zhu et al. 2010). Para uma

melhor compreenséo a figura 4 mostra a estrutura morfoldgica de uma folha de grafeno.
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Figura 4. Estrutura morfoldgica do grafeno. Fonte: Google imagens.

Baseado nessas excelentes propriedades muitas pesquisas tem focado no uso desse
alétropo de carbono em muitos campos da tecnologia, incluindo: eletrocatélise, deteccao
de DNA, microscopia eletrénica de alta resolugdo, eletronica e eletronica flexivel, bio-
cultura para dessalinizacdo (Kemp et al., 2013) e tem sido considerada uma alternativa
frente aos nanotubos de carbono por possuirem dois planos basais disponiveis para
adsorcéo de variados tipos de poluentes (C. N. R. Rao et al. 2009; Sitko, Zawisza, and
Malicka 2013; J. Zhao et al. 2014), diferentemente dos nanotubos de carbono que suas

paredes internas ndo sdo acessiveis pelos adsorbatos (Sitko, Zawisza, and Malicka 2013).

Atualmente, os quatro principais métodos de obtencdo de grafeno, sdo: (1)
esfoliacdo mecanica, (2) esfoliacdo quimica, (3) deposicdo de vapor quimico e (4)
crescimento epitaxial (Neto 2009; C. N. R. Rao et al. 2009; Zhu et al. 2010; Kim et al.,
2009; Li et al., 2009). Vale destacar que a esfoliagdo mecanica é considerada a tecnica de

melhor custo/beneficio dentre as mencionadas devido ao baixo custo relativo, elevado
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rendimento, possibilidade de obtencdo de grafenos multi-camadas e facil

processabilidade (Santhosh et al. 2016).

Apesar das grandes aplicacdes em variados campos tecnologicos o grafeno ainda
é considerado um material caro para producdo em larga escala. Nesse contexto, as
aplicacdes baseadas em oOxido de grafeno oferecem possibilidades mais realistas em
comparacdo com o grafeno puro devido ao menor custo de manufatura. O 6xido de
grafeno € um grupo funcional de grafeno que contém oxigénio e apresenta uma alta
densidade de grupos funcionais (como: carboxila, hidroxila, carbonila e epdxi) em sua
rede de carbono (Perreault, Fariaa, and Elimelech 2015); conferindo-lhes um carater
hidrofilico (suspens@es estaveis em solugdes aquosas) e alta reatividade (G. Zhao et al.
2011). Um ponto relevante ao compararmos o 6xido de grafeno aos nanotubos de carbono
é que o primeiro pode ser facilmente sintetizado através da esfoliacdo quimica do grafite,
sem 0 uso de aparelhos complexos ou catalisadores metalicos, ou seja, ha obtencéo
materiais isentos de residuos de catalisadores e sem necessidade de muitos passos de

purificacdo.

Muitos estudos tém demonstrado os potenciais de aplicacBes do grafeno e seus
derivados como importantes adsorventes. Por exemplo: Cai and Larese-Casanova (2014)
compararam o poder de adsorcdo de trés importantes carbonaceos (1) 6xido de grafeno
(2) nanotubos de carbono multi-paredes e (3) carvdo ativado granulado. A farmaco
psicotropico utilizado como adsorbato foi a carbamazepina. Os autores observaram que a
cinética de adsorg¢do do composto quimico em oOxido de grafeno foi rapida e reversivel

com a lavagem em &lcool, o que é consistente com interagdes p — p. O dxido de grafeno



de maior area superficial (771 m?/g™*) superou o carvio ativado granulado e os nanotubos

de carbono multi-paredes na adsorcdo da carbamazepina.

Huang et al., (2011) em um estudo comparando o desempenho de adsorcédo de Pb
(1) por grafeno e 6xido de grafeno demonstraram a importancia dos grupos funcionais
constituintes do oxido de grafeno. Os autores observaram que o alto teor de oxigénio
disponiveis para interagirem com os ions metalicos fazia com que o 6xido de grafeno
fosse mais eficiente que o grafeno cristalino evidenciando a aplicabilidade dessas

nanoestruturas.

Lateefa A. Al-Khateeb (2014) ao avaliarem a remocao de aspirina, paracetamol e
cafeina em solucdo aquosa por nanoplaquetas de grafeno de area superficial de 635,2
m?/g* observaram que ao modularem o processo de adsorcdo em diferentes fatores
ambientais (como: pH, temperatura, dureza da agua, etc) observaram que as capacidades
de adsorcdo para aspirina, cafeina e paracetamol, foram: 12,98 mg/g-1; 19,72 mg/g-1 e
18,07 mg/g-1, respectivamente. Os autores concluiram que a maioria dos compostos
farmacéuticos poderiam ser removidos usando apenas 10 mg, com um tempo de 10 min,
a temperatura de 296 K em soluces com pH de 8,0. Assim, as nanoplaquetas de grafeno
podem ser usadas para remocao de aspirina, paracetamol e cafeina da dgua da torneira,

agua residual e &gua do mar com alta eficiéncia.

Baseado nesses estudos e nos principais desafios encontrados para producdo em
larga escala dessa tecnologia de remocao de contaminantes aquaticos. E possivel em um
futuro proximo a utilizagdo das mesmas em refis de filtros domésticos, auxilio em

estacOes de tratamento de &gua potavel, composi¢do de equipamentos hospitalares, etc.
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1.1.1.3. Uso do peixe-zebra como organismo modelo

O peixe-zebra (Figura 5) € um pequeno teledsteo, com tamanho médio de: 3-4 cm,
de agua doce da familia Cyprinidae, natural da Asia (Tailandia, india, Paquisto,
Bangladesh, Nepal e Myanmar). Esta espécie é onivora (alimenta-se principalmente de
fitoplancton e microinvertebrados). Sdo oviparos e possui um tempo médio de vida entre

2-5 anos (USEPA 2015; Rico 2007; OECD 2013).

Figura 5. Danio rerio (popularmente: peixe-zebra ou paulistinha). Fonte: google
imagens.

Atualmente o peixe-zebra é um organismo consolidado como modelo
experimental em diversas areas da ciéncia, como: genética, biologia do desenvolvimento,
comportamento, toxicologia e neurociéncias (Vascotto et al. 1997; Nishimura et al. 2015).
Dentre as vantagens em utiliza-lo, destacam-se: (i) a facilidade no cultivo de todos os
estadgios de vida em laboratério; (ii) baixo custo de cultivo (iii) alta performance
reprodutiva com desova abundante; (iv) os embrides sdo translicidos, permitindo
avaliacdo do desenvolvimento embrionério e teratologias; (v) tamanho pequeno, que
permite o cultivo em espacos reduzidos, (vi) seu genoma ja foi sequenciado permitindo o

desenvolvimento de estudos filogenéticos (Broughton et al. 2001) e estudos genéticos
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comparados com seres humanos (Dooley 2000) (vii) estudos sobre o desenvolvimento de
diversos sistemas, 6rgdos e patologias relacionadas sdo realizados utilizando adultos e
embribes de peixe-zebra como modelo experimental (Dodd et al. 2000; Ackermann &
Paw 2003), (viii) no ambito das ciéncias ambientais, ha também muitos trabalhos
comportamentais de exposi¢do desta espécie a diversos pesticidas, farmacos entre outros

xenobidticos (Levin & Chen 2004; Swain et al. 2004; Serra et al. 1999).

Kimmel, B. et al (1995), descreveram uma série de etapas relacionadas ao
desenvolvimento embrionario do peixe-zebra, definindo sete grandes periodos de
embriogénese: (1) o zigoto, (2) clivagem, (3) blastula, (4) gastrula, (5) segmentacéo, (6)
faringula, (7) e os periodos de incubacéo (eclosdo). Estas divisdes destacam os principais
processos de desenvolvimento que ocorrem durante os trés primeiros dias apds a

fertilizacdo (Figura 6) (Kimmel C et al. 1995).
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Figura 6. Desenvolvimento embrionario do peixe-zebra adaptado de Kimmel, B et al.,
(1995).

Atualmente, essas definicBes de periodos embriogénicos servem de base para

testes de embriotoxicidade (Ali et al. 2014; Andrade 2015).

Em 2013, foi lancado um protocolo de testes embriotoxicoldgicos agudos com o
peixe-zebra (OECD n° 236 2013). O principio do teste é baseado na utilizacdo de ovos
fertilizados expostos a uma substancia quimica. Mais detalhadamente, a exposicdo é
realizada em microplacas de 24 pocos com dois ml de cada concentragéo sendo que as

solucdes testes sdo preparadas com a agua de cultivo de peixe-zebra. Todos os testes de
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toxicidade aguda sdo feitos em triplicata com um total de 60 organismos por

concentracdo. A duracao dos testes € de até 96 h.

Na fase de embrido pode ser avaliada a mortalidade antes e ap0s a ecloséo
(coagulacdo dos ovos e morte de embrides) e alteragdes em parametros de
desenvolvimento embrionario, como: formacéo do otélito, pigmentagéo do corpo e olhos,
formacdo dos somitos, presenca de batimento cardiaco, separacdo da cauda do saco
vitelino, edema, acumulo de hemaécias, liquido amnidtico, absor¢do do saco vitelino,
formacdo do telencéfalo e eclosdo (para uma melhor compreensdo a Figura 7 mostra
alteracdes no desenvolvimento). Apds a eclosdo pode ser avaliado a pigmentacdo do
corpo e olhos, batimento cardiaco, edema, acimulo de hemacias, absorcdo do saco
vitelino, inflacdo da bexiga natatoria, malformacdes da cauda, resposta a estimulos
mecanicos (equilibrio, definido como o embrido deitado lateralmente no fundo do poco

da microplaca), entre outros.
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Figura 7. Alteragdes no desenvolvimento embrionério: (a) desenvolvimento de somitos
(24 h) (b) auséncia de somitos (24 h) (c) edema pronunciado no saco vitelino e alteracao
dos somitos (48 h) (d) curvatura anormal da cauda e edema pericardico (72 h). Fonte:
OECD n.236.



1.2. Considerac0es finais

Parece provavel que a maioria das aguas residuais urbanas estejam contaminadas
com compostos quimicos (Jones et al., 2005). Isso afeta a qualidade da &gua e o
abastecimento de agua potavel e pode constituir um potencial risco para os ecossistemas

e 0 bem-estar humano e animal a longo prazo (Klavarioti et al., 2009).

A nanotecnologia tem sido responsavel por grandes avangos para humanidade, e
na presente tese varios agentes adsorventes (al6tropos de carbono) séo revisados tendo
como foco a retengéo de micropoluentes. Nota-se que apesar dessas nanoestruturas serem
uma alternativa promissora aos métodos convencionais de tratamento de 4gua a maioria
dessas ainda ndo estdo prontas para producdo em larga escala devido a alguns desafios
técnicos (por exemplo: valor de manufatura (custo-beneficio), configuragdo do sistema
de filtracdo, preocupacdes ambientais (como: riscos a organismos ndo-alvos), entre
outros). No capitulo 2 é apresentado os resultados em formato de artigo cientifico de um
novo tipo de nanoestrutura carbonacea “o carbono micro/nanoestruturado hibrido”. Esse
material hibrido é constituido por um substrato micrométrico que interage
eletronicamente com os nanotubos de carbono que séo cultivados diretamente em suas
superficies. Neste tipo de compdsito, os nanotubos de carbono estdo ligados a uma
superficie de um material muito mais densa e podem ser facilmente contidos por
mascaras, papel de filtro, etc., diferentes do que estdo na forma de material particulado.
Baseado nos resultados obtidos do presente trabalho o carbono micro/nanoestruturado
hibrido apresenta grande potencial no tratamento de agua e remediacdo aquética e pode

ser mais uma alternativa aos métodos convencionais.
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1.3. Objetivo geral

Analisar a toxicidade de farmacos psicotropicos e nanoestruturas carbonaceas
hibridas incluindo seus efeitos letais e subletais para peixes (embrides de Danio rerio), e
num segundo momento, avaliar as possiveis interacdes utilizando o referido modelo

animal como biossensor e técnicas analiticas numa proposta de remediacdo aquatica.

Observagéo: Os farmacos selecionados, foram: fluoxetina, carbamazepina e bupropiona
(artigos publicados em colaboracgdo). Os farmacos foram selecionados por sua constante

deteccdo em ecossistemas aquaticos e pelo potencial risco ecoldgico.

1.4. Objetivos especificos
a) Caracterizar as nanoestruturas carbonédceas hibridas utilizando
metodologias ja consolidadas, como: Espalhamento dindmico de luz
(DLS) (condutividade e carga do material); cromatografia liquida de alta
eficiéncia (HPLC) (saturacdo), Espectroscopia de infravermelho por
transformada de Fourier (FTIR) (avaliar os grupos funcionais que
compdem a amostra), Microscopia Eletrdnica de Varredura (MEV)

(estrutura morfoldgica).

b) Determinar os efeitos letais e subletais nos principios ativos (controle
farmacos) e das nanoestruturas (controle nanoestruturas) por meio de

testes de embriotoxicidade com D. rerio.

c) Awvaliar a interacdo entre as nanoestruturas carbonéceas e um farmaco

psicotropico utilizando embrides de D. rerio como biossensores e
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posteriormente utilizar técnicas analiticas para comprovacéo da

interacdo.

Obs: Dentre os farmacos testados na primeira etapa do presente trabalho a fluoxetina
foi o composto selecionado para os testes de interacdes com as nanoestruturas

carbonéaceas devido a elevada deteccdo ambiental e toxicidade.
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Capitulo 2. Resultados em formato de artigo

cientifico

Tese de doutorado

2019

Neste capitulo sdo apresentados os resultados da presente pesquisa em formato
de artigo cientifico. O presente estudo foi publicado na revista “Chemosphere”, fator
de impacto: 5.108 (2018). Qualis Al.

2.1. Resultados (artigo cientifico)
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Although traditional water treatment systems can remove various substances from wastewater, these
conventional systems fail to remove many chemical molecules that pose potential ecological and health
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with toxic substances becomes a nanocomposite still more toxic. Here, we employ zebrafish embryos as
biosensor to examine how a hybrid micro/nanostructured carbonaceous material (HMNC) derived from a
combination of activated carbon (AC) with hydrophilic carbon nanotubes (CNTs) can remediate waste-
water contaminated with the pharmaceutical fluoxetine hydrochloride (FLX). AC and HMNC are practi-
cally non-toxic to zebrafish embryos (LCso > 1000 mg.L“). HMNC addition to culture medium containing
FLX significantly reduces sublethal effects and lethality. Interaction between FLX and HMNC involves
chemical adsorption such that embryo co-exposure to HMNC adsorbed with FLX in the range of con-
centrations evaluated herein does not elicit any behavioral changes in zebrafish.

© 2019 Elsevier Ltd. All rights reserved.

Handling Editor: David Volz

Keywords:

Danio rerio

Carbonaceous materials
Remediation agent

Hybrid micro/nanocomposite

1. Introduction

Inefficient fluoxetine hydrochloride (FLX) removal by conven-
tional water treatment and the consequent broad distribution of
this drug in the environment (Aus der Beek et al., 2015) make the
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development of more efficient water treatment methods and of
materials that can be incorporated into water treatment plants an
urgent matter.

Activated carbon (AC) can remove many pharmaceutically active
compounds from water, so it plays an important role in remediating
water containing emerging contaminants. Different kinds of AC
exist depending on their physicochemical properties (e.g., particle
size, pore size distribution, surface area, and bulk density). The
functional groups distribution on the AC surface determines how
AC interacts with contaminants. Adsorption is controlled by van der
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Waals interactions between AC and non-polar contaminants or
electrostatic interactions between the charged AC surface and polar
contaminants. However, AC has disadvantages, including difficult
reactivation and need for longer contact with the contaminant for
adsorption to occur (Yoon et al., 2008; Mccreary and Snoeyink,
2014; El Gamal et al, 2018). Thus, carbon nanomaterials have
been studied as alternative to improve micropollutant removal in
water (Cho et al., 2011; Sotelo et al., 2012).

Several carbon nanomaterials have been studied for micro-
pollutant removal (Cho et al., 2011; Sotelo et al., 2012; Ji et al., 2010).
In this context, carbon nanotubes (CNTs) have been claimed as one
of the most promising remediation materials for their large specific
surface area, high porosity, high selectivity, numerous adsorption
sites, short intraparticle diffusion distance, and tunable pore size,
not to mention that they can engage in desirable interactions with
countless contaminants and can be produced on a large scale. In
spite of CNTs can be potentially applied in water remediation, their
similarities with asbestos and their possible cyto- and genotoxic
effects (Franchi et al., 2012) have raise concerns. Various studies
have shown that CNTs impact terrestrial and aquatic organisms
negatively (Lam et al., 2004; Warheit et al., 2004; Donaldson et al.,
2006; Templeton et al., 2006; Roberts et al, 2007; Smith et al.,
2007). In aquatic environment the CNTs when combined with
toxic adsorbents become indeed a harmful element, and this has
been recently observed as well as to case of fluoxetine combined
with MWCNTs (Yan et al., 2018). Furthermore, there exist additional
drawbacks concerning the practical usage of particulate CNTs in
water treatment. First, it is hard to obtain hydrophilic CNTs at low
costs. Second, using renewable resources to obtain hydrophilic
CNTs is difficult because raw CNTs are predominantly hydrophobic.
Finally, ensuring that all the nanomaterial will be well exposed to
contaminants while avoiding the deleterious CNT-toxic adsorbent
release into the aquatic environment is a challenging task.

To overcome the challenges associated with effective commer-
cial use of CNTs in water treatment, here we propose the use of a
hybrid micro/nanostructured material (HMNC) consisting of gran-
ular active charcoal or active carbon (AC) covered with hydrophilic
CNTs grown directly on the AC surface. HMNCs are composites that
allow the physicochemical properties of CNTs to be explored as a
result of the amount and type of constituents and of the electronic
interactions between them. In this kind of hybrid composite ma-
terial, CNT coating bind to the surface of a dense and micrometric
material and can be easily captured by masks, filter paper, etc.,
which is not possible with free CNTs (a low-density particulate
material). HMNCs can be composed of many kinds of micrometric
matrixes such as carbon fiber non-woven, charcoal, and bone
charcoal and have been little studied in the context of water
treatment (Gongales et al., 2011; Zhang et al., 2009).

We then use zebrafish embryos as biosensor to evaluate how AC
or HMNC interacts with FLX. Zebrafish is a small teleost (3—4 cm)
belonging to the freshwater fish family Cyprinidae. This fish species
is often employed as a model to assess the ecotoxicity of metals,
pesticides, pharmaceuticals, and other substances (Kanungo et al.,
2014) because the fish are small and undergo rapid external
development. Several studies have suggested that acute toxicity
measured by using zebrafish embryos (Fish Embryo Toxicity (FET)
test —— OECD n. 236) provides similar sensitivity as compared to
the adult fish (Lammer et al.,, 2009). The FET test offers advantages:
it requires small volumes of test solutions, consequently generating
less waste; the species used in the test are easy to obtain within a
short period; and mortality as well as alterations in embryo
development can be easily measured (OECD, 2013). To date,
zebrafish have not been used as biosensor to check HMNC toxicity
to non-target species, and the use of HMNC as adsorbent of psy-
chotropic drugs has not been evaluated to verify whether these

composites can be considered as a novel material for application in
water treatment and environmental remediation.

2. Materials and methods
2.1. Fluoxetine and activated carbon

Fluoxetine was purchased from C&C pharmaceutical industry
(CAS number: 54910-89-3, empirical formula Cy7H;gF3NO). Acti-
vated carbon (AC) derived from carbonization of eucalyptus was
provided by AlphaCarbo Industrial (particle size =325 mesh).

2.2. Hybrid micro/nanostructured carbonaceous material

The composite material studied in the present work was syn-
thetized as described previously in detail in Matsubara et al. (2016)
and Rosolen et al. (2006). AC was used as a micrometric carbona-
ceous material. Briefly, AC was submitted to a chemical vapor
deposition (CVD) method; alcohol and Co/Mn particles (1:1) were
employed as carbon source and catalyst, respectively, to obtain AC
covered with CNTs, referred to as hybrid micro/nanostructured
carbonaceous material (HMNC) hereafter.

2.3. Samples characterization

The surface charge (zeta potential) was determined by DLS ex-
periments using the Zetasizer Nano ZS apparatus. Samples
morphology was assessed by Scanning Electron Microscopy (SEM)
using a Zeiss-EVO 50 scanning electron microscope. Energy-
dispersive X-ray spectroscopy (EDS) was carried out with the
IXRF Systems 500 digital processing for compositional character-
ization. Specific surface area (SSA) was determined by using the
Brunauer, Emmett, Teller (BET) method at 77K and the Quantach-
rome NOVA 1200 equipment (with N;). Before the BET experi-
ments, the samples were dried at 150°C and under reduced
pressure for 3 h. The FTIR experiments were performed using a
Bruker spectrometer (model Vertex 70). The spectra were recorded
using potassium bromide (KBr) pressed pellet containing ~1% w/w
of the investigated sample. The measurements were averaged over
96 scans, which were taken at a resolution of 4cm ™! from 400 to
4000 cm . The background signal was averaged over 96 scans
before each measurement.

2.4. Zebrafish (Danio rerio) embryo culture

This research project was approved by the Ethics Committee on
Animal Research of the Institute of Biological Science of the Uni-
versity of Brasilia under protocol number n. 100226/2014.

Zebrafishes were raised in an aquatic facility (ZebTec - Tecni-
plast, Italy) with a photoperiod cycle of 12:12h (light:dark) in
aquariums under reverse osmosis and activated carbon filtered
water. The water parameters were strictly controlled: temperature
was maintained at 27.0 + 1 °C, conductivity at 650 + 100 uS/cm, pH
at 7.0 + 0.5 and dissolved oxygen >95% saturation. These conditions
were maintained in all the performed tests. Zebrafish eggs were
collected immediately after natural mating, rinsed in water, and
checked under a stereomicroscope (Stereoscopic Zoom Microscope
— Stemi 2000, Zeiss, Germany). The unfertilized eggs and those
showing cleavage irregularities or injuries were discarded.

2.5. Fish embryo toxicity (FET) test
Fish embryo toxicity test was based on the OECD guideline

Protocol 236 “Fish Embryo Toxicity” (FET) test (Braunbeck et al.,
2014, OECD, 2013). Zebrafish embryos were exposed to different
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treatments (single and mixture exposure) prepared by successive
dilutions of a stock solution. The test was performed using 60 eggs
per treatment, divided in 3 replicates, selected and distributed in
24-well microplates in the climate chamber (SL-24 Solab Cientifica,
Brazil), 20 wells were filled up with 2 mL of the test solution and
four wells with water (internal plate control, as required in the
OECD guideline). The test was initiated immediately after fertil-
ization, and it was continued for 96 h. Embryos and larvae were
observed daily under a stereomicroscope. Developmental param-
eters were evaluated in embryos over the test period, using a
magnification of x 70 for eggs and x40 for hatched embryos.
Before hatching, the following parameters were evaluated: egg
coagulation, otolith formation, general delay in development, eye
and body pigmentation, somite formation, heartbeat, oedemas,
detachment of the tail-bud from the yolk sac, yolk sac absorption
and hatching. After hatching, spine malformation and posture
(embryos side-lying in the bottom of the microplate well after
mechanical stimulus = behavioral changes) were also evaluated. All
parameters were assessed and quantified as observed or not
observed.

2.5.1. Single and mixture exposure

Zebrafish embryos were exposed to four different concentra-
tions of AC or HMNC (0, 10, 100, and 1000 mg.L ", in the absence of
FLX — pilot test). The FLX toxicity test was performed at the
following five different concentrations: 0, 3.19, 4.33, 7.59 and
18.46 mg.L ! (pilot test). After the single toxicity tests (pilot test),
the blend bioassays comprised three groups. Group 1 (or FLX
Group) consisted of FLX-exposed embryos (0, 3.19, 4.33, 7.59 and
18.46mg.L ). For groups 2 and 3 (FLX@AC and FLX@HMNC,
respectively), stock solutions of folded and mixed concentrations
were prepared in a ratio of 1:1, namely: 0; 6.38; 8.66; 15.18 and
36.92mg.L ! of FLX and 20; 200; 2000 mg.L ™! of AC (or HMNC).
After mixed FLX and AC (or HMNC), the mixture concentration will
be half of initial. Thus, the final concentrations of the mixtures are:
0, 3.19, 4.33, 759 and 18.46mg.L ! of FLX, and 10, 100 and
1000 mg.L " of AC (or HMNC). Fig. 1 illustrates the experimental

tests with negative control (O0mg.L '), control of carbonaceous
materials (10,100 and 1000 mg.L ), single toxicity of the FLX group
and their respective mixtures (FLX@AC and FLX@HMNC). The test
was performed using 60 eggs per treatment, divided in 3 replicates
(20 eggs per replicate and four wells with water (internal plate
control, as required in the OECD guideline). The same parameters
described in the previous section were analyzed and quantified as
observed or not observed.

2.6. High performance liquid chromatography analysis

FLX stock solutions at 2, 10, 20, 30, 40, 50, 80, and 100 mg.L ™'
concentrations were prepared in the same solvent proportion as
the mobile phase and diluted to half of the initial concentration
using AC or HMNC 2000 mg.L™' solution to evaluate AC or HMNC
saturation. The final concentrations were 1; 5; 10; 15; 20; 25; 40
and 50 mg.L ! of FLX and 1000 mg.L~! of AC or HMNC. Analyses
were performed in triplicate; 1 mL was used per replicate at
26 + 1°C. The final solutions were kept under stirring, light, and at
room temperature for 20 min. Then, they were filtered through a
syringe-driven Millex filter (0.22 um, 13-mm pore) and analyzed by
HPLC.

To determine FLX remaining in the medium, the method
adapted from Sabbioni et al., (2004) was used. The standard curve
was obtained by using a Shimadzu-Prominence high performance
liquid chromatograph comprising an online degasser (DGU 20A5
model), a solvent delivery unit (LC-20AT model), an auto sample
injector (SIL-20 AHT model), a column oven (20A), an UV-VIS de-
tector (SPD-20A model), and a controller (CBM-20A). The column
consisted of C-18-ODS (M) reverse phase CLC (150 mm x 4.6 mm
and 5-pm particle size). To construct the standard curve, FLX so-
lutions at concentrations ranging between 1 and 50 mg.L~' were
prepared in 35:65 (v/v) phosphate buffer pH 3.0 and acetonitrile.
The isocratic method was used. The mobile phase consisted of
35:65 (v/v) phosphate buffer pH 3.0 and acetonitrile at a flow rate
of 1 mL min . The detection wavelength was set at 228 nm, and the
injection volume was 20 pL. The oven temperature was maintained
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Fig. 1. Experimental embryo toxicity tests, adapted from OECD protocol no. 236.1-5: concentrations of the tested substances; IC: internal control. Group 1: Fluoxetine (FLX); Group
2: Activated Carbon + Fluoxetine (FLX@AC); and Group 3: Hybrid Micro/Nanostructured Carbonaceous Material + Fluoxetine (FLX@HMNC).
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at 30°C. Data were collected and processed with the LC solution
software (Shimadzu, Tokyo, Japan).

2.7. Statistical analysis

The effective concentrations (LCsp and ECsp) to mortality and to
behavior change (loss of equilibrium) were calculated using a two-
parameter Logistic model. All analyses were performed using the
Rstudio statistical package (R Core Team (2018)).

3. Results and discussion
3.1. Morphology of AC and HMNC

AC s a cheap adsorbent extensively studied in the literature and
employed in water treatment, and for this reason it is the material
chosen to be combined with CNTs. Nevertheless, it is also particu-
larly interesting to preparation of HMNC because its surface is
excellent to the incorporation of catalyst used to the CNT growth.
Carbonaceous materials, as AC are also attractive to HMNC syn-
thesis since they do not react with catalyst during the CVD meth-
odology used to prepare them Fig. 2 shows SEM pictures of AC with
average particle size of 500 pm, whereas Fig. 3 reveals that CNTs
cover all the surface of the AC micrometric particles, producing the
HMNC. EDS compositional analysis (not shown here) demonstrates
that carbon and oxygen predominate in both AC and HMNC, in
agreement with the literature (Bansal and Goyal, 2005). AC and
HMNC SSA values are 329.4 and 266.0m?g~!, respectively, as
determined from BET N3 isotherms. Although CNTs are well known
for their large surface area, the lower HMNC SSA as compared to AC
is due to blockade of AC pores by CNTs. It is worth to remember that
the AC surface is composes by large cavities or holes and small
particles of charcoal (inserted in Fig. 2). During the process of the
Mn/Co catalyst incorporation on the AC's surface (to CNTs' growth
synthesis) these small particles are probably removed. The Mn/Co
catalyst precursor salt is expected to penetrate in all large cavities
as well as in a fraction of AC's mesopores and micropores too. This
could explain the decrease of specific surface area after the AC
surface coating with CNTs. In the HMNC, CNTs are found in whole
surface of HMNC and inside of the cavities.

DLS measurements allowed determining zeta potential for the
carbonaceous nanostructures before and after adsorption with
fluoxetine. The values of potential for CA and HMNC pure are
£=-304+02mV and £=-143+0.2mV, respectively. After
adsorption, these values increased to £=9.99+0.2mV and
£=16.8 +0.2mV, respectively. The positive results of the & values
indicate the carbonaceous nanostructures were loaded successfully
and suggest that fluoxetine adsorption on CNT is probably

chemical. Adsorption of FLX on single-walled carbon nanotubes has
been studied by simulation and suggests that there exist a charge
transfer between FLX and CNTs (Shahabi and Tavakol, 2017). For the
case of MWCNTs is still not clear the presence of eventual charge
transfer between the MWCNTs and FLX. In supplementary mate-
rials is show the he FTIR spectra of free FLX and of FLX adsorbed
onto the nanostructure's AC and HMNC (Fig. S1a, ii and iv) do not
reveal any significant changes in the FLX vibrational energies. On
the other hand, the shifts in the aromatic ring vibration modes and
the unchanged behavior of the CF3 and C-O-C modes suggest that
FLX adsorbs onto the carbonaceous nanostructures through m-7
interaction. Similar results are found in the literature. The hy-
pothesis that considers -7 interaction agrees with the changes in
the AC and HMNC zeta potential values from negative (before FLX
adsorption) to positive (after FLX adsorption).

3.2. Biological tests and HPLC analysis

Zebrafish have been widely used in ecotoxicological assess-
ments. In the present study, the embryos present normal devel-
opment in control medium as well as in carbonaceous adsorbent
materials (AC or HMNC), which agrees with previous studies
described by Kimmel et al. (1995). The maximum mortality is 3% for
the entire test period. We were unable to determine LCsp or ECsp
(sublethal parameters) for HMNC because they are above the
highest concentration tested herein (1000 mg.L™').

Literature studies have focused on showing how carbonaceous
nanostructures affect non-target species of different trophic levels.
However, most of these studies, especially studies on vertebrates,
report sublethal effects, generating a knowledge gap about
lethality. Additionally, Lovern and Klaper, (2006) pointed out that
nanomaterial toxicity depends on the methodology that was used
to manufacture them. Therefore, establishing a toxicity pattern is
difficult Yu et al. (2016). Zhu et al. (2007) evaluated the toxicity of a
carbonaceous nanostructure, Cgg (fullerene), to zebrafish embryos
and observed that the nanomaterial is not toxic at concentrations of
up to 50 mg.L~', but the authors were not able to calculate LCsg or
ECsp. Nevertheless, when they evaluated C, (other fullerene forms),
they observed effects on hatching, embryo development, and
mortality. Moreover, Cherukuri et al. (2006) assessed the toxicity of
CNTs modified with Pluronic to rabbits (intravenous administra-
tion), but they did not identify sublethal effects. In contrast, Ye et al.
(2009) verified cellular death, morphological changes, ROS, and
expression of interleukin-8 (IL-8) genes when they investigated
evaluating CNTs dispersed by Pluronic Fgg. Here, the absence of
lethal or sublethal effects on zebrafish embryos shows that AC and
HMNC are not toxic to the fish. In our previous study, MWCNTs
were tested in zebrafish for cyto- or genotoxicity. The lack of cyto-

Fig. 2. SEM images of Activated Carbon (AC) at different magnifications.
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Fig. 3. SEM images of Hybrid Micro/Nanostructured Carbonaceous Material (HMNC) at different magnifications.

genotoxicity and reactivity encouraged more refined studies with
purposes for using this nanomaterial in remediation processes
Souza Filho et al. (2014).

