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Resumo

A crescente exploracao de nanoparticulas — estruturas sintetizadas artificialmente
que apresentam pelo menos uma dimensao entre 1 e 100 nm — esta relacionada
a vasta gama de aplicagdes em diferentes areas. Devido as suas propriedades
especificas, nanoparticulas de 6xido de zinco (NPs de ZnO) e nanoparticulas de
diéxido de titanio (NPs de TiO;) tém recebido muita atencdo por causa das
diversas possibilidade de utilizagdo em produtos de consumo, principalmente em
protetores solares, visto a eficacia aumentada na protecao contra luz UV e por
serem menos opacas que os respectivos compostos de tamanho maior. O
objetivo deste estudo foi avaliar os efeitos citotoxicos, mutagénicos e
recombinogénicos de NPs de ZnO (21 nm), ZnO comercial, e trés tipos diferentes
de NPs de TiO;: TiO, anatase (5,2 nm), TiO, anatase (9,1 nm) e TiO rutila (55,1
nm). O teste in vivo Somatic Mutation and Recombination Test (SMART) em asa
de Drosophila melanogaster e o teste do Micronucleo com Bloqueio de Citocinese
(CBMN), in vitro, utilizando fibroblastos de pulmdo de hamster Chinés (células
V79) foram os escolhidos para realizar este trabalho. Larvas de 72 + 4 h de D.
melanogaster obtidas por meio do cruzamento padrao (ST) ou cruzamento de alta
bioativagao (HB) foram tratadas com 1,5625; 3,125; 6,25 ou 12,5 mM para o teste
SMART. Para os dois tipos de compostos, ZnO e TiO,, foram observados efeitos
mutagénicos apenas no cruzamento HB. Em relagdo ao ZnO, o comercial foi
capaz de aumentar as frequéncias de manchas mutantes na concentracdo de
6,25 mM, enquanto NPs de ZnO induziram mutagenicidade na concentragdo mais
alta. Para as NPs de TiO,, a fase anatase de 5,2 nm foi mutagénica nas
concentracdes 1,5625 e 3,125 mM, e a rutila de 55,1 nm aumentou de forma
significativa a frequéncia de manchas mutantes em todas as concentragcbes
avaliadas, exceto com 3,125 mM. NPs de anatase TiO; (9,1 nm) ndo causaram
efeitos mutagénicos em asas de D. melanogaster em nenhum dos cruzamentos.
Os efeitos mutagénicos observados no cruzamento HB, em contraste com o
cruzamento ST, no teste SMART podem ser justificados pela atividade metabdlica
aumentada inerente aos individuos HB, com aumento na produgao de espécies
reativas de oxigénio e, consequentemente, maior dano ao DNA. Para determinar

as doses utilizadas no tratamento do teste do micronucleo, varias concentracdes

Xii



de NPs de ZnO, e dos trés tipos de NPs de TiO,, variando de 30,5 a 62.500,00
MM, foram avaliadas pelo teste colorimétrico XTT em células V79. NPs de ZnO e
TiO, anatase de 5,2 e 9,1 nm demonstraram intensidade citotoxica similar, sendo
que a partir da concentragdo 244,1 uM foi observada significativa redugdo da
viabilidade celular. Por outro lado, a citotoxicidade de NPs de TiO, na fase de
rutila (55,1 nm) comegou mais tardiamente, a partir a concentracéo de 7.812,00
MM. Dentre as NPs avaliados, apenas ZnO (21 nm) e TiO, anatase (5,2 nm) na
maior concentragao avaliada foram capazes de induzir genotoxicidade em células
V79. As fases de TiO, anatase (9,1 nm) e TiO; rutila (55,1 nm) ndo causaram
aumento significativo de micronucleo. Existem varios aspectos fisicoquimicos que
podem influenciar nos efeitos toéxicos das NPs, o que corrobora com diferencas
nos resultados citotoxicos e genotdxicos. Nas condicdes experimentais deste
estudo, podemos afirmar que ambos os tipos de ZnO avaliados, bem como as
fases anatase e rutila das NPs de TiO, foram capazes de induzir mutagenicidade.
Portanto, o uso desses nanomateriais deve ser cuidadosamente monitorado e os

mecanismos de inducao de genotoxicidade devem ser elucidados.

Palavras-chave: Drosophila melanogaster; micronucleo; mutagenicidade;

SMART, células V79, XTT, 6xido de zinco, didxido de titanio
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Abstract

The growing exploration of nanoparticles (NPs) — engineered structures that have
at least one dimension between 1 and 100 nm — has a wide range of applications
in many fields. The aim of the present study was evaluate the cytotoxic, mutagenic
and recombinogenic effects of: 1] Amorphous Zinc oxide (ZnO), used as cement in
endodontic; 2] ZnO NPs (21 nm); 3] three different types of Titanium dioxide (TiO2)
NPs: anatase TiO; (5.2 nm), anatase TiO; (9.1 nm) and rutile TiO, (55.1 nm). The
tests employed were the in vivo wing Somatic Mutation and Recombination Test
(SMART) in Drosophila melanogaster wings and the in vitro Cytokinesis-Block
Micronucleus (CBMN) assay using Chinese hamster lung fibroblasts (V79 culture
cells). D. melanogaster larvae of 72 + 4 h, obtained from standard cross (ST) or
high bioactivation cross (HB) were treated with 1.5625; 3.125; 6.25 or 12.5 mM to
perform wing spot test (SMART). From both crosses, were obtained marker trans-
heterozygous (MH) and balancer heterozygous (BH) descendants. The analysis of
MH descendants showed that, for all composites, mutagenic and recombinogenic
effects were observed only in HB cross. Statistically significant increase in the
frequency of mutant spots was observed in individuals treated with 6.25 mM of
amorphous ZnO and 12.5 mM of ZnO NPs, mainly due to induction of small single
spots. The negative results observed in correspondent BH individuals, in witch is
possible the detection only of mutation and chromosomal aberration, allow us to
suggest that the increase in the frequency of small single spots observed in MH
descendants is mainly due to recombination between fIr3 and mwh loci. For TiO,
NPs, anatase of 5.2 nm was mutagenic at concentrations 1.5625 and 3.125 mM,
and rutile phase of 55.1 nm significantly increased the frequency of mutant spots
at all concentrations tested, except at 3.125 mM. Anatase TiO, NPs (9.1 nm) did
not cause mutagenic effects in wing of D. melanogaster neither in ST nor in HB
crosses. The mutagenic effects observed in HB cross in contrast with ST cross in
SMART assay can be justified possibly by the increase of metabolic activity in that
cross, with an increasing production of reactive oxygen species and consequently
higher DNA aggression. To determine the cell treatment for CBMN assay, several
concentrations of ZnO NPs and three types of TiO, NPs, ranging from 30.5 to
62,500.00 pM, were tested for cytotoxic activity by XTT colorimetric assay with

Xiv



V79 cells. ZnO NPs (21 nm) and anatase TiO, NPs (5.2 and 9.1 nm)
demonstrated similar cytotoxic intensity, showing decrease of V79 cell viability
since concentration 224.1 yM. On the other hand, rutile TiO, NPs (55.1 nm)
cytotoxicity started later, at 7,812.00 yM. Among all NPs assessed, only ZnO (21
nm) and anatase TiO; (5.2 nm) at highest concentration were able to induce
genotoxicity in V79 cells. Both, anatase TiO, NPs (9.1 nm) and rutile TiO, NPs
(55.1 nm) have not caused significant micronuclei increase. There are several
physicochemical parameters that can influence on toxic effects of NPs, what
corroborate to differences in cytotoxic and genotoxic patterns. In the experimental
conditions performed in this study, we can affirm that both kinds of ZnO, as well,
both, anatase and rutile phases of TiO, NPs, were able to induce mutagenicity.
Therefore, the use of these NPs should be closely monitored and its genotoxicity

action mechanisms must be elucidated.