The lethality results obtained with control FLX (LCsgo
96h=6.32mg.L ') can be compared to literature studies. For
example, Nakamura et al. (2008) evaluated FLX effects on Oryzias
latipes fish and determined LCso 96 h=5.5mg.L . Brooks et al.
(2003) assessed the FLX environmental risk to selected benthic
and pelagic toxicity test organisms, to obtain LCsg
168 h = 0.89 mg.L ! for Pimephales promelas fish. Henry and Black
(2008) achieved LCso 168 h =0.56 mg.L‘1 for the adverse FLX ef-
fects on Gambusia affinis fish. Alsop and Wood (2013) conducted a
study on zebrafish, to find lower acute FLX toxicity: LCsq
96h=0.25mg.lL .

Table 1 lists the LCsq values for the positive control (FLX) and for
FLX in the presence of different concentrations of carbonaceous
adsorbents (AC or HMNC).

For AC or HMNC at 10 mg.L“', LCsp is around 34% higher for
HMNC. In the case of AC or HMNC at 100 mg.L !, LCsq is approxi-
mately 6.5% higher for AC. A tenfold increase in AC concentration
raises LCsp by 38.6%, whereas a tenfold increase in HMNC concen-
tration raises LCsq by only 1.1%. Therefore, a lower HMNC concen-
tration provides optimal results in terms of LCsq. In other words,

Table 1

Lethal concentrations in mg.L ' (+standard error) of Fluoxetine (FLX) and mixtures
of Fluoxetine + Hybrid Micro/Nanostructured Carbonaceous Material (FLX@HMNC)
and Fluoxetine + Activated Carbon (FLX@AC) used in the zebrafish embryo toxicity
tests.

Treatment LCso (96 h) Model (R?)

FLX 520+0.19 Logistic - two parameters (0.98)
FLX@AC 10 mg.L ' 7.54+031 Logistic - two parameters (0.99)
FLX@AC 100 mg.L ' 11.25+0.71 Logistic - two parameters (0.98)
FLX@HMNC + 10 mg.L~! 10.08 +0.60  Logistic - two parameters (0.98)
FLX@HMNC + 100 mg.L ' 10.52 + 0.65 Logistic - two parameters (0.99)

HMNC 10 mg.L ! is equivalent to AC 100 mg.L ", which represents
an advantage of HMNC over AC when it comes to minimizing
zebrafish embryo mortality.

FLX@AC 1000mgL ' and FLX@HMNC 1000 mg.L~' had no
mortality effect, so we were no able to calculate LCsp. Fig. 4 shows an
overview of the embryo toxicological results.

Although LCs is higher for AC 100 mg.L ! as compared to HMNC
100mg.L !, HMNC does not elicit any behavioral changes in the
organism, whereas mortality in the presence of FLX at 4.33, 7.59,
and 18.46 mg.L ! is 5%, 10%, and 100%, respectively.

Serotonin (5-HT) is one of the most important and ubiquitous
neurotransmitters in the animal kingdom (Azmitia, 1999). In
aquatic organisms, the serotonergic system (the FLX action site)
plays a fundamental role in their behavior: social, food demand,
and motor responses (Lillesaar et al., 2007; Mennigen et al., 2010).
Studies have shown that aquatic organisms exposed to FLX con-
centrations display altered behavior (Airhart et al,, 2007; Prieto,
2012). We evaluated behavioral changes (equilibrium) in hatched
embryos after 96 h of exposure to different samples at different
concentrations. Fig. 5 shows that approximately 80% of the organ-
isms exposed to 4.33 mg.L ! of FLX are altered. Almost all the or-
ganisms exposed to FLX 7.59 mg.L~! died (only n = 2 live organisms
in 60 - these data was not showed in Fig. 5). In this case, the only
two remaining hatching embryos present behavioral changes,
which means 100% behavior change. We were not able to measure
behavioral changes in the organisms exposed to FLX 18.46 mg.L ",
because they were all dead at 96 h.

Less than 20% and 2% of the organisms exposed to FLX
4.33mgL '@AC 10mgL ! and FLX 4.33 mg.L '@AC 100 mg.L ",
respectively, have altered behavior. These data reveals a dose-
dependent response, as it was detected less behavioral changes
when AC concentration increases.

To FLX 7.59 mg.L '@AC 10 mg.L !, AC maintains approximately
50% of living organisms, but all of them had changes in the balance.
Besides of, it was observed behavioral changes amount to 10% in
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Fig. 4. Overview of the embryotoxicity studies after 96-h exposure to different treatments. Letter “a" represents the Fluoxetine (FLX) treatment. Letters “b", “c”, and “d" corresponds
to the different treatments with Fluoxetine + Hybrid Micro/Nanostructured Carbonaceous Material (FLX@HMNC), whereas letters “e”, “f”, and “g" refer to the different treatments

with Fluoxetine + Activated Carbon (FLX@AC).
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Fig. 5. Bar graph (+standard error) of the behavioral changes at 96 h of exposure to
Fluoxetine (FLX) and FLX@Activated Carbon (FLX@AC).

FLX 7.59 mg.L '@AC 100 mg.L~ . In addition, less than 7% of the
organisms (n = 4) are alive in FLX 18.46 mg.L '@AC 100 mg.L !, and
all of them had changes in equilibrium. Table 2 shows the effect

Table 2

Effect concentrations in mg.L ! (+standard error) of Fluoxetine (FLX) and mixtures
of Fluoxetine + Activated Carbon (FLX@AC) used in the zebrafish embryo toxicity
tests. It was not possible to determine an ECso value for organisms exposed to
FLX@100 and 1000 mg.L ' of AC.

Treatment ECso (96 h) Model (R?)
FLX 422 +039 Logistic - two parameters (0.98)
FLX@AC 10 mg.L ! 7.89+0.67 Logistic - two parameters (0.99)

concentrations (ECsg) for organisms exposed to FLX and
FLX@10 mg.L~! of AC.

FLX@HMNC does not modify organism's behavior. The results
described point out a higher interaction between FLX and HMNC;
that is, HMNC is a better FLX adsorbent as compared to AC. This
HMNC adsorptive property allows good zebrafish embryo devel-
opment in medium containing lower FLX concentration because a
greater amount of the drug is adsorbed onto the HMNC surface.

Zebrafish embryos are a good and efficient biosensor to prove
the effects of FLX adsorption onto AC or HMNC. Despite its lower
SSA, HMNC at low concentrations (10mg.L') adsorbs FLX more
efficiently than AC. This is because AC and HMNC establish different
electronic interactions with FLX. In the HMNC composite, the
presence of CNTs covering the AC surface creates new properties or
improves existing properties. The CNTs contain defects and func-
tional groups originating from the synthesis process (Rosolen et al.,
2006; Matsubara, 2010), which favor interaction with the FLX
amine group and make the FLX molecules less bioavailable to the
zebrafish embryos. At high concentrations (100 mg.L '), HMNC can
adsorb more FLX molecules than AC, which explains the absence of
behavioral changes in zebrafish embryos in the presence of
FLX@HMNC. This result reinforces the data obtained for HMNC in
water: despite bearing CNTs, the highest HMNC concentration in
the absence of FLX is not toxic to the zebrafish. This is because CNTs
are in the form of a micro/nanostructured hybrid and not in the
form of free particulates. Fig. 6 represents how HMNC may have
acted.

To confirm this assertion, we measured the amount of free FLX
in the medium after contact with the carbonaceous adsorbent by
the HPLC technique. We analyzed the different FLX, AC, HMNC,
FLX@AC, and FLX@HMNC concentrations of used in embryo toxicity
tests were analyzed to find the saturation point of the two carbo-
naceous adsorbent materials. We constructed a calibration curve on
the basis of HPLC peak areas for several FLX concentrations, to
obtain the standard curve with the following equation
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Fig. 6. Scheme of the interactions between Fluoxetine hydrochloride and Hybrid Micro/Nanostructured Carbonaceous Material. iC: internal control.

Y = 454725*X + 7501 and R? of 0.9998. We used this standard
curve in subsequent studies.

Fig. 7 depicts the rate of FLX adsorption onto HMNC and AC
during the tests. Fig. 7 - gray color, shows that AC 1000 mg.L~! only
removes lower FLX concentrations (between 1 and 10 mg.L~') from
the medium. When the FLX concentration increases, AC becomes
saturated. Consequently, some FLX molecules remain free in the
medium and are detected by the equipment. Fig. 7 — black color,
demonstrates that HMNC can adsorb higher FLX quantities. Satu-
ration starts only at higher FLX concentrations (>40 mg.L~!), when
HPLC detects approximately 2% of the FLX in the medium. Lastly,
FTIR spectra were performed on the precipitates of FLX@AC and
FLX@HMNC samples washed with methanol. The spectra obtained
are typical of the carbonaceous nanostructures as prepared, and
show no evidence of FLX onto micro/nanostructured surface, as can
be seen in Fig. S2 (Supplementary material). Thus, confirming that
FLX was successfully desorbed and the regeneration of the adsor-
bent is feasible.

100

oo
(=)
1

(o)
(=]
1

1\
\
1\
A\

Adsorption rate (%)

n
1 "

0 0 20 30 40 50
FLX concentration (mg L")

Fig. 7. (gray) Adsorption rate of various fluoxetine concentrations onto Activated
Carbon 1000 mg.L~"; (black) Adsorption rate of various fluoxetine concentrations onto
Hybrid Micro/Nanostructured Carbonaceous Material 1000 mg.L .

4. Conclusion

Here, we show a decrease in FLX sublethal and lethal effects on
zebrafish embryos in the presence of carbonaceous adsorbent
materials (AC and HMNC). The results indicate that zebrafish em-
bryos are a good biosensor to analyze how HMNC and AC affect FLX
adsorption.

HMNC and AC present low toxicity to zebrafish embryos, with
LCs0 above 1000 mg.L“, but the use of HMNC for FLX adsorption is
more advantageous. The presence of CNTs on the AC surface in
HMNC elicits electronic interactions that modify the properties of
both AC and CNTs, giving rise to a hybrid material. The use of a
hybrid composite material (micro/nanostructured carbonaceous
material) enables the application of CNTs in environmental reme-
diation without the toxicological effects attributed to carbon
nanomaterials. Moreover, this approach allows an easy CNTs
recovery.

HMNC proved to be a better FLX adsorbent than AC: HMNC
provides the same outcome as AC at tenfold lower concentration
(10mg.L~' versus 100 mg.L !, respectively) without behavioral
changes.

In conclusion, HMNC resulted from a combination of activated
carbon and hydrophilic carbon nanotubes can be potentially
employed in water treatment or environmental remediation.
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Nesse capitulo é apresentada a conclusdo da tese de doutorado.

3.1. Conclusao.

Tendo em vista que o destino final de varios poluentes emergentes sdo as matrizes
ambientais (principalmente ecossistemas aquaticos) e que a maioria das técnicas de
retencdo dos mesmos ainda ndo estdo prontas para producdo em larga escala devido a
alguns desafios técnicos (como: valor de manufatura, configuracdo do sistema de
filtracdo, preocupacgdes ambientais, entre outros), podemos acentuar o CMNH por ser
constituido por um substrato micrométrico (carvao ativado — composto atualmente mais
utilizado como agente adsorvente) que interage eletronicamente com os nanotubos de
carbono fazendo com que esse material tenha um bom custo beneficio além de ter uma
melhora consideravel em comparagdo ao carvao ativado “single”, ademais, os bionsaios
de toxicidade aguda apontam que o CMNH é pouco tdxico para embrides de peixe-zebra
(CLso > 1000 mg/L). Vale ressaltar que os dados apresentados no artigo mostram gue essa
nanoestrutura tem potencial para ser utilizada como filtro/ tratamento de agua (ver: dados

analiticos - HPLC).
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Portanto, 0 CMNH é um bom canditado para o tratamento de 4gua e remediacéo
ambiental e pode ser mais uma alternativa aos méetodos convencionais. Estudos devem
focar em um sistema recirculante para avaliar o comportamento dessas nanoestruturas na
filtracdo de efluentes industriais e de estacdes de tratamento de esgoto para uma melhor

elucidacéo.
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Nos anexos e apéndices sdo apresentados os artigos publicados em colaboracéo
que estdo relacionados com a minha area de expertise (ecotoxicologia classica utilizando
0 peixe-zebra como organismo modelo). As revistas indexadas sdo: Comparative
Biochemistry and Physiology, Part C (fator de impacto: 2.697 (2018)); Ecotoxicology
and Environmental Safety (fator de impacto: 4.527 (2018)); Chemosphere (fator de
impacto: 5.108 (2018); Journal of Environmental Chemical Engineering, CiteScore: 4.09
(2018); Journal of Ethnopharmacology, fator de impacto: 3.414 (2018) e Acta
Limnologica Brasiliensia, fator de impacto: 0.18 (2018). Ademais, € apresentada a
declaracdo da comissao de ética no uso animal do instituto de ciéncias bioldgicas da
universidade de Brasilia — UnB, protocolo n°100226/2014.
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ARTICLE INFO ABSTRACT

Fluoxetine (FLX) is a selective serotonin reuptake inhibitor (SSRI) antidepressant widely used in clinics and very
often found in environmental samples of urban aquatic ecosystems in concentrations ranging from ng/L to pg/L.
Fish populations might be especially susceptible to FLX due to the presence of conserved cellular receptors of
serotonin. Neurotoxic effects on fish biota of polluted water bodies may be expected, but there are no sufficient
studies in the current literature to elucidate this hypothesis. Batteries of embryo larval assays with zebrafish
were performed to evaluate the potential effects of FLX exposure, including environmentally relevant con-
centrations. Evaluated parameters included survival, development, behaviour and neuronal biochemical mar-
kers. Regarding acute toxicity, a 168 h-LCs value of 1.18 mg/L was obtained. Moreover, hatching delay and loss
of equilibrium were observed, but at a concentration level much higher than FLX measured environmental
concentrations (> 100 pg/L). On the other hand, effects on locomotor and acetylcholinesterase activity (=0.88
and 6pg/L, respectively) were found at levels close to the maximum reported FLX concentration in surface
waters. Altogether, these results suggest that FLX is neurotoxic to early life stages of zebrafish, in a short period
of time causing changes in important ecological attributes which can probably be linked from molecular to
population level.

Keywords:

Danio rerio
Embryotoxicity
Pharmaceuticals
Locomotor effects
Neurotoxicity
Fish

1. Introduction Psychiatric drugs are among the most used and detected contaminants

in aquatic ecosystems, but their potential risk to aquatic biota is a

Pharmaceuticals are a highly diverse group of compounds, widely
used and not totally eliminated from domestic effluents by current
methods of wastewater treatment (Aus Der Beek et al., 2015). Thus,
many of them are often detected in surface waters (Hernando et al.,
2006). Water contamination by pharmaceuticals has been mainly at-
tributed to the constant discharge of treated or untreated domestic ef-
fluents in receiving water bodies (Heberer and Heberer, 2002).

growing concern, since recent studies have reported behavioural
changes in aquatic species, especially fish, exposed to environmentally
relevant concentrations of those chemicals (Ford and Fong, 2015).
Discovered in 1975 and approved for commercialization by the
Food and Drug Administration (FDA) in 1987, Fluoxetine (FLX) was the
first antidepressant used in the treatment of clinical depression (Henry
and Black, 2008). Nowadays, FLX is also used in the treatment of major
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depressive disorder, obsessive-compulsive disorder, panic disorder, and
bulimia, and has been one of the most heavily prescribed antidepressant
drugs worldwide (Stewart et al., 2014). Consequently, FLX has been
reported in aquatic environmental samples at concentrations ranging
from 0.012pg/L to 0.93 pg/L (Martinez Bueno et al., 2007; Kolpin
et al., 2002; Lister et al., 2009; Metcalfe et al., 2003; Weinberger and
Klaper, 2014). Belonging to the group of selective serotonin reuptake
inhibitors, this antidepressant is a potent selective inhibitor of the
transporter enzyme for serotonin reuptake at the presynaptic mem-
brane, increasing serotonin concentrations at postsynaptic receptor
sites (Costagliola et al., 2008).

Unlike other contaminants, pharmaceuticals are designed to trigger
a specific therapeutic response in humans (Fent et al., 2006), but many
of their molecular targets are also present in other orthologous species
(Gunnarsson et al., 2008). Thus, biological effects on non-target or-
ganisms might be expected. For instance, FLX has been described as
neurotoxic to aquatic organisms, affecting their central nervous system
and causing neuroreceptor and neurotransmitter modulation, beha-
vioural changes, reproductive impairment and death (Berg et al., 2013;
Weinberger and Klaper, 2014; Weis, 2014). All these biological effects
are directly or indirectly related to the drug's designed mode of action
to act as an antidepressant for humans. In spite of the increasing
number of studies suggesting the potential aquatic environmental risk
of psychiatric drugs, standard approaches and endpoints for ecotox-
icological assessment of these compounds are not clearly defined, and
the link among the observed effects and ecologically relevant para-
meters remains unclear, especially for fish populations.

Zebrafish (Danio rerio) early life stages are widely used as a model
organism to assess the toxicity of environmental contaminants in fish
populations (Scholz et al., 2008). The species has many advantages,
such as a sequenced genome, abundant spawning, rapid embryonic
development, transparent embryos and available standard protocols for
acute and chronic assessment (ISO, 2007; Prieto et al., 2012; OECD,
2013). Moreover, in the last decade, the assessment of zebrafish be-
havioural and biochemical neuromarkers (e.g. cholinesterase) has been
increasingly used as an endpoint to assess the sub-lethal effects of
pollutants, proving to be a sensitive and reliable measure of stress ex-
posure (Domingues et al., 2010; Andrade et al., 2015; Henriques et al.,
2015; Kliiver, 2015).

In this study, an integrated approach was conducted, using zebrafish
embryos to evaluate the short-term toxicity of FLX. The parameters
selected, comprising several organizational levels, were: i) mortality; ii)
embryo development (including developmental delays and abnormal-
ities); iii) fish behaviour (by measuring locomotor activity) and iv)
acetylcholinesterase activity. Obtained data were compared with data
from others studies with fish using a SDD analysis. Sub lethal responses,
from molecular to population levels are discussed, and links between
observed responses and parameters of ecological relevance are pro-
posed.

2. Material and methods
2.1. Chemical

FLX 97% of purity was obtained from C&C Pharmaceutical industry,
Amapa, Brazil (CAS Number: 56296-78-7, empirical formula:
C17H,8F3NO).

2.2. Chromatographic analysis

To confirm the stability of FLX in test conditions, samples from test
solutions were analysed wusing High Performance Liquid
Chromatography (HPLC Shimadzu-Prominence). Samples were origin-
ally kept in the climate-controlled chamber where all toxicity tests were
performed (SL-24 Solab Cientifica). Stability of FLX in the dilution
water and climatic conditions of the tests were evaluated by HLPC,
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following the method described by Sabbioni et al., 2004 (see details in
Suppl. Material-SM1, Fig. S1, Table S1).

2.3. Test organisms

Zebrafish were maintained in aquariums with reverse osmosis and
activated carbon filtered water. Fish were raised in an aquatic facility
(ZebTec - Tecniplast, Italy) with a photoperiod cycle of 12:12h
(light:dark) at the University of Brasilia (Brazil). The water parameters
were strictly controlled: temperature was maintained at 27.0 + 1°C,
conductivity at 650 = 100puS/cm, pH at 7.0 = 0.5 and dissolved
oxygen =95% saturation. The same water media, with similar physical-
chemical parameters, was used to prepare the stock and exposure so-
lutions in all the performed tests.

Zebrafish eggs were collected immediately after natural mating,
rinsed in water, and checked under a stereomicroscope (Stereoscopic
Zoom Microscope — Stemi 2000, Zeiss, Germany). The unfertilized eggs
and those showing cleavage irregularities or injuries were discarded
(< 15% of the total number of eggs).

2.4. Fish embryo toxicity (FET) test

Fish embryo toxicity test was based on the OECD guideline Protocol
no. 236 “Fish Embryo Toxicity” (FET) test (OECD, 2013) with few
adaptations including the extension of time of exposure from 96 h to
168 allowing a better evaluation of locomotor activity. Zebrafish em-
bryos were exposed, immediately after fertilization, to seven different
concentrations of FLX (0; 0.01; 0.27; 0.74; 2.02; 5.51; 15.0mg/L)
prepared by successive dilutions of stock solution direct in dilution
water. The test was performed in 24-well microplates, 20 wells were
filled up with 2mL of the test solution and four wells with water (in-
ternal plate control, as required in the OECD guideline). A total of 60
eggs were used per treatment, divided in three independent replicates.
The embryos were selected and distributed individually, one egg per
well. The 24-well microplates with exposed embryos were kept in a
climate chamber at 26 *= 1°C and 12h of light (SL-24 Solab Cientifica,
Brazil). Embryos and larvae were observed daily under a stereomicro-
scope. Developmental parameters were evaluated in embryos over the
test period, using a magnification of x 70 for eggs and x 40 for hatched
embryos. Before hatching, the following parameters were evaluated:
egg coagulation, otolith formation, general delay in development, eye
and body pigmentation, somite formation, heartbeat, oedemas, de-
tachment of the tail-bud from the yolk sac, yolk sac absorption and
hatching. After hatching, spine malformation and posture (embryos
side-lying in the bottom of the microplate well after mechanical sti-
mulus) were also evaluated. All parameters were assessed and quanti-
fied as observed or not observed.

2.5. Sub lethal assays

For locomotor and Acetylcholinesterase activity assays a different
range of concentrations were chosen considering both, the results of
FET test, previously performed, (NOEC for Loss of equilibrium end-
point = 0.27 mg/L) and the maximum reported FLX concentration in
the literature 0.93 pg/L (Bueno et al., 2007). Moreover, for both assays
the exposed embryos were kept in a climate chamber at 26 + 1 °C and
12 h of light.

2.5.1. Locomotor behaviour assay

Immediately after spawning, zebrafish embryos were individually
exposed, one embryo per well, in 96-well microplates. The sub-lethal
concentrations were 0.0, 0.88, 15.8, 281.2, 500 ug/L of FLX. A total of
48 embryos, divided in three independent replicates of 16, were used
per treatment. Locomotor activity was measured at 120, 144 and 168 h,
windows of exposure recommend by Padilla et al. (2011). Prior to the
assessment of behaviour, dead larvae or larvae that exhibited physical
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abnormalities were discarded and not included in the analyses. Larvae
movement was evaluated using the Zebrabox (ZEB 478 Viewpoint)
tracking system equipped with a 25-frame-per-second infrared camera
over a period of 20 min. The zebrafish temperature was maintained
stable at 26 + 1°C during the reading period. Movement was stimu-
lated by applying light:dark intervals as previously described in Irons
et al. (2010). Briefly, the test consisted of acclimating the larvae in the
light for 5min, followed by a 10 min dark period and another 5min
light. Typically, zebrafish larvae show less locomotion during light
periods than in the dark. For each replicate, the distance and time
moving in 1 min intervals were recorded separately for each dark and
light period. The behavioural endpoints measured included the total
swimming distance (TSD) moved during each measurement period and
the total swimming time (TST) that the larvae displayed movement.

2.5.2. Biomarker analysis

In order to analyse the activity of AChE, a neuroendocrine bio-
marker, toxicity tests with zebrafish embryos were performed using a
range of sub-lethal concentrations, namely 0, 1, 6, 32, 185 and
1053 pg/L of FLX. Tests were performed in 1L beakers filled up with
500 mL of test solutions and 250 eggs. After 168 h of incubation, 12
pools composed by 15 viable, non-deformed and hatched embryos for
each treatment were collected into microtubes with 0.5 mL of K-phos-
phate buffer (0.1 M, pH 7.4). All samples were frozen in liquid nitrogen
and immediately stored at —80 °C until the day of analysis. Prior to
AChE enzymatic activity measurement, samples were defrosted on ice,
homogenized using a sonicator (Ultrasonic Cleaner 2840D-
Odontobras), and refrigerated centrifuged (4 °C) for 20 min at 10,000g
(Centrifuge Hettich — Mikro 220R). Resulting post-mitochondrial su-
pernatant (PMS) was isolated, and 40 ul of each sample was pipetted in
96-well microplates for enzymatic determinations (Jesus et al., 2013).

AChE activity was determined using acetylthiocholine (ASCh) and
propionylthiocoline (PSCh) as substrates, measuring the conjugation
product between thiocoline (result of the degradation of ASCh or PSCh)
and 5,5-dithiobis-2-nitrobenzoic acid (DTNB) (absorbance increase) at
414 nm, every 20 s, during 05 min, according to the method previously
described by Ellman et al. (1961). For the enzymatic determination,
40 ul of PMS and 250 pl of reaction mixture (acetylcholine and pro-
pionylcholine (75 mM) and DTNB (10mM)) in K-phosphate buffer
(0.1 M, pH7.2) were used. Acetylcholinesterase activities were
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expressed as micromoles of substrate hydrolysed per minute per mg of
protein (U).

The protein concentration of samples was quantified using the
Bradford Method at 595nm and y-globulin as standard (Bradford,
1976). All reactions were performed spectrophotometrically (Spec-
traMax M2 microplate reader) in quadruplicate.

2.6. Statistical analysis

The effective concentrations (LCso and ECso) were calculated using
a four-parameter logistic model. A one-way ANOVA was used to detect
the differences between the groups for normally distributed data sets.
When data did not pass the Kolmogorov-Smirnov normality test and
Levene's homogeneity of variance test, a Kruskal-Wallis test was per-
formed. If significant results were found, Dunnett's or Dunn's test (for
parametric or non-parametric data, respectively) was used to detect
significant differences between the tested concentrations and the con-
trol (p < 0.05). All analyses were performed using the Sigma Stat 3.5
statistical package (SPSS, 2004).

2.7. Species sensitivity distribution (SSD)

The SSD was performed with toxicity values (LCsq) from the ex-
perimental data of the present study and values from indexed articles
published in peer reviewed journals (Table S2). Multiple toxicity data
for different species of fish were summarized as geometric means. The
SSD plot was generated using the U.S. Environmental Protection
Agency spreadsheet built over Excel (USEPA, 2018). A logistic curve
(log) was fitted to the data using nonlinear regression. The predicted
hazardous concentrations for the 5% and 50% most sensitive organisms
were estimated (HCs and HCs, respectively).

3. Results
3.1. Zebrafish embryo toxicity test

During the 168 h of test, no significant mortality was observed for
the control groups. Additionally, control groups showed normal de-

velopment, as described by Kimmel et al. (1995). The lethal effective
concentrations for FLX are summarized in Table S2. FLX showed to
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1 Alive hatched embryos
@z Dead hatched embryos
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Fig. 1. Overview of zebrafish embryos extended toxicity test after 168 h of exposure to FLX. The proportion of eggs and non-hatched embryos that died are
represented by black bars; the proportion of embryos that stayed alive but did not hatch are presented as grey bars; those that hatched as white bars and the

proportion of embryos that died after hatch as spotted, dark dashed grey bars.
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Table 1

Percentage of hatching for zebrafish embryos during 96 h of
exposure to FLX. (A) Normal embryos; (B) Partially hatched
embryos”; (C) Unhatched embryos.

Fluoxetine 48 h 72h .

(mg/L) Y .
0.0 65(10.4)  100(0) p
0.1 60 (7.6) 98.3(1.7) Smpl
03 6707  w4te 9
0.7 433(109)  983(1.7) )
2.0 66.7(10.9) 100 (0) ° —
5.51 383(L7) 100 (0) _
15 158.7)*  100(0) @,,_,L

*Asterisks denote statistical significance when compared to
control group (p < 0.05).

“Counted as unhatched embryos for percentage and statis-
tical purposes.

affect embryos' survival only after hatching, as can be observed in
Fig. 1. At 96 h no survival was observed at the highest tested con-
centration. The survival rate of exposed embryos dropped critically
after 120 h of exposure with a 168 h-LCso of 1.18 mg/L (Table S2,
Fig. 1).

Additionally, FLX significantly affected the development of zebra-
fish embryos by inhibiting hatching and inducing loss of equilibrium. A
dose response inhibition for the hatching time was observed at 48 h of
exposure with ECsq value of 8.45mg/L (Table 1). Significant differ-
ences in hatching were observed only for the highest tested con-
centration (15 mg/L, one-way ANOVA: Fg 20 = 21.74; p < 0.001). At
48 h, only 15% of the embryos hatched compared to 67% in the control
group (Table 1).

The loss of equilibrium is represented by embryos side-lying in the
bottom of the microplate well. This phenotype was first observed at
72h of exposure with significant effect at the highest concentration
tested, of 15mg/L (one-way ANOVA: Fg, 20 = 38.99; p < 0.001). At
96 h, the concentrations of 2.02 and 5.51 mg/L also affected the loss of
equilibrium of hatched embryos (one-way ANOVA: Fg 2o = 38.99;

P
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p < 0.001). The effects on equilibrium progressively increased until
the end of the test, as can be observed in Fig. 2. At 120 h, a loss of
equilibrium was still observed at the concentration of 2.02 mg/L (one-
way ANOVA: F, 14 = 19.43; p < 0.001). However, all organisms died
at the concentration of 5.51 mg/L. The loss of equilibrium remained for
this concentration at 144 h and 168 h (one-way ANOVA: F; o = 70.32;
p < 0.001; one-way ANOVA: Fg 20 = 38.99; p < 0.001). A 168 h-
ECsp of 1.02 mg/L was determined.

3.2. Locomotor behaviour

The Zebrabox results indicated that FLX induced changes in the
swimming activity of zebrafish embryos (Fig. 3). Overall, the most
pronounced effects were on TSD and TST, especially observed in higher
exposure concentrations and intensified in higher exposure time.

FLX exposure caused a significant decrease in the total distance
moved (TSD) of the larvae at all tested periods in concentrations
=15.8pg/L of FLX (Kruskal-Wallis: H = 124.362; p < 0.001)
Fig. 3A-C. The effects of FLX on the TST are depicted in the Fig. 3D-F.
At 120 h, a significant inhibition of TST was observed at lower con-
centrations (8.8, 15.8 ug/L); however, at the highest concentration
(500 pug/L) there was a significant increase in TST (Kruskal-Wallis:
H = 62.276; p < 0.001). At 144 h, a slight increase in the TST was
observed at low concentrations, but no statistically significant differ-
ences were found in any treatment when compared to the control.
(Kruskal-Wallis: H = 10.299; p < 0.067). At 168 h a significant de-
crease in TST was observed at the highest tested concentration.
(Kruskal-Wallis: H = 24.565; p < 0.001).

3.3. Biomarkers

The effects of FLX on AChE, using ASCh and PSCh as substrates, are
showed in Fig. 4. In general, FLX caused a dose response inhibition in
the activity of AChE after 168 h of exposure. AChE was significantly
inhibited at concentrations =0.006 mg/L when compared to the con-
trol group in both assays with ASCh (one-way ANOVA: Fs ¢ = 8.08;
p < 0.001) and PSCh (one-way ANOVA: F5 ¢, = 5.88; p < 0.001) as
substrates.

=3 Loss of equilibrium 120 h
=230 Loss of equilibrium 144 h
== Loss of equilibrium 168 h

S

00 mgL
p...‘,. 202 mgl “.‘- 202 mglL " o 0.74 mglL
* #
1.0
=
£ o8- "
3
E 061
3 i
0.4
:
| = [l =
0.0 T T T T -
0 0.1 027 0.74 2.02 0 0.1 0.27 0.74 2.02 0 0.1 027 074 2.02

Fluoxetine (mg/L)

Fig. 2. Effects of FLX on zebrafish equilibrium at 120, 144 and 168 h of exposure (mean value * standard error). Loss of equilibrium is characterized by the fish side-
laying at the bottom of the microplate wells. Asterisks denotes statistical significance (p < 0.05), # denotes concentrations where 100% mortality occurred.
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Fig. 3. Total swimming time (TST) and total swimming distance (TSD) travelled after exposure to FLX: (A) TST after 120 h; (B) TST after 144 h; (C) TST after 168 h;
(D) TSD after 120 h; (E) TSD after 144 h; (F) TSD after 168 h. Asterisks denote statistical significance when compared to control group (p < 0.05).

4. Discussion

FLX had a significant impact on the survival of embryos. Mortality
was concentration and time dependent with a 168 h-LCso value of
1.18 mg/L. These results are in line with the findings of other studies
(Table S2). LCs, values for eight different species of fish gathered from
the literature vary from 0.164 to 2 mg/L, and an HCs value of 1000 pg/
L was calculated (Fig. 5), similar to the lethal concentration obtained in
our study. In a particular study also conducted with zebrafish, a lower
acute toxicity of FLX value was found with a 96 h-LCso of 0.25 mg/L

2000
A)

1500 4

1000

AChE activity (U)

0 1 6 32 185 1053

(Alsop and Wood, 2013). However, this study was carried out with
zebrafish larvae at 4-8 days post fertilization. This developmental stage
is more sensitive than embryos, as demonstrated by several previous
studies comparing different zebrafish developmental stages (Domingues
et al., 2010; Kristofco et al., 2018; Oliveira et al., 2016; Voelker et al.,
2007).

Hatching is a critical period of zebrafish embryo development and
has been widely used as an endpoint in fish early life stage tests. In this
study, hatching was significantly delayed at 48 h in embryos exposed to
concentrations above 5.51mg/L, but among 98 and 100% of the

300
By

250 - 3 PSCh

200 1| +

AChE activity (U)
H
==

Fluoxctine (pug/L)

Fig. 4. Fluoxetine effects on cholinesterase activity of zebrafish embryos after 168 h of exposure to FLX (mean values * standard error). (A) Assay with acet-
ylcholine (ASCh); (B) assay using propionylcholine (PSCh). Asterisks denote statistical significance when compared to control group (p < 0.05).
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Fig. 5. Species sensitivity distribution (SSD) plot of short-term toxicity data for
several fish species versus fluoxetine concentration. Triangle represents own
data and the circles other fish species. The dotted line denotes upper and lower
limits.

embryos hatched at 72 h observation period. Three main mechanisms
are involved in the hatching process of zebrafish: the embryo's move-
ment inside the egg, the activity of the hatching chorionase enzyme and
osmotic rupture (Hallare et al., 2005; Schoots et al., 1983). Embryos
cannot break the corium barrier if the effects of the chemical on growth
or developmental abnormalities are too severe. Although the movement
of embryos inside the eggs was not measured in the present study, FLX
exposure caused progressive loss of equilibrium of embryos after
hatching (Fig. 2). Analysing the earlier locomotor stages, namely
spontaneous coiling, evoked coiling, and burst swimming, Airhart et al.
(2007) showed no effect of FLX in those parameters at the concentra-
tion of 1.42mg/L. One could speculate that the higher FLX con-
centrations used in our study (5.51 mg/L) may have caused an inhibi-
tion of muscular movements, reducing the ability of the embryo to
break the egg shell. However, further studies are necessary to corro-
borate this hypothesis.

Overall exposure to FLX showed to also impact the locomotor re-
sponse of hatched organisms. Generally, a significant decrease in TDS
was observed at the highest tested concentrations. Our results are in
agreement with previous literature investigating the effects of FLX on
locomotor behaviour of fish early life stages (Table S3). Airhart et al.
(2007) also reported a decrease in swimming activity of zebrafish
larvae (1-5 dpf) after exposure to FLX (NOEC of ~700 pg/L). Likewise,
Prieto et al. (2012) showed that zebrafish embryos exposed to 15.8 ug/L
of FLX exhibited a significant decrease in swimming activity. On the
other hand, regarding the parameter TST, a biphasic effect of FLX was
observed: very low concentrations caused a decrease, while the highest
tested concentration caused an increase. A biphasic effect of the psy-
chiatric drug valproate on zebrafish larvae locomotor activity has also
been reported, where low concentrations resulted in hyperactive larvae
and high concentrations resulted in hypoactive larvae (Cowden et al.,
2012). Maximino et al. (2011) also reported a biphasic effect in a study
with zebrafish adults exposed to ethanol, where both anxiety and lo-
comotion patterns were affected at different concentration levels. Bi-
phasic effects of psychiatric drugs are widely described in mammal
toxicology, including in humans. Since our results suggest a non-dose
response pattern for fish early life stages, further studies might address
this topic and the consequences for the risk evaluation of psychiatric
drugs in aquatic biota.

Impairment of locomotor behaviour might be related to neurolo-
gical alterations in neurotransmission mediated by toxic agents.
Previous studies (Fig. 6, Table $3), reported that exposure to low con-
centrations of FLX affected the activity of different neurotransmitters,
such as serotonin, dopamine and norepinephrine. A decrease in
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Fig. 6. An overview of No Observed Effect Concentration (NOEC) of fluoxetine
on sub-lethal endpoints of different fish species (mean values + standard error).
Abbreviations: TST = Total swimming time, TSD = Total swimming distance,
AChE = Acetylcholinesterase, DA = Dopamine, NE = Norepinephrine. Open
circles means our own results.

cholinesterase activity can cause progressive myopathy of skeletal
muscles and consequently loss of motility (Tierney, 2011). This may be
the case for FLX, as our results showed that exposure to concentrations
equal to or above 6 pg/L (Fig. 4) caused a significant inhibition of AChE
activity, corroborating the reduced locomotor behaviour profile ex-
hibited by zebrafish larvae (Fig. 3). Our results suggest a link between
the decrease of AChE and locomotor activity of hatched embryos, but
future measurement of acetylcholine neurotransmitters might be per-
formed to corroborate this hypotheses. Others neurological mechanisms
may also be involved in the behaviour alterations caused by FLX ex-
posure. It is already established that serotonin plays an important role
in modulating locomotor behaviour in a wide range of vertebrates.
Studies conducted in adult teleosts, including zebrafish, have shown an
inverse relationship between serotonin levels and spontaneous swim-
ming activity. In the study carried out by Airhart et al. (2007) the re-
duced locomotor activity observed in zebrafish larvae was correlated
with a decrease in two serotonin receptor transcripts (SERT - serotonin
transporter protein and 5-HT;, — serotonin 1A receptor transcript) in
spinal cord after exposure to FLX. The AChE activity assay is a bio-
chemical, cost-effective technique widely used for toxicity assessment
of organophosphorus and carbamate pesticides. Our data suggest a si-
milar sensitivity of cholinergic and serotoninergic markers, suggesting
AChE as a viable option for a biomarker for assessing FLX effects.

As shown in Fig. 7, the parameter swimming behaviour is several
orders of magnitude more sensitive than developmental parameters and
molecular markers reported in this paper. Likewise, when comparing
the ‘No Observed Effect Concentrations’ (NOEC) of several endpoints
analysed in other studies from the literature (Fig. 7), swimming beha-
viour is also the most sensitive parameter. Nonetheless, effects at lower
concentrations such as behaviour tend to be disregarded in the current
environmental risk assessment practices, which raise a special concern
for drugs like FLX (Brodin et al., 2014). Disruption of the develop-
mental process and behaviour alterations caused by these drugs may
have negative long-term ecological consequences (Brodin et al., 2014).
Therefore, the development of behaviour protocols for the assessment
of psychiatric drugs providing parameters that reflect a more realistic
exposure scenario could help to improve our knowledge on its effects on
aquatic life.
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Fig. 7. Comparative sensitivity of measured parameters used in the present study to assess the toxicity of fluoxetine to zebrafish embryos. Values between brackets
are LOEC (Lowest Observed Effect Concentrations) and LCs, (Lethal concentration 50%) for mortality.

5. Ecological relevance

In general, exposure to environmental chemical compounds does
not result in obvious morphological changes, but rather subtle changes
at the molecular level, making the effects of exposure difficult to
identify and characterize. In fact, our results from the fish embryo
toxicity assays demonstrated that FLX is toxic to zebrafish embryos.
Exposure to a range of sub-lethal FLX concentrations affected the lo-
comotor activity at environmentally relevant concentrations (0.88 pug/
L), with results supported by molecular changes in AChE activity
(LOEC < 6ug/L, Fig. 7). Alterations in swimming behaviour are a
particularly important type of response in the ecosystem, since they are
related to individual fitness of the organisms and may originate dis-
ruption of capability for predator avoidance and feeding, ultimately
leading to lower survival rates in the environment (Brodin et al., 2014).
Our results are supported by different studies showing that FLX induces
alterations in different behavioural traits in exposed fish, such as ag-
gression, predator/prey relationship, feeding, progeny counts, swim-
ming and locomotor activity (Table S3). Adverse effects of FLX on the
individual fitness might compromise ecological traits of fish popula-
tions such as aggression, boldness, exploration and sociality (Brodin
et al., 2014). Thus, altogether, these studies suggest that FLX con-
tamination would cause ecological imbalance in aquatic systems.

6. Conclusion

In summary, FLX caused developmental and neurotoxic effects on
zebrafish early life-stages after a short-term exposure. No observed ef-
fect concentration for locomotor and acetylcholinesterase activity are in
the same range of FLX concentration often detected in environmental
samples, suggesting that ecological traits of fish early life stages can be
impaired in realistic scenarios of exposure. To improve our findings,
future research should focus on toxicity assessment in a chronic ex-
posure scenario at the population level, to unravel how the observed
behavioural alterations in the individual fish during early life stages
may translate into a direct ecological effect on aquatic communities.
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ARTICLE INFO ABSTRACT

Keywords: Carbamazepine (Cbz), one of the most prescribed pharmaceuticals in the world is often detected in surface
Human pharmaceutical waters and sediments. However, few studies addressed its chronic effects in fish. In the present study, Danio rerio
Danio fmb adults were exposed for 63 days to Cbz (0 - control, 10ugL~" - concentration found in effluents, and
B.ehav"", i 10,000 pg L' — 5% of LCs at 72 h). Assessed endpoints were: feeding behavior, growth rate, number of eggs
ﬁ;;z:;uycal biomakers produced and their viability, histological alterations in female gonads, and biochemical biomarkers associated

with antioxidant defenses (catalase - CAT, and glutathione S-transferase — GST activities), neurotransmission
(acetylcholinesterase activity - AChE) and metabolism (lactate dehydrogenase - LDH). Cbz exposure increased
the total time for food intake but did not affect D. rerio growth. Although the total number of eggs was not
affected by Cbz exposure, the eggs viability was significantly impaired. Exposure to Cbz caused alterations in the
female gonads follicular stages. In terms of biochemical endpoints, CAT activity in liver and gills, was sensitive to
the pharmaceutical exposure presenting a decreased activity. AChE activity was induced in the head (both
concentrations) and muscle (10,000 ugL~"). GST activity was increased in gills (both concentrations) but in-
hibited in the intestine. Concerning LDH, enzymatic activity was increased in the liver and decreased in muscle
and gills. Several of the above-mentioned effects can be directly linked with effects at population level (e.g.
feeding behavior) and occurred at environmental concentrations (the lowest concentration tested), thus serious
concerns regarding risks posed by Cbz residues to fish populations arise with this study.

1. Introduction which have highly conserved physiological features compared to hu-

mans (Kreke and Dietrich, 2008; LaLone et al., 2013), for whom drugs

Pharmaceuticals are currently considered emerging contaminants of
concern (Santos et al., 2010) mainly due to their increased production,
consumption and presence in the environment allied with a biological
active nature and potential noxious effects in the living organisms
(Palacios-Rosas and Castro-Pastrana, 2017). Most of these compounds
and their metabolites are not efficiently removed or biodegraded in the
sewage treatment plants (Martins et al., 2012). Once in the environ-
ment pharmaceuticals residues may undergo bioaccumulation
(Deblonde et al., 2011) and/or act on aquatic organisms, especially fish

* Corresponding author.
E-mail address: migueloliveira@ua.pt (M. Oliveira).
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have been designed. Carbamazepine (Cbz) is an anticonvulsant pre-
scribed for the treatment of psychomotor epilepsy, bipolar disorder, and
trigeminal neuralgia (Calcagno et al., 2016). It is known to interact with
potassium and sodium channels and several signaling pathways (Ayano,
2016) and to modulate voltage gated sodium channels that will de-
crease the neuronal activity (Galus et al., 2014). In the liver, the main
biotransformation organ, Cbz is converted into Cbz 10,11- epoxide and
other derivatives (Villanueva et al., 2018). Cbz has a high distribution
and abundance in the aquatic environment (Oropesa et al., 2016; Pires
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et al., 2016), being found in wastewater treatment plants effluents,
surface waters, and soils (Oliveira et al., 2015). Only 10% of Cbz is
removed in wastewater treatment plants (Chen et al., 2014), presenting
a low degradation rate in the environment (Pires et al., 2016) with a
permanency time in the aquatic environment of around 82 days
(Brandao et al., 2013). It can also be bioaccumulated and bioconcen-
trated (Oropesa et al., 2016).

Carbamazepine has been widely detected in waste waters and sur-
face waters. For instance, a study performed in Republic of Korea
monitored influents and effluents from municipal, hospital, livestock
and pharmaceutical waste water treatment plants. Maximum con-
centrations of Cbz found in these effluents were 21.0, 14.4, 10.2 and
150 pg L~ ! respectively (Sim et al., 2011). In the “EU Wide Monitoring
Survey of Polar Persistent Pollutants in European River Waters”, Cbz
was one of the most frequently detected contaminants in the 122 river
analyzed with a highest maximum concentration found of 12 gL ™"
(Loos et al., 2009).

Although some studies have been performed in the last years to
understand lethal and sublethal effects of Cbz on aquatic organisms like
algae, cladocerans and fish (Parker, 2015; Oropesa et al., 2016) there is
still a lack of knowledge concerning chronic effects (Deblonde et al.,
2011). The reported chronic effects in fish include decreased embryo
production, irregularities in oocytes, somatic stromal tissue and de-
creased plasma sex steroids in adult zebrafish (Danio rerio) (Galus et al.,
2013); decreased motility and sperm velocity and decreased superoxide
dismutase, glutathione peroxidase and glutathione reductase activity
and lipid peroxidation in sperm of the common carp (Cyprinus carpio; Li
et al., 2010a); lipid peroxidation in the brain and decreased superoxide
dismutase and glutathione reductase, with glutathione peroxidase and
CAT presenting a non-linear response over time with an increase fol-
lowed by a decrease in their activities (Li et al., 2010b).

Therefore, the aim of the study was to perform a multi-level eva-
luation of the chronic effects of Cbz on adult zebrafish focusing on
growth, reproduction, feeding behavior, biochemistry in gills, liver and
intestine, genotoxicity on erythrocytes and histopathology in female
gonads. The working hypothesis is that chronic exposure to carbama-
zepine will induce biochemical alterations leading to behavioral and
reproductive effects.

2. Materials and methods
2.1. Test chemicals and chemical analysis

Carbamazepine (Cbz) (CAS 298-46-4) was purchased from Sigma-
Aldrich. All other reagents were analytical grade.

A stock solution was prepared by dissolving 200 mg of Cbz in 4 L of
culture water; dissolution of the compound was promoted by sonicating
the solution for 30 min. Test solutions were obtained by dilution of the
stock with culture water. Carbamazepine samples were analyzed to
confirm the stability of Cbz under the experimental conditions. Thus,
5L aquaria containing 10,000 pg L™ of test solution, the highest con-
centration tested, were kept under conditions similar to the experi-
mental tanks with fish (light and temperature) and daily, 100 ml of
water from each aquarium were collected for High Performance Liquid
Chromatography (HPLC Shimadzu-Prominence) following the method
described by Demirkaya and Kadioglu (2005) (See details in Suppl.
Material, Fig. S1, Tables S1 and S2).

2.2. Test organisms

Sexually mature fish zebrafish (D. rerio), of six months, were pur-
chased from ZAIA (Brasilia) and acclimated for 40 days to laboratory
conditions. The fish average weight was of 0.51 ( = 0.013) g for fe-
males and 0.34 ( = 0.008) g for males. Culture water was obtained by
reverse osmosis and the conductivity adjusted to 550 ( = 100) uS, by
adding salt “Aquarium Systems” (USA). Water temperature was kept at
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26.0 ( = 1) °C, pH at 7.5 ( £+ 0.5), and dissolved oxygen equal or
above 99% saturation. A 12:12h (light: dark) photoperiod cycle was
maintained. Fish were fed twice a day with commercially diet
(TetraMin fish food, EUA).

2.3. Experimental design

The test procedure generally followed OECD guideline 215 (OECD,
2000) and was performed under conditions similar to acclimation.

Males and females were randomly distributed into nine experi-
mental tanks, containing 5L of the test solution (nominal concentra-
tions: 0, 10 or 10,000 ng’l of Cbz). Three replicates (with 10 fish
each) were used per treatment. The lowest Cbz concentration tested,
10 ugL ™", was selected based on a concentration reported in a waste-
water treatment plant in lake Paranod (Gunthert et al., 2014) -
11.3 ugL~'. The highest concentration, 10,000 ug L™, corresponds to
approximately 5% of Cbz lethal concentration value (LCsp) after 72 h of
exposure (Van den Brandhof and Montforts, 2010). Animals were ex-
posed for 63 days and fed once a day with a quantity of TetraMin fish
food (EUA) corresponding to 2% of the fish weight in the aquarium.
Test media was renewed every three days. Water quality parameters
were kept within the ranges described in Section 2.2.

Fish weight (Section 2.3.1) and feeding behavior (Section 2.3.2)
were evaluated at days 21, 42 and 63 of exposure. At days 23, 27, 35,
42, 47, 54 and 61, fish were allowed to reproduce to assess reproductive
output (number of eggs and its viability). Zebrafish reproductive be-
havior can be observed, in their natural environment, at dawn. Thus, to
obtain eggs, before the lights turned on in the lab fish were transferred
from the exposure vessels to aquaria with culture water, marbles and
plants and left in these conditions for mating for two hours after the
lights turned on. Fish were then returned to the exposure aquaria,
marbles (which were used to avoid predation of the eggs by fish) were
removed and eggs carefully collected with the help of a net and washed
in culture water. Approximately 2.5h after egg collection they were
examined under a stereomicroscope to determine their total number
and condition (fertilized/viable or not). Eggs were considered fertilized
and viable if they were in the expected developmental stage for that
observation time (blastula stage according to Kimmel et al., 1995).

At the 63rd day of exposure, fish were sacrificed, peripheral blood
collected and smears prepared for micronuclei and other nuclear ab-
normalities assessment (12 animals; Section 2.3.3). Head, gills, liver,
muscle, and intestine of each fish were isolated and frozen in micro-
tubes containing phosphate buffer, pH 7.4 for biochemical analyses
(21animals; Section 2.3.4). These samples were stored at —80 °C until
analysis. Nine female organisms per treatment were used for histology.
Animals were sacrificed on ice, the whole-body fixed with Davidson
solution during 24h and preserved in 70% ethanol for histological
analysis (Section 2.3.5).

2.3.1. Fish weight determination

The weight of each fish was determined by transferring it, with the
help of a net, to a glass beaker containing approximately 60 ml culture
water placed in a digital scale (0.001 g). Before weighing the fish were
fasted for 24 h.

2.3.2. Feeding behavior

Feeding behavior was assessed by transferring from each tank 5 fish
to an aquarium containing culture water and by adding 6 granules of
TetraMin, based on the methods described by Domingues et al. (2016).
The time taken until the first feeding action and for the total intake of
food (up to a maximum of 20 min - min) was recorded.

2.3.3. Micronuclei and others nuclear abnormalities assessment

The assessment of micronuclei and other nuclear abnormalities
generally followed the methodology established by Hooftman and de
Raat (1982) for fish erythrocytes. Approximately 20 uL of peripheral
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blood were collected with a heparinized pipette tip and a smear im-
mediately performed. The slides were fixed in methanol for 20 min,
allowed to dry and stained in Giemsa (20%). The stained slides were
observed under an optic microscope with a magnification of 1000 x and
the cells analyzed to detect the presence of micronuclei and other nu-
clear abnormalities such as binucleated cells, blebbed nuclei, lobed
nuclei and notched nuclei (Carrasco et al., 1990; Fenech et al., 2003) on
a total of 1000 cells per slide.

2.3.4. Biochemical determinations

On the analysis day, samples were thawed, homogenized by an ul-
trasonic cell disruptor (Bronson Ultrassonic Sonifier 450, Danbury, US)
and centrifuged (4°C, 10,000g, 20 min) to isolate the post-mitochon-
drial supernatant (PMS). All the enzymatic activities were measured
using a microplate reader (Spectra Max M2 - Molecular Devices) and
expressed as unit (U). A U corresponds to a nanomol of substrate hy-
drolyzed per min per milligram of protein. The protein content of the
samples was determined by the Bradford method (1976) using y-glo-
bulin as standard.

AChE activity was determined in the muscle and head, using acet-
ylcholine as substrate and measuring the conjugation product between
thiocholine (a product of the degradation of acetylthiocholine) and 5,5-
dithiobis-2-nitrobenzoic acid (DTNB) (absorbance increase), at 414 nm
(nm), every 40 s (sec), for 5 min, based on the method of Ellman et al.
(1961). Activity was determined using 50 uL of PMS and 250 L of re-
action mixture (acetylthiocholine (7.5mM), DTNB (10 mM) in po-
tassium-phosphate buffer (0.1 M, pH 7.2)).

CAT activity was determined in PMS of gills and liver by monitoring
at 240 nm the decrease in absorbance (every 40s, for 5min) due to
degradation of H;0,, as described by Claiborne (1985). A PMS volume
of 50 uL for gills or 20 L for liver was mixed with respectively 250 pL
or 130 pL of reaction mixture (666 uL. H,O, (30 mM) in 200 ml of po-
tassium phosphate buffer (0.05 M, pH 7.0)).

GST activity was determined in gills, liver and intestine according to
the methodology described by Habig and Jakoby (1981) adapted to
microplate by Frasco and Guilhermino (2002). The GST activity was
measured at 340 nm, monitoring the increase in absorbance in 40s
intervals for 5min. To determine the GST activity in the liver and in-
testine 50 uL of PMS were mixed with 150 uL of reaction mixture (re-
duced glutathione (10 mM) and 1-chloro- 2.4-dinitrobenzene (60 mM)
in potassium-phosphate buffer (0.05M, pH 6.5)), whereas for gills
50 uL of PMS were mixed with 250 pL of reaction mixture.

LDH activity was measured in gills, liver and muscle according to
the methodology described by Vassault (1983), adapted to microplate
by Diamantino et al. (2001). In the liver and intestine, 15 uL of PMS,
25 uL of buffer Tris-NaCl (0.1 M, pH 7.2) and 125 puL of nicotinamide
adenine dinucleotide reduced (NADH) (300 uM) were added to 20 pL of
pyruvate (4.5mM). For gills and muscle, the test was performed with
25 uL of PMS, 25 pL of buffer Tris-NaCl (0.1 M, pH 7,2), 250 uL. NADH
(300 uM) and 40 pL pyruvate (4.5mM). Reading was performed at
340 nm at intervals of 40s for 5min, following a decrease of absor-
bance resulting from oxidation of NADH.

2.3.5. Ovarian follicle analysis

For histology, standard procedures of paraffin inclusion, alcoholic
dehydration, xylol diaphanization were followed. Paraffin embedded
zebrafish were sectioned in the median plane, sectioned in 3 — 6 pm
sections, stained with hematoxylin and eosin staining and examined
individually using a Zeiss Axioskop 2 optical microscope (Carl Zeiss,
Hallbergmoos, Germany). Ovarian of females were analyzed for follicle
stages, classified as defined on Menke Aswin et al. (2011) as oogonia,
pre-vitellogenic follicle, vitellogenic follicle and pre ovulatory follicle.

2.4. Statistical analysis

Growth rate was calculated and presented as “pseudo” specific
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growth rate (r) according to the equation (OECD, 2000):

logew2—logew1
2—t1

X 100
where:

loge wl = average of the logarithms of the values w1 for the fish in
the tank at the start of the experiment;

loge w2 = logarithm of the weight of an individual fish at the end of
the experiment;

tl, t2 = time (days) at start and end of study period.

The Sigma plot 12.5 statistical package (Sigma Stat) was used for all
statistical analyses. The data from growth, feeding behavior, re-
production, genotoxicity, biochemical endpoints and follicular compo-
sition were analyzed for normality and homoscedasticity. When nor-
mality and homoscedasticity of data were verified the one-way ANOVA
was performed followed by the multiple comparison Dunnett's test to
assess differences towards control; otherwise the non-parametric
Kruskall-Wallis (or one-way ANOVA on ranks) was done followed by
the multiple comparison Dunn's test. All statistical analyses were per-
formed with a significance level of 0.05.

3. Results

No mortality was found during the experimental assay at any of the
tested conditions (controls or Cbz exposed fish).

3.1. Chemical analysis

The chemical analysis demonstrated that Cbz presented a high sta-
bility in the test medium over a seven days period (Table S1), an in-
dication that changing media every three days maintains the animals at
the desired concentration. The concentrations of Cbz in the analyzed
stock solutions presented a maximum variation of 13.16% of the
nominal concentration. (Table S2).

3.2. Growth rate

The “Pseudo” specific growth rates of fish during the exposure
period (63 days) were not significantly affected by Cbz (p > 0.05, Fig.
§2). A similar trend was found after 21 and 42 days of exposure (data
not shown).

3.3. Feeding behavior

Cbz exposure had no effect on the time fish took for first feeding
action (Fig. 1, grey bars represent data from the 63rd day). However, it
induced an increase in the time fish needed to completely ingest food.
This trend was found in the assessments at day 21 and 42 (Fig S3) and
63 (Fig. 1, white bars), where fish exceeded the maximum time pre-
established for total ingestion (20 min).

3.4. Reproduction

During the 63 days of exposure, 7 breeding events were conducted
to assess the reproductive output. Egg production and viability did not
differ between the several breeding events (p > 0.05) and thus data
were pooled together. Fig. 2 depicts the total number of eggs in all
breeding episodes and the percentage of viable eggs per treatment. The
total number of eggs produced during the experiment was not sig-
nificantly different among treatments (p > 0.05). However, a sig-
nificant decrease (p < 0.001) in the viability of the eggs after Cbz
exposure (10 and 10,000 pug L~ 1) was found.
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Fig. 1. Feeding behavior of adult Danio rerio after 63 days of exposure to car-
bamazepine (Cbz). The results are shown as time for first feeding action (grey
bars) and time for total food ingestion (white bars). Asterisks (*) represent
significant differences to the control (Dunnett's test; p < 0.05).
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Fig. 2. Total production of eggs (black bars) and number of viable eggs (grey
bars) from Danio rerio exposed to carbamazepine (Cbz). Results are expressed as
mean *+ standard error. Asterisks (*) represent significant differences towards
the control (Dunnett's test; p < 0.05).

3.5. Micronucleus and others nuclear abnormalities assessment

No micronuclei were found in any of the treatments. The incidence
of other nuclear abnormalities after Cbz exposure was not statistically
different from the control treatment.

3.6. Effects of Cbz on biochemical markers

The effects of Cbz on AChE, CAT, GST and LDH activities of D. rerio
are presented in Fig. 3. AChE activity (Fig. 3A) was increased after Cbz
exposure (p < 0.05) both in the muscle (10,000 ug L~ ') and head (10
and 10,000 pgL™1).

CAT activity (Fig. 3B) was inhibited by Cbz, both in the liver
(p < 0.01) and gills (p < 0.05). In the liver, the two Cbz concentra-
tions elicited the same degree of CAT inhibition whereas in the gills, a
concentration dependent inhibition was observed.

GST activity was assessed in the liver, intestine and gill (Fig. 3C).
Gills presented higher basal levels (100 U) when compared with the
other tissues. GST response to Cbz exposure was organ dependent:
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Fig. 3. Enzymatic activities of adult Danio rerio after 63 days exposure to car-
bamazepine. A - Acetylcholinesterase (AChE) activity, B — Catalase (CAT) ac-
tivity; C - Glutathione S-transferase (GST) activity and D - Lactate
Dehydrogenase (LDH) activity. Results are expressed as mean value + standard
error. Asterisks denote significant differences to control treatment (Dunnett's
test after 1-way ANOVA except for CAT in the gills, GST in the liver and LDH in
the muscle where the Dunn's test was used after the Kruskall-Wallis test). “U” - 1
nanomol of substrate per min per mg of protein.

increased activities were observed in the gills, at both tested con-
centrations (approximately 50%, regardless of the Cbz concentration;
p < 0.001). In the intestine, an inhibition was found after exposure to
the highest Cbz concentration (p < 0.001).

LDH basal levels were higher in the muscle, followed by gills and
liver. A significant effect of Cbz on LDH activity was found, in all tis-
sues, after exposure to the highest tested concentration. However, the
pattern of response was different (Fig. 3D). In the liver, an increase of
enzymatic activity was found (p < 0.001) whereas in muscle
(p < 0.001) and gills (p < 0.001) an inhibition was observed
(Fig. 3D).

3.7. Gonad histology

Female gonad histological analysis results are depicted in Fig. 4. The
proportion of pre-vitellogenic follicles tend to be higher in the control
whereas more mature type of follicles prevail in organisms exposed to
the highest concentration of Cbz (p = 0.040).

4. Discussion

The occurrence of pharmaceuticals residues in the aquatic en-
vironment has been raising concerns regarding their potential chronic
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Fig. 4. Histopathological analyses of ovarian
tissues of Danio rerio exposed for 63 days to
carbamazepine (Cbz). Photomicrographs refer
to female gonads of control fish (A), fish ex-
posed to 10 pgL ™! (B) and 10,000 pgL ™! (C).
The scale corresponds to 50 um. Black lines
indicate Oogonium (a), pre-vitellogenic follicle
(b), vitellogenic follicle (¢) or pre-ovulatory
follicle (d). Graph D shows the percentage of
each follicle class within the ovarian tissue.
Asterisks denote significant differences to-
wards control, Dunnett's test, p < 0.05.
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effects to non-target organisms, considering that even very low con-
centrations of pharmaceuticals may exert toxicity through unexpected
modes of action in non-target organisms (Malarvizhi et al., 2012).

In this study, the tested concentrations of Cbz did not induce sig-
nificant alterations on fish growth over a 63 days period, corroborating
the findings of the study of Madureira et al. (2012) where adult zeb-
rafish were exposed for a shorter period (21 days) to Cbz (1780 ug L™ 1).
However, growth decrease has been reported for O. mykiss after 42 days
exposure to 2000 ug L™ ! of Cbz (Li et al., 2010d).