Key words: Drosophila melanogaster, micronuclei; mutagenicity; SMART, V79

cells, XTT, Zinc oxide, Titanium dioxide
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Capitulo 1

Fundamentacao Tedrica



NANOTECNOLOGIA

A nanotecnologia pode ser entendida como a ciéncia que envolve a
sintese, manipulacdo, caracterizacdo e aplicacdo de compostos, estruturas ou
sistemas em escalas nanomeétricas, denominados nanomateriais. Estes sao
definidos como particulas com dimensbes entre 1 e 100 nm, sendo que 1
nanémetro corresponde a bilionésima parte do metro (AUFFAN et al., 2009;
GONZALEZ; LISON; KIRSCH-VOLDERS, 2008; RAJ et al., 2012).

A reducdo de compostos de tamanhos convencionais a nanoparticulas
(NPs) confere, aos mesmos, propriedades fisicas, quimicas e biolégicas unicas,
que os tornam aplicaveis em diversas areas. Essas propriedades derivam, em
grande parte, do aumento da razdo superficie/volume (NEL et al.,, 2006). Na
industria téxtil, o emprego de NPs tem como objetivo fabricar tecidos que n&o
amarrotem, capazes de bloquear raios ultravioleta (UV), crescimento bacteriano e,
ainda, que possam repelir liquidos, tornando-os impermeaveis e a prova de
manchas (MANTOVANI; ZAPPELLI, 2009; SIEGFRIED, 2007). A nanotecnologia
aplicada a agricultura objetiva 0 aumento da produgado. Utilizando nanoestruturas
semicondutoras de 6xidos metalicos e, por meio de fotocatalise, pode detectar e
degradar agentes patogénicos e poluentes que causam prejuizo para a lavoura
(BARUAH; DUTTA, 2009). Nanofilmes tém sido projetados para serem utilizados
como agente antirreflexo sobre lentes de 6culos, telas de computadores, telefones
celulares, cameras e outras superficies, assim como proporcionando maior
impermeabilidade a agua, resisténcia a riscos, etc. (NANO.GOV, 2014).

A capacidade de interagcao entre as NPs e células as tornaram excelentes
candidatas para aplicacbes biomédicas. Revisdes recentes tém destacado o
emprego de NPs como sondas de medicamentos e genes, principalmente
direcionados para o tratamento oncoldgico, promovendo um “drug delivery” mais
efetivo e sitio especifico. Os resultados mais notaveis tém sido relacionados com
melhoria na eficacia do tratamento, com maiores taxas de cura, menos efeitos
colaterais, infeccbes e/ou dores, devido as propriedades antimicrobianas,
antiinflamatorias e analgésicas inseridas nas NPs (KIM; HYEON, 2014; LEHNER
et al., 2013; LI; ZHANG; YAN, 2014). Além da ampla utilizagao terapéutica, a

nanotecnologia tem contribuido para o diagnéstico por imagem e, sobretudo, para



a medicina regenerativa, por meio da utilizacdo de nanoestruturas com
propriedades bioquimicas, mecanicas e elétricas similares as dos tecidos
originais, que aumentam a adesao, proliferacdo e até diferenciagdo celular,
promovendo o crescimento tecidual dirigido (YANG et al., 2014).

A populagdo mundial esta diariamente exposta as NPs. Na industria
alimenticia, NPs tém sido utilizadas durante o processamento dos alimentos,
como por exemplo, na descontaminagdo de equipamentos e no processo de
embalagem (KUMARI; YADAV, 2014; PETERS et al., 2014). No entanto, a
popularidade da nanotecnologia deve-se, principalmente, ao setor de cosmeéticos
e produtos de cuidados pessoais. Na fabricagcdo de protetores solares, por
exemplo, o uso de ingredientes em escala nanométrica confere maior protegao
contra raios UV, penetracdo mais profunda na pele, efeitos mais duradouros,
melhor solubilidade, transparéncia, etc. Tais caracteristicas sao obtidas
principalmente devido ao tamanho reduzido dos compostos (RAJ et al., 2012).

Os protetores solares modernos contém NPs de didéxido de titanio (TiO3) e
de o6xido de zinco (ZnO), os quais sao, respectivamente, eficientes na protecao
contra raios UV-B e UV-A. A combinacado dessas NPs de Oxidos metalicos
assegura protecdo UV de amplo espectro (MONTEIRO-RIVIERE et al., 2011;
SMIJS; PAVEL, 2011). Trabalhos de revisdo enfatizam que o emprego de TiO,
em nanoescala devem ser utilizados como barreira fisica devido ao seu elevado
indice de refragao e acentuada capacidade de absorgéo de raios UV, deixando os
protetores solares mais eficientes, sobretudo quando as NPs sao de
aproximadamente 20 nm (BANERJEE, 2011; NOHYNEK; DUFOUR, 2012;
SMIJS; PAVEL, 2011).

Estima-se que cerca de 33 milhdes de pessoas nos Estados Unidos da
América do Norte (EUA) utilizam protetores solares diariamente e 177 milhdes
utilizam ocasionalmente. Devido a essa ampla difusdo no uso de produtos em
nano escala, muito tem sido questionado com relagdo a seguranca no uso de
cosméticos e, principalmente de protetores solares, devido aos potenciais
téxicos/genotdxicos de NPs, sobretudo de TiO; e ZnO (FUKUI et al., 2012; KWON
et al., 2014; LANDSIEDEL et al., 2010b; MAKUMIRE et al., 2014; MONTEIRO-
RIVIERE et al., 2011; NEWMAN; STOTLAND; ELLIS, 2009; SMIJS; PAVEL,
2011; STROBEL et al., 2014).



OXIDO DE ZINCO

O oxido de zinco (ZnO) é um o6xido metalico, semicondutor, inorganico,
insoluvel em &gua, que ocorre naturalmente como mineral, sendo as formas
cristalinas mais comuns wurtzite (hexagonal) e zinc-blende (tetraédrica) (Figura
1), sendo wurtzite a forma mais estavel (SMIJS; PAVEL, 2011). Inicialmente, o
ZnO era obtido a partir de minerais, na forma de p6 branco, utilizado em diversas
aplicagées ha milhares de anos. Atualmente, a maioria do ZnO é produzido
sinteticamente. A produgdo mundial € de, aproximadamente, 5 toneladas por ano
(KLINGSHIRN, 2007).

Figura 1. Estruturas cristalinas de ZnO. A: wurtzite; B: zinc-blende. As esferas
cinza representam Zn e as amarelas O. FONTE: Adaptado de WIKIMEDIA.ORG
(2007) e WIKIMEDIA.ORG (2008).

A sintese de ZnO pode ser realizada por diversos métodos, incluindo
transporte de gas ou vapor, hidrotérmica e sintese por fusao pressurizada. Estas
técnicas envolvem diferentes mecanismos de sintese, resultando em diferentes
quantidades de cristais, com diversos graus de impureza e, consequentemente,
diferentes propriedades 6pticas e elétricas (JANOTTI; VAN DE WALLE, 2009).

Apesar de que a utilizacdo de ZnO data de 500 anos a.C. (CRADDOCK,
1998), recentemente este 6xido tem atraido muita atengc&o dentro da comunidade
cientifica como o “material do futuro”. Muitos dos produtos industrializados que
utilizamos no dia a dia contém ZnO. Este componente sempre esta presente em

borrachas, ceramicas, concretos, pigmentos. tintas, produtos farmacéuticos,
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médicos, dentarios e cosméticos, bem como em instrumentos eletrénicos, devido
as suas propriedades Opticas e elétricas (JAGADISH; PEARTON, 2011;
KLINGSHIRN, 2007; MOEZZI; MCDONAGH; CORTIE, 2012).

Diversos tipos de cosméticos, como por exemplo, hidratantes, batons,
maquiagens, pomadas e logdes possuem ZnO em sua formulagdo (NOHYNEK et
al., 2007). Uma das razdes € que o ZnO auxilia na fixagdo do cosmético na pele,
mas a principal razdo, esta relacionada a protecao contra luz UV de amplo
espectro, principalmente UVA. ZnO ja vem sendo utilizado na composi¢cédo de
protetores solares desde o final da década de 1990, e é considerado, dentre os
diversos protetores solares regulados pela FDA/USA (Food and Drug
Administration), como um dos que apresentam maior espectro de protegédo contra
raios UV (FDA, 2013; MOEZZI; MCDONAGH; CORTIE, 2012).