Behavior parameters have been considered a valuable tool in the
assessment of the effects of chemicals. Changes in feeding and swim-
ming behavior may have ecological consequences altering prey-pre-
dator relationship and decreasing competitive advantage (Domingues
et al., 2016). In the present study, the time needed for the total food
ingestion increased in fish exposed to Cbz. A similar result was reported
for adult Oryzias latipes after 9 days exposure to 6150 ugL ™" of Cbz
(Nassef et al., 2010). The authors of the mentioned study advanced that
although the mechanisms responsible for the altered behavior are still
unknown, they may be linked to changes in the levels of the neuro-
modulator serotonin, which has been reported to interfere with hor-
monal and neuronal mechanisms and play regulatory and endocrine
functions. Moreover, altered levels of serotonin have been associated
with changes in appetite, immune system and reproduction (Fent et al.,
2006; Santos et al., 2010), influencing swimming speed and feeding
behavior (Nassef et al., 2010; Lillesaar, 2011). Cbz has been reported to
increase the extracellular levels of serotonin (Ambrésio et al., 2002; Yan
et al., 1992) although some studies reported a variable response pattern
according to the levels of Cbz: e.g. according to Okada et al. (1998) a
therapeutic dose (25 mg kg ~'.day ") of Cbz increased the serotonergic
function in rat hippocampus after 21 days whereas a supratherapeutic
concentration (100 mgkg ™ '.day™') reduced it. The effects on the
feeding behavior may also be related with the levels of the hormone
pro-opiomelanocortin, which acts as a regulator of feeding and energy
balance and has been reported to be affected (increase in mRNA levels)

S T
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in Salmo salar after 5 days treatment with 7.85 ug L™ " of Cbz (Hampel
et al., 2014).

In terms of genotoxicity, the exposure of adult D. rerio to Cbz did not
increase the incidence of micronuclei or other nuclear abnormalities. A
previous study assessing DNA strand breaks reported a decrease in DNA
integrity after 3 and 7 days of exposure to 0.31 ugL ™" Cbz and a de-
crease in DNA damage after 15 days exposure (Rocco et al., 2011).
Reduction of DNA damage suggests reparation or recovery mechanisms
and may justify the absence of genotoxicity verified in this work
(Bolognesi and Hayashi, 2011). Inhibitory effect on cell division and
subsequent hindrance in the passage of the affected cells into peripheral
circulation, allied with the fact that circulating abnormal cells tend to
be removed from the organism faster than undamaged ones (Oliveira
et al., 2007) may be involved in the observed response.

AChE activity is inhibited by neurotoxic compounds and thus it is
frequently used as a biomarker for environmental pollution by this type
of chemicals (Pfeifer et al., 2005). However, in the present study, an
increased activity after Cbz exposure was observed. Increases in AChE
activity have been associated with apoptotic processes ongoing in the
organism (Zhang et al., 2002, 2012) and with the production of free
radicals and oxidative stress (Ferreira et al., 2012). AChE activity in-
crease causes a fast degradation of the transmitter acetylcholine and a
subsequent down stimulation of acetylcholine receptors affecting the
cognitive functions of the organisms (Tougu and Kesvatera, 1996).

Reactive oxygen species are produced at low concentrations by
living organisms as result of normal metabolic processes but, in the
presence of environmental pollutants, high concentrations can be gen-
erated with adverse effects on cellular components such as lipids,
proteins, carbohydrates, and DNA. Therefore, the equilibrium of the
redox state is fundamental for the proper functioning of organisms
(Birben et al., 2012). A group of antioxidant enzymes (e.g. superoxide
dismutase, CAT and glutathione peroxidase) and non-enzymatic anti-
oxidants (e.g. reduced glutathione) play a fundamental role in con-
trolling the levels of reactive oxygen species and thus in maintaining
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the balance between oxidant/antioxidant states (Birben et al., 2012).
CAT acts as first line of enzymatic defense against reactive oxygen
species, degrading hydrogen peroxide into water and oxygen (Birben
et al., 2012). In the present study, CAT activity was inhibited by Cbz
both in liver and gills, suggesting an imbalance in the antioxidant
status. Previously reported effects of Cbz on fish CAT activity include
increased activity in O. mykiss after 7 days exposure to 2000 ugL~?,
followed by a decrease after 21 and 42 days of exposure (Li et al.,
2010b). The authors proposed that the initial increase in CAT activity
could be a stress response to neutralize reactive oxygen species for-
mation and the reduction after prolonged exposure could be due to lipid
peroxidation and the direct attack of reactive oxygen species to pro-
teins. The present study results suggest that in a prolonged exposure,
CAT may not able to cope with the level of pro-oxidants induced by
Cbz. However, activation of other defense pathways responsible for the
reduction of hydrogen peroxide, such as the glutathione peroxidase
may also be involved in the protection of cells.

GST belongs to the Phase II of the detoxification mechanism and is
implicated in the conjugation of xenobiotics with glutathione, in-
creasing their solubility and excretion (Vernouillet et al., 2010). In the
present study, GST response was tissue-dependent. GST activity was
increased in the gills, an organ involved in physiological functions such
as exchange of respiratory gases, osmoregulation, excretion of nitrogen
residues and maintenance of acid-base balance (Rombough, 2002). In
the intestine, organ important for nutrient digestion and absorption, a
GST activity inhibition was found, probably associated with decreased
levels of reduced glutathione, a co-factor of antioxidant enzymes that
also plays an important role as non-enzymatic antioxidant defense
against reactive oxygen species, or associated with an enzyme inhibi-
tion caused by high levels of reactive oxygen species. The gills were the
organ most responsive to Cbz in terms of GST activity which may be
explained by its direct contact with waterborne Cbz and its role in re-
spiration, osmoregulation and in acid base balance (Li et al., 2009). To
the author knowledge, this is the first report of chronic effects exposure
of Cbz on D. rerio GST activity in different tissues.

LDH is widely distributed and used as a marker of organ or tissue
damage, as it reflects the metabolic activity of a tissue and morpholo-
gical and structural alterations that have a high association with pa-
thological processes (Osman et al., 2010). In the present study, LDH
activity was differentially affected in the tested organs, increasing in the
liver and being inhibited in the muscle and gills. Increased LDH activity
has been reported in the gills, liver and muscle of C. carpio exposed for
35 days to 5700 ug L~ ! of Cbz (Malarvizhi et al., 2012) and interpreted
a result of metabolic changes induced by Cbz. Increased LDH activity
has also been reported in the plasma of O. mykiss, after 7 days of ex-
posure to Cbz (1, 200 and 2000 pg L™ 1y (Li et al., 2010d). In the present
study, results obtained in the liver samples agree with the above
mentioned studies suggesting changes in anaerobic metabolism or in
the histological structure of the hepatic and extrahepatic tissues with
potential damages in the tissue (Li et al., 2010a).

Histological results revealed a concentration dependent ovary
composition, with a significant increase in the relative content of ma-
ture stages of follicles oocytes. These results are in line with other
studies where non-steroidal pharmaceuticals interfered with the re-
productive homeostasis of aquatic organisms (Madureira et al., 2011;
Galus et al., 2014). The observed induction of pre-ovulatory follicle in
high concentrations of Cbz may explain the absence of effect on the
total number of produced eggs. Exposure to Cbz increased the occur-
rence of atreitic oocytes, often reported as a toxic effect on reproduction
caused by estrogenic compounds (Diniz et al., 2005; Van der Ven et al.,
2007). Follicular atresia, a normal degenerative process in fish ovaries
has been associated with spontaneous pathological alterations in
ovarian morphology (Rossteuscher et al., 2008). Cbz treatments al-
though not altering the number of eggs produced, significantly im-
paired their viability. This observation corroborates other studies, with
shorter exposure periods, reporting effects of Cbz on fish reproduction.
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In a study performed during 6 weeks, Galus et al. (2013) found a de-
crease in egg production in zebrafish after exposure to 0.5 and
10 ug L' of Cbz, associating this effect to reduction of the excitability
of neurons leading to a reduction of neuronal stimulation in re-
productive organs and synthesis of gonadal steroids. In C. carpio, Li
et al. (2010a) observed decreased motility and velocity of sperm after
2h exposure to 2000 and 20,000 gL~ Cbz. Aggressive behavior of
males D. rerio during breeding was also pointed as factor for fertility
decrease rate after 6 weeks exposure to 10 ug L ™! of Cbz (Galus et al.,
2014). Thus, a decrease in sperm and oocytes quality, may explain the
decrease in fertilized eggs viability observed in the present study. The
decrease in the rate of viable eggs is an important parameter supporting
ecological consequences of chronic exposure of aquatic organisms to
Cbz, since it may lead to a reduction in population growth.

5. Conclusions

Generally, data obtained suggest that oxidative stress may occur in
prolonged Cbz exposure with antioxidant defenses overwhelmed in
some of the tissues analyzed. Oxidative stress may be also responsible
for the induction of AChE verified leading to a cognitive impairment
which was not evaluated in this study. Future behavioral studies should
be conducted to validate this possibility. The feeding impairment ob-
served suggests that Cbz is acting as an appetite suppressant and re-
inforcing its potential role as a serotonin releasing agent or serotonin
reuptake inhibitor. Effects observed on reproduction (advance in oo-
cytes maturation and reduction of eggs viability) require further in-
vestigation to assess if they are linked with the general suppression of
neuronal activity with consequent behavioral impairment or if Cbz
disrupts any endocrine function in fish.

Some of the above mentioned effects occurred at 10 ug L~ " which is
a concentration reported in effluents and thus of great ecological re-
levance. Further studies should address other relevant exposure sce-
narios such as the co-exposure to abiotic stressors (such as oxygen de-
pletion, pH or temperature variation) and the mixture with other
relevant pharmaceuticals.
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HIGHLIGHTS

« Bupropion toxicity was assessed using zebrafish early life-stages.

e The bupropion168 h-LC50 was 50346 ug/L.

« Bupropion induced lack of equilibrium, non-hatching and developmental alterations.
« Bupropion affects biochemical markers from different metabolic pathways.
« Bupropion affects the locomotor activity of embryos in a biphasic manner.
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ABSTRACT

Psychiatric pharmaceuticals are one of the most prescribed active substances globally. Bupropion (BPP) is
an antidepressant that acts via inhibition of norepinephrine and dopamine reuptake. It has been found in
various water matrices, and thus its effects on aquatic organisms must be studied. The present study
aimed to evaluate the acute toxic effects of BPP on zebrafish (Danio rerio) early life stages. For devel-
opmental analysis, organisms were exposed for 168 h to concentrations ranging from 0 to 82000 pg/L.
Two other experiments were performed by exposing embryos to a wide range of concentrations (from
0 to 50000 pg/L) in order to evaluate BPP effects on embryonic behavior, using the Zebrabox and testing
at the biochemical level (acetylcholinesterase, glutathione-S-transferase, lactate dehydrogenase and
catalase). Developmental analysis indicated that BPP had low acute toxicity with a calculated 168 h-LC50
of 50346 pg/L. Concentrations equal to or above 44800 pg/L elicited several effects such as hatching delay,
edemas and tail deformities. However, concentrations from 7300 pug/L upwards elicited equilibrium
alteration. Behavioral analysis showed that BPP affected zebrafish locomotor behavior by decreasing
activity at 0.6 pug/L, increasing activity at 8.8 and 158 pg/L, and decreasing activity at 50000 pg/L.
Biochemical analysis showed an increase of AChE activity at 158 and 2812 ug/L, an increase in GST at the
highest concentrations, CAT alteration and increase of LDH at 0.6, 2812 and 50000 pug/L. We can conclude
that BPP affects zebrafish early life stages at environmental concentrations.
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1. Introduction

Psychiatric pharmaceuticals are one of the most prescribed
active substances globally. They are substances often reported as
contaminants in aquatic systems with potential to affects non-
target organisms (Bottoni et al., 2010; Wu et al.,, 2015; Yuan et al.,
2013; Zenker et al.,, 2014). Bupropion (BPP) is a monocyclic phe-
nylaminoketone structurally related to the phenylisopropylamines,
with significant antidepressant effects (Conners et al., 1996). This
psychiatric pharmaceutical is approved for use in the treatment of
major depressive disorder and as an aid to smoking cessation in
over 50 countries, with over 40 million patients receiving treat-
ment (Fava et al., 2005).

Similarly, to other pharmaceuticals, BPP occurs in the environ-
ment in the range of ng/L to pg/L (Calisto and Esteves, 2009).
Several studies analyzing samples of various water matrices
(drinking water, groundwater, surface water and wastewater) re-
ported BPP concentrations varying from below 10—-4300 ng/L
(Ferrer and Thurman, 2012; Painter et al., 2010; Schultz and
Furlong, 2008; Writer et al., 2013). Although levels found in the
environment are often very low, pharmaceuticals are designed to
target specific metabolic and biological pathways that can be
conserved in aquatic organisms, and therefore some of them may
disrupt key processes in non-target organisms (Dong et al.,, 2013;
Webb et al., 2003). BPP acts by inhibiting the norepinephrine and
dopamine reuptake and has no significant serotonergic or direct
effects on postsynaptic receptors in humans (Fava et al., 2005; Stahl
et al., 2004).

Despite the scarcity of information, there is evidence that psy-
chiatric pharmaceuticals can modulate fish behavior, interfering
with their swimming, feeding, predation, and reproduction (Blaser
et al., 2010; Brandao et al., 2013; Brodin et al., 2013), particularly at
larval stage. Zebrafish have been used in toxicological studies to
analyze the effects of neurotoxins and neuroprotectants on the
developing nervous system (Guo, 2009). This model has many ad-
vantages, such as well-known morphological, biochemical, genetic
and physiological information at all stages of life, which makes the
zebrafish use ideal for identifying adverse effects of chemical
exposure (Hill et al., 2005). Recently, Santos et al. (2018) demon-
strated that carbamazepine, a psychiatric pharmaceutical used in
epilepsy treatment, affects the reproductive, enzymatic and
behavioral parameters of zebrafish adults exposed to concentra-
tions as low as 10 pg/L. Another study performed by Farias et al.
(2019) used zebrafish early life-stages to assess the toxicity of the
antidepressant fluoxetine. The study results showed the adverse
effects of fluoxetine on development, acetylcholinesterase and lo-
comotor activity of zebrafish early life-stages in concentrations
varying from 0.88 pg/L to 5550 pg/L.

Dong et al. (2013) proposed a simple prioritization approach to
identify pharmaceuticals that pose a potential risk to human and
aquatic organisms. BPP is in position 7 of this risk-prioritizing
ranking. Thus, the present study aimed to evaluate BPP acute
toxic effects on zebrafish early life-stages employing a multi-
parametric approach. Effects on different levels of organization
were assessed, including mortality, development, biochemical
markers. We address the hypothesis that BPP can affect zebrafish
embryonic development in different organizational levels.

2. Material and methods
2.1. Chemical and HPLC analysis
BPP hydrochloride was obtained from pharmaceutical industry

(Amapda — Brazil, CAS Number: 31677-93-7, empirical formula:
Cy3H18CINO-HCI). BPP stability in test solutions was assessed daily

in a period of seven days, the maximum test duration period. Sta-
bility of BPP in the dilution water kept at the same climatic con-
ditions as the tests (SL-24 Solab Cientifica) was evaluated by HLPC
following the method described by Ulu and Tuncel (2012) (see
details in Suppl. Material-SM1, Fig. S1; Table S1).

2.2. Zebrafish maintenance and embryo collection

The zebrafish embryos were provided by the facility established
at the Department of Genetics and Morphology, University of Bra-
silia, Brazil. Zebrafish adults were kept in a ZebTEC (Tecniplast,
Italy) recirculating system and maintained in aquariums with
reverse osmosis and activated carbon filtered water. The tempera-
ture was maintained at 26.0 + 1°C, ammonia <0.01 mg/L, conduc-
tivity at 750 + 50 pS/cm, pH at 7.5 + 0.5 and dissolved oxygen equal
to or above 95% saturation. Fish were raised in a 12:12 h (light:dark)
photoperiod cycle. These conditions and water parameters were
maintained in all the performed tests.

Zebrafish eggs were obtained by breeding of fish in the Ispawn
breeding system (Tecniplast). The day prior to breeding, males and
females were sequentially added to the system and kept separated
by a divider, in a proportion of two males for one female. Early in
the morning, the divider was removed and the spawning platform
was lifted to initiate the spawning. The eggs were collected
immediately after natural mating, rinsed in water, and checked
under a stereomicroscope (Stereoscopic Zoom Microscope — Stemi
2000, Zeiss, Germany). The unfertilized eggs (<20%) and those with
cleavage irregularities or injuries were discarded.

2.3. Fish Embryo Toxicity (FET) test

The Fish Embryo Toxicity test were based on the OECD guideline
Protocol 236 “Fish Embryo Toxicity” (FET) test (OECD, 2013) with
adaptations described by Farias et al. (2018). Zebrafish embryos
were exposed to six different concentrations 0, 4000, 7300, 13400,
24500, 44800 and 82000 pg/L of BPP. Those were chosen based on
results of previous range finding tests prepared by successive di-
lutions of stock solution. Since the chemical analysis indicated that
BPP is degraded over the course of days, the solutions were
renewed every 48 h.

The test was performed using 72 eggs per treatment, divided in
3 replicates in 24-well microplates. Twenty wells were filled-up
with 2 mL of the test solution and four wells with water (internal
plate control, as required in the OECD guideline). Each well received
one egg. The test was initiated immediately after fertilization and it
was continued for 168 h in a climate chamber (SL-24 Solab Cien-
tifica, Brazil). Embryos and larvae were observed daily under a
stereomicroscope. Developmental parameters were evaluated in
embryos over the test period using a magnification of x 70 for eggs
and x 40 for hatched embryos. Before hatching, the following pa-
rameters were evaluated: egg coagulation, otolith formation, gen-
eral delay on development, eye and body pigmentation, somites
formation, heartbeat, oedemas, detachment of the tail-bud from
the yolk sac, yolk sac absorption, tail malformation and hatching.
After hatching, spine malformation and equilibrium were also
evaluated (represented by embryos side-lying in the bottom of the
microplate well). All parameters were assessed and quantified as
observed or not observed.

2.4. Behavior analysis

In order to analyze locomotor and enzymatic responses of
zebrafish, a wide range of concentrations comprising more realistic
scenarios and also sub-acute doses (<168 h-LC50) were chosen,
namely 0.0, 0.6, 8.8, 158, 2812 and 50000 pg/L.
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Prior to the behavior assay, zebrafish embryos were exposed in
similar conditions as described in section 2.3 “Fish Embryo Toxicity
(FET) test”. At 168 h the embryos were removed from the exposure
dishes and placed in 96 well plates (one per well). Locomotion was
evaluated for 16 embryos per treatment in triplicate including the
control.

Embryonic movement was tracked using the Zebrabox (ZEB 478
Viewpoint) tracking system equipped with a 25 frame per second
infrared camera over a period of 20 min. Movement analysis of all
replicates were performed in the same day (168 h) one followed by
the other. The temperature was maintained stable at 26 +1°C.
Movement was stimulated by applying light: dark intervals ac-
cording to what was previously described in Irons et al. (2010).
Briefly, the test consisted of acclimatizing the embryos in the light
for 5 min, followed by a 10 min dark period and another 5 min light.
Typically, zebrafish larvae show less locomotion during light pe-
riods and more during dark.

For each replicate, the distances travelled and time spent mov-
ing in 1 min intervals were recorded separately for each dark and
light period. The behavioral endpoints measured included the total
swimming time, the total swimming distance moved during each
measurement period, and percentage of slow and fast movements
of the organisms. The relative slow movement (%) is the ratio be-
tween slow and total distance moved in each measurement period.
The relative fast movement (%) is the ratio between fast and the
total distance moved in each measurement period. A threshold of
5 mmy/s was used to separate slow and fast movements).

2.5. Biochemical biomarkers analysis

Tests were performed in 1 L beakers filled up with 500 mL of test
solutions and 500 eggs in order to collect a high number of embryos
samples for enzymatic assays.

After 168 h of incubation, 10 pools of 15 hatched embryos per
concentration were collected into microtubes with 0.5mL of K-
phosphate buffer (0.1 M, pH 7.4), frozen in liquid nitrogen and
immediately stored at —80°C until the day of analysis. Prior to
enzymatic activity determinations, samples were defrosted on ice,
homogenized using a sonicator (Ultrasonic Cleaner 2840D-
Odontobras) and centrifuged (Centrifuge Hettich — Mikro 220R) for
20 minat 10,000 x g and then a post-mitochondrial supernatant
(PMS) was isolated for enzymatic determinations. Enzymatic ac-
tivities were determined in quadruplicate and expressed as mi-
cromoles of substrate hydrolyzed per minute per mg of protein (U).
The protein concentration of samples was quantified using the
Bradford's Method at 595 nm and y-globulin as standard (Bradford,
1976). All reactions were performed spectrophotometrically
(SpectraMax M2 microplate reader) and in quadruplicate.

AChE activity was determined using acetylthiocholine (ASCh) as
substrate, measuring the conjugation product between thiocoline
(result of the degradation of ASCh) and 5,5-dithiobis-2-
nitrobenzoic acid (DTNB) (absorbance increase) at 414 nm, every
20 s, during 5 min, according to the method previously described by
Ellman et al. (1961). For the enzymatic determination, 40 pl of PMS
and 250 pul of reaction mixture, was used (acetylcholine and pro-
pionylcholine (75 mM) and DTNB (10 mM)) in K-phosphate buffer
(0.1 M, pH 7.2). Acetylcholinesterase activities were expressed as
micromoles of substrate hydrolyzed per minute per mg of protein
(U).

GST activity was determined using a thioether as substrate and
measuring the conjugation product between glutathione and 1-
Chloro-2,4-dinitrobenzene (CDNB) (absorbance increase) at
340 nm, every 40s, for 5min, according to the method of Habig
et al. (1981). Activity determinations were made using 50 ul of
PMS, 250 pul of reaction mixture (glutathione (10 mM) and CDNB

(10 mM)) in K-phosphate buffer (0.1 M, pH 6.5).

CAT activity was determined using a H,O, as substrate and
measuring the decrease of absorbance due to degradation of H20;
at 240 nm, every 40 s, during 5 min, according to the method of
Aebi (1984). Activity determinations were made using 25 pl of PMS,
275 ul of reaction mixture (H202 (30 mM)) K-phosphate buffer
(0.05 M, pH 7.0).

LDH activity was determined using a pyruvate as substrate and
measuring the reduction of Pyruvate and the oxidation of NADH at
340 nm, every 40s, during 5 min, according to the method by
Vassault (1983). Activity determinations were made using 40 pl of
PMS, 260 pl of reaction mixture (NADH (0.24 mM) and pyruvate
(10 mM)) Tris-NaCl buffer (0.1 M, pH 7.2).

2.6. Statistical analysis

All levels of lethal and effective concentrations (LCs and ECs)
were calculated by fitting dose-response curves using the package
drc (Ritz and Streibig, 2005). A one-way ANOVA was used to detect
the differences between the groups for normally distributed data
sets. When data did not pass the Kolmogorov—Smirnov normality
test and the Levene's homogeneity of variance test, a
Kruskal—Wallis test was used. If significant results were found, the
Dunnett's or Dunn's test (for parametric or non-parametric tests,
respectively) was used to detect significant differences between the
tested concentrations and the control (p < 0.05) using Sigmaplot
12.5 statistical package (SYSTAT, n.d.).

3. Results
3.1. Chemical and HPLC analysis

The HPLC analysis showed that BPP is degraded over the course
of days. At 48 h a decrease of 20% was observed in solutions with
1000 pg/L, kept in the same climatic conditions as the toxicity tests
(Suppl. Material-SM1, Fig. S1; Table S1). Thus, to ensure the pres-
ence of the BPP molecule during the entire exposure period, the
BPP solution was renewed every 48 h.

3.2. Fish Embryo Toxicity (FET) test

The FET analysis allows the evaluation of several parameters
such as mortality, hatching, loss of equilibrium and developmental
alterations. Fig. 1 shows an overview of FET analysis after 72 h of
exposure, 100% of the organisms exposed to 82000 pg/L of BPP died,
lethal and effective concentrations, for mortality and develop-
mental abnormalities respectively, are shown in Table 1.

The observed effects on embryonic development were edema,
tail formation, yolk sac, pigmentation and swimming bladder
inflation alterations (Fig. 2). The percentages of hatching are shown
in Table 2. In the control group, after 72 and 96 h, 96.7% and 100% of
the individuals hatched, respectively. However, organisms exposed
to 44800 pg/L did not hatch after 72 h of exposure and presented
11.8%, 30% and 58.3% hatching rate after 96, 120, and 168 h of
exposure respectively.

After 96 h of exposure to BPP, an equilibrium alteration char-
acterized by organisms’ side-lying at the bottom of the microplate
well and lack of response to mechanical stimuli was observed
(Fig. 3). The EC 10, 20 and 50 of the lack of equilibrium was
calculated and presented in Table 1. After 168 h, the EC50 for lack of
equilibrium was 7715 pg|/L.

3.3. Behavior analysis

The results of behavior analyses can be observed in Fig. 4.
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Fig. 1. Overview of effects of bupropion hydrochloride on zebrafish early-life stages during 168 h of exposure. The proportion of dead, alive and hatched organisms is represented by

the different bars colors.

Table 1

Effects of bupropion hydrochloride on zebrafish embryos development after 168 h of
exposure (mean values +standard deviation between brackets). The values are
presented in pg/L.

Time L(E)C10 L(E)C20 L(E)C50
Mortality

48h 5130 (438) 61577 (3770) 84134 (5052)
72h 49271 (2505) 52622 (2530) 58886 (2883)
96 h 45788 (2151) 49838 (2109) 57609 (2447)
120h 43231 (1980) 47437 (1898) 55597 (2276)
144h 41213 (1934) 45516 (1795) 53939 (2145)
168 h 33809 (2241) 39161 (2039) 50346 (2153)
Hatching

72h 20363 (1412) 23852 (1317) 31254 (1435)
96 h 28062 (1810) 30803 (1654) 36123 (1470)
120 h 29443 (2048) 32869 (1802) 39676 (1483)
144 h 29938 (2091) 33540 (1823) 40728 (1496)
168 h 33295 (2133) 37512 (1815) 45994 (1653)
Equilibrium

96 h 9493 (661) 11055 (600) 14345 (616)
120h 4760 (420) 5911 (409) 8560 (449)
144 h 5037 (351) 5817 (315) 7438 (305)
168 h 5878 (337) 6499 (271) 7715 (252)
Delay

24h 40717 (3904) 52075 (3680) 79305 (5775)
Cardiac edema

72h 40939 (16610) 42714 (9181) 45929 (5185)
96 h 30048 (2358) 34386 (1953) 43303 (1789)
120 h 28763 (2041) 32075 (1794) 38642 (1483)
144 h 21190 (11044) 22004 (8494) 23467 (3642)
168 h 14838 (1060) 17178 (969) 22064 (930)
Yolk sac absorption

120h 41184 (5021) 43823 (1687) 48733 (5989)
Tail malformations

96 h 41644 (8782) 43778 (3007) 47682 (8606)
120h 34607 (2963) 42450 (3052) 60192 (8042)
144 h 25787 (1909) 29853 (1714) 38343 (1681)
168 h 22969 (1436) 26209 (1341) 32843 (1416)
Non inflated swimming blader

96 h 9493 (661) 11056 (600) 14346 (0616)
120 h 4760 (421) 5911 (409) 8561 (0449)
168 h 7629 (1538) 7866 (267) 8288 (478)

Regarding the total swimming time in the dark, the behavior test
showed that zebrafish larvae exposed to a concentration of 0.6 ug/L
of BPP presented a total swimming time slightly, but significantly
lower than the control group, and larvae exposed to 50000 pg/L
presented a total swimming time close to zero, indicating almost
total paralysis.

Regarding the total distance moved in the dark, larvae exposed
to 0.6 ug/L of the drug showed a significantly lower total distance
moved than the control group. Likewise, organisms exposed to the
highest concentration of 50000 pg/L presented a total distance
moved that was significantly lower, very close to zero movement,
when compared to the control group. However, organisms exposed
to intermediate concentrations (8.8 and 158 ug/L) of BPP had a
significantly higher total distance moved when compared to the
control. Both parameters showed no dose response effect.

The percentage of slow and fast movements were also analyzed
in the behavior assay. When compared to the control group,
zebrafish exposed to 8.8 and 158 ug/L of BPP had a significantly
higher percentage of fast movement in the dark, however, zebrafish
exposed to 50000 pg/L had a significantly lower percentage of fast
movement in the same test period. Regarding the percentage of
slow movement in the dark, fish exposed to 8.8 and 158 pg/L of BPP
had significantly lower values when compared to the control, and
fish exposed to 50000 pg/L had a significantly higher value when
compared to the control. Both parameters showed no dose
response effect. The parameter percentage of slow and fast move-
ments in the light did not showed statistical differences between
the control and the exposed groups.

3.4. Biochemical biomarkers analysis

BPP also affected the enzymatic activity of exposed organisms.
After 168 h of exposure, AChE activity was higher in zebrafish at
concentrations of 158 and 2812 pg/L, when compared to the control
group. However, no statistical difference was observed in AChE
activity of zebrafish exposed to 50000 ug/L of BPP, showing no
dose-response effect. The enzyme GST presented increased activity
in zebrafish exposed to BPP 2812 and 50000 pg/L than in the con-
trol group, presenting a dose-response effect. CAT activity was
significantly higher in zebrafish exposed to 158 pg/L of BPP when
compared to the control, but did not differ in zebrafish exposed to
2812 and 50000 pg/L of the pharmaceutical. The LDH assay pre-
sented a statistical difference in fish exposed to 0.6, 2812 and
50000 pg/L of BPP in comparison to the control, despite the absence
of dose-response effect (Fig. 5).

4. Discussion

Exposure to BPP showed effect on the survival, development,
behavior and enzymatic activities of zebrafish early life stages.
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Fig. 2. Zebrafish embryo abnormalities due to bupropion hydrochloride exposure during 48 h (A—B), 96 h (C—D), 144 h (E-~G) and 168 h (H-]). ed - oedema, pig - weakly pigmented

body, tl - tail malformation, ys - delay in yolk absorption and sb - delay in swimming bladder inflation. Legend of each picture: hours of exposure bupropion hydrochloride
concentration (ug/L) between brackets followed by magnification used.

Table 2

Effects of bupropion hydrochloride on zebrafish embryos hatching for organisms exposed for 168 h (mean values + standard deviation between brackets).
BPP (pg/L) 48h 72h 96 h 120h 144h 168 h
0.0 0(0) 96.7 (10.4) 100 (0) 100 (0) 100 (0) 100 (0)
4000 33(3.3) 100 (0) 100 (0) 100 (0) 100 (0) 100 (0)
7300 0(0) 93.3 (44) 100 (0) 100 (0) 100 (0) 100 (0)
13400 0(0) 98.3(1.7) 98.3(1.7) 100 (0) 100 (0) 100 (0)
24500 0(0) 98.3(1.7) 100 (0) 100 (0) 100 (0) 100 (0)
44800 0(0) 0(0) 11.8(1.6) 30(5.8) 35.5(13.1) 58.3(10.1)
82000 0(0) - - - — _

" hatching not evaluated due to mortality of all exposed organisms.
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Fig. 3. Effects of bupropion hydrochloride on equilibrium of hatched zebrafish larvae from 96 h to 168 h of exposure. Values represented per mean + the standard error of the mean.
*** denotes significantly different form control group (Dunn's or Dunnet test, p < 0.05).

Toxic effects of BPP on mortality, within the first 24 h, and hatching degrade the inner zone of the chorion are fundamental for hatching

alteration within the first 72 h of exposure, suggest that this anti- (Henn, 2011). Therefore, the inhibition of hatching, observed may
depressant can cross the pores of the chorion and interact with the be related to the effects of BPP on the locomotor activity of the
organisms in the pre-hatching phase. The movement of the em- organisms.

bryos inside the chorion and the action of hatching enzyme that After hatching, which normally occurs around 50h post
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form control group (Dunn's or Dunnet test, p < 0.05).

fertilization (hpf), we observed equilibrium alterations in in-
dividuals exposed to low concentrations of BPP at 120 and 144 h of
exposure. Additionally, alterations in swimming bladder inflation
were observed (168 h EC50 of 8288 pg/L). In many individuals, we
observed total paralysis. For fish embryos in natural ecosystems,
paralysis can have consequences such as failure in food capture and
reproduction and higher susceptibility to predation (Painter et al.,
2010). After 168 h, the EC50 for que lack of equilibrium was
7715 ug/L, a concentration 6.5 times lower than the mortality
parameter (LC50) for the same period, indicating the sensitivity of
the equilibrium used as a parameter.

In addition, it is important to emphasize the relation between
swim bladder inflation and equilibrium, observed in the present
study. Teleost fish, such a zebrafish, control the volume of gas in the
swim bladder, and thus they attain neutral buoyancy at any depth.
This way they do not need much energy to swim to hold vertical
station in the water column (Lindsey et al., 2010). Lindsey et al.
(2010) demonstrated the importance of swim bladder to reduce
the body density in zebrafish. Authors observed a relationship be-
tween fish volume and mass, and suggested that in the zebrafish
development it is necessary a larger swim bladder volume to
maintain neutral buoyancy. Therefore, in our study, alterations
observed in swimming bladder inflation is probably related to the
equilibrium alteration.

To refine the effects of BPP on equilibrium and locomotion of
zebrafish, we performed behavior assays, using a range of con-
centrations covering both environmental and higher concentra-
tions as tested in the FET assay. Regarding low concentrations
tested (up to 2812 pg/L) the results showed that behavior at these
concentrations levels does not respond in a dose dependent
pattern, indicating a slightly decrease for locomotor activity at very

low concentrations, an increase at low concentrations, and a severe
decrease at high concentrations (50000 pg/L). Other studies
investigating the effects of BPP in zebrafish, also observed behav-
ioral alterations. Richendorfer and Creton (2018) showed that
zebrafish exposed to 0.1 uM of BPP (27.62 ug/L) from 0 to 120 h had
increased swim speeds and decreased rest, indicating an increase in
the larva activity at this concentration. This finding is similar to our
study, which showed an increase in the total distance moved in
organisms exposed to 8.8 ug/L and 158 pg/L of the drug. Also at the
behavioral level, acute administration of BPP has been shown to
increases activity in rodents (Wilkinson et al., 2006; Wilkinson and
Bevins, 2007).

These effects related to the movement, equilibrium and loco-
motion of zebrafish, observed in the present work, are in line with
the mode of action of BPP. This antidepressant inhibits reuptake of
norepinephrine and dopamine, producing an increase in these
neurotransmitters in the extra-cellular region. Norepinephrine is
related to the control of sleep and wakefulness, attention and
feeding behavior, while dopamine is related regulation of move-
ment, learning and memory, motivated behavior, and hormonal
signaling (Painter et al., 2010). Loss of brain stem dopaminergic
neurons leads to movement disorders in humans, nonhuman pri-
mates, rodents, and fish (Bretaud et al., 2004; Dauer and
Przedborski, 2003; Lam et al., 2005; McKinley et al., 2005;
Thirumalai and Cline, 2008).

On the other hand, the extracellular dopamine, in increased
levels, may be harmful to dopaminergic neurons because this
dopamine can be auto-oxidized to the neurotoxicant 6-
hydroxydopamine (6-OHDA), which has been shown to cause
cellular stress (Holtz et al., 2006; Holtz and O'Malley, 2003).
Therefore, BPP, which increases extracellular dopamine, can
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Fig. 5. Bupropion effects in zebrafish embryos enzymatic activities after 168 h of exposure: (A) AChE - acetylcholinesterase, (B) CAT — catalase; (C) GST - glutathione S-transferase
and (D) LDH - lactate dehydrogenase. Values represented per mean + the standard error of the mean. **' denotes significantly different form control group (Dunn's or Dunnet test,

p < 0.05).

potentially disrupt the homeostasis of the dopaminergic system
(Jang et al., 2011). This auto oxidation can explain findings in the
present study, showing decrease in the equilibrium and locomotion
at high doses. However, low doses of BPP may not have caused this
auto oxidation, but only a slight increase in extracellular dopamine,
which explains the increase in the total distance moved of zebrafish
exposed to low concentrations of BPP.

It is well known that the reduction of the crossed glycinergic
transmission can cause an increased burst rate. Low concentrations
of dopamine increase burst frequency, but high concentrations
decrease it. Several authors pointed out that the mechanism of the
presynaptic depression of crossed glycinergic inhibition caused by
dopamine may be acting at low levels (Svensson et al., 2003).
Regarding high concentrations, authors mentioned that the
mechanism that can be acting is that dopamine can cause a
reduction in the calcium ions in the glutamatergic neurons. This
calcium reduction in these neurons leads to a reduction of the
afterhyperpolarisation (SAHP). This decrease of the SAHP can cause
a reduced spike frequency adaptation, and therefore also longer
bursts and slower swimming (Svensson et al., 2003). These mech-
anisms can also be related to the findings of the present study, we
observed that fast movements were more travelled during the dark
period, while slow movements, during the light period. The sta-
tistical differences between the control and exposed group, how-
ever, were observed only during the dark period. Zebrafish larvae
exposed to intermediate concentrations (8.8 and 158 pg/L) of
bupropion travelled more in fast movements that may indicate a
sign of hyperactivity in these concentrations. On the other hand,

organisms exposed to 50000 pg/L swam significantly more in slow
movements when compared to control, probably due to the total
paralyses observed at this concentration.

In addition to FET and behavior assay, we also analyzed enzy-
matic activity of AChE, CAT, GST and LDH. The increased activity of
AChE of larvae under exposure to 158 ug/L is in line with our
behavior results, which indicated an increased total distance
moved and percentage of large distance, since cholinesterase's ac-
tivities are directly related to behavioral changes (Scott and Sloman,
2004). Those authors suggest that a biochemical response such as
increase or inhibition of AChE activity is correlated to changes in
the locomotor behavior of zebrafish embryos (Andrade, 2015). Be-
sides, BPP, in addition to blocking dopamine and norepinephrine
re-uptake, also acts as a nicotinic acetylcholine receptor (nAChR)
antagonist, interfering with the movement and locomotor activity
of the organism (Slemmer et al., 2000; Wilkinson and Bevins,
2007).

Our results also showed a pronounced increase in the activity of
the GST enzyme and a slight increase in CAT activity in exposed
organisms. Hu et al. (2000) pointed out that BPP causes mild in-
creases of serum liver enzymes in adults of zebrafish. Therefore, the
increase of these enzymes in exposed zebrafish embryos observed
in the present study is probably also linked to a mild increase of
serum liver enzymes. In addition, GST plays an important role in the
detoxification process of xenobiotic in fish (Oliveira et al., 2009). An
increase of GST have been observed in zebrafish embryos exposed
to different pharmaceutical (Oliveira et al., 2009). Thus, the ob-
tained results suggest GST activity as important biomarkers to take
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in account in the evaluation of fish abilities to protects against
pollutants such as BPP.

Finally, the LDH activity, measured in this study, had also an
increase in exposed zebrafish early life stages. Since it is an intra-
cellular enzyme, the increase of LDH can indicate tissue damage
with the consequent release of the enzyme. The damage can vary
from a slight cellular damage to severe cellular necrosis. The in-
crease in LDH activity observed at the highest tested concentrations
is probably linked to cell death, as effects on embryonic survival
were observed in the FET assay in similar concentrations. Jang et al.
(2011) also observed that BPP at 100 pg/mL induced cell death, with
early and late apoptotic characteristics.

The present study showed that low concentrations of BPP could
affect the biochemical reactions and the behavior of zebrafish. Since
the BPP was already found in the environment at concentrations up
to 4.3 pg/L (wastewater effluent), this antidepressant can disrupt
the aquatic life homeostasis. To survive in the ecosystem, a larva
must be able to respond quickly and swim rapidly, and any devia-
tion in the normal signaling may have lethal consequences (Painter
et al, 2010). Moreover, pharmaceuticals can accumulate in the
tissues, having toxic effects. BPP, which has a Kow >3, was found in
brains of exposed fish at higher concentrations than those sug-
gested by water concentrations of the respective compounds
(Schultz et al., 2011). Therefore, for the effective protection of
aquatic ecosystems, it is necessary to carry out more analysis of
drug effects, to increase policies for biomonitoring of drug con-
centrations, and development and use more effective technologies
in the treatments in WWTPs. Besides, more effort should be
invested in the research and development of pharmaceuticals with
less environmental impact.

5. Conclusion

We can conclude that the exposure to the antidepressant BPP
can affects zebrafish early life stages. Besides developmental end-
points measured in the FET test, we also explored sub-lethal effects
of BPP exposure in a concentration range where developmental
effects were not observed. Behavior (measured as locomotor ac-
tivity) and enzymes activities of zebrafish were affected at con-
centrations close to the ones detected in the environment. These
results elucidate the importance of toxicity evaluations of phar-
maceuticals by applying an approach that includes multiple pa-
rameters in order to comprise more realistic exposure scenarios.
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FET

Yttrium orthovanadate (YVO,) powders were synthesized by two different routes: the combustion route (C
sample), and the hydrothermal route (H samples). In all samples, oxygen vacancies were observed by Raman,
UV-vis diffuse reflectance and photoluminescence (PL) spectroscopy; however they were more significant in C
sample. Photocatalytic discoloration of Rhodamine B solutions ranged from 40 to 64% and C and H4 samples
presented the highest efficiencies. Although both samples showed similar photocatalytic efficiency, C sample is
11 times more efficient in producing reactive oxygen species than H4 sample, and an interesting effect of the
treated solutions was observed in the Fish Embryotoxicity Test, carried out in D. rerio. The C-treated solution was
more toxic than the untreated solution, while the H4-treated solution did not show toxicity enhancement. C-
treated solution caused a significant mortality of D. rerio embryos beginning at the 4th day of exposure and
reached total mortality at the 6th day. Thus, the synthetic route employed in the preparation of C and H4
samples leads to different toxic effects in the treated solutions. These results pointed out that microstructural
characteristics and synthetic parameters are not only important for obtaining highly active materials, but they

also impact on the toxicity of the effluents.

1. Introduction

Microstructural characteristics of the catalyst play an important role
in heterogeneous photocatalytic reactions. It is well known that particle
size, morphology, crystallinity, and presence of synthetic residues in-
fluence the efficiency of heterogeneous photocatalytic reactions. As a
consequence of the many studies on this, there is a vast literature re-
garding the effect of synthetic route on photocatalytic activity. For in-
stance, Giraldi et al. [1,2] has shown that the increase of crystallinity of
ZnO nanoparticles achieved with post-annealing treatments enhanced
their photocatalytic activity; as well, they reported on how synthetic
residues can inhibit the photocatalytic activity even when crystalline
particles are used. Jana et al. [3] studied CdS/ZnO nanocomposites and
observed a relation between composite morphology (controlled by
synthesis) and photocatalytic and antibacterial activity. Even a mixture

of phases of the same semiconductor can present higher activity than
pure phases, as shown by Zhang et al. [4] in the synthesis of TiO, na-
notube arrays by electrochemical anodization. In addition, He et al. [5]
showed that the deposition of Au nanoparticles onto ZnO increased the
photo-induced generation of reactive oxygen species (ROS), such as
hydroxyl radical, superoxide and singlet oxygen, and the production of
excitons.

Besides that, structural defects of semiconductors, such as oxygen
vacancies, can also play a key role in their functionality. For example,
these can mediate electron-hole recombination or may introduce deep
trapping states within the band gap of the semiconductors, which
confines the photoinduced electrons and affects the photocatalytic
performance [6]. As a result, changes in band gap and photocatalytic
activity can be significant when these defects implements disorder in as
many crystal lattices as possible (not only in semiconductor’s surface)
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[7]1, or creates permitted levels in the electronic structure [8]. For ex-
ample, oxygen vacancies can drive photocatalytic activity towards
visible light, as shown by Zhang et al. for ZnO nanoparticles [9] or
improve photoactivity in the UV range, as shown by Yang et al. [10] for
YVO, nanoparticles.

Another important aspect in photocatalytic reactions aiming en-
vironmental issues is toxicity. Some authors have studied the toxic ef-
fects of photocatalytic treated effluents [11-13] and the toxicity of the
catalyst (especially when they are nanoscaled) [14,15]. However, only
a few studies correlate the synthetic route of photocatalysts and mi-
crostructural characteristics with this kind of effect, since these features
are generally ignored when evaluating photocatalytic processes. In this
work, we discuss the photocatalytic activity of YVO,, synthesized by
two routes, focusing on differences of ecotoxicology of Rhodamine B
treated solutions, using a Fish Embryotoxicity Test (FET) with zebrafish
(Danio rerio) as biosensors.

2. Materials and methods
2.1. Synthesis of YVO,

YVO, was synthesized by two routes: combustion and hydrothermal
(adapted from the literature [16,17]).

For the combustion route (C sample), 3.76 g (9.81 mmols) of Y
(NO3)56H,0 (Sigma-Aldrich, 99.9% purity), 1.15g (9.81 mmols) of
NH4VO; (IMEX, 99.9% purity), and 1.77 g (29.43 mmols) of urea
(Sigma-Aldrich, 98% purity) were dissolved in 20 mL of distilled water
after magnetic stirring and heating at 100 °C for 1h (for partial eva-
poration of the solvent). After this time, the mixture was treated in-
itially at 550 °C for 15 min (to achieve combustion), being observed a
flame and the emission of gases such as NOy (dark brown) and possibly
NHj3 (pungent scent). A post-annealing at 900 °C for 8 h was required
for elimination of synthetic residues and proper crystallization of the
desired phase.

For the hydrothermal route, 0.50 g (1.305 mmols) of Y(NO3)36H,0
and 1.53 g (13.05 mmols) NH4VO3 were dissolved in 10-15 mL of dis-
tilled water inside a 50 mL glass beaker and heated at 60-70°C for
30 min under magnetic stirring with a watch glass covering the system.
The pH was adjusted at 9-10, employing an aqueous solution of NaOH
(BioXtra, Sigma-Aldrich, > 98.0% purity, anhydrous pellets) at 2 mols
L™, and vigorously stirred during 1h at same temperature as before.
The mixture was transferred to a Teflon autoclave reactor, sealed and
heated at 150 °C for 4 or 24 h (H4 and H24 samples, respectively). After
this period, the autoclaves were statically cooled to room temperature,
opened and the product (a white and thin solid) was filtered, washed 3
times with distilled water, and then dried in a hot air oven at 60 °C for
1 h. No post annealing treatment was performed in this case.

2.2. Microstructural characterization of YVO4

The crystalline phase was identified by X-ray diffraction (XRD,
Bruker D8 Focus, with Cu Ka radiation of A = 0.1540619 nm between
26 range = 15-60°). The specific surface area (Sger) was estimated
through adsorption-desorption isotherms of N, at —-196°C
(Quantachrome Instruments, NOVA 2200e). The Raman spectra
(Renishaw spectrophotometer, inVia Raman Microscope, Ar laser
source operating at 20 mW and 514.5 nm) were recorded to evaluate
the short-range ordering. The optic properties were studied through
UV-vis (Varian Cary 5000 UV-vis NIR, diffuse reflectance mode, BaSO,4
as a reference, wavelength range = 200-800nm) and photo-
luminescence (PL) spectra (Thermo Fischer Scientific Lumina spectro-
photometer, Xe 450 W lamp adjusted for Aecitation = 325nm, step-
rate = 60 nm min~'). Scanning electron microscope (SEM, JEOL-JSM
7001-F) images were obtained for evaluation of morphology.
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2.3. Photocatalytic tests

Photocatalytic efficiency was evaluated by discoloration of an
aqueous solution of Rhodamine B (RhB, Sigma, > 95% purity) at
2.5mgL ™. For this purpose, 18.75 mg of a YVO, sample was added in
75 mL of the RhB solution, and the suspension was irradiated with a
UV-C high pressure Hg lamp (125 W; A = 255 nm; without the bulb) for
7 h, under stirring. Aliquots (5.0 mL) were collected first after 30 min,
and, then after every 1h. After sampling, the catalyst was separated
from the solution by centrifugation at 10000 r.p.m and dye quantifi-
cation was performed by UV-vis spectroscopy (Varian Cary 5000
UV-vis NIR), measuring the maximum absorbance at 554 nm. A test
was also performed in the absence of the catalyst to check photolysis of
RhB. Dark tests were performed as well, under the same conditions as
the photocatalytic tests to evaluate dye adsorption on the catalysts’
surface. The assays were performed in triplicate. Afterwards, 15.0 mL of
the remaining treated solution was analyzed through Total Organic
Carbon (TOC, Shimadzu LCPH/CPN) after prior removal of the catalyst.

2.4. Determination of reactive oxygen species production

The efficiency of YVO, samples in generating reactive oxygen spe-
cies (ROS) through photocatalysis was monitored by the hydroxylation
of terephthalic acid (TA), resulting in the fluorescent probe 2-hydro-
xyterephthalic acid (2-OH-TA, emission at 425nm) [18]. For this pur-
pose, suspensions made of 18.75mg of the mentioned samples and
75 mL of an aqueous solution containing 3-10 "> mols L™ ! of TA (Sigma
Aldrich, 98.0% purity) and 1102 mols L™ ' of NaOH were prepared
and submitted to the same light irradiation of photocatalytic tests for
2 h. Before exposure to light irradiation, the suspensions were stirred in
the dark for 30 min. Then, an aliquot of 5mL of was sampled and
centrifuged every 30 min. For observing the formation of 2-OH-TA, the
emission spectra of aliquots were acquired (Horiba spectrophotometer,
model Fluorolog) under Aeycitation = 315 nm. A test was also performed
in the absence of catalyst to check the effect of photolysis.

2.5. Detection of synthetic residues

Thermogravimetric and differential thermal analysis (TGA/DTA) for
C catalysts were performed using a Shimadzu Simultaneous TGA/DTA
Analyzer DTG-60AH, in the 25-1000 °C temperature range, using a
platinum crucible with ca. 10.0 mg of sample, under synthetic air at-
mosphere (30 mL min ') and with a heating rate of 10 °C min~.

Suspensions formed by mixing 18.75 mg of C-sample and 75 mL of
distilled water were submitted to the same conditions used in the
photocatalytic test. Then they were analyzed for nitrite ions (one pos-
sible by-product of urea’s oxidation) using the Griess test [19], after
prior removal of the solid. Five standard solutions of 5.0 mL with
concentrations ranging between of 1.0 to 5.0 pg L ™! of nitrite ions were
prepared by mixing an appropriate dilution of a stock solution of
1.0mol L' of NaNO, (ACS reagent, > 97.0% purity) with a solution
(Griess reagent) of 2.0 wt.% sulfanilamide (Sigma-Aldrich, 99% purity),
0.2 wt.% N-(1-naphthyl)ethylenediamine dihydrochloride (NEED, ACS
reagent, > 99% purity) and 10.0 wt.% of HCI, taking absorbance at
540 nm to construct a calibration curve. The sample was mixed with the
Griess reagent in the volume proportion of 1:8 sample to reagent ratio.

2.6. Fish embryotoxicity test

Toxicity of the RhB solutions was studied with a 144 h (six days) fish
embryotoxicity test based on the OECD guideline FET [20]. D. rerio
(zebrafish) were raised in a recirculating system (ZebTec — Tecniplast)
and maintained under routine approved animal welfare protocols at the
aquatic facility of University of Brasilia (Brazil). The water parameters
were strictly controlled; temperature was kept at 26.0 = 1°C, con-
ductivity at 650 = 100pScm ™!, pH at 7.0 = 0.5 and dissolved
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oxygen equal or above 95% saturation. Groups of twenty organisms,
with an average weight 0.6 + 0.1 g and size 2.5 + 0.5cm, were
maintained in tanks (8 L) with reverse osmosis and activated carbon
filtered water under a photoperiod cycle of 12:12 h (light:dark). Adults
were fed two times daily with live brine shrimp nauplii, Artemia sp., and
dry fish flake mix (TetraMin" flake). Embryos were routinely bred from
bulk spawning of stock fish in a spawning platform in 2:1 male to fe-
male ratio (iISPAWN, Tecniplast). Eggs were collected immediately after
natural mating, rinsed in water, and checked under a stereomicroscope
(Stereoscopic Zoom Microscope — SMZ 1500, Nikon Corporation). The
unfertilized eggs and those with cleavage irregularities or injuries were
discarded.

Zebrafish embryos were exposed to three aqueous solutions of RhB
to evaluate toxicity before and after two photocatalytic treatments:
initial solution (2.5 mg L~ 1), C-treated and H4-treated solutions. Also, a
negative control was analyzed as well. The tests were performed in
triplicate for all the described solutions in sterilized 24-well microplates
where 20 wells were filled with 2mL of a test solution and four wells
with water (internal plate control). These microplates were kept in the
dark (to avoid discoloration) inside a climate chamber (SL-24 Solab
Cientifica). Physicochemical parameters of the solutions were mon-
itored and were in the same range as of the negative control (average
values: pH=6.4 = 0.3; conductivity = 152.6 = 14.4 S em”™
TOC = 5.4 + 0.3mgL ™" and dissolved oxygen above 80%). Embryos
and larvae were observed daily under a stereomicroscope.
Developmental parameters were evaluated on embryos over the test
period. Before hatching, the following were evaluated: egg coagulation,
otolith formation, general delay in development, eye and body pig-
mentation, somite formation, heartbeat, oedemas, detachment of the
tail-bud from the yolk sac, yolk-sac absorption and hatching. After
hatching, spine malformation and posture were also evaluated. All
parameters were quantified as observed or not observed. An ANOVA
test was performed to compare different replications under the same
conditions for characteristics that might possess statistically significant
differences. If the ANOVA test demonstrated the latter, the Tukey test
was performed in pairwise comparisons. A 95% confidence level was
selected for all statistical comparisons.

3. Results and discussion

Fig. 1 shows the diffraction patterns of the samples. The phases
obtained by both synthetic methods are consistent with a tetragonal
zircon type structure (space group I14,/amd, JCPDS 17-0341) [21].
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Fig. 1. X-ray diffraction patterns of YVO, synthesized powders: a) C; b) H4; c)

H24 samples. JCPDS crystallographic data typical for YVO, with zircon type
structure was used for comparison with the prepared samples.
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Table 1
Microstructural characterization of YVO, synthesized powders.
Samples Relative Crystallite SgeT Ratio I/ Band
Crystallinity size (nm) m?g~")  (3+ 1+ 1) Gap
(%) (eV)
C 100 74.5 5.6 0.33 3.38
H4 8.4 6.4 254 0.19 3.21
H24 10.9 8.3 205 0 372

? Calculated with UV-vis data.

Before annealing, the C sample is poorly crystalline and not single-
phased, thus requiring the post-annealing in agreement with Singh
etal. [16] in their description for similar systems. After annealing, the C
sample presented narrower reflection peaks than the H samples. The
crystallite size of the particles was calculated employing Scherrer’s
equation [22], using K = 0.94 and the full width at half maximum
(FWHM) of the (200) diffraction peak. This is shown alongside specific
surface area values in Table 1. Relative crystallinity was determined by
the ratio between the FWHM of the (200) diffraction peaks of the
samples, establishing the C sample as the crystalline reference
(Table 1). It is noticeable that the H samples possess significantly lower
crystallinity and higher values of Sgy than C samples. Also, it can be
observed in the H samples that crystallite size and crystallinity are
poorly affected by the reaction time.

SEM images for all samples are shown in Fig. 2. It is possible to
observe that the morphology of the as-synthesized H powders is quite
different from that observed for the C sample. The particles in the C
sample (near 5pm) are bigger and form agglomerations (probably due
to sintering processes from the calcining stage). On the other hand, the
hydrothermal samples exhibit aggregates (diameter near 20 nm) with
irregular shapes. The images corroborate the XRD data and Sggr values

Fig. 2. SEM images of YVO, synthesized powders: a) C; b) H4; ¢) H24 samples.
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Fig. 3. (A) Raman spectra of YVO, synthesized powders between 100 and 1000 cm ~': a) C; b) H4; ¢) H24 samples. (B) Raman spectra of YVO, synthesized powders

between 1050 and 1450 cm ™ ': a) C sample; b) H4 sample; ¢) H24 sample.

obtained, once crystalline solids (C sample) tend to have lower specific
surface area then amorphous solids (hydrothermal samples).

Fig. 3 shows the Raman spectra of the samples. According to lit-
erature, YVO, belongs to D} space group and possess 36 normal vi-
brational modes, having as reducible representation [23]:

Tr=2A1g + Agg + 4By + By + SEg + Ay, + 4Ay, + By + 2By, + 5-
Ey

The Ayg, Byg, Byg and E; modes are Raman active. Peaks shown in
Fig. 3A, except the B,; mode placed at 160 cm ™~ !, belong to the internal
modes of the tetrahedral groups VO,. This B;; mode corresponds to an
external mode [23]. The position of these peaks is consistent with those
reported in literature [10,23,24]. The C sample spectrum is better re-
solved than those for the hydrothermal samples, suggesting a higher
short range ordering of YOg dodecahedrons and VO, tetrahedrons. It is
also observable in the H samples an overlap of Eg (I) and By (I) peaks
around 800-850 cm ~ !, suggesting local distortions of the VO, tetra-
hedrons [10,25]. These observations are consistent with the fact that
the H samples are less crystalline than the C sample. Above 1000 cm ~*
(Fig. 3B), no intrinsic signal of YVO, is expected, however up to four
bands were observed at this region for all samples. These peaks are
commonly attributed to oxygen vacancies in the crystal lattices of YVO,
nanoparticles [26,27]. The C sample has four distinguishable peaks, in
contrast with the hydrothermal samples that only present one at
1123cm ™', This suggests that, despite higher crystallinity and short
range ordering, C samples possess a greater variety of oxygen vacancy
types when compared to the others. This might be due to the synthetic
method employed; the combustion method employs short reaction time
(about 15 min) and causes the liberation of gases (NO, and NHj), fa-
voring the formation of oxygen vacancies.

UV-vis diffuse reflectance spectroscopy was used to further in-
vestigate the optical characteristics of the samples and the spectra are
displayed in Fig. 4. As can be observed, all samples possess an ab-
sorption edge around 350-360 nm, which then leads to maximum ab-
sorption in the UV range. For C sample, it is possible to distinguish two
bands in the UV range: around 237 and 304 nm, ascribed to charge
transfer transitions between 0%~ and V ions ('To—'A, and 'T;—'A,,
respectively), which are typically observed in VO,®~ derived systems
[8,28,29]. For the other samples, the absorption increases progressively
in the same range, not allowing an unambiguous assignment of bands at
first look. Also, it is possible to observe for C and H4 samples a
broadening between 360 and 600 nm, which is unusual for orthova-
nadate systems. Because of these observations, deconvolution proce-
dures were employed, fitting the UV-vis data in terms of Gaussian

functions. As a result, for the hydrothermal samples, the IT,—1A,
transition is considerably blue-shifted (centered near 200 nm), which
can be due to quantum size effects common for nanoparticles with
diameters smaller than 100 nm [25]. This band is surface-sensitive and
dependent of VO,>~ ions concentration in the particles [28]. The fea-
ture above 350 nm for C and H4 samples is composed of a band com-
monly attributed in literature as a defect-originated transition
[8,30,31]. This phenomenon in the visible range raises from lattice
defects associated to oxygen vacancies that can emerge from V ions in
lower valence states (V** or V3*) that occupy sites typical for V°* or
Y?* ions [8,31]. Yang et al. [8] made a spectroscopic investigation of
the effect of structural defects in YVO, samples, showing how the de-
fect-related transition in the visible range correlates with the presence
of paramagnetic V**, proven by EPR. Also, they accessed qualitatively
the concentration of defects using the ratio 13/(I3 + I + I;) of the in-
tegrated intensities of the three transitions observed (I;, for the
IT,«—'A, transition, I, for the 'T,«—'A, transition and I for the de-
fect-related transition, respectively), and correlating this parameter
with luminescent and structural properties. The same ratio was calcu-
lated in this work, and the values are displayed in Table 1. C sample has
the highest value, indicating that it might be the sample with most
oxygen vacancies, while H24 sample has a ratio value near zero, in-
dicating a low concentration of these defects [8]. Although the method
evidences differences between the samples’ defect content, XPS analysis
should be performed to fully distinguish the concentration among them.

As mentioned above, the spectral feature observed can affect the
band gap value of the YVO, powders. The optical band gap was cal-
culated using the Tauc method [32], in which a Tauc plot is done ac-
cording to the following equation: [a-hu]rl- = A(E, — hv), where a is the
absorption coefficient of the material, replaced in this method by the
Kubelka-Munk function F(R) (where F(R) = (1-%R)%/2:%R), and%R is
obtained by the diffuse reflectance data in reflectance mode), E, is the
optical band gap, hv is energy, A is a proportionality constant and 1/n is
a coefficient dependent on the type of transition responsible to the
absorption edge observed in the UV-vis data. After obtaining the Tauc
plot, an extrapolation to zero of the linear portion where the curvature
of the graph first changes (insets in Fig. 4) gives the values displayed in
Table 1. From literature, it is known that the band-to-band transition
for YVO, is direct and allowed (n = 1/2), offering a band gap of 3.8 eV
for the bulk material [29]. For C and H4 samples, the values are lower
than those expected for bulk YVO,, being probably a consequence of
the oxygen vacancies which creates permitted levels into the band gap
[8,9,33]. For H24 sample, the band gap is close to 3.8 eV, evidencing
the possible lowest defect content among all samples.
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Fig. 4. Diffuse reflectance spectra of YVO, synthesized powders: a) C; b) H4; ¢) H24 samples. The positions of the transitions described in the text are informed in
each spectrum. The Tauc plots used to calculate optical band gap for each sample are displayed as insets.

Another important optic property is fluorescence emission, which
can reveal important information of the electronic structure of mate-
rials. Fig. 5 displays the PL spectra of the samples. Photoluminescence
of structurally homogeneous orthovanadate crystals, at room, is not
expected, so structural defects could be the main cause of the observed
PL. This type of optical behavior was already described for YVO4
[10,34] and other systems, such as ZnO [35], SnO, [36] and BaTiO5
[37]. According to Yang et al. [10] and Qian et al. [34], lattice defects
distorts the coordination polyhedrons for V>* and Y** ions, causing
unusual emissions in the visible range. In our samples, it is possible that
it originates from oxygen vacancies, identified by Raman and UV-vis
diffuse reflectance spectroscopy. It is worth of note that the C sample
had a much more intense PL than the hydrothermal samples. According
to Nobe et al. [30], the PL intensity due to these defects is proportional
to their content. Since the same amount of solid was analyzed for all
samples, the C sample might present greater oxygen vacancy content, in
agreement with the previous spectroscopic data. The inset in Fig. 5
shows that there is a red shift and a decrease of PL intensities for the H

samples according to reaction time.

Before testing the photocatalytic activity of the prepared YVO,
powders, adsorption tests (or dark tests) were performed under the
same conditions as the photocatalytic assays to evaluate possible con-
tributions of a direct or indirect mechanism on the degradation of the
RhB solutions. The quantity of adsorbed dye on the catalysts surface
and the time to reach equilibrium are presented in Table 2. As can be
noticed, the C sample presents the highest adsorption percentage,
suggesting that there could have been a considerable contribution of
the direct mechanism in the sample’s photocatalytic efficiency when
compared to the other ones. If it is considered that oxygen vacancies
can act as adsorption sites, we could correlate the presence of these
defects with the trend observed for adsorption: the higher their content,
the higher the percentage of dye adsorbed.

Fig. 6 shows the discoloration profile of Rhodamine B (RhB) by the
samples subjected to UV radiation (254 nm) during 7 h. A photolysis
curve is also shown. Table 3 presents the results of discoloration ob-
tained by UV-vis spectroscopy and degradation obtained by TOC
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Table 2
Results of adsorption tests for YVO, synthesized powders.
Samples Adsorbed quantity of RhB (%) Time (h)
C 25.7 2
H4 18.4 1
H24 8.7 0.5
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Fig. 6. Discoloration of RhB after 7 h by photocatalytic treatments: a) C sample;
b) H4 sample; ¢) H24 sample; d) photolysis.