Conforme ja relatado para TiO,, ha evidéncias de que a atenuagao dos
raios UV varia conforme o tamanho das particulas. O mesmo ocorre para o ZnO,
sendo de 20 a 30 nm o tamanho considerado 6timo (MOEZZI; MCDONAGH,;
CORTIE, 2012; SINGH; NANDA, 2014; SMIJS; PAVEL, 2011). Muitos trabalhos
tém avaliado o potencial de citotoxicidade e genotoxicidade de NPs de ZnO,
visando contribuir para o conhecimento sobre a seguranga da utilizagao rotineira
de produtos contendo NPs (ADAMCAKOVA-DODD et al., 2014; FILIPPI et al.,
2014; KWON et al, 2014; MONTEIRO-RIVIERE et al, 2011; NEWMAN;
STOTLAND; ELLIS, 2009; SANTO et al., 2014; SMIJS; PAVEL, 2011).

Devido a ampla aplicabilidade de ZnO na area odontolégica, um estudo
recente mostrou que a utilizagdo de NPs de ZnO (21 nm), em implantes
intradsseos da mandibula, provocou discreto processo inflamatério. No entanto,
houve boa tolerancia, formacao e remodelamento &sseo, caracterizando como
biocompativeis as NPs de ZnO utilizados no estudo (SOUSA et al., 2014).

Geralmente, NPs tém maior atividade fisica e quimica do que os mesmos
compostos de maior tamanho, pelo fato da area de superficie ser extremamente
maior que o volume (FUKUI et al, 2012). Essa maior reatividade pode,
potencialmente, causar efeitos biolégicos adversos, tais como toxicidade e
genotoxicidade, devido a maior interacdo das NPs com o sistema biologico
(OBERDORSTER; OBERDORSTER; OBERDORSTER, 2005; SINGH et al.,

2009). No entanto, resultados contraditorios tém sido descritos na literatura.



NPs de ZnO, assim como bulk ZnO, provocaram efeitos toxicos em
bactérias (Vibrio fischeri) e crustaceos (Daphnia magna e Thamnocephalus
platyurus). Essa toxicidade foi associada aos fons Zn?* solubilizados, o que foi
comprovado por um sensor que induz a bioluminescéncia do ion metalico no meio
intracelular (HEINLAAN et al., 2008). Em cultura celular, observou-se que NPs de
Zn0O, de aproximadamente 45 nm, induziram redugao da viabilidade celular, bem
como aumento da liberagdo de lactato desidrogenase (LDH) e ROS. O aumento
de ROS foi responsavel pela ativagcdo da via de sinalizagao c-Jun N-terminal
kinase (JNK), comprometendo a integridade das membranas celulares e levando
a apoptose dos astrécitos (WANG, J. et al., 2014). Resultados semelhantes foram
descritos por WANG, B. et al. (2014) frente a exposicdo de macréfagos RAW
246.7 a NPs de ZnO. Este autor associou a internalizagcdo e a dissolugéo
intracelular das NPs com liberagcdo de Zn*" a alta toxicidade do ZnO em
nanoescala. Recentemente, um estudo in vitro mostrou que a intensidade dos
efeitos citotoxicos de NPs de ZnO de 30, 90 e 200 nm foram diretamente
proporcionais ao aumento da dose e do tempo de exposi¢cado das células humanas
epiteliais de adenocarcinoma (Caco-2) as NPs, além de associar o maior
potencial citotdxico as particulas de menor tamanho (KANG et al., 2013).

NPs de ZnO de tamanho médio de 30 nm foram observadas no interior de
Escherichia coli, levando a inducao de estresse oxidativo, com danos ao DNA e
morte celular. Com base nestas observacées, KUMAR et al. (2011)
estabeleceram um mecanismo hipotético para a toxicidade celular provocada por
NPs de ZnO. De acordo com esses autores, a toxicidade celular pode ser devida
a geracdo de radical hidroxila (OH'), radical superéxido (0O%), e peroxido de
hidrogénio (H20;) que levaram a oxidacéo de fosfolipidos poli-insaturados (LPO).
Segundo os autores, a reagdo de LPO causou danos ao DNA, deplegdo de
glutationa (GSH) e rompimento da morfologia de membranas e da cadeia de

transporte de elétrons, levando a morte celular (Figura 2).
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Figura 2. Possiveis mecanismos de genotoxicidade de NPs de ZnO. FONTE:
Adaptado de KUMAR et al. (2011).

Em relacdo a genotoxicidade, o Teste Cometa e o Teste do Micronucleo
com bloqueio de citocinese (CBMN) tém sido bastante utilizados para avaliagao
de danos ao DNA mediante exposi¢ao in vitro ou in vivo as NPs de ZnO
(CORRADI et al., 2012; DEMIR et al., 2014; GUAN et al., 2012; OSMAN et al.,
2010; YIN et al., 2010). DEMIR et al. (2014) encontraram resultados positivos em
ambas metodologias, apos o tratamento de ceélulas humanas epiteliais renais
(HEK293) e fibroblastos embrionarios de camundongo (NIH/3T3) com doses
acima de 100 pyg/mL de NPs de ZnO. Também relataram a dependéncia entre a
concentracdo do composto e o tempo de exposi¢cdo aos efeitos citotoxicos e
danos citogenéticos em células hepatocarcinogénicas, linhagem celular HEp-2
(OSMAN et al., 2010). Diante da investigacao de efeitos genotdxicos de NPs de
ZnO em cultura de linfocitos periféricos humanos por meio do teste de aberragdes
cromossOmicas (AC) e do teste do micronucleo (MN), observou-se que, além de

induzir aberragdes, as concentragdes intermediarias de NPs de ZnO aumentaram



a frequéncia de células binucleadas micronucleadas de maneira dose
dependente. Os autores sugerem que a auséncia de efeitos toxicos no teste do
MN, conforme observado para a maior concentracéo testada pode ser devido ao
aumento de agregagao das NPs quando em altas concentragdes (GUMUS et al.,
2014).

Quatro diferentes testes de genotoxicidade (Teste de Ames, Teste de AC in
vitro, Teste Cometa e Teste do MN) foram realizados para avaliagdo de quatro
tipos de NPs de ZnO (20 e 70 nm, carregadas positiva ou negativamente). Para
todos os testes, in vitro e in vivo, em todas as concentragdes avaliadas, nenhum
efeito genotodxico foi observado. No entanto, de acordo com os autores do referido
artigo, ndo se deve ignorar a possibilidade de genotoxicidade em doses inferiores
as utilizadas neste estudo, uma vez que em altas concentragdes, as NPs podem
se aglomerar e deixar de exercer efeitos toxicos (KWON et al., 2014).

Devido ao fato de as NPs serem artificialmente sintetizadas e passarem por
processos para aplicacdes especificas, suas caracteristicas fisico-quimicas e o
potencial de reatividade podem variar consideravelmente (MA; WILLIAMS;
DIAMOND, 2013). Assim, diante da diversidade de propriedades das NPs, como
por exemplo, tamanho da particula, pureza, estrutura cristalina, solubilidade e
modificagao de superficie, e da ampla gama de linhagens celulares e organismos
modelo testados, a presenca de resultados heterogéneos quanto a citotoxicidade

e genotoxicidade é devidamente justificada.

DIOXIDO DE TITANIO

O didéxido de titdnio (TiO2) € um O6xido metalico de forma cristalina,
inorganico, insoluvel em agua e que ocorre naturalmente na forma de minerais.
Os atomos de titanio e oxigénio podem estar organizados em trés fases cristalinas
fundamentais, denominadas: anatase (tetragonal), rutila (tetragonal) e brookite
(ortorrbmbica) (Figura 3). A fase rutila apresenta maior estabilidade, alta
densidade, elevado indice de refragcdo e € a mais comum. Essas caracteristicas
ocorrem por ser estruturalmente mais compacta que a anatase. As fases
metaestaveis anatase e brookite se convertem para rutila, apds aquecimento,

sendo que a forma brookite é formada em ambientes acidos (BANFIELD;



VEBLEN, 1992). A rutila, a anatase e a brookite contém ions de titanio
coordenados no centro de um octaedro formado por seis ions O%. Cada atomo de
oxigénio tem trés titénios vizinhos, pertencendo a trés octaedros diferentes. As
estruturas da rutila e da anatase diferem pela distorcdo nos octaedros formados
pelos atomos de oxigénio. Brookite apresenta maior volume por célula comparado
a anatase e rutila, com 8 grupos de TiO, por unidade celular, enquanto anatase e
rutila apresentam 4 e 2 grupos de TiO, por unidade celular, respectivamente
(Figura 3).

Figura 3. Estruturas unitarias de rutila (A); brookite (B) e anatase (C). FONTE:
Adaptado de MOELLMANN et al. (2012)

A partir destes cristais, TiO, tem sido produzido comercialmente desde
1923, na forma de um pdé branco, que apresenta alto indice de refracéo,
conferindo alta opacidade e poder de cobertura. Aproximadamente 70% de todo o
TiO, produzido é utilizado para fins de pigmentagdo. Pequena quantidade de TiO»
€ utilizada para outros fins, que envolvem aplicacbes em plasticos, papéis,
produtos farmacéuticos, alimenticios, antimicrobianos, tratamento de aguas
residuais, etc. Devido a versatilidade deste produto, estima-se que a producgao
mundial de artigos/produtos que possuem TiO, NPs na sua composi¢ao seja em
torno de 4,5 milhdes de toneladas por ano (IARC, 2010; MCNULTY, 2007).
(LANDSIEDEL et al., 2010a). A capacidade de opacificar e branquear o meio
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dispersante € controlada em funcéo do indice de refragdo e do tamanho das NPs.
O indice de refracao é controlado em fungao da fase e o tamanho, pelo processo
de sintese. Por exemplo, NPs de TiO, com fase rutila tem um efeito maior de
branquear solugcdes do que na fase anatase ou brookite.

O procedimento mais comum para a sintese de NPs de TiO, utiliza a
hidrolise de sais de titanio (Ti) em solugdo acida (MAHSHID; ASKARI;
GHAMSARI, 2007). A utilizagdo de condensagao de vapor quimico ou nucleagao
de sol-gel podem controlar a estrutura, tamanho e forma de NPs de TiO, (WU et
al., 2005; ZHOU et al., 2008).

Diversos trabalhos mostram a vasta aplicabilidade de NPs de TiO;
(STROBEL et al., 2014; WEIR et al., 2012). Por apresentar potencial oxidante,
associado ao baixo custo e relativa estabilidade fisica e quimica, NPs de TiO, séo
semicondutores na construgdo de dispositivos de diversas aplicagbes, como por
exemplo, para aproveitar a energia solar e converté-la em eletricidade e
combustivel quimico (hidrogénio) e, como fotocatalisador, em que poluentes
organicos sao degradados em espécies quimicas menos nocivas ao meio
ambiente (BANERJEE, 2011).

WEIR et al. (2012) salientaram a utilizagdo exacerbada de NPs de TiO; na
industria alimenticia, principalmente na cobertura de doces, balas, gomas de
mascar, bem como em produtos de higiene pessoal, produtos de limpeza, entre
outros. Estes autores quantificaram o montante de titdnio presente em 89
alimentos, concluindo que as maiores concentragdes foram encontradas em
gomas de mascar.

Atualmente, sdo comercializadas uma série de diferentes tipos de NPs de
TiO,. Os diversos tipos de NPs diferem ndo somente quanto a estrutura cristalina
(rutila, brookite, anatase), mas também por apresentar diferengas de tamanho,
morfologia, propriedades de superficie, presenca ou ndo de aglomerados e
formacgado de sedimentos. Todos esses fatores tém um papel crucial na interagao
com o meio biolégico (GITROWSKI; AL-JUBORY; HANDY, 2014; JIANG et al.,
2008; KARLSSON et al., 2009; ZHANG et al., 2013).

O aumento no numero de produtos que contém TiO, em nanoescala pode
resultar em exposicao exacerbada a esses NPs, tanto para o homem quanto para

0 meio ambiente.
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A literatura cientifica apresenta elevado numero de trabalhos relacionados
aos efeitos adversos de NPs. Tém sido descritos efeitos inflamatorios, fibrose e
até mesmo tumores, induzidos em pulmao de roedores, por exposigao crénica a
NPs de TiO, (CHEN; YAN; LI, 2014; LINDBERG et al., 2012; OBERDORSTER,;
OBERDORSTER; OBERDORSTER, 2005; WARHEIT et al., 2007; WEIR et al.,
2012). Além disso, varios trabalhos apresentam resultados positivos para
citotoxicidade e genotoxicidade, por meio de experimentos in vitro e in vivo
(CHEN et al., 2014; PRASAD et al., 2013; SETYAWATI et al., 2013; SHUKLA et
al., 2013; SRIVASTAVA et al., 2011; TAVARES et al., 2014). CHEN et al. (2014)
mostraram que NPs de TiO; (75 £ 15 nm) induziram quebra de DNA de fita dupla
em células de medula 6ssea de ratos apds administracdo oral, e também
observaram, in vitro, efeitos mutagénicos em células V79, detectados pelo teste
da hipoxantina-guanina fosforibosil transferase (HPRT). Efeitos genotdxicos,
avaliados pelo teste CBMN, foram relatados apds exposicdo de linfocitos
humanos a NPs de TiO, de aproximadamente 20 nm, na forma de anatase e
rutila, embora ndo tenha sido observado relagdo dose - resposta (TAVARES et
al., 2014). Diante das evidéncias em relagdo ao potencial carcinogénico do TiO»
em experimentos com animais, em 2010, a Agéncia Internacional para Pesquisa
de Cancer (IARC) reclassificou o TiO, como possivel carcinogénico aos humanos
(IARC, 2010).

Os métodos pelos quais NPs induzem efeitos citotoxicos e genotdxicos
ainda ndo estdo claramente elucidados. No entanto, trabalhos recentes tém
demonstrado o aumento na produgdo de espécies reativas de oxigénio (ROS)
frente a exposicdo a NPs, levando a efeitos oxidativos que podem estar
diretamente relacionados ao potencial téxico do TiO, em nanoescala (FU et al.,
2014; GUTIERREZ IGLESIAS et al., 2014). As ROS oferecem uma ameaca a
integridade celular por provocar dano ao DNA, lipidios, proteinas e outras
macromoléculas (COOKE et al., 2003). Como consequéncia, o estresse oxidativo
causa alteragdes de bases do DNA e quebras de fitas simples ou duplas, que
podem provocar efeitos toxicos e/ou mutagénicos (GIRARD; BOITEUX, 1997).

Em relagao as NPs de TiO,, ha evidéncias de que a atividade fotocatalitica,
bem como a capacidade de producdao de ROS é maior para a forma anatase do
que para a rutila (BANERJEE, 2011; JIANG et al., 2008; SMIJS; PAVEL, 2011).
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Além dos efeitos oxidativos, NPs de anatase e rutila prejudicam a capacidade de
reparo do DNA, por meio da inativagdo do reparo por excisdo de bases (BER) e
por excisdo de nucleotideos (NER) (JUGAN et al, 2012), favorecendo o
estabelecimento do dano.

A internalizacdo de NPs de TiO, tanto para o citoplasma quanto para o
nucleo de células de carcinoma hepatocelular humano (HepG2) foi confirmada via
microscopia eletrénica de transmissao (TEM) e citometria de fluxo por SHUKLA et
al. (2013). O referido trabalho também elenca os possiveis mecanismos de
indugao de toxicidade, destacando marcadores de estresse oxidativo (aumento na
geracado de ROS, redugao dos niveis de glutationa - GSH, peroxidacao lipidica -
LPO) e marcadores de apoptose (redugdo do potencial de membrana mitocondrial
- MMP, aumento da expressao de p53, caspase 3 e caspase 9, BAX, Cyto-c e

Apaf-1, redugao de Bcl-2), conforme demonstrado pela Figura 4.