Table 3

Percentage of discoloration of RhB solutions treated with YVO, synthesized

powders estimated through UV-vis spectroscopy and TOC.

Samples Discoloration (%) TOC reduction (%)
c 63.7 = 0.5 56.8 = 0.7
H4 60.1 = 0.7 51.6 + 1.2
H24 404 = 0.7 37.0 = 0.6
Photolysis 248 + 04 1.4 = 0.2

analysis. Due to proximity between results of both analyses, we con-
cluded that both discoloration and mineralization are achieved when
using YVO, samples. However, the photolysis did not follow this trend.
Also, the photocatalytic efficiencies increases as does the ratio I3/
(I3 + I + I,), suggesting that the C samples possessed the highest
photocatalytic activity possibly due to the content of oxygen vacancies,
in a similar manner as what Yang et al. [10] have exposed in their work.
On the other hand, sample H4 had a higher photocatalytic activity than
H24, comparable with the C sample. Again, the presence of oxygen
vacancies can be the reason of H4 sample’s photocatalytic activity,
since it is the main difference between it and H24 sample. As well as for
adsorption sites (pointed out by the dark tests), it is described in lit-
erature that these defects can serve as an oxidative trigger once the
exciton is formed, oxidizing organic substrates or producing reactive
oxygen species (ROS), besides of narrowing the band gap and
prolonging the lifetime of the exciton [9,10,33], giving an idea of the
depth of its importance in photocatalytic applications. Also, it was not
possible to perceive any correlation between the Sggr values and pho-
tocatalysis, since the defects seems to operate a major role. Moreover,
according to Yang et al. [10] and Mohamed et al. [17], synthetic routes
similar to the ones performed in this work does not change significantly
porosity with time of hydrothermal treatment/calcination of YVO,
powders. Also, it was demonstrated by Giraldi et al. [1,2] for ZnO and
by An et al. [38] for YVO, that the degree of crystallinity and synthetic
impurities can play a more important role in photocatalytic efficiencies
than only specific surface area.

Given the importance of oxygen vacancies in the photocatalytic
activity of the prepared samples, ROS-generating experiments were
performed in similar conditions as the photocatalytic assays, employing
the formation of 2-OH-TA as a probe to ROS production. The formation
of 2-OH-TA occurs due to oxidation of TA by hydroxyl radicals that
originates in the medium due to photochemical processes [39]. For this
reason, a photolysis test was also performed by means of comparison.
The results are displayed in Fig. 7. As can be observed by the trend lines
(in all cases, R > 0.95) and the values of their slopes, all photo-
catalysts promotes hydroxyl radical formation in the presence of UV
light. When employing semiconductors, these radicals may be produced
mainly by two routes: (i) water oxidation in the valence band by h™*
charge carrier; (ii) decomposition of other ROS such as superoxide
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Fig. 7. Change of the fluorescence emission at 425 nm of 2-hydroxyterephthalic
acid after 2h of irradiation: a) C sample; b) H4 sample; ¢) H24 sample; d)
photolysis.

radicals originated by O, reduction in the conduction band by e~
charge carrier [40]. Thus, this test is important to indicate qualitatively
the capability of the samples for ROS production, independently of the
mechanism of hydroxyl radical generation. It is noticeable that the C
sample has the highest rate of 2-OH-TA formation, being 11 times more
efficient than H4 sample. Also, the rate decreases in the same manner as
the ratio I3/(I3 + I, + I;) and the PL emission of the samples, sug-
gesting that the changes in oxygen vacancy’s content affects the effi-
ciency of ROS production, explaining the photocatalytic trend observed
previously.

As exposed previously, oxygen vacancies in the YVO, samples are
closely related to their photocatalytic performance, and that certain
contents of defects can result in higher photocatalytic efficiency thanks
to the production of ROS. In other words, the engineering of lattice
defects can contribute to attain desirable photoactivities. However,
when the concern surrounds environmental applications, the suitability
of a photocatalyst must also take into account the impact that the
treated effluent can have. In our work, the toxicity of treated solutions
of RhB were evaluated with FET to assure if the two best photocatalytic
treatments here proposed can indeed remedy any toxic effect of the
initial solution. Fig. 8 shows the effects of exposure to three aqueous
RhB solutions on D. rerio embryos and larvae development between 24
and 144h (6days), designated as untreated solution (2.5mg Ty
treated with C sample (C-treated solution) and treated with H4 sample
(H4-treated solution), respectively. The untreated solution did not show
any sign of acute toxicity to larvae. Surprisingly, the C-treated solution
caused a significant mortality to the D. rerio embryos beginning at 96 h
of exposure (65 *+ 5%) and reaching total mortality at 144 h. The H4-
treated solution was barely toxic to the larvae (less than 10% of the
embryos died). The mortality rate for the C-treated solution was ob-
served to be statistically different from all the solutions (P < 0.05,
Tukey test). In addition, no malformation was observed in any of the
three solutions. Concerning the developmental parameters, the only
observable effects were the accumulation of the dye in the yolk sac and
the inhibition of egg hatching in both C and H4 treatments, at 48 h of
exposure (Figs. 8 and 9). No statistical difference was observed for dye
absorption until the fourth day for the C-treated solution (P < 0.05).
This was probably due to the mortality in this treatment that began at
the same time as the change in statistics. Also, statistical difference was
only observed for the inhibition of egg hatching in the C treated solu-
tion (P < 0.05), and not among the other solutions.

Altogether, the FET results suggest that, at the tested concentration,
RhB (2.5mgL~") was not acutely toxic for embryos and did not
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provoke alterations of embryo development. However, after photo-
catalytic treatment of RhB solutions, an increase in toxicity was ob-
served specially for C-treated sample. Since physicochemical properties
such as pH, conductivity, TOC and dissolved oxygen of the treated so-
lutions were similar of those of the negative control (as mentioned in
Section 2.6), and that these conditions are consistent with a healthy
medium for this aquatic specie [41,42], the evidences suggest that the C
sample might produce a toxic final effluent due to chemical changes,
possibly by synthetic residues present in the photocatalyst, particles in
suspension that can interact with the biosensors, or by the treatment
itself, that can generate toxic chemical species.

One possible by-product, due to the oxidation of urea, is nitrite ions,
whose toxicity has been well described for D. rerio [43]. Thermo-
gravimetric analyses (not shown here) do not show any mass loss as-
sociated to nitrogenized compounds or organic residues above 200 °C.
The presence of nitrite ions above the detection limit of it
(0.742pg L") was not identified by the Griess test. According to lit-
erature, toxicity due to nitrite ions for D. rerio varies between 60,000
and 436,000 pg L~! [43]. This discards the possibility of nitrite having
caused the mortality.

There is not much evidence in literature about the toxicity of Y and
V derived oxides for D. rerio. According to Harper et al. [44], the ex-
posure of D. rerio embryos to dispersions of rare-earth oxide nano-
particles can provoke malformations. For instance, exposure to Y,03
nanoparticles, with mean size of 150 nm, for 5days (120h), sig-
nificantly increased the incidence of jaw malformations at
0.01 mgmL ™', and the incidence of jaw and heart malformations of
embryos exposed to 0.25 mgmL ™!, accounting for 20% of mortality at
the end of the assay. None of the malformations described in the lit-
erature were observed here, demonstrating either that the centrifuga-
tion step employed was successful in the removal of the catalyst or that
this oxide by itself does not offer any considerable toxic effect. Thus, the
higher toxicity observed for C-treated samples should be correlated to
the photocatalytic treatment.

The particular feature that turns C sample different from other YVO4
powders prepared in this study is possibly the content of oxygen va-
cancies, which are related to produce ROS more efficiently. Hence, the
presence of lattice defects might be associated with the mortality ob-
served for D. rerio. In other words, despite giving good photoactivity,
the amount of oxygen vacancies in the C sample can cause undesirable
environmental impacts in treated solutions, demonstrating that the C
sample is not the best option for environmental applications. On the
other hand, H4 sample, which has shown to have less significance in its
microstructure due to the presence of oxygen vacancies, was almost as
efficient for discoloring RhB as the C sample, giving no toxicity at all to
the final effluent. Summarizing, H4 sample is a better candidate for
photocatalysis than the C sample once it does not generate negative
impacts in treated solutions (photocatalytic reactions might take an-
other route when mediated by H4). Possibly, the appropriate amount of
oxygen vacancies may facilitate the generation of reactive species by
suppressing the charge carriers recombination (demonstrated by 2-OH-
TA formation), but an excess can play the aforementioned negative role.
Although future analysis are needed to ensure the origin of the mor-
tality rendered by the C sample, such as oxidative stress biomarkers for
D. rerio or identifying final by-products in the treated solutions, it is
clear the existence of a correlation between the microstructural char-
acteristics of the prepared solids and the toxicity of final effluents. Thus,
this work opens a scarce and important discussion for future studies in
heterogeneous photocatalysis, pointing out the need for investigation of
the effects of microstructural aspects of semiconductors on their suit-
ability for environmental applications.

4. Conclusion

Both combustion and hydrothermal methods were efficient in the
synthesis of YVO,. No considerable crystallographic and
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Fig. 8. Profile of zebrafish embryo/larvae stages after exposures to aqueous solutions of RhB between 24 and 144 h. Different letters above the bars of each day
indicates significant statistical difference of the mortality profile between solutions (Tukey test, P < 0.05).

= Initial Solution B H4 treated C treated Negative Control
3| |24n - A E | M
3 o~
],
3 \ ;
E Sx 5x 5x
é -
& |48 n b B F J ﬂ
N
3 -~ -~ ‘\.\\ i |
5x 4x 4x J
72h x‘ \ C G K (o)
a ““_:\:_\ !«\Q\ : ,\ o
g . X
‘:0 3.2x 4x | 32x 3.2x
E||96n D H 2 T P
‘é /ffa
S : g V&
. Y/ s,
LY g \‘
C3.2x 2.5x 3.2x" 3.2x

Fig. 9. Evolution of zebrafish embryo/larvae alterations observed throughout FET after exposures to: initial solution (A-D); H4-teated solution (E-H); C-treated
solution (I-L). Observed features were compared to the negative control (M-P). The approximation employed is informed at the bottom-left in each photograph.

microstructural differences between the powders synthesized by either
method were observed. Samples prepared by combustion method pre-
sented higher content of oxygen vacancies when compared to the H
samples, as demonstrated by spectroscopic techniques. Photocatalytic
efficiency of samples C and H4 was quite similar and mainly due to the
presence of the cited lattice defects, as also shown by the ROS-gen-
erating experiments. Despite of this, the FET showed that the C treat-
ment leads to a higher toxicity of the final effluent, making H4 sample
the most efficient for degradation of RhB. It is important to point out
that such toxicity was noticeable only at the fourth day of assay, and
was related to inhibition of egg hatching and mortality of D. rerio em-
bryos after hatching. Thus, it can be perceived that characteristics such
as oxygen vacancies, when surpassing a certain concentration can have
potentially negative environmental effects at expenses of improving
photoactivity. This result draws attention to an important discussion on
the roles of synthetic route of semiconductors in the treatment of liquid
effluents.
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1. Introduction

In Brazil, the history of phytotherapy as primary health care has
been motivated by social movements, national guidelines and re-
commendations from the World Health Organization in order to in-
crease therapeutic resources, recover traditional knowledge, preserve
biodiversity, stimulate organic agriculture and environmental protec-
tion [[amian et al., 20014}

Phytoterapy received more attention after publication of the
Resolution 971,/2006, which regulated the Politica Nacional de Prdticas
Integrativas ¢ Complementares (National Policy on Integrative and
Complimentary Practices) and the Politica Nacional de Plantas Medicinais
¢ Fitoterdpicos (National Policy of Medicinal Plants and
Phytotherapeutics). This document introduced medicinal plants into
the Brazilian Unified Health System (SUS) and assembled data re-
garding ethnopharmacological evidences (specially about safety and
efficacy] to generate the RENISUS (Relagdo Nominal de Plantas
Medicingis de Interesse oo Sistema Unico de Saiide/Mational Relation of
Medicinal Plants for Brazilian Health System) to create a guideline of
medicinal plants — a list with 71 species. This list can be accessed by
scientists for the development of new and folk drugs (Brasil, 2006;
2009).

RENISUS mentions Casearia sylvestris Sw. (Salicaceae), known as
“"guagatonga”, a well distributed shrub in South America (Brasil
Ministério da Sande, 2009). Extracts, essential oils and molecules from
C. sylvestris have shown analgesic (Piovezan et al., 2017), anti-Helico-
bacter pylori (Spdsito et al., 2019), antioxidant (Aradjo et al,, 2015),
anxiolytic [Aradjo et al., 2017), hypolipidemic (Schoenfelder et al.,
2008; Espinosa et al., 2015), and antiulcerogenic (Basile et al., 1990;
Esteves et al., 2005) actions and cardiovascular protection (Brant et al.,
2014). Moreover, Brazilian Karaji Indian tribe and natives from the
Shipibo-Conibo tribe (Peru) have historical habits of preparing leaf
extracts to treat snake bites, wounds, diarrhea, flu and chest colds,
probably due to their antifungal and antibacterial activity {(Da Silva
et al., 2008a; Espinosa et al., 2015; Pereira et al., 20017\

Cytotoxicity against cancer lines is one of the most important bio-
logical activity of clerodane diterpenes from Casearia and it has been
demonstrated they induce DNA fragmentation, phosphatidylserine ex-
ternalization, cell cycle arrest and reduction of ERK phosphorylation
and cyclin D1 expression (Santos et al,, 2010; Ferreira et al., 2010,
2014; 2016; Ferreira-5ilva et al., 2017). We also displayed a promising
potentiality of a fraction from C. sylvestris leaves whose tumor inhibi-
tion rates ranged from 33 to 67% for human carcinomas and glio-
blastomas and from 35 to 90% for Sarcoma 180 murine cells (Ferreira
et al., 2016).

In the antineoplastic therapy, the determination of toxicity requires
attention especially for patients in advanced cancer stages, when side
effects overcome benefits and survival increasing is not accompanied by
improvement of quality of life. In this context, about 72% of symptoms,’
signs of drug toxicity in humans can be defined in laboratory animals.
Man-laboratory animal correlations are higher for cardiovascular, gas-
trointestinal and hematological alterations. Hypersensitivity, cutaneous
reactions and hepatotoxicity present lower parallelism (Olson et al.,
2000; Williams et al., 2002). Therefore, it remains essential to study
maolecular, cellular and tissue events involved in the progression/re-
traction of cancer and pharmacological details of cytotoxic agents,
especially those that affect integrity of key organs. Herein, we in-
vestigated in vitro, ex vive and in vivo toxicological changes induced by a
Fraction with Casearins (FC) and its main component Casearin X iso-
lated from C. sylvestris leaves on animal and vegetal cells, and upon
invertebrates and mammals, providing a complete profile of possible
side effects following use of FC-related drugs.
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2. Materials and methods
2.1. Chemicals, isolation and structure identification

Fetal calf serum, RPMI 1640 medium, trypsin-EDTA, Ficoll-
Hypaque, penicillin and streptomycin were purchased from Cultilab
(Campinas, Brazil). Doxorubicin, resazurin, EDTA, Tris-HCl, Triton X-
100, propidium iodide (PI), dimethylsulfoxide (DMSO), rhodamine
123, acetic carmine, and Schiffs reagent were purchased from Sigma-
Aldrich Co. (5t Louis, MO, USA). NaCl, MgS0,, HCl, MgCly, CaCl,, KCI,
NaHC(O; and citrate were obtained from Vetec Quimica (Rio de Janeiro,
Brazil).

Leaves of . sylvestris were collected at Parque Estadual Carlos
Botelho (Sdo Miguel Arcanjo, Sdo Paulo, Brazil/S 24 7* 53, W 47" 567
57 by researchers from the Chemistry Institute of S&o Paulo State
University. Voucher specimens [AGS04, AGS05, AGSDE, AGS13 and
AGS19) were deposited at Herbarium Maria Eneida P. Kaufmann
Fidalgo at Botanical Institute of 530 Paulo (S&o0 Paulo, Brazil). Registries
in SisGen (Sistema Nacional de Gestdo do Patriminio Genético e do
Conhecimento Tradicional Associado — National System of Management
of Genetic Heritage and Associated Traditional Knowledge) were per-
formed (#A00892A and #A33EAT7A) according to the Brazilian biodi-
versity legislation (Federal Law No 13,123/2015).

The leaf ethanolic extract and its fractions were obtained as de-
scribed by Santos et al. (20100 and Ferreira et al. (201 4). Phytochemical
investigations displayed that FC represents 56.5% (mg/g) of the frac-
tion, and Casearin X is the most present compound (14.2%) (Ferreira
et al., 2014).

2.2, Cells and animals” focilities

Human fibroblasts derived from lung tissue (MRC-5), mouse fibro-
blasts from adipose tissue (L-929), Chinese hamster lung cells (V-79)
and polymorphic bleod mononuclear cells (PEMC) were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin, at 37°C
in a 5% CO, atmosphere (Shel Lab CO, Incubator, USA).

Heparinized human blood samples (from healthy, non-smoker do-
nors who had not taken any drug for at least 15 days prior to sampling,
aged 18-35 years old) were collected. PBMC were isolated by the
standard method of density-gradient centrifugation over Ficoll-
Hypaque. All studies are in accordance with Brazilian guidelines (Law
466,/2012, National Council of Health), the Declaration of Helsinki and
with the Universal Declaration on Bioethics and Human Rights of
UNESCO.

Artemia salina L. (Artemiidae) eggs were obtained from Maramar
Pet™ from local market (Teresina, Brazil). Eggs of A. salina were hat-
ched (10mg/L) at 25°C in artificial seawater (NaCl 77.2%, Mg50,
9.6%, MgCl, 7.1%, CaCl, 3.3%, KCl 2.1% and NaHCO, 0.6%) prepared
with non-chlorinated mineral water. Incubation was performed at 25°C
with constant aeration for 24 h to allow nauplii hatching.

Danio rerio (zebrafish) organisms were maintained in aquariums
with reverse osmosis and activated carbon filtered water. Fishes were
maintained in an aquatic facility with controlled photoperiod (12:12h,
light:dark) and controlled water physical-chemical parameters: tem-
perature at 26.0 + 1°C, ammonia < 0.01 mg/L, conductivity at
750 + S0pSscm, pH at7.5 = 0.5, dissolved oxygen equal to or above
95% saturation. Zebrafish eggs were collected after natural mating,
rinsed in water, and checked under a stereomicroscope (Stereoscopic
Zoom Microscope - SMZ 1500, Nikon Corporation). Unfertilized eggs
and those with cleavage irregularities or injuries were discarded
{Andrade et al., 2018).

Adult female Swiss mice (Mus musculus) were obtained from the
Universidade Federal do Piaui (UFPI), Teresina, Brazil. They were kept
in well-ventilated and cages [Alesco) under standard conditions of light
(12h with alternative day and night cycles) and temperature
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(22 + 1°C) and were housed with access to commercial rodent stock
diet (Mutrilabor, Campinas, Brazil) and water ad libitem. All procedures
were approved by the Committee on Animal Research at UFPI (#3737
2017) and followed Brazilian (Colégio Brasileiro de Experimentagio
Animal - COBEA) and International rules on the care and use of ex-
perimental animals (Directive, 2010/63/EU of the European
Parliament and of the Council on the protection of animals used for
scientific purposes).

2.3. Evaluation of cytotoxicity on normal adherent lines by Alamar Blue
assay

It was investigated the in vitro cytotoxic capacity on adherent lines
using the Alamar Blue™ assay. MRC-5, L-929 and V-79 cells were plated
in 96-well plates (3 = 10° cells/well in 100 pL of medium). After 24 h,
FC dissolved in DMS0 was added to each well (0.04-25 pg/mL) and the
cells were incubated for 72 h. Twenty-four hours before the end of the
incubation, 20pl of resazurin stock solution (0.156 mg/mL) were
added to each well {Alamar Blue™). Cell proliferation was determined
at 570 and 595nm using a multiplate reader (DTX 880 Multimode
Detector, Beckman Coulter, Germany) (Ferreira et al., 2014). Control
groups (negative and positive) received the same amount of DMSO
0.1%. Doxorubicin (0.005-5 pg/mL) was used as positive control.

2.4, Analysis by flow cytometry in PBMC cells

Previously, we have reported cytotoxic action of FC and its main
diterpenes on human PEMC cells and additional lines (Ferreira et al.,
2010, 2014). To detail such cytotoxicity, we performed biochemical
assessments in primary culture of PEMC cells by flow cytometry in a 24-
well plates incubated with increasing concentrations of the FC (0.3 and
0.6 pg/mL) for 24 h (Ferreira et al., 2014). Doxorubicin (0.3 pg/mL)
was used as positive control. Cytometry analyzes were performed in a
Guava EasyCyte Mine™ using Guava Express Plus CytoSoft 4.1 software
(Guava Technologies Inc. Industrial Blvd. Hayward, CA, USA). Five
thousand events were evaluated per experiment and cell debris was
omitted from the analysis.

2.4.1. Membrane integrity

Cell membrane integrity was evaluated after 24 h of incubation by
the exclusion of PI. Briefly, 100 pL of treated and untreated cells were
incubated with PI (50pg/mL). The cells were then incubated for
Smin at 37 "C (Darzynkiewicz et al., 1992).

242 DNA

Briefly, 24 h-treated and untreated cells were incubated at 37 *C for
30min in the dark, in a lysis solution containing 0.1% citrate, 0.1%
Triton X-100 and 50 pg/mL Pl and fluorescence was measured after-
wards (Krysko et al., 2008).

2.4.3. Mitochondrial transmembrane potential

Cells were washed with PBS and incubated with rhodamine 123, a
cell-permeable, cationic, fluorescent dye, at 37 °C for 15min in the
dark. Cells were incubated again in PBS at 37 “C for 30 min in the dark,
and fluorescence was measured (Cury-Boaventura et al., 20032).

2.5, Analysis of DNA strand breaks in primary cultured human cells

It was used the alkaline Comet assay to detect single and double
DNA damages according to the recommendations of the International
Workshop on Genotoxicity Test Procedures (Singh et al, 1988;
Hartmann et al., 2003). PEBMC were cultured as described above in the
presence of phytohemagglutinin 2% and exposed to Casearin X (0.4, 0.8
and 1.6pg/mL) for 24hat 37 °C with 5% CO.. Following exposure,
slides containing treated cells for the comet assay were placed in the
chilled lysis solution for 16 h at 4 °C (Singh et al., 1988; Hartmann et al.,
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2003). The slides were removed from the lysing solution, placed on a
horizontal electrophoresis tank filled with freshly prepared alkaline
buffer (300mM NaOH, 1mM EDTA, pH = 13.00). Electrophoresis
were performed at 25V, 300 mA for 20 min. Aftewards, each slide was
stained with 50 pL ethidium bromide (20 pg/mL), and a cover slip was
placed on the slide. Cellular analysis (100 cells for each of the three
replicate slides) were performed using a visual scoring system that ca-
tegorized tail length into five classes (0, 1, 2, 3 and 4) to determine the
Damage Index (D), which is considered to be a sensitive DNA measure
and based on migration length as well as the amount of DNA in the tail.
Therefore, a damage index value was assigned to each comet according
to its class, and the values ranged from 0 (completely undamaged) to
400 (maximum damage). The Damage Index (DI) was calculated using
the formula: DI = E (number of cells with damage x class of damage),
which ranged from 0 (ex.: 100 cells with damage 0 = 0] to 400 (ex.:
100 cells with damaged 4 » 4). Doxorubicin (0.6 pM) was used as the
positive control.

2.6. Fish embryo acute toxicity (FET) test

Assays were based on the Fish Embryo Toxicity (FET) test guideline
(OECD 236, 2013). Zebrafish embryos (20 eggs/well) were exposed to
six concentrations in triplicate of FC (1,1.9, 5.2, 13.9, 37.3 e 100 pg/
mL) in 24-well microplates filled up with 2mL of the test solution.

Developmental parameters were evaluated in embryos over the test,
using a magnification of 70x for eggs and 40x for hatched embryos.
Before hatching, the following parameters were evaluated: egg coagu-
lation, otolith formation, general delay in development, eyve and body
pigmentation, somite formation, heartbeat, abnormal accumulation of
blood cells, oedemas, detachment of the tail-bud from the yolk sac,
volk-sac absorption and hatching. After hatching, tail malformation,
swim bladder inflation, and equilibrium (embryos lying on their side at
the bottom of microplate well) were also evaluated (Andrade et al.,
2018). Embryo mortality in the negative control (DMSO 1%) below
104 was required for test validity. All parameters were assessed in a
qualitative way (observed or not observed). Lethal concentration values
(LCsy) were determined for 24, 28, 72, 96 e 120 h exposure {(Hamilton
et al., 1977\

2.7. Acute toxicity assay on brine shrimps

After 48 h, hatched A. salina larvae were collected (n = 107 and
added to diluted FC (1, 5, 25, 50 and 100 pg/mL) with artificial sea-
water (Mever et al., 1932). Negative control group was represented
only by artificial seawater with DMSO 0.1%. Potassium dichromate was
used at 50pg/ml as a positive control to confirm sensitivity of the
technique. All bioassays were performed in triplicate per concentration
and surviving larvae were analyzed after 24 h for CLso value calculation
{Hamilton et al., 1977

2.8. Evaluation of the cytotoxic and genotoxic potential on root
meristematic cells of Allium cepa

In addition to the in vitro models with animal cells, plant cytotoxi-
city bioassays using A. cepa have been widely used to detect in situ
genotoxic and mutagenic compounds of synthetic and natural products
and have been validated by the International Chemical Safety Program
(IPCS, WHO), US Environment Program (UNEP) and US Environmental
Protection Agency (USEPA) as an efficient test for genetic monitoring
(Bagatini et al., 2007; Misik et al., 2014; Machado et al., 2018).

Healthy cleaned onions of uniform size were washed in running
water for 20 min. Five bulbs were used for each concentration of FC (1,
10, 25 and 50 pg/mL) and for controls (negative: dechlorinated water;
positive: copper sulphate 0.6 pg/mL). Bulbs were placed in glass vials
and the sample volume was completed every 24 h for a final volume of
SmLat 23 = 2°C. Thereafter, the roots were removed and measured
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with a digital pachymeter. Then, they were fixed in Carnoy solution
|ethanol:acetic acid (3:1)] for 24 h. Roots were washed in distilled
water and followed by hydrolysis with 1 N HC for 10 min at 60 °C in a
water bath. The roots were kept in vials containing Schiff's reagent for
120 min (Fiskesji, 1985; Bagatini et al., 2007). A solution of 2% acetic
carmine was added to sectioned materials meristematic regions and
slides were prepared. Examinations were performed by optical micro-
scope (Olympus, Tokvo, Japan) at 400x, and 5000cells per con-
centration (1000 cells/slide) were analyzed to determine the Mitotic
Index {MI) and chromosomal alterations (micronuclei, delays, C-meta-
phases, bridges and breaks).

2.9. In vivo protocols

The fraction with casearins was solubilized in DMS0O 4% and dis-
solved in purified water immediately before intraperitoneal (i.p.) or
oral administration.

281, Acute toxicity in mice

To minimize pain and suffering as well as ensuring the robustness
and reproducibility of the experiments, it was adapted a methodology
recommended by the acute toxic class method - Guideline 423 - de-
scribed in the “Guideline for Testing of Chemicals”™ from QECD to
evaluate the acute toxicity (OECD, 2001). Before administrations, all
animals were acclimatized for 5 days. Following the administration, the
animals were fed restricted for 2 h and observed at 30 min, 60 min and
24 h. Thereafter, animals were observed daily until the 14th day
[ANVISA, 2013). After 60min of administration, the hippocratic
screening was performed (Lucio et al., 2000). Based on previous studies
in our laboratory (results nor published), the initial dose administered
to each animal was 100 mg/kg i.p. and 400 mg kg oral. Due to the
presence of deaths after administration, it was proceeded additional
treatments. All doses observed the limit of 10 mL/ke of body weight.
LD, was estimated according to the Globally Harmonized System
(GHS) and calculated based on Trimmed Sperman-Karber method
(Hamilton et al., 1977).

292 Fvaluation of subacute toxicity: hematological and biochemical
parameters and morphological analysis

Swiss female mice with 25-30g were randomly divided into &
groups (n = 10 animals/group): a) negative control groups received
vehicle (DMSO 4%, i.p. or oral); b) Intraperitoneal treatment: 5 and
10 mg/kg/day; ¢) Oral treatment: 10 and 20 mg/ke/day by gavage.
Treatments were performed for 30 days, animals were weighed weekly
and observed for signals of toxicity (diarrhea, hair erection, lethargy,
convulsions and death).

On the 31st day, all animals were anaesthetized with ketamine
(20 mgkg)-xylazine (4.5mg/kg) for blood collection from retrorbital
plexus using sterile tubes and heparinize pipettes. Hematological as-
sessments were performed in total blood samples using an automatic
analyzer of hematologic cells (SDH-3 Vet Labtest™). For biochemical
analysis, blood samples were centrifuged at 2000 rpm for 5 min. Then,
we examined physiological markers of liver [albumin, blood urea ni-
trogen (BUN), glutamate oxaloacetate transaminase (GOT) and gluta-
mate pyruvate transaminase (GPT), alkaline phosphatase (ALP)], kid-
neys (creatinine), pancreas (amylase, glucose), triglycerides and total
cholesterol according to Labmax Plenno Labtest™.

Afterwards, animals were euthanized to dissect out liver, kidneys,
spleen, stomach, heart and lungs to obtain wet relative weights and for
macroscopic analysis. Next, organs were fixed with 10% buffered for-
malin, processed, cut into small pieces to prepare histological sections
[47pm) and stained with hematoxylin and eosin (HEE)
Morphological analyses were performed under light microscopy
(Olympus, Tokyo, Japan).

29.21. In vivo analysis of DNA strand bremks. A total of 200pL of
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peripheral blood removed from each treated animal was submitted to
density-gradient centrifugation using Ficoll-Hypagque to allow isclation
of PBMC. After isolation, 20 pL of mononuclear cells were transferred to
tubes containing 110 pL of 0.5% low melting agarose for preparation of
slides (3 slides/sample). The processes of lysis and electrophoresis and
analysis of results were performed as described above (Singh et al.,
1988; Hartmann et al., 2003).

2922 Determination of chromosomal daomages. The femurs were
removed, carefully cleaned and proximal epiphyses were sectioned.
The bone marrow was removed using 5ml syringes previously filled
with 0.5mL of sterile fetal bovine serum. Bone marrows were
centrifuged, the precipitate was homogenized, drops of cell
suspension were transferred slides to prepare smears (two slides/
animal), fixed and stained by the Leishman method. All analysis were
blinded-experiments performed in binocular optical microscopes at
magnification of 200 % and 400 x . We considered as micronucleus as
rounded structures, with a diameter of 1/5 to 1/20 found in young
erythrocytes and identified by bluish staining. A total of 1000
polychromatic erythrocytes (PCE) was quantified per slide (two
slides/animal) (Schmid, 1975; Heddle, 1973).

2.10. Statistical analysis

The ICsy. CEgg, and LGy, values and their 95% confidence intervals
were obtained by nonlinear regression using the GraphPad program
({Intuitive Software for Science, San Diego, CA). In vitro studies were
carried out in duplicate and represented independent biological eva-
luations. For FET results, statistical and normality analysis were con-
ducted using the Logistic 4-parameter. LCz;, values were calculated for
each parameter by fitting logistic dose-response curves {Andrade et al.,
2018). Additional outcomes were evaluated by comparing data using
one-way analysis of variance (ANOVA) followed by the Newman-Keuls
test (Intuitive Software for Science, San Diego, CA). All statistical
analyses considered significance level of p < 0.05.

3. Results
3.1. Cytotoxic activity and DNA damages

In vitro antiproliferative activity of FC was investigated on 3 ad-
herent lines by the Alamar Blue assay. As previously demonstrated for
human PBMC (Ferreira et al., 2014), FC was also cytotoxic against
hamster lung V-79 cells, human MRC-5 fibroblasts and mice L-929 fi-
broblasts cells (Table 1).

Cutcomes by flow cytometry revealed that FC reduced membrane
integrity (0.8 pg/ml: 65.2 + 1.8%) and caused DNA fragmentation
(0.4 and 0.8 pg/mL: 13.1 = 1.6 and 31.8 * 1.1%) and mitochondrial
depolarization (0.8pg/ml: 150 * 0.9%) in primary cultures of

Table 1
Antiproliferative actvity of the Fraction with Casearing (FC) isolated from
Casearia sylvesrs on normal lines quantified by Alamar Blue assay alter 72h

EXpOSUre.

Cell line 1Css (pg/mLy* Coefficient of cytatoxicity”
PC Daxorubicin

V.79 1.9 {1 4=24) 0% [0.F=1.3) 21

MRC-5 9.2 (5.0=-17.0) 1.8 [0B=4.1) 81

L-92% 3.8 (3344 el () 54

* Data are presented as 10, values and 95% confidence interval for human
fibroblass derived from lung tissue (MRC-5), mouwse fibroblass from adipose
tissue (L-929) and Chinese hamster lung fibroblasy cells (v-79).

" Cosfficlent of cytotoxicity determined by IC., in FC/IC., in Dox
Doxarubbein was used as positive control.
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leukocytes (PBMIC) when compared to the negative control
(90.1 = 2.1, 6.7 = 0.6 and 8.4 * 0.8%), respectively, after 24 h ex-
posure (Fig. 1, p < 0.05). On the other hand, Doxorubicin 0.2 pg/mL
was more effective to induce reduction of membrane integrity for
26.8 + 1.8% and DNA fragmentation of 61.9 + 2.5% (p < 0.05).

PEMC-treated samples after 24 h exposure were evaluated by the
alkaline Comet using the main compound — Casearin X — presented in
the FC. Casearin X increased DNA strand breaks in all concentrations
tested (Table 2), showing increasing of frequency of damage (FD) and
DI when compared to the negative control (p < 0.05).

3.2, Findings on zebrafish eges and A. saling larvae

Fertilized zebrafish egas were exposed to FC until 120h. As shown
in Fig. 2, death of embryos did not occur with concentrations up to
13.9pg/mL, but after 24 h exposure to the following concentration
(37.3pg/mL), about &0% of mortality was verified, and at 48h of
treatment, viability of embryos was not observed (p < 0.05). All em-
bryos were dead at 100 pg/mL. LCc, values changed significantly in a
concentration- and  time-dependent way: 24h-LCg; was
36.65 = 0.05 pg/mL while the 120 h-1Csy was 27.49 + 0.01 pg/mL.
Zebrafish embryos treated with 13.9pg/mlL did not present swim
bladder inflation after 120 h exposure (Fig. 2). Other sublethal or lethal
malformations were not noticed in zebrafish early life stages. Negative
control organisms presented a mormal embryvo development as de-
scribed by Kimmel et al. (1995).

After 24 h of exposure on A. safing nauplii, FC revealed a LC., value
of 48.8 (42.3-56.5) pg/mL (R* = 0.9086).

3.3, Antiproliferative and clastogenic action

FC inhibited the growth of A. cepa roots of in all tested concentra-
tions (34.9 = 7.1,209 + 85 306 = 7.0e558 * 44%forl, 5, 25
and 50pg/mL, respectively) in a concentration-dependent manner
when compared to the negative controd (p < 0.05). Onions treated
with copper sulphate 0.6pg/ml also caused growth inhibition
(60.9 = 3.7%, Fig. 3.

Confirming its capacity to inhibit root growth, FC also caused re-
duction of MI from 37.8 to 45.7% in a non-dependent concentration
way when compared to the negative control (53.3 + 0.6%).
Concentrations of 25 and 50 pg/mL increased cells in metaphase and
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anaphase was registered (p < 0.05, Table 3). Similarly, such con-
centrations induced chromosomal alterations, including micronuclei
and chromosomic lost (p < 0.05, Table 4).

3.4. Acute and subacute effects on physiological and morphological
parameters

Intraperitoneal and oral LD, values obtained for the FC were 80.9
(65.9-97.9) and 267.1 (229.9-310.4) mg kg body weight, respectively.
Following administration, the most signals of toxicity were irritability,
hyperactivity, vocal frenzy, diarrhea, straub, ataxia and insensitivity to
painful stimuli, specially at higher doses. One death was detected at the
highest oral and i.p. doses (Table 5).

The second part of toxicity studies in mice was performed for con-
secutive 30 days, during which animals were treated with FC 5 and
10mg/kg/day ip. or 10 and 20 mg/kg/day by gavage. Animals were
weighed weekly to verify gain of body weight. After 7 days (T5), both
i.p. doses (Smg/keg/day: 284 + 0.5g) and (10mg/kg/day:
306 * 0.8g) reduced growth of mice when compared to the negative
control (33.4 + 0.4g) (p < 0.05, Fig. 4). In subsequent weeks (T;s,
Ty and Ta), the growth of animals remained statistically lower
{(p = 0.05) until the end of the treatment in both ip. treated groups,
which causes lower gain of body weight (5me/dkg/day: 4.4 = 0.4g;
10mg kg /day: 3.9 = 0.6 g), while control grew 9.2 = 0.4 g (Table 6.
In a similar way, 20 mg/kg/day-treated animals also presented di-
minution of weight gain (2.2 + 0.8 g; control grew 9.6 + 0.7 g), but
such reduction cccurred in the last week of administration (p < 0.05].
Meither growth nor body weight gain altered in 10 mg/kg/day oral-
treated animals (p = 0.05).

After animals’ dissection, analysis of wet relative weight of key or-
gans (liver, kidneys, spleen, heart, and lungs) revealed increased of li-
vers and spleens of FC-treated animals at 10 mg/kg/day i.p., while
hearts showed reduction at both ip. doses (p < 0.05, Table 6). Con-
cerning oral treatments, both doses increased relative weights of sto-
machs in comparison with oral control group (p < 0.05).

3.4.1. Histopathological alterations

Microscopic analysis of livers revealed a moderate (5 mg/ka/day ip,
Fig. 5C) to the intense cellular swelling of hepatocytes (10 mg/kg/day
i.p.; 10 and 20 mg/kg/day oral, Fiz. 5D, E and 5F, respectively), portal
and centrilobular vein congestion, accumulation of hemosiderin

100-
Bﬂ' —
—_ * -
£ 601 i
L
[ -
o 40 . .
zu- * : H *
MR- | : | [ : B
C Dox 04 0.8 (ngfmL)
Fraction with Casearins

[ Membrane integrity

[ DA fragmentation

Bl Mtochondnal depolanzation

Fig. 1. Effects of the Fraction with Casearine (FC) on ex wive primary culiures of polymorphic blood mononuclear cells after 24 b exposure and analysis by flow
cytometry. Cell membrane integrity was evaluated by the exelusion of propidium jodide. DNA fragmentation evaluation was performed by nuclear fluorescence wsing
propidium jodide, Triton X-100 0.1% and citrate. Mitochondrial ramsmembrane potential was determined by rhodamine 123 retention. Negative control (C) was
treated with the vehicle used for diluting the tested substance (DMS0 1%). Doxorubicin (0.3 pg/mL) was used as positive control (Dox). Resulis are expressed as
mean + standard error of mean (5.E.M.) from two independent experiments. *p = 0.05 compared 1o control by ANOVA followed by Student Newman-Keuls rest.
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Table 2
Freq y of Damage and Damage Index caused by Casearin X isolated from the fraction of Casearie sylvestris leaves on primary culture of peripheral blood
mononuclear cells after 24 h exposure determined by alkaline Cometa assay.
Parameter Negative control Daxorubicin (0.3 pg/mL) Casearin X
0.4 pg/mlL 0.8 pg/mL 1.6 pg/ml
Frequency of Damage (%) 76 =15 883 = 2.4* 4315 = 38° 895 + 18° 878 = 27
Damage Index" 100 = 1.0 217 = 37 443 = 39° 1128 = 63° 1375 = 95*

* Values expressed as total damage percentages (%).

b Caleulated using the formula: DI = X (number of cells with damage X class of damage), which ranged from 0 (ex.: 100 cells with damage 0 x 0) to 400 (ex.:

100 cells with d

aged 4 x 4). Results are

=

d as mean =+ standard error of mean (S.E.M.) from two indep

q "

exper

*p < 0.05 compared to

control by ANOVA followed by Student Newman-Keuls test. Doxorubicin was used as positive control.

Negative control

Fraction with Casearins
[13.9 pg'mt)

/ f obtained fitting models to data using non-linear re-
= T

Fig. 2. Effects on viability and Induction of mal-
formations in zebrafish embryos following 120 h
exposure to the Fraction with Casearins. Values were

gression (Logistic 4-parameter). Negative control (C)

No swim was treated with the vehide used for diluting the
Bl P"“""I. g hizoesh tested substance (DMSO 1%). *p < 0.05 compared
to the negative coantrol by ANOVA followed by
Dunnetrt's test.
] 24h=367£0.1 ug/ml
£ %1 10 1 il E2] 48h=319£0.1 ugiml
"
5 801 Bl 72h=275£0.1 pgiml
? 601 Bl 96h=27540.1ugml
-
2. 40- Bl 120h=2754+0.1 pgml
=
i= :
0 n' R
c 1.9 52 13.9 37.3 100 (wgimi)
Fraction with Casearins

pigments and Kupffer cell hyperplasia (at all doses). Except for the
lowest i.p. dose, other ones caused inflammatory foci in the par-
enchyma or stroma of liver tissues, but areas of focal necrosis and
polymorphonuclear neutrophil granulocytes were found only in highest
doses (10 mg/kg/day i.p. and 20 mg/kg/day oral). Disarrangement of
hepatocyte cords indicating cell death followed by regeneration was
extensively detected at 10 mg/kg/day i.p. Accumulation of small lipid
droplets in hepatocytes’ cytoplasm (microvesicular steatosis) was found

in animals treated with 5mg/kg/day i.p. and 20 mg/kg/day oral
(Fig. 5C and F).

All FC-treated groups showed moderate (5 and 10 mg/kg/day i.p.;
Fig. 6C and D) to the intense epithelium cellular swelling of proximal
and distal tubules from kidneys (10 and 20 mg/kg/day oral, Fig. 6E and
F, respectively). Moreover, tubular and glomerular hemorrhage and
presence of hyaline cylinders were also detected. Extensive areas of
necrosis with neutrophil granulocyte collections similar to abscesses

1.04 Fig. 3. Growth of Allium cepa roots treated with a
Fraction with Casearins after 72 h exposure. Negative
control was exposed to dechlort d water and

= 084 T 209+85% o DMSO 0.5%. Copper sulphate (0.6 pg/mL) was used
E 349471 % . 06£7.0% as positive control. Percentages of growth inhibition
w * b + are described. Results are expressed as mean =
§ 0.64 - 558244 % standard error of mean (SEM.) from two in-
% 609 +£3.7 % — dependent experiments. *p < 0.05 compared to
£ 04 « control by ANOVA followed by Student Newman-
§ d — Keuls test.
S 0.2
0.0 T T T T T T
Negative Copper 1 5 25 50 (sgimL)
control suiphate Fraction with Casearins
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Table 3
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Cytotoxic sctivity of the Fraction with Casearing on meristematie cells of Allium cepa roots after 72 h exposure.

Trestment Concentration {pg/mL) Interphase Mitcsis Mitatic Index™ (%)
Prophass Metaphase Anaph Telaph

Negative cantrol - S00.0 = 34.7 4708 = 31.3 118 = 1.1 18 = 08 138 = 29 833 = 0.6
Copper sulphate 3 8610 = S6* 1045 = 3.0¢ 120 = 1.9 110 = 1.5 11.5 = 32* 139 = 046*
Fraction with Casearins 1 5350 + 318 4466 = 30.3 128 = 20 52 *+ 06 140 = 28 457 = 23+

< G.6 + 392 50 = 189 136 = 31 52 x 1.4 138 = 213 /T = 12+

25 8374 = 470 4160 = 48.9 34 = 23 102 = 1.8* 166 = 23 399 = 09

50 8380 = 3.4 4214 = 3.2 M4 = 2E* 182 = 1. 180 = 1.9 78 = 08*

Resulis are expressed o mean + standard error of mean (SEM.) from two independent experiments. *p =< 0.05 compared to control by ANOVA followed by

Student Mewman-Keuls  test.

Table 4

Copper  sulphate 3 pM  was used as  positive
Prophase + Metaphase + Anaphase + Telophase,Total number of cells x 100,

control.  ** Mitote  index  was  caleulated as  follow:

Chromosomal changes induced by the Fracton with Casearing on meristematie cells of Allium cepe roots after 72 h exposure.

Trestment Concentration (pg/mL}) Chromosomal alterations Tatal of chromosomal alterabicns
Micromucled Delays Chromosomic lost Hridges Breaks
Negative cantrol - T4 =11 28 + 1.4 b4 = Ol 1.0 = 08 16 = 0.5 188 + 24
Copper sulphate 06 1185 = Q7 130 = aF* 163 = Do9* 63 = 06* 80 = 10* 850 = 2.0°
Fraction with Caxearins 1 170 = 41 16+ 11 20 = 03 22 = 04 L] MO+ 86
5 2316 + 88 24 + 0.8 1o = 03 AR = 21 0l M2+ A8
bt 442 = 49 24 * 06 42 = 18 42 = 11 0l 850 = 4.1*
50 246 £ 29 38 = 09 1B = 05 26 = 07 15 = 1.0 w0 = 13

Results are expressed as mean = standard error of mean (SEM.) from two independent experiments. *p < 0005 compared to control by ANOVA followed by
Student Newman-Keuls test. Copper sulphate 3 pg/mL was used as positive control.

Table 5

Acute toxie effects of Fraction with Casearing after oral intraperitoneal single dose in Swiss mice.

Group Dase [mgkg) Sigrs of toxicity
Surwival Latency for death 1h later

Hegative control - 03 = Piloerection, increased respiration
Intraperitoneal 125 03 - Piloerection, increased respiration, ataxia, contortion, strawh, tremors, irmtability

a5 03 Increased respiration, piloerection, tremors, ataxia, contortian

] 03 - Ataxia, vocal frenzy, increased respiration, piloerection, diarrhea, contortion

[i:1] 13 24h Altered respiration, tremars, piloerection, diarrhea, stranb, ataxia, insensitivity to pamful stimmuli
ral ] 03 - Piloerection, kscrimation, comtartion

100 03 - Increased respiration, strauh, tremaors, piloertion, wocal frenzy

i ] 03 - Wocal frenzy, tremors, strauh, piloerection, ataxia, contortion

A0 1.3 2k Wocal frenzy, piloerection, byperactivity, increasesd respiration, ataxia, straub, diarrhea.

N = 3 animals/group. Negative control was treated with the vehicle used o dilute the fraction (DMS0 5%).

(5mg/kg/day i.p.; Fig. &C) and foci of nephrotoxic necrosis of tubular
epithelium were also found (10 mg/kg/day i.p. and 20 mg/kg day oral;
Fig. 6D and F). Spleens did not show significant changes when com-
pared to the control group, but all treated groups showed severe con-
gestion of red pulps and disorder of lymphoid follicles, especially with
two highest doses investigated (not showed). Although i.p. treatment
has induced decreasing in their wet relative weight, microscopic ex-
aminations revealed normal tissue morphologies in a very similar way
to the oral negative control and signs of cardiotoxicity were not found
{not showed). Similarly, stomachs did not show macro or microscopic
alterations in comparison to their respective negative controls. They
demonstrated pleated intact mucosa and absence of hemorrhagic or
inflammatory foci. Parietal and chief cells from gastric body presented
morphologically normal characteristics, indicating secretory functions
were not affected (not showed).

Lungs from untreated and treated animals showed well delimited
alveolar sacs, integrity of bronchial epithelium (ciliated columnar
peeudostratified), some dilated blood vessels and small hemorrhagic
points probably associated with euthanasia surgical techniques
(Fig. 7C, D, 7E and 7F). Treated animals by i.p. injections (5 and 10 mg/

kgsday, Fig. 7C and D) exhibited some perivascular collections of in-
flammatory infiltrates with neutrophils.

3.4.2 Biochemical and hematological changes

Serum biochemical parameters are described in Table 7. It was
noted increase of ALT and decrease of albumin, alkaline phosphatase
and glucose in animals treated with FC 10 mg/kg/day i.p. (p < 0.05)
when compared to the control. Meanwhile, total cholesterol decreased
at both i.p. doses (p < 0.05). Animals that received FC oral 20 mg/kg/
day showed alkaline phosphatase reduction.

Hematological examinations detected significant changes only after
ip. treatments (5 and 10mg/kg/day). Such doses caused decrease of
erythrocytes, hematocrit, hemoglobin and lymphocytes when com-
pared to the control that received only DMSO 4% (Table 2, p < 0.05).
On the other hand, there was increase of segmented leukocytes and
RDW (p < 0.05).

3.4.3. In vivo genotoxic damages on hematological cells
In order to complement genotoxic/mutagenic investigations per-
formed with ex vivo human leukocytes and in vive A. cepa meristematic
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Fig. 4. Evaluation of Swiss mice growth during intraperitoneal treatment (5 and 10 mg/kg/day) or oral reatment (10 and 20 mg/kg/day) by gavage with the
Fraction with Casearing (FC) isolated from Cosesrin gylvestris leaves. Animals were weekly weighed. To = Time 0 (start of treamment); Tr = seventh day;
Tis = fifteenth day; Tz = twenty-second day; Tag = thimieth day (end of rrearment). Negative control recelved DMSO 4%, Results are expressed as mean =
standard error of mean (5.E.M.) of 10 animals/group. *p = 0.05 compared to control by ANOVA followed by Stedent Newman-Keuls test.

tissues, we also analyzed DNA damage and MN in 30-days treated an-
imals.

As detailed in Fig. &, only FC-treated animals at 10 mg/kg/day i.p.
revealed increase of DI in PBMC (17.0 += 1.9) and micronucleated
polychromatic erythrocytes (5.5 = 0.7 MNPCE/2000cells) when
compared to the ip. negative control (9.7 + 1.0 and 2.2 + 0.6
MNFCE, 2000 cells, respectively) (p < 0.05).

4. Discussion

It remains problematical developing target medicines to affect the
course of diseases since most of them have been removed from the
market (Harvey, 2014; Newman and Cragg, 2016) because failure in
phase I, I and/or I1I clinical trials due to lack of efficacy [~ 30-56% of
failures), toxicity concerns (~30%), and commercial issues
[ ~20-28%) (Arrowsmith and Miller, 2013), demonstrating approval
about 104 (Hay et al., 2014). In general, the main objective of toxicity
studies is to identify the presence of compound(s) responsible for da-
mages, the related-changes and to link them with histopathological,
hematological and serum biochemical analysis (Cullen and Miller,
2006; Ramaiah, 2007). So, Taking into consideration such dilemmas,
we evaluated the toxic effects of an ethyl acetate fraction from C. syl-
vestris leaves using in vitre and in vive traditional methods and alter-
native tools. Most studies were carried out using the fraction, which is
composed by a mixture of casearins and represents the most folk ap-
proach in etnopharmacological uses by Brazilian population (Aradjo
et al., 2015, 2017; Ferreira et al., 2016}

Initially, FC showed cytotoxic action on cell cultures of normal

Table 6

fibroblasts from different histological sources and species, which con-
firmed previous results describing the antiproliferative capacity of
molecules from C. sylvestris leaves (Da Silva et al., 2008b, 2009; Santos
et al.,, 2010; Ferreira et al., 2010, 2014; Bou et al., 2013; Felipe et al.,
2014, 2016). Although this cytotoxicity on non-transformed cells em-
phasizes a relatively low selectivity, it is important to note that FC was
about 5-fold less toxic on fibroblasts than doxorubicin, an anthracycline
widely used as primary therapeutic agent or in combination regimens
for the treatment of lvmphomas and solid tumors.

To understand consequences of this non-specific cytotoxicity, and
based on own results showing Casearin X and FC as cytotoxic sub-
stances on primary cultures of leukocytes (Ferreira et al., 2010, 2014),
we also analyzed FC-treated PEBMC by cytometry. The findings (reduc-
tion of membrane integrity, DNA fragmentation, and mitochondrial
depolarization) suggest FC triggers cell death of leukocytes by apoptosis
(Krysko et al., 2008; Ferreira et al., 2016).

It is well known that mitotic phases are very susceptible to en-
vironmental toxins, which explain the use of early life stages to assess
important toxicological and pharmacological end points. In this con-
text, we showed, for first time, that FC induced accumulation in me-
taphase and anaphase and chromosomal changes (micronuclei and
chromosomal lost) and reduction of cell division of meristematic cells.
Taking into consideration that compounds with antiproliferative action
usually cause arrest at specific stage(s) of mitosis as part of the cyto-
toxic mechanism due to the induction of aneugenic or clastogenic
chromosome damages, this cell cycle arrest may be related to DNA
breaks and repair machinery triggering (Bagatini et al., 2007; Ferreira
et al., 2014; Sales et al., 2017).

Effects of the Fraction with Casearing isolated from Cosearie sylvesiris leaves on the wer relative weight of key organs from Swiss mice intraperitoneally or orally

rreated for 30 days. Negative control received DMSD 4%. Oral.

Treatment Dose (mg/kg/day)  Gain of body weight (g} Liver Kidneys Spleen Stamach Heart Lungs
Belative weight (g/100g)

Cantral - 92 = 04 4.02 = 0.07 141 = 004 034 = 002 082 = 004 047 + 002 049 = 0.04

Practon with Casearins 5 44 = 047 195 + 0.29 127 = 006 040 = 0.06 099 = 012 036 = 001* 039 = 003
10 39 = 06 473 = 031* 142 = 010 057 = Q10 098 = 005 036 = 0.01* 045 = 008

Cantral - 96 = 07 405 = 0.16 136 = 007 019 = 0.02 073 = 007 041 = 002 047 = 0.04

Practon with Casearins 10 6.6 = 1.3 ig =012 120 = 005 020 = 0.02 130 = Q06* 035 = 00 04l = 0.03
20 22 = 08 173+ 014 1.28 = 005 019 = 0.02 111 = @11* 045 = 004 081 = 0.03

Results are expressed as mean £
Keuls test.

standard error of mean (5.EM.) of 10 animals/group. *p = 005 compared to control by ANOVA followed by Student Newman-
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Fig. 5. Histological analysis in livers of mice treated with the Fraction with Casearins isolated from Casearia sylvestris leaves at doses of 5 (C) and 10 mg/kg/day Lp.
(D) and 10 (E) and 20 mg/kg/day oral (F) during 30 days. Negative controls (A, B) received DMSO 4% (Lp. and oral). Hematoxylin-eosin staining. Light microscopy

magnification, 400x.

Besides cytotoxic analyzes using normal mammals and proliferating
meristematic cells, we used zebrafish dividing embryos to analyze de-
velopment phases of this metazoan to detect early signs of ter-
atogenicity. Zebrafish exhibits prodigious versatility as a systemic
vertebrate model to identify developmental abnormalities and con-
genital malformations in living organisms caused by chemicals, such
drugs, pesticides and hormones with less prone to legal and ethical
restrictions. Studies have demonstrated D. rerio embryos responds to
xenobiotics as mammals do because they share similarities in their
development biology, metabolism, physiology (70% gene homology).
and signaling pathways (Yue et al.,, 2015; Rivero-Wendt et al., 2016;
Raghunath and Perumal, 2018).

For our surprise, more than 50% of zebrafish embryos were dead
after 24 h in the presence of FC 37.3 pg/mL and so on. Coagulation of
embryos, lack of somite formation, non-detachment of the tail, and lack
of heartbeat were not detected, but survived embryos after 120 h ex-
posure in lower concentration (13.9pg/mL) did not present swim
bladder inflation. Microscopic analysis also indicated FC-treated em-
bryos with swim bladders reduced in size, whose wall seemed thinner
and half-finished in the histological point of view at 120 h post fe-
cundation (data not showed).

Swim bladders, a sac filled by gas to regulate buoyancy and acoustic
sensation, are found in about half of all modern teleost fishes. Of course,
they are vital organs for survival because it reduces energy required to

maintain vertical position in the water column (Zeddies and Fay, 2005;
Yue et al., 2015). Then, taking into consideration the onset of time- and
concentration-dependent abnormalities/malformations, embryo leth-
ality may be directly or indirectly associated with absence of swim
bladder inflation in FC-treated larval embryos. It is likely that FC in-
duces disruption of swim bladder development at initial stages during
construction/assembling of tissue layers (epithelial layer, mesenchymal
layer, and/or outer mesothelium) in budding step (1st phase) and/or in
the growth/elongation step (2nd phase at 65-96 h post fecundation),
but consequences of malformations were noted later during the infla-
tion step, the 3rd phase involving inflation of the single-chambered
swim bladder at 96-120h post fertilization by air-gulping (Finney
et al., 2006; Winata et al., 2009).

Another larval tool to analyze (eco)toxicological aspects of bioactive
substances is represented by brine shrimps of A. salina. Artemia nauplii
have been used to test the toxicity of a wide range of chemicals such
heavy metals, engineered nanomaterials, herbicides, insecticides, pes-
ticides, pharmaceuticals, and plant extracts (Meyer et al., 1982; Hamidi
etal, 2014; Melo et al., 2018). David et al. (2001) classify as very toxic
those substances whose LCsq values are < 100 pg/mL. The ethanolic
extract from C. sylvestris leaves revealed a LCs, value of 724.76 pg/mL
(Espinosa et al., 2015), which suggests FC (LCs, value of 48.8 pg/mL) as
a sample almost 14-fold more toxic. Naturally, biossays with A. cepa, D.
rerio and A. salina nauplii, allows reducing number and suffering of
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Fig. 6. Histological analysis in kidneys of mice treated with the Fraction with Casearins isolated from Casearia sylvestris leaves at doses of 5 (C) and 10 mg/kg/day Lp.
(D) and 10 (E) and 20 mg/kg/day oral (F) during 30 days. Negative controls (A, B) received DMSO 4% (Lp. and oral). Hematoxylin-eosin staining. Light microscopy

magnification, 400x.

mammals and the development of alternative methods for the use of
mice and rats as predictors of toxicity.

To confirm such parallel biological response, mice were treated
orally or intraperitoneally with a single dose of FC and observed for 14
days. Oral and i.p. treatments were chosen as a way to evaluate the
interference of factors such as absorption, stomach and intestinal pH,
enzymatic activity of digestive tract and first pass metabolism
(Karalliedde et al., 2003), and revealed LDg, values of 267.1 and
80.9 mg/kg body weight, respectively. Such LD, values are lower than
those found by Basile et al. (1990), Esteves et al. (2005) and Ameni
et al. (2015) for ethanolic extract (> 1842mg/kg), essential oil
(1100 mg/kg) and hydroethanolic fluid (> 2000 mg/kg) of C. sylvestris
leaves, respectively, suggesting that FC is more toxic. Based on the
Globally Harmonized System of Classification and Labelling of Chemi-
cals guidelines (UN, 2017), FC is considered toxic if ingested, which
corroborates the results suggesting FC as very toxic on A. salina nauplii.

For both in vitro and in vivo genotoxicity studies, PBMC are used as
experimental model because they are sensitive indicators to genotoxic
agents, have a relatively long life, circulate through all tissues and are
easy to obtain (Albertini et al., 2000; Machado et al., 2018). Cometa
assay was carried out considering alkaline conditions (pH > 13), the
best version to recognize genotoxic agents, and capable of detecting
DNA double-strand breaks, single-strand breaks, alkali-labile sites,
DNA-DNA/DNA-protein cross-linking, and incomplete excision repair

sites (Pu et al., 2015).

Although Cas X have caused similar FD in similar ways to that
showed by Dox (88.3 = 2.4%) in higher concentrations (0.8 and
1.6 ug/mL), Cas X caused lower DNA damages. In agreement with re-
sults described above, in vivo subacute injections of FC 10 mg/kg/day
i.p. increased FD, DI and micronucleated erythrocytes.

Level 4 induced-damages by Casearin X is a signal of cytotoxic ef-
fect, being the most indicative aspect of apoptotic recognition in Comet
parameters (Hartmann et al., 2003; Ferreira et al., 2014; Machado
et al., 2018). So, it is plausible that FC (and its components) activates
similar non-selective death pathways in normal and cancer cell lines.
On the other hand, Oliveira et al. (2009) suggest that ethanolic extract
(up to 25 mg/kg/day) and Caseargrewiin F (up to 2.5 mg/kg/day) from
C. sylvestris leaves has antimutagenic and antigenotoxic action against
cyclophosphamide-induced effects after 14 days exposure. Meanwhile,
clastogenic potential was seen in higher doses (50 and 75 mg/kg/day of
ethanolic extract and 3.8 mg/kg/day of Caseargrewiin F).

Herein, most studies clearly demonstrate genotoxic and clastogenic
actions of FC, since double-stranded breaks, chromosomal lost and M1
reduction represent severe DNA damage due to the loss of chromosomal
continuity and the generation of chromosomal fragments (without
centromere) which compromise chromosomal segregation during mi-
tosis (Kaye et al., 2004). This is linked to generation of micronucleated
polychromatic erythrocytes in root meristematic tips and bone marrow
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Fig. 7. Histological analysis in lungs of mice treated with the Fraction with Casearins isolated from Casearia sylvestris leaves at doses of 5 (C) and 10 mg/kg/day Lp.
(D) and 10 (E) and 20 mg/kg/day oral (F) during 30 days. Negative controls (A, B) received DMSO 4% (i.p. and oral). Hematoxylin-eosin staining. Light microscopy
magnification, 400x.

cells from FC 10 mg/kg/day i.p-treated mice. Nevertheless, a genotoxic
agent is not necessarily a mutagenic substance, since DNA induced-le-
sions can be repaired. Additionally, these damages should not be di-
rectly extrapolated to all human somatic and germ cells, because it is

not sure whether DNA injuries found in white blood cells accurately
reproduce damages in target organs (Fenech, 2007). So, DNA damage is
just the first stage of carcinogenic process, providing no enough data
about carcinogenic potency of FC and isolated molecules (Mattioli

Table 7
Blochemical profile of Swiss mice intraperitoneally or orally treated for consecutive 30 days with the Fraction with Casearins isolated from Casearia sylvestris leaves.
Negative control received DMSO 4%.

Biochemical parameters Intraperitoneal treatment Oral treatment
Coatrol Fraction with Casearins Control Fraction with Casearins

5mg/kg/day 10 mg/kg/day 10 mg/kg/day 20 mg/kg/day
Albumin (g/dL) 1.78 x 0.1 175 = 0.1 1.57 = 01* 195 = 0.1 21 = 0.1 20 =01
GOT (U) 1404 = 53 1776 = 7.7 170.2 = 171 1260 = 50 1458 = 69 1402 = 10.7
GPT (U/L) 374 = 29 67.0 x 64 730 = 14.0* 430 = 6.4 478 = 44 438 = 21
ALP (U/L) 638 + 45 504 = 59 342 = 43¢ 886 = 80 886 = 51 534 = 55*
Total cholesterol (mg/dL) 1626 = 107 1152 = 126* 1218 = 9.4 1943 = 99 1776 = 170 1713 = 118
Triglycerides (mg/dL) 1616 = 189 1420 = 278 1498 = 152 1565 = 11.0 1765 = 239 1364 = 287
BUN (mg/dL) 370 = 39 378 = 54 326 = 47 49.7 = 69 436 = 56 386 = 59
Creatinin (mg/dL) 05 = 01 05 = 0.1 04 = 01 05 = 01 04 = 0.1 04 = 0.1
Glucose (mg/dL) 1128 = 7.6 969 = 85 782 = 11.6* 1333 = 9.2 1456 = 9.4 111.7 = 128
Amylase (U/dL) 6192 = 48 6288 = 233 6439 = 222 619.2 = 151 5825 = 114 5894 = 100

BUN, blood urea nitrogen; GOT, gl loacetate tr L GPT, gl pyruvate i alkaline phosph (ALP). Results are expressed as

mean + standard error of mean (S.EM.) of 10 animals/group. *p < 0.05 compared to control by ANOVA followed by Student Newman-Keuls test.