12



NPsde TiO: NPsde TiO:

. o
PRPTPTITIDOIOPIIOPeD Sofnathad

Membrana celular

Hsp 60, Hsp70 I

| s+ l

Estresse celular I

™

Figura 4. Representagdo esquematica, mostrando os possiveis mecanismos de
indugcao de toxicidade de NPs de TiO, em células HepG2. FONTE: Adaptado de
SHUKLA et al. (2013).

Por outro lado, auséncia de efeitos cito e/ou genotodxicos frente a exposicao
as NPs de TiO, também é descrita em estudos in vitro (GUICHARD et al., 2012;
LANDSIEDEL et al., 2010b) e in vivo (DEMIR et al., 2013; DOBRZYNSKA et al.,
2014; LANDSIEDEL et al., 2010b). E importante considerar que alguns trabalhos
demonstraram a formagao de agregados, ou aglomerados de NPs que podem
aumentar em até 40 vezes o tamanho individual da particula (STROBEL et al.,
2014). A presenga desses agregados/aglomerados pode influenciar na interagéo
biolégica das NPs com o meio, com as células, bem como o processo de
internalizagdo e geracao de efeitos cito- ou genotoéxicos (BUTLER et al., 2014;
JANER et al., 2014; LANKOFF et al., 2012; PETKOVIC et al., 2011).
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Diante desses dados e frente ao crescente aumento da exposicdo humana
as NPs, s&o necessarias mais investigacbes sobre a citotoxicidade,
genotoxicidade e mutagénicidade das NPs de TiO,, buscando-se estabelecer
associagdes entre as propriedades fisicoquimicas e os efeitos toxicos (JIANG et
al., 2008; LANDSIEDEL et al., 2009; LI; ZHANG; YAN, 2014; STROBEL et al.,
2014; ZHANG et al., 2013).

TESTE DO MICRONUCLEO COM BLOQUEIO DE CITOCINESE

A ocorréncia de mutagao esta relacionada a instabilidade cromossémica e
falha no mecanismo de reparo do DNA, podendo levar a morte celular ou
desenvolvimento de cancer (HERNANDEZ;, BENTHEM; JOHNSON, 2013). O
Teste do Micronucleo com bloqueio de citocinese (CBMN) é um ensaio
citogenético utilizado para detecgao de alteragbes cromossémicas estruturais ou
numeéricas, indicado para triagem toxicolégica de rotina (EL-ZEIN; VRAL; ETZEL,
2011; KIRKLAND, 2010; OECD, 2010; SCHMID, 1975).

O micronucleo (MN) pode ser originado devido ao atraso na migragéo de
cromossomo acéntrico ou fragmentos de cromatides, causados por reparo
erréneo ou por falta de reparo na quebra do DNA. Ma segregagado cromossdmica
durante a anafase também pode levar a formacao de MN, como resultado de
hipometilacdo de sequéncias repetidas na regido centromérica ou
pericentromeérica, defeitos do cinetocoro, das fibras do fuso e dos genes
envolvidos nos pontos de checagem da anafase (FENECH et al., 2011). Os
fragmentos, ou cromossomos inteiros, formam um pequeno nucleo individual,
denominado MN (Figura 5), que pode ser detectado em células interfasicas como
um pequeno corpusculo arredondado de cromatina (FENECH, 2000; FENECH,
2007; PARVATHI; RAJAGOPAL, 2014; SCHMID, 1975). O aumento na frequéncia
de células micronucleadas é um biomarcador de efeitos genotoxicos, que pode
refletir a exposicdo a agentes clastogénicos e aneugénicos, possibilitando
dimensionar os danos citogenéticos induzidos por qualquer agente quimico (RAO
et al., 2006).
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Figura 5. Fotomicrografia de célula binucleada de pulmdo de hamster Chinés
(V79) micronucleada. A seta indica o MN (coloragcdo: Giemsa; analisado em

microscopio optico de luz. Aumento 1000x). FONTE: Arquivo pessoal.

O CBMN é o teste de escolha para avaliagao de indugdo de MN em cultura
de células humanas ou de mamiferos, pois avalia especificamente células que
estdo em processo final de uma divisdo, ou seja, células ainda binucleadas (BN).
A obtencdo de células BN é possivel por meio do bloqueio da citocinese com
citocalasina-B (Cyt-B), um inibidor de polimerizagdo da proteina actina, requerida
para a formacdao do anel de microfilamentos que induzem a contracdo do
citoplasma e clivagem da célula em duas células filhas (FENECH, 2000;
FENECH, 2007; FENECH; MORLEY, 1985). Devido a confiabilidade e
reprodutibilidade do teste, o CBMN tornou-se um dos testes citogenéticos padrao
de toxicologia em células humanas e de mamiferos (FENECH, 2007).

A técnica consiste em expor uma cultura de células a substancia a ser
avaliada, bem como aos controles positivo e negativo. O agente alquilante metil
metano sulfonato (MMS) geralmente € utilizado como controle positivo no teste do
MN, uma vez que induz quebras de fita dupla do DNA (LUNDIN et al., 2005), e o
controle negativo € o solvente/veiculo utilizado como diluente da substancia teste.
As células tratadas sao mantidas em cultura por um periodo suficiente para que a
substancia possa atuar, causando dano cromossémico ou nas fibras do fuso que
leve a formagédo de MN. Apos o tratamento, a adigdo de Cyt-B é importante para
demonstrar que as células analisadas passaram por uma divisdo, durante ou apds

a exposigcao a substancia teste. Estas células s&o fixadas em |amina, coradas e
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posteriormente analisadas de acordo com a presenga e quantidade de MNs, por
meio de microscopia optica (OECD, 2010).

Uma das linhagens celulares comumente utilizadas para a realizagdo do
teste do MN ¢é a linhagem V79 (fibroblastos de pulm&o de hamster Chinés), pois
possuem caracteristicas interessantes aos ensaios de toxicologia genética, como:
facil cultivo e manutencao em laboratério e caridtipo estavel. Além disso, mesmo
estocadas em nitrogénio liquido, estas células ndo tém suas caracteristicas
afetadas, ndo comprometendo os ensaios (BRADLEY et al., 1981).

Para avaliagdo do potencial mutagénico sado realizados trés ensaios
independentes. Para cada tratamento sdo confeccionadas duas laminas. As
laminas sdo analisadas em teste cego, utilizando-se microscépio Optico de luz,
com objetiva de imersdo (aumento final de 1000 X). Um total de, pelo menos,
1.000 células binucleadas (por tratamento) deve ser analisado, registrando-se o
total de MNs. As células analisadas sao distribuidas de acordo com a quantidade
de MNs: 0, 1, 2 ou mais. Para quantificacdo da frequéncia de MNs, apenas
células binucleadas com nucleos intactos, com tamanhos aproximadamente
iguais, mesmo padrdo de coloragdo e dentro do limite citoplasmatico, com
membrana nuclear intacta, e célula claramente distinguivel das células
adjacentes, sdo analisadas (FENECH, 2000).

Para avaliar a citotoxicidade e o efeito citostatico da substancia testada, é
calculado o indice de divisao nuclear (IDN). Para tanto, sdo analisadas pelo
menos 500 células viaveis (com citoplasma bem preservado) para cada
tratamento. Para o calculo do IDN utiliza-se a seguinte férmula: IDN = [M1 +
2(M2) + 3(M3) + 4(M4)]/N, onde M1-M4, representam os numeros de células com
1, 2, 3 e 4 nucleos, respectivamente, e N o numero total de células analisadas
(EASTMOND; TUCKER, 1989; FENECH, 2000).

SOMATIC MUTATION AND RECOMBINATION TEST - SMART

Mutacdo e recombinacdo sdo processos que acontecem a todo instante
durante o desenvolvimento celular. A mutagdo, em especial, é fonte da mudanca
evolutiva, produzindo novos alelos espontaneamente ou por exposicdo a agentes

fisicos, quimicos ou biolégicos. Ja a recombinagdo, promove o rearranjo de
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alelos, agrupando-os em novas combinagbes. Esses processos garantem a
variagao genética, mas, por outro lado, também sdo responsaveis pelo
envelhecimento e por patologias relacionadas, tais como o cancer e doengas
neurodegenerativas (KENNEDY; LOEB; HERR, 2012). Para manter os processos
evolutivos, os organismos biologicos dispdem de uma grande variedade de
mecanismos de reparo do DNA, que promovem a replicagdo exata do DNA
durante a divisdo celular e a remocao de possiveis danos (FRIEDBERG, 2006).
Entretanto, uma falha nos mecanismos de reparo possibilita a fixacdo da
mutacgao.

Ensaios in vitro e in vivo sdo extensivamente empregados na avaliagdo do
potencial genotéxico de nanomateriais (LANDSIEDEL et al., 2009; SINGH et al.,
2009). A avaliacado in vivo tem importancia significativa devido a diversas
interagdes, efeitos hormonais e enzimaticos, mecanismos de reparo do DNA, etc.
No entanto, o uso de animais em pesquisas genéticas/toxicolégicas € alvo de
preocupacdes, sendo necessario o0 desenvolvimento de modelos animais
alternativos (ARORA; RAJWADE; PAKNIKAR, 2012; SIDDIQUE et al., 2005).
Recentemente, a mosca da fruta, Drosophila melanogaster, foi destacada como
modelo experimental para avaliagao da toxicidade de nanomateriais.

As vantagens inerentes ao trabalho com D. melanogaster compreendem o
tempo de geragao curto, prole numerosa, baixos custos para manutencdo das
linhagens em laboratério, susceptibilidade para manipulagdo genética, facilidade
de detectar alteragdes fenotipicas e, principalmente, homologia e conservacgéo do
genoma semelhante ao dos organismos superiores (DEMIR et al., 2013; DEMIR
etal.,, 2011; GRAF et al., 1996; PARVATHI; RAJAGOPAL, 2014).

As linhagens de D. melanogaster sao cultivadas e mantidas em incubadora
Biochemical Oxigen Demand (B.O.D.) a 25 °C e foto periodo (12 h claro / 12 h
escuro), dentro de frascos contendo meio de cultura a base de agar, banana e
fermento biolégico. O tempo de geragdo do ovo ao individuo adulto é de
aproximadamente 10 dias (Figura 5). O estagio larval é caracterizado pelo periodo
alimentar, enquanto que durante a metamorfose de larva até adulto € o periodo
nao alimentar. Possui quatro pares de cromossomos (2n = 8), sendo trés pares
autossOmicos e um par de cromossomos sexuais. Machos e fémeas de D.

melanogaster apresentam dimorfismo sexual. As fémeas geralmente sao maiores
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que os machos e apresentam uma alternancia tipica de listas claras e escuras ao
longo do abddmen. Nos machos € observada a presenga de uma mancha escura
na extremidade posterior do abdémen, bem como a presenca de pente sexual
localizado no primeiro par de patas (Figura 6).

Ha mais de cem anos utiliza-se a D. melanogaster em experimentos
laboratoriais. Primeiramente, essa mosca era tida como organismo modelo para
estudos genéticos e contribuiu para principios fundamentais como, por exemplo, a
teoria da herangca cromossOmica. Dentre esses ensaios, o Teste para Deteccao
de Mutagdo e Recombinagcdo Somatica (Somatic Mutation and Recombination
Test - SMART), também chamado de Teste da Mancha da Asa, € destacado
como o padr&do ouro para testes de mutagenicidade com D. melanogaster. Por
meio deste teste, €& possivel avaliar perda de heterozigose (LOH) como
consequéncia de mutagdo, quebra cromossOmica e/ou recombinagdo mitética
(GRAF et al., 1984; MOLLET; WURGLER, 1974; PARVATHI; RAJAGOPAL,
2014).

O SMART em células de asa de D. melanogaster foi desenvolvido por
GRAF et al. (1984) e aprimorado por GRAFVAN SCHAIK (1992). Desde entéo,
empregado na avaliagdo mutagénica de centenas de substancias quimicas,
incluindo compostos em nanoescala (DE ANDRADE et al., 2014; DE REZENDE
et al., 2013; DEMIR et al., 2013; FROLICH; WURGLER, 1990; GRAF et al., 1989;
MACHADO et al., 2013; SPANO et al., 2001).
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Ciclo de vida de Drosophila melanogaster

Fémea /

Ovo

Pupa

Larva (12 estagio)

Larva (22 estagio)

Larva (32 estagio)

Figura 6. Esquema representativo do ciclo de vida e do dimorfismo sexual de D.
melanogaster. FONTE: Cortesia Dr. Ulrich Graf — Institute of Toxicology ETH -
Zurich — Suiga.

O SMART ¢é realizado por meio de cruzamentos experimentais, utilizando
trés linhagens portadoras dos marcadores recessivos das células das asas:

multiple wing hairs (mwh, 3-0,3) e flare (fI’, 3-38,8). As linhagens utilizadas s3o:

linhagem “multiple wing hairs® (mwh) com constituicao genética y; mwh jv. O

marcador mwh, presente no cromossomo 3, encontra-se em posi¢gao mais distal
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em relagdo ao centrdmero (3-0,3). Quando expresso, o fendtipo do pelo selvagem
da asa (Figura 7A) é modificado, originando pelo multiplo (Figura 7B), além

disso, a borda da asa é lisa.

2) linhagem “flare-3” (fIr’), com constituicdo genética fI’ / In(3LR)TM3, ri p° sep
I(3)89Aa bx**® e Bd® . O marcador flr’, presente no cromossomo 3, encontra-se
em posigdo mais proximal em relagdo ao centrobmero (3-38,8). Quando expresso,
o fendtipo do pelo da asa também é modificado, originando pelos que se
assemelham a uma chama de vela (Figura 7C). Devido a sua letalidade em
homozigose, este alelo € mantido gragas a presengca de um balanceador
cromossOmico (TMS3, Bds). A borda da asa desses individuos é serrilhada, devido

a presenga do marcador Bd®.

3) linhagem “ORR; flare-3” (ORR; flare-3), com constituicdo genética ORR; fIr3 /
In(BLR)TM3, ri pp sep [(3)89Aa bx34e e BdS. Os individuos pertencentes a essa
linhagem possuem o0s mesmos marcadores que os da linhagem “flare-3”.
Entretanto, a linhagem “ORR; flare-3” é portadora de genes de expressao elevada
codificadores de enzimas do complexo citocromo P450, localizados nos
cromossomos 1 e 2, provenientes da linhagem “Oregon R”, naturalmente
resistente ao DDT (GRAF; VAN SCHAIK, 1992; GRAF et al., 1984).

N ‘1

Figura 7. Fotomicrografias de diferentes fenotipos de pelos de asas de D.
melanogaster, indicados por setas. A: Pelo selvagem. B: Pelos multiplos (mwh).
C: Pelo flare (fI’). FONTE: Arquivo pessoal.
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1)

Com estas linhagens sé&o realizados dois tipos de cruzamentos:

Cruzamento padrao (ST — standard cross) entre machos “mwh” e fémeas virgens
“fi”. Este cruzamento & Util na detecgdo de agentes genotdxicos diretos (GRAF
et al., 1989; GRAF et al., 1984).

Cruzamento de alta bioativagdo (HB - high bioactivation cross) entre machos
‘mwh” e fémeas virgens “ORR, flr. Este cruzamento é util na deteccido de
agentes genotodxicos indiretos, ou promutagenos, que necessitam de ativagao
metabdlica para induzir efeitos genotdxicos (GRAF; VAN SCHAIK, 1992).

Ambos os cruzamentos produzem dois tipos de progénie: 1) Fémeas e
machos trans-heterozigotos marcados (mwh + / + fI’) (MH), que apresentam a
borda da asa lisa (Figura 8: A e C); e 2) Fémeas e machos heterozigotos
balanceados (mwh + / + TM3, Bd®) (BH), que apresentam a borda da asa
serrilhada (Figura 8: B e D).

Durante o tratamento com a substancia que se deseja testar, as células
dos discos imaginais das larvas de D. melanogaster, que dardo origem as asas
das moscas adultas, sdo expostas a substancia com potencial mutagénico. A
inducdo de LOH nas células dos discos imaginais leva a formacao de clones de
células mutantes (manchas). Fenotipicamente a célula mutante pode expressar
pelo multiplo e/ou pelo flare (GRAF et al., 1984).