91



P.MLP. Ferreira, et al

Table 8

92

Jourmal of Edwnophormacology 241 (2009 112004

Hematologheal profile of Swiss mice intraperitoneally or orally reated for consecutive 30 days with the Fraction with Casearing isolated from Casearia sylvestris

leaves. Negative control received DMSO 4%,

Binchemical parameters Intraperitoneal treatment Oral ireatment
Contral Praction with Casearins Control Fraction with Casearins

Smg/kg/day 10 mg kg /day 10mgkg/day 20mgkgsday
Erythrocytes (x 10%/puL) 88 = 03 78 = 02* T =z 02 93 = 0.2 92 = 0.1 98 = 05
Hematocrit (%) 492 + 23 409 = 1.5 391 = 0.9 500 = 0.7 5806 = 08 504 = 34
Hemoglobin (g/dL) 141 = 08 116 = 0.3 116 = 0.6 143 = 0.2 147 = 0.2 151 = 09
MCV {fL) 889 x L7 525 = 05 844 = 23 536 = 0.4 549 + 03 858 x 1.2
MHC (pg) 160 = 0.4 149 = 01 147 = 0.7 183 = 0.3 159 =+ 0.2 159 = 0.1
MCHC (g/dL) BT x 04 285 = 05 79 =07 285 = 0.4 X0+ 03 XwmE + 05
Platelets (pl) 1313 = 447 1200 = 595 1102 = 663 1261 = 732 1138 = 857 1.241 = 1672
Total leukocytes (x 10%/l) 57 = 04 45 = 05 g =12 66 = 1.5 42 = 0.5 56 = 10
Neutrophils (%) 122+ 09 B4 = 21* 862 = 4.1* 218 £ 22 17.0 £ 16 O+ 29
Lymphocytes (%) B48 * L& 568 = 21* 748 x 25 784 = 19 702+ 15 734 = 35
Manocytes (%) 28 = 0.7 a8 = 058 40 = 07 28 = 0.7 18 = 0.6 ig =07
Ecsinophils (%) 02 = 0.2 02 = 02 02 =02 00 = 0o 00 = 0.0 00 = 0
RDW (36) 134 = 08 24 = 19 194 = 1.3 173 = 21 137 = 10 146 = 1.2

MCH, mean corpuscular hemoglobing MCV, mean corpuscular wolume; MCHC,

mean corpuscular hemoglobin concentration; RDW, red cell distribution width.

Results are expressed as mean + standard ervor of mean (5.EM.) of 10 animals group. *p =< 0.05 compared to control by ANOVA followed by Student Newman-

Keuls test.

et al., 2006).

It is worth mentioning that most antineoplastic agents currently
employed induce DMA strand breaks in mammalian cells. The com-
pound S-fluorouracil, for example, spite of in vivo clastogenic potenti-
ality, it is an antimetabolite widely used to treat breast adenocarci-
nomas and gastrointestinal cancers (Srinivas et al., 2015). Thus, it is
reasonably probable that chromosomal damages on human normal/
tumaor lines or vegetal cells induced by FC (and main compounds) are &
reflector mirror-like of its non-selective cytotoxicity.

Hematological data from 30 days-treated animals also revealed that
5 and 10 mg/kg/day i.p. reduced erythrocytes, hematocrit, hemoglobin
and lymphocyte levels and increased neutrophils. Previously, we had
already demonstrated that Casearin X-treated mice presented lympho-
cytopenia and neutrophilia after 7 days exposure (Ferreira et al., 2016).
On the other hand, Ameni et al. (2015) reported that rats treated daily
for 28 or 90 days with C. syivestris hydroethanolic extract did not reveal
changes in blood count at doses of 60, 120, and 240 mg/kg/day.

Leukocytosis with neutrophilia often occur during infections, im-
mune-mediated inflammation, tissue necrosis and severe hemolysis. In

2':]_
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this context, spleen is the chief responsible for renewal of peripheral
blood cells and has capacity to retain and accumulate blood cells, which
may increase its volume. However, if engulfment/digestion by spleen
macrophages is exceeded, hepatic parenchyma and Kupper cells are
also involved in blood restoration (Jagannathan-Bogdan and Zon,
2013). Thus, increase in relative weights of spleens and livers, and
presence of Kupffer cell hyperplasia and hemosiderin pigments after FC
subacute exposure are likely associated to hematologic renewal.
Moreover, such hepatosplenomegaly could be related with hypers-
plenism, a condition in which coexist anemia, leukopenia and throm-
bocytopenia, although platelet levels were not altered. Spleens from
treated animals at higher doses did not show severe morphological
changes, but congestion of red pulp and noticeable vessel dilatation
were detected, features pointing to the invelution of white pulp and
lymph nodes (Jagannathan-Bogdan and Zon, 2013), which corroborates
peripheral lymphocytopenia and disorganization of lymphoid follicles.

Hepatic markers changed in both subacute i.p. groups. Live is a key
detoxifier organ in the body, since it is habitually under imminent di-
rect or undirect injuries by a wvariety of pharmaceutical and
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Fig. 8. In vivo genotoxicity upon Swiss mice treated for consecutive 30 days with the Fraction with Casearins isolated from Cosearia sylvestris leaves. Damage index on
peripheral blood mononuclear cells was determined by Cometa assay. Micronucleated polychromatic erythrocytes (MNPCE/2000 cells) were quantified in bone
marrow celle. Negative control received DMS0 4%, Results are expressed as mean + standard error of mean (5.E.M.) of 10 animals/group. *p = 0.05 compared o
control by ANOVA followed by Student Newman-Keuls test.
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environmental chemicals. Therefore, hepatotoxicity is the most
common toxic manifestation (Cullen and Miller, 2006). Liver synthe-
tizes most serum proteins, including 12 g/day of albumin. Taking into
consideration its half-life from 14 to 20 days and renal elimination,
albumin levels decline when hepatocellular damage lasts longer than 3
weeks (experimental protocol used here considered 4 weeks exposure).
The ability to act as an amino acid reservoir makes also albumin a good
indicator of nutritional status, as well as its primary function to keep
oncotic pressure (Ramaiah, 2007; Aires, 2018). Then, FC 10 mg/kg/day
i.p. possibly affected capacity of liver's synthesis and caused hy-
poalbuminemia.

Such hepatotoxicity was confirmed by 2-fold increase of serum GTP
levels in FC 10 mg/kg/day i.p.-treated animals, and helps to reject ar-
guments for anemia induced by hemolysis. Transaminases (GOT and
GTP) are widely distributed in the body, being more abundant in he-
patocytes due to their fundamental role for protein synthesis, but only
GTP is considered more specific for hepatocellular injuries, although it
is found in smaller amounts in kidneys, heart and skeletal muscles. On
the other hand, GOT is more abundant in heart, skeletal muscles and
erythrocytes {(Ramaiah, 2007). GOT quantities return to normal more
rapidly (some hours) than serum GPT activity (days), that makes GPT
more reliable to detect acute or subacute hepatocellular injuries {Cullen
and Miller, 2006). In addition, histopathological analyzes revealed
presence of cellular swelling and focal necrosis with polymorpho-
nuclear granulocytes (neutrophils, mainly) in livers from two highest
established subacute i.p. and oral doses. Despite such biochemical and
morphological changes, sometimes associated with disorganization of
hepatocyte cords - a clear denoting of cell death followed by tissue
regeneration - the maintenance of GOT levels indicate moderate liver
damage since its augmentation frequently requires more severe condi-
tions of hepatic damage, such as intense necrosis (Ramaiah, 2007).

Intraperitoneal doses also decreased cholesterol and glucose levels.
Studies have reported that acute treatment with methanolic extract
[Schoenfelder et al., 2008) and 28-day oral subchronic treatment with
hydroalcoholic extract (Werle et al., 2009) from C. sylvestris leaves re-
duced serum triglycerides. Since cholesterol is mainly synthesized in
hepatocytes from acetyl-Cod, it is more likely that reduction in serum
cholesterol levels is another indication of hepatoxicity caused by FC
[Ramaiah, 2007), corroborating albumin reduction, increased GPT and
tissue changes (microvesicular steatosis, cell swelling, inflammatory
foci and focal necrosis). Although glycemia is directly influenced by
insulin levels released from pancreatic f§ cells, the metabolism of car-
bohydrates (glyvcogen mainly) is largely controlled by hepatic metabo-
lism (Aires, 2018). Thus, in occasions of liver injuries, hypoglycemia
might result from the inability of residual hepatocytes to generate
glucose by glycogenolysis.

Former analysis in 7 days-treated animals under higher doses (up to
25 mg/kg/day) have suggested liver and kidneys as main targets for FC
and Casearin X, especially for i.p. treated groups (Aradjo et al., 2015;
Ferreira et al., 2016). Anyway, if considerable hepatic lesions induced
by xenobiotics (such as 5-FU) or after intense hepatocytes’ death occur
due to acute injury, such injuries are potentially reversible whether
connective tissue and extracellular matrix architecture remains intact,
being capable of promoting cellular regeneration, including whole he-
patic lobes (Ramaiah, 2007).

Important signs of systemic toxicity are observed from the body
mass reduction and increase or involution of key organs in experimental
groups (Hou et al, 2015). Intraperitoneally treatment, mainly, lead to
weight loss. We had already showed that 7 days-treated animals with
FC and Casearin X at 25 mg/kg/day i.p. reduced body mass gain of
Sarcoma 180-bearing mice (Ferreira et al., 2016). Although reduction
of tumor mass associated with minimal weight loss after 2 weeks of
treatment (not more than 10%) are indicative of tolerable therapeutic
window for anticancer drugs, intense weight reduction is a common
side effect for antineoplastic treatments with 5-FU and doxorubicin,
since intestinal mucosal cells are also nonspecific targets, which induces
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nausea, loss of appetite, vomit and diarrhea (Carlotto et al., 2013;
Rapoport, 2017). Diarrhea was present in i.p. treated animals since
10th day exposure. Associated with additional discoveries (loss of
weight, increase of stomach and qualitative decline in water and food
intake), they also implies some toxicity for digestive tract (Ramaiah,
2007). Moreover, terpenes are liposoluble small molecules that are
habitually rapidly absorbed by enterocytes, and may provoke food in-
take reduction due to antinutritional events (Gemede and Ratta, 2014).

Heart was the exclusive organ which presented involution, but
cardiotoxicity was not confirmed by the histological and biochemical
investigations. Ultrastructural cardiac changes typically caused by an-
tineoplastic agents, including inflammatory reaction, necrosis, inter-
stitial fibrosis, loss of myofibrils, mitochondrial edema and vacuoliza-
tion were not observed (Sara et al., 2018).

If we take into consideration that most antineoplasic drugs clinically
available cause myelosuppression, hepatotoxicity, diarrhea, and alo-
pecia, besides cardiotoxicity (myocardial ischemia, ventricular ar-
rhythmias, and sudden death), opportunistic infections, peripheral
neuropatia, nausea, vomiting, anorexia, fatigue and tiredness (Carlotto
et al., 2013; Ferreira and Pessoa, 2017; Rapoport, 20017; Murgali et al.,
2018; Sara et al., 2018), we believe that preclinical anticancer prop-
erties of FC are not threatened by toxicological effects.

It is also interesting mentioning that FC has neurobiological effects,
including reduction of spontanecus and exploratory locomotor activity
by a GABAergic system independent way, alters levels of free radicals
and nervous tissue morphology (hippocampus and striatum), and
Casearin X may interact with central dopamine D1 receptors (Aratjo
et al., 2015, 2017), indicating that chemotherapeutics based on C.
sylvestris might induce central side effects.

Despite of qualitative and quantitative differences between species
in the functional regulation of absorption, distribution, metabolism,
excretion and toxicity (ADMET) processes difficult extrapolation of
preclinical experimental results to humans (Olson et al., 2000; Williams
et al., 2002), we were successful to show that the use of different bio-
logical models is an early cost-effective way to ‘capture’ the complexity
of individual {cellular) and systemic (animal) toxicity induced by pro-
mising anticancer substances, especially if we highlight that liver injury
is the most common cause of drug withdrawal from the market because
mast of hepatic damages are poorly understood. Here, this hepatic in-
jury was well defined and confirmed that mammals continues being an
excellent tool to predict systemic toodcity, though methods using me-
tazoan cellular models are reliable to detect early signs of cytotoxicity,
genotoxicity, clastogenicity and embryotoxicity.

5. Conclusions

A fraction with casearins from C. sylvestris leaves revealed cyto-
toxicity on normal human, mouse and hamster cells, teratogenicity
upon zebrafish embryos, larval toxicity on A. salina nauplii, anti-
proliferative and clastogenic action on meristematic A. cepa cells,
caused cell death suggestive of apoptosis in leukocytes. Its main com-
ponent - Casearin X - induced DNA damages on ex vivo and in vive
leukocytes. FC was considered acutely toxic if orally or in-
traperitoneally inoculated. Additionally, i.p. 30 days-treated animals
showed myelosuppression, loss of weight, macroscopic changes in key
organs, and biochemical and morphological alterations indicating liver
as main target for FC-induced systemic toxicity. This fraction certainly
concentrates bioactive compounds during chemical preparation steps,
which explain, at least in part, higher toxicity of FC when compared to
ethanolic extracts from C. sylvestris previously described.
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Abstract: Aim: Leaching from mining activiries reaches warer bodies, causing water contamination
and acidification by toxic metals. As a consequence, oxygen depletion occurs, with the disappearance
of cermain benthic organisms, losses in phyroplankton and zooplankion biomass, and fish mortalicy.
Remediation of contaminated water from mining involves the use of Rocculants based on acrylamide
monomers and polyacrylamide and of coagulants based on aluminum. Our aim was to assess the
aquatic toxicity of the flocculant WF 424 and the coagulant WF 2000 PCA. Methods: A flocculant
anionic polymer (WF 424) and a coagulant polynuclear complex of polymerized hydro-aluminum
jons (WF2000 PCA) were tested for embryotoxicity to zebrafish (Danis revio, FET test - OEDC,
236, 2013). Results: After 96 h of exposure to WF424, there was no significant lethality, nor were
there sublethal effects such as harching delay, heartbear alteration, and malformartion in embryonic
d:w:lupm:nt, when compared with the cnn:mlgmup (p = 0.05). The coagulant compound WEF2000
PCA did not show lethal effecrs during 96 h of exposure, and ECS50 was considered as above the
highest conceneration-level tested. Conclusions: For both compounds, no malformation, embryonic

developmene delay or embryotoxicity were observed.

Keywords: mining railing: conraminarion; wastewater: roxiciry.

Resumo: Objetivo: O carreamento decorrente das arividades de mineracio aringe corpos d'igua,
causando contaminacio da dgua e acidificacio por merais tixicos. Como conseqiiéncia, a deplegio
de oxigénio ocorre, com o desaparecimento de certos organismos bénricos, perdas na biomassa
do fiteplincron e do zooplincron, & mortalidade de peixes. Remediacio da dgua contaminada da
mineragio envolve o uso de Aoculantes baseados em monémeros de acrilamida e poliacrilamida e
de coagulantes 4 base de aluminio. Nosso objerivo foi avaliar a toxicidade aquéirica do floculante
WF 424 ¢ do coagulante WF 2000 PCA. Métodos: Um polimero anidnico floculante (WF 424) e
um complexo polinuclear coagulante de fons hidro-aluminio polimerizados {(WF2000 PCA) foram
testados quanio 3 embriotoxicidade para o peixe-zebra {Danio rerio, teste FET - OEDC, 236, 2013).
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Resultados: Apds 96 h de exposicio ao WF424. nio houve leralidade significariva, nem efeivos
sublerais como arraso na eclosio, alreracio do barimento cardizco e malformacio no desenvolvimenro
embriondrio, quando comparados com o grupo controle (p= 0,05). O composio coagulante WE2000
PCA nio apresenton efeitos lerais duranre 96 h de exposicio, e EC50 foi considerado scima do nivel
de concenrracio mais alro restado. Conclusées: Para ambos oz compostos, nenhuma malformacio,
atraso no desenvolvimento embriondrio ou embrioroxicidade foram ohservados.

Palavras-chaves: mineracio de rejeito; contaminacio; dguas residudrias; roxicidade.

1. Introduction

Anthropogenic impacts on aquatic ccosystems
are a current theme of significant importance
due to the use of water resources for industrial,
agricultural and urban processes (Dudgeon et al,
2006). This can lead to a reduction in water quality
(Allan & Castillo, 2007; Hepp & Gongalves
Junior, 2013%; Callisto et al., 2016), which affects
fauna in their diversity and functionality by
alrcr'mg the key attributes of ecosystem integriry
(Albuquerque et al., 2010; Honda & Durigan,
2017; Dias, 2017).

The extracrion and beneficiation of metals
have produced different type of waste, causing
serious risks to the aquatic environment. Leaching
from :rni:nin.g processes reaches water bodies,
causing water contamination and acidificarion
by toxic metals (Wright & Welbourn, 2002).
Oneygen depletion and the disappearance of cerain
benthic organisms, decreases in phytoplankron
and zooplankton biomass and ch:lng:s in fish
communities are indicators of water degradation
caused by mining miling. Remediation of wastewarer
from mining involves actions controlling the toxic
load, significantly reducing contaminated sediments
and allowing the restoration of aquatic biota
[Wr':ght & Welbourn, 2002).

Flocculants based on acrylamide monomers
and polyacrylamide are indicated for use in water
remediation contaminated by mining tailings.
They are used to promote the dumping of particles
in surface water, so that this dump floats o the
top. Coagulants based on aluminum are used to
precipitate impurities in the water in a cleaning
process. Both compounds are commonly used in
the cleaning of drinking water, in sewage treatments
and in the remediation of accidents caused by
mining railings or dam failure (Susaya et al.,
2010; Wang et al., 2015). On the other hand,
coagulation/flocculation trearment processes have
showed an increased toxicity of treated waters
(Wang eral., 2015).

WF424 is a flocculant anionic polymer,
obtained from the copolymerization of acrylamide
with acrylic acid or by hydrolysis reactions of
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polyacrylamide. Through a hydrolysis process, the
amide group is replaced by a carboxylic group.
In this way, the molecule acquires negative charge
in a neutral or alkaline medium. The electrostatic
repulsion berween the lonized groups results in the
stretching of the molecule. As a synthetic process,
this macromolecule can be casily obtained as
hydrolyzed monomers. Also, the hydrolysis and
ionization processes to acquire the com pnu.nd with
desirable characteristics for the intended purpose
are tuta]]],r under control (ANWYA, 2015, B453-13
Palyacrylamide).

WE2000 PCA (AL {OH)_CL,_ ) isa polynuclear
complex of polymerized hydro-aluminum ions,
with high solubility in water. les hydrolysis
provides the neutralization of electric charges in
the medium and consequently promotes 2 more
effective coagulation process when compared to
the coagulanes derived from monomeric salts,
WF2000 PCA promotes the formarion of clots by
destabilizing colloidal systems in water, allowing
sedimentation and consequently water clarification.
The main a.dvant:lgc of its use in the treatment of
water and effluents are related to better control of
the pH of the medium, greater removal of organic
and inorganic contaminants, reduction of sources
of sulfate added to the treatment process and,
especially, low levels of residual aluminum in the
treated water, 0.01 - 0.05 mgfL {ABNT, 2016).

The study protocol for acute embryo-toxicity
test (OECD, 2013), based on fertilized CgES of
zebrafish {Danio rerio), has showed high sensicvity
in the evaluation of chemical toxicity. For this
reason, it was adopted by the European Union
(EU 2010/63), as one of the main bina.:uys for the
toxicological evaluation of chemical compounds for
registration (REACH - Registration, Evaluation,
Authovization and Restriction of Chemicals). There
are few studies in the scientific lirerature showing the
risks to the aquatic environment of such compounds
used with the purpose of remediating water
contaminated by mining tailings (Lammer er al.,
2009; OECD, 2013). In this study, the zebrafish
embryos were used in the mdcrst:m.ding of the
aquatic toxicity of the Hocculant WF 424 and the
cma.gulant WEF 2000 PCA.
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2. Materials and Methods
2.1, Chemicals tested

The flocculane WF424 was obrained from
WaterFlows Bioquimica do Brasil . CAS: 31212-13-2;
polylacrylic acid-co-acrylamide). Polyacrylamides
(PAMS) belong to a large family of synthetic organic
polyclectrolytes and, because of their high melecular
w:ighr, they make relatively dilute solutions of
PAMs highly viscous. Some important physical
and chemical characteristics are: High molecular
w:ight relative to most other polymer types,
between 4 and 30 million, pH in solution 0.5%
weight berween 4.0 and 9.0, and residual aﬂ'}.rlamid.:
monomer levels no greater than 0.05 percent by
w:ighr of the active polymer content [AWWA,
2015, B453-13 lolyacrylamide).

'lh.ccuag;ulant"-.";"]': 2000 PCA was obtained from
WaterFlows Bioquimica do Brasil, CAS: 1327-41-9,
with the empirical formula Al (OH) CI3_ .
The polyaluminum chloride content is from
16 to 18 percent by weight expressed as ALO,
The percent basicity of the sample can be caleulated
using the values of alkalinity (OH %) and
aluminum (Al %), with 38 percent as the minimum
concentration. Other imporcant ph].rs'[ca] and
chemical characteristics are: murbidity (NTU) less
than 50, pH in solution 1% in weight between
3.50 and 5.50 and density {g.cm'!’} berween
1.33 and 1.40 (AN/NWA, 2018, B408-18 Liquid
polyaluminum chloride).

2.2, Fish Embryo-toxicity Tese (FET)

Febrafish were maintained in ranks with reverse
osmaosis and activared carbon filtered water and raised
im an facility (ZebTec - Tecniplase, Varese, lraly) with
a photoperiod cycle of 12:12h []ight.'darlc} at the
laboratory of 'be'[cn]ug,i.c Genetics at Universicy
of Brasilia (Brazil). The water parameters were
strictly controlled: temperature was maintained at
27.0 £ 19, conductivity ar 740 + 100 pS/cm, pH
at 7.0 + 0.5 and dissolved oxygen = 95% saturation.
Zebrafish embryos were collected immediately
after narural mating, rinsed in water, and checked
under a stereomicroscope [Stereoscopic Zoom
Microscope — Stemi 2000, Leiss, Germany).
The unfertilized egEs and those shuwin.g cl-l:av:lg:
irregularities or injuries were discarded. Fish
embryo toxicity test was based on the OECD
guideline Protocol 236 “Fish Embryo Toxicity”
(FET} test (OECD, 2013). Zcbrafish embryos
were exposed to seven graded concentrations of the
WEF2000 PCA, after pH adjustment for 7.2 with
TRIS-buffer (Tris-Hydroxymethyl aminomethane
CAS 77-86-1, tested alone at concentration of
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183 mg/L) ar levels of 0.0; 7.81; 15.62; 31.25;
62.50; 125.0; 250.0 and 500.0 mg/L, preparcd
by successive dilutions of stock solution. WFE424
was tested at concentration levels of 0.0; 1.0; 10.0;
100.0 and 1000.0 mg/L, also prepared by successive
dilutions of stock solution at pH of 7.2, The test
was performed using G0 eggs per trearment, divided
in 3 replicates, selected and distributed in 24-well
microplates in climate chamber (SL-24 Solab
Cientifica, Brazil), 200 wells were filled with 2 mL of
the test solution and four wells with water (internal
plate control, 2s required in the OECD guid.:l'm.c}l_
The test was initiated immediately after fertilization
and continued for 96 h. Embryos were observed
daily under a stereomicroscope. Developmental
parameters were evaluated in embryos over the
test p:n'.ud using a ma.g;'tiﬁcar'mn of = 70 for eggs
and = 40 for hatched embryos. Before hard'iing.
the following parameters were evaluated: egg
cuagulal:i.un, otolith formation, gc'n:ral d:la].r in
development, eye and body pigmentation, somites
formartion, hearthear, edemas, detachment of the
tail-bud from the ].rn]k sac, ].rullr. sac al:lmrptinn
and hatching. All parameters were assessed
and quantified as observed or not observed.
The FET-test with zehrafish :ml:lrj.rns wis a]:rpm'l.rcd
b}' the Animal Ethics Committee of Universicy of
Brasilia, prutucu] n. 100226/ 2014.

2.3. Statistical analyses

A one-way ANOVA was used to detect the
differences between the groups for normally
diseributed dara sets. When dara did not pass the
Kulmugumv—ﬁm'[m.uv normality test and Levene's
hnmugcn:it}r of variance test, 3 Kruskal-"Wallis test
was performed. 1f sign':ﬁcant resules were found,
either Dunnett’s or Dunn's test (for parametric
or non-parametric data, respectively) was used
to derect signifil:ant differences berween the
tested concentrations and the control (p < 0.05).
All analyses were performed using the Sigp'n:l Srar
3.5 starisrical ]:m:l::lgc_

3. Results
During the 96 h of test, no significant moreality

was observed for the control groups considering
both treatment groups. Additionally, control groups
showed normal development where the hatching
rate and survival rates were above 90%, as described
by Kimmel et al. (1995) and recommended by the
OECD 236 protocal.

After 96 h of exposure for WF424, there
were no significant lethal (morelity) or sublethal
effects such as hatching delay, heartbeat alteration
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and malformation in embryonic development,
when compared with control group (p = 0.05).
The maximum mortalicy was 2% for the enitire test
period (Figure 1). In addition, the control group
{water) presented normal development as described
by Kimmel et al. (1995). The LCS0 was estimated
above the highest concentration rested (1000 mg/L).
On the last day of exposure, it was observed that

approximatcly 10% of the organisms exposed to the
concentration of 1000 mg/L presented alecration
in the balance (behavior change). However, there
were no statistical differences when compared to
the control group (p > 0.03).

An overview of the embryotoxicity test with the
coagulant compound WE2000 PCA did nor show
lethal effects d.uring 96 b of exposure l[F'lg;l.lrl: 2.

B Dead embryos
[ Live embryos

1 Live hatched embryos
B Dead hatched embryos

48 T2 h 96 h

104
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Figure 1. Overview of zehrafish embryo roxicity tesr after 96 h of exposure to WF424. The proporrion of eggs and
non-harched embryos thar died are represented by black bars: the proportion of embryos thar stayed alive bur did
not harch are presented as grey bars; those thar harched as whire bars and the propomion of embryes thar died after
harching as sporred, dark dashed grey bars.
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Figure 2. showing an overview of 2ehrafish embryo roxiciny restafter 96 h of exposure vo WF 2000 PCA. The proportion
of eggs and non-harched embryos thar died are represented by black bars; the proportion of embryos thar stayed
alive bur did nor harch are presented as grey bars; those thar harched as whire bars and the proportion of embryos
thar died afrer harching as sporred, dark dashed grey bars.
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The LCS0 was determined as b:in.g above the
high:st tested concentration levels of 500 mgfL.
It was not pussi:l:rlv: to determine the effective
concentration (ECS0) for any sublethal parameter
analyzed, such as changes in balance, harching,
heartheat and embryonic development. Therefore,
ECS0 was considered also as above the highest
concentration level rested.

4. Discussion

The literature has shown that there are some
sublethal and lethal effects of aluminum at different
concentration ranges. Garcia-Medina ecal. (2010)
studied the oxidative stress induced by aluminum
in common carp lymphocytes {f.jypn'nu: rﬂqﬂ!’ﬂ}.
and they found significant effects at concentrations
of 120-239 mg/L. Griffice (2018) studied the
toxicological effects of metal nanoparticles of
aluminum on zebrafish adults and juveniles, and
they estimared a LC50 above 10 mgf/L. Lee (2014),
when evaluating a zebrafish transgenic lineage
(huORFZ), determined a LC90 of 34.53 mg."L for
aluminum. Dave (1985) evaluated the influence
of pH on sluminum toxicity, and determined a
LC50 of 80-106 mg/L for zebrafish. In our resules
with WF 2000 PCA, the LCS0 was estimated
at over 500 ng'L. which demonstrated low
toxicological risks to the aquatic environment. Also,
no malformation or developmental delay occurred
in zebrafish embryos.

In a search in the database of the US
Environmental Protection Agency using the keyword
polyacrylamide, we did not find studics showing
lethal and sublethal effects on aquatic organisms.
Acharya et al. (2010) studied ph}rsiu]ugica]
responses in Dﬂpﬁufﬂ magna exposed to Linear
Anionic Polyacrylamide, in which they determined
the acute LCS0 ar 152 mg.llL. In order to evaluate
the acure toxicity of acrylamide to non-rarger
organisms (macroinvertebrares and fish), throongh
determination of LCS0 values, Kraurter et al_ (1986)
tound: Daphniz magna = 160 mg(L; Paratanytarss
P&r:&rnagmfn'm = 410 mg."L'. Salmo _gdf'rdrrrn'
=110 rn.gfL; ﬁmfpﬁ.ﬂfa meeﬁa: = 120 mg.l'L:
Lrpﬂmﬁ: muacrachivus = 100 mgfL. l"inall].r. Hall &
Mirenda (1991), r.ﬂ.raluati.ng the acute toxicity of
34 acrylamide polymers to ﬂdpﬁni& Fmrﬂr and the
fish Pimephales promela, observed that the chemical
composition of the polymers is the main factor that
controls the oxicity.

In addition, the molecular weight of the
polymers should not be correlated with roxiciny

Actr Linmalogies Braviliensia, 7019, vel. 31, €12

This makes it difficult to establish a toxiciey
pattern. “Thus, sp:ciﬁc studies are rﬂqu:':ud for each
maolecule of interest. Mo studies were found with
zebrafish (Danse rerig) for comparative purposes.
The determination of the EC50 for sublethal
measured parameters, such as changes in balance,
hatching, heartheat and embryonic development,
was not possible due to the low toxicity of the
tested compound. In fact, EC50 is also above
the highest tested concentration. In conclusion,
resules of the embryotoxicity test showed that the
flocculant compound W 424 presented low acute
toxicity to zebrafish embryos (Danie rerie). Thus,
because the LCS0 {mortality) and EC50 were above
1000 mg/L, this compound docs indeed representa
low risk to aquaric Crganisms. When compared with
concentration ranges in the literature, the Aocculant
WF424 was rested at highr_:r concentration levels
than observed in other studies, and some toxicity
occurred only at the highest exposure level of
1000 mg.llL,whirJ.'l does not ocour in the remediation
processes. The coagulant compound WE2000 PCA,
with a LC50 over 500 mg/L, also showed low
risks to the environment. If used in accordance
with the manufacturer’s recommendations,
neither compound causes damage o the aguaric
environment.

In conclusion, these chemical compounds could
have occasional toxicity atr higher concentrations,
differently from when used in the remediation
of leaching from mining. These products can be
considered as low toxicity to the zebrafish embryos.
Onece they can have commercial muleiple uses,
studies with species from different trophic levels
should be carried out. Therefore, the management
of the remediation processes must be under user
control, ﬁpn:n:ia]]].r when the water bnd].r receptor
receives this effluent, and mainly when this water
is used for human supply. The user must always be
aware of the parameters established by the regularory
agencies. When working with remediators, we must
always keep in mind the cost-benefit relationship for
comparing the risks, human exposure and impacts
0N AQUALIC CCosYSems.
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