Individuos adultos resultantes da progénie MH podem expressar tanto
manchas simples (mwh ou flare) quanto manchas gémeas (mwh e flare).
Manchas simples sao consideradas aquelas que expressam apenas um dos
genes mutantes, fIr’ ou mwh e podem ser classificadas como simples pequenas
(manchas com uma ou duas células) ou simples grandes (manchas com mais de
duas células). Sao resultantes de LOH em qualquer um dos marcadores, por meio
de mutacdo, aberragcdo cromossdmica, nao-disjuncdo mitética e recombinacgao,
exclusivamente para manchas simples do tipo mwh. Enquanto, manchas gémeas
sdo oriundas exclusivamente de recombinagdo mitética (GRAF et al.,, 1984)
(Quadro 1).
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Na progénie BH, as manchas mutantes sdo sempre simples e do tipo mwh,
resultantes de mutagdo, aberragdo cromossémica ou ndo-disjuncdo (SPANO;
GRAF, 1998). O cromossomo balanceador (TM® Bd®) apresenta multiplas
inversdes, impossibilitando o desenvolvimento de células que sofreram eventos
recombinogénicos (GRAF et al., 1984; GUZMAN-RINCON; GRAF, 1995).

Durante a analise das superficies dorsal e ventral das asas de D.
melanogaster, sao considerados o numero e o tipo de manchas encontradas,
fornecendo dados quantitativos e qualitativos, que permitem o tipo e a intensidade
do evento mutagénico induzido (SPANO; GRAF, 1998).
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Quadro 1. Possiveis

alteracbes

(mutacgao,

aberragao,

recombinacg&o)

responsaveis pelo aparecimento de diferentes tipos de manchas mutantes,

detectadas pelo
RAJAGOPAL (2014).

teste da mancha da asa.

Adapatado de PARVATHI,

Tipo de alteracao

Observacao

Tipo de mancha
observada

Mutacao de ponto
Alteragcao cromossémica

Recombinagédo mitética

Em flr + ou mwh +

Delecao de fIr + ou mwh +

Manchas simples fir’
ou mwh (grandes ou

pequenas)

Recombinacao mitética

(exclusivamente)

Manchas gémeas indicam
agao recombinogénica do

composto testado

Manchas gémeas
(células expressando
pelos fI’ e mwh

adjacentes)

Manchas pequenas: séo
expressas devido a
aberragdes cromossdmicas,
independentemente do
tempo de iniciagcdo em que
as células afetadas néo
proliferam ou proliferam

mais lentamente.

Manchas pequenas sao
produzidas durante o
ultimo ou penultimo ciclo
de diviséo celular na fase
de pupa

Manchas simples
pequenas (um ou dois

pelos mutantes)

Manchas grandes

Manchas grandes sao
produzidas mais cedo,

durante o estagio larval

Manchas simples
grandes (trés ou mais

pelos mutantes)
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Figura 8. Esquema representativo dos Cruzamentos Padrdo (ST - standard

1+

Oy

cross) e de Alta Bioativagdo (HB — high bioactivation cross), mostrando os
genotipos de dois tipos de progénie. A e C: trans-heterozigotos marcados (mwh +
/ + fIY) (MH), que apresentam a borda da asa lisa; B e D: heterozigotos

balanceados (mwh + / + TM3, Bd®) (BH), que apresentam a borda da asa

serrilhada. FONTE: Arquivo pessoal.
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Obijetivos



Diante da importancia do ZnO e TiO, nas aplicagbes nanotecnoldgicas, sua
ampla utilizagado e riscos oferecidos pela exposicdo aos seres vivos, este trabalho

teve como objetivos:

1. Avaliar, por meio dos cruzamentos Padrao (ST) e de Alta Bioativagcado (HB), do
Somatic Mutation and Recombination Test (SMART) em asas de Drosophila
melanogaster o potencial mutagénico e recombinogénico de ZnO comercial e na

forma de NPs, bem como de trés tipos diferentes de NPs de TiO,.

2. Avaliar, por meio do teste do Micronucleo com Bloqueio de Citocinese
(CBMN) em fibroblastos de pulm&o de hamster Chinés (células V79) os efeitos
clastogénicos e aneugénicos induzidos por NPs de ZnO, e trés tipos diferentes de
NPs de dioxido de titanio (TiOy).
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Abstract

The aim of this study was to synthesise zinc oxide nanoparticles (ZnO NPs) of 21
nm and to evaluate their toxic, mutagenic and genotoxic potential. The cellular
viability and genotoxicity were assessed using, respectively, the XTT colorimetric
assay and in vitro Cytokinesis Block Micronucleus Assay (CBMN) in V79 cells.
ZnO NPs were toxic at concentrations equal to or higher than 240.0 yM. ZnO NPs
were genotoxic at 120.0 uM but were not cytotoxic. The mutagenic potential of the
ZnO NPs, as well as that of an amorphous ZnO, was assayed using the Somatic
Mutation and Recombination Test (SMART) of Drosophila. In the Standard cross,
the amorphous ZnO and ZnO NPs were not mutagenic. Nevertheless, Marker
Heterozygous (MH) individuals from the High bioactivation cross treated with
amorphous ZnO (6.25 mM) and ZnO NPs (12.50 mM) displayed a significant
increased number of mutant spots compared with the negative control. The
corresponding Balancer Heterozygous wings enabled us to suggest that the
increase in mutant spots found in MH individuals were generated due to mitotic
recombination, rather than mutational events. The results were not dose-related
and suggested that the mutagenicity of ZnO may depend on the concentration,

size and/or particle shape.

Key words: Drosophila melanogaster, micronuclei; mutagenicity; SMART, V79

cells, XTT.
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1. Introduction

Engineered zinc oxide (ZnO) nanoparticles (NPs) have gained demand in
the market owing to their unique properties (such as having a high surface to
volume ratio, being less toxic, biosafe and biocompatible, cheap and easy to
synthesise) and has been widely used in industry (Kwon et al., 2014; Shi et al.,
2014; Singh and Nanda 2014; Willander et al., 2014).

Generally, NPs have higher physical and chemical activities than their bulk
counterparts because of their extremely high surface area to volume ratio (Fukui et
al., 2012). Due to the increased reactivity of NPs, some adverse biological effects,
such as toxicity and genotoxicity, are observed (Oberddrster et al., 2005). ZnO
NPs have been shown to be toxic (Santo et al.,, 2014; Wang et al., 2014);
embryotoxic (Bacchetta et al., 2014); and cytotoxic (Heng et al., 2010; Kang et al.,
2013).

The mechanisms of toxicity of ZnO NPs are not yet fully understood at the
cellular and molecular levels (Meyer et al., 2011; von Moos and Slaveykova 2014).
ZnO NPs were shown to increase the intracellular level of reactive oxygen species
(ROS), leakage of the plasma membrane, dysfunction of mitochondria, cell
damage, genotoxicity and death (apoptosis) (Fukui et al., 2012; Sharma et al.,
2012; Wang et al., 2014). Intracellular ROS level had a high correlation with the
intracellular Zn2* level (Fukui et al., 2012). The role of the dissolved zinc ion (Zn**)
and ROS in the cytotoxicity of ZnO NPs was described by Song et al. (2010). The
increased intracellular ROS and tumour suppressor p53 being highly expressed in
cell cultures treated with ZnO NPs are intrinsically associated with cytotoxicity and

apoptosis (Meyer et al., 2011; Ng et al., 2011). On the other hand, studies have
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demonstrated that ZnO NPs induce apoptosis only in human cancer cells through
ROS (Zhang et al., 2011) without affecting normal culture cells (Akhtar et al.,
2012). In this case, ZnO NPs could be evaluated for their potential in an anticancer
therapy.

Because ZnO NPs are increasingly being exposed to humans, it is
mandatory that the safety of this product and its biological interactions are
understood. The in vitro Cytokinesis Block Micronucleus Assay (CBMN) (Fenech
and Morley 1985) is one of the standard cytogenetic tools used widely as a
screening in vitro test for structural or numerical chromosomal anomalies induced
by clastogenic or aneugenic agents (“spindle poisoning”). The in vitro MN assay
can detect chromosomal damage in the form of clastogenicity induced by ROS,
one of the main mechanisms of NP genotoxicity (Pfuhler et al., 2013). The CBMN
has been widely accepted to screen ZnO NPs for genotoxicity in different cell lines
(Osman et al., 2010; Corradi et al., 2012; Wahab et al., 2013; Bhattacharya et al.,
2014; Demir et al., 2014; GUmduUs et al., 2014).

Nevertheless, the in vivo evaluation shows significant importance due to a
broad range of interactions, hormonal and enzymatic effects, DNA repair
mechanisms, and so on. The wing Somatic Mutation And Recombination Test
(SMART) in Drosophila melanogaster is a short-term in vivo assay for screening
chemical mutagenic or recombinogenic activity (Graf et al.,, 1984; Graf and van
Schaik 1992). Many hundreds of chemicals have been tested using SMART,
including NPs (Demir et al., 2011; Demir et al., 2013; Vales et al.,, 2013; de
Andrade et al., 2014).

The aim of this work was to synthesise and characterise ZnO nanoparticles

(ZnO NPs), as well as assess their toxic/genotoxic properties using the in vitro
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CBMN in Chinese hamster lung fibroblasts (V79 cells) and to assess their
mutagenicity/recombinogenicity regarding their bulk counterparts (an amorphous

Zn0), in D. melanogaster wing SMART.
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2. Materials and methods

2.1. Chemicals

Amorphous ZnO (CAS 1314-13-2) was obtained from SS White
Artigos Dentérios Ltda., Rio de Janeiro, RJ, Brazil. The ZnO NPs used in this
study were synthesised and characterised at Instituto de Fisica, Universidade
Federal de Uberlandia, Uberlandia, Brazil. HAM-F10, DMEM, streptomycin (CAS
3810-74-0), penicilin (CAS 113-98-4), Hepes (CAS 7365-45-8), dimethyl
sulphoxide (DMSO; CAS 67-68-5), methyl methanesulphonate (MMS; CAS 66-27-
3), and cytochalasin-B (CAS 14930-96-2) were purchased from Sigma-Aldrich.
Ethyl carbamate (Urethane - URE; CAS: 51-79-6) was from Fluka AG (Buchs,
Switzerland), and foetal bovine serum was from Nutricell (Campinas, SP, Brazil).
As an alternative Drosophila instant medium, instant mashed potato flakes (Yoki®
Alimentos S. A., Sdo Bernardo do Campo, SP, Brazil) were used. The solutions
were always prepared immediately before use with ultrapure water obtained from

a MilliQ system (Millipore; Vimodrome, Milan, Italy).

2.2. Synthesis and Characterisation of ZnO NPs

ZnO NPs (average size of 21 nm) were synthesised by coprecipitation
(Dantas et al., 2008a; Dantas et al., 2008b; Sousa et al., 2014). The reaction was
complete after four hours and yielded a ZnO precipitate that was collected,
centrifuged and washed five times, first with distilled water and then absolute
ethanol. Next, the precipitate was dried in a vacuum at 60°C for 24 hours. This
yielded a white, probably mostly amorphous, powder that was characteristic of

ZnO. Finally, the white powder was heated for 2 hours at 500°C to facilitate

44



crystallisation and the production of ZnO NPs. X-ray diffractograms (XRD) were
taken using an XRD-6000 (Shimadzu) and monochromatic Cu-Ka1 (A = 1.54056
A) radiation. The XRDs were used to confirm the formation of ZnO NP and to
determine their crystal structure and average size. The micro-Raman spectrum
was obtained using the line 780-nm spectrometer from Ocean Optics. All

characterisations were performed at room temperature.

2.3. In vitro Assays

2.3.1. Cell Line and Culture Conditions

Chinese hamster lung fibroblasts (V79 cells) were maintained as
monolayers in plastic culture flasks (25 cm?) in HAM-F10 and DMEM (1:1) medium
supplemented with 10% foetal bovine serum, antibiotics (0.01 mg/mL
streptomycin; 0.005 mg/mL penicillin), and 2.38 mg/mL Hepes at 36.5°C in a BOD-
type incubator. The average cell cycle time was 12 h under these conditions, and
the experiments were carried out using V79 cells between the 6™ and 12" culture
passage after thawing. The protocols used in this study were performed in

triplicate.

2.3.2. XTT Colorimetric Assay

The cytotoxic activity was evaluated using the in vitro colorimetric assay -
XTT kit (Roche Diagnostics) according to the manufacturer's instructions. For the
experiments, 1 x 10* cells were seeded into microplates containing 96 wells. Each
well received a maximum of 100 yL of culture medium (DMEM + HAM F10 1:1)

supplemented with 10% fetal bovine serum containing different concentrations of
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ZnO NPs (21 nm). The concentrations tested ranged from 30.0 to 61,440.0 uM.
Negative (no treatment) and positive (dimethylsulfoxide - DMSO 25%) controls
were included in the microplates. After incubation with the compound for 24 h at
36.5 °C, the culture medium was removed and cells were washed with 100 pL of
PBS to remove the compound and exposed to 100 uL of HAM-F10 medium red-
free culture phenol. Then, 25 uL of XTT were added to each well. The microplates
were incubated at 36.5 °C for 17h. The absorbance of the samples was
determined by means of a multi-plate reader (ELISA -Asys - UVM 340 / MicroWIN
2000) at a wavelength of 450 nm and a reference length of 620 nm. The amount of
formed soluble product (formazan) was proportional to the number of viable cells.
The negative control group was designated as 100% and the results were
expressed as a percentage of the negative control. The experiments were

performed in triplicate.

2.3.3. Cytokinesis Block Micronucleus Assay (CBMN)

The V79 cells (500,000) were seeded into tissue culture flasks, incubated
for 25 h in 5 mL of complete HAM-F10/DMEM medium and washed with PBS (pH
7.4). After the incubation, the cultures were rinsed with PBS, and then submitted to
one of the following treatments: negative control (no treatment); ZnO NPs (21 nm)
at concentrations of 30.0, 60.0 or 120.0 yM; positive control (MMS, 400 uM). All of
the experiments were performed in triplicate. After the treatment period, the cells
were washed with PBS, culture medium supplemented with foetal bovine serum
containing 3 pg/mL of cytochalasin-B was added, and the cells were incubated for
17 h. Next, the cells were rinsed with 5 mL of PBS, trypsinised using 0.025%

trypsin-EDTA and centrifuged for 5 min at 900 rpm. The pellet was hypotonised in
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sodium citrate 1% at 37°C and then homogenised using a Pasteur pipette. This
cell suspension was centrifuged again, the supernatant was discarded, and the
pellet was resuspended in methanol:acetic acid (3:1) and homogenised again with
a Pasteur pipette. Fixed cells were then transferred to slides and stained with 5%
Giemsa.

The analysis established by Fenech (2000) was performed as follows:
1,000 cells were counted by culturing using 3,000 binucleated cells per treatment.
The nuclear division index (NDI) was determined for 500 cells analysed per
repetition, for a total of 1,500 cells per treatment group using the same slides used
in the micronucleus assay. Cells with well-preserved cytoplasm containing 1—4
nuclei were scored, and the NDI was calculated using the following formula

(Eastmond and Tucker 1989):

NDI = [M1 + 2(M2) + 3(M3) + 4(M4)]

N
where M1-M4 is the number of cells with 1, 2, 3 and 4 nuclei, respectively, and N

is the total number of viable cells.

2.3.4. Statistical Analysis

The data were analysed statistically by analysis of variance for completely
randomised experiments, with the calculation of F statistics and respective P
values. For cases in which P < 0.05, the treatment means were compared by the

Tukey test, and the minimum significant difference was calculated for 0.05.
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2.4. In Vivo Assay

2.4.1. D. melanogaster Strains and Crosses

Three D. melanogaster strains with the genetic markers multiple wing hairs
(mwh, 3-0.3) and flare-3 (fI’, 3-38.9) were used: (1) multiple wing hairs
(mwh/mwhy; (2) flare-3 (fir’/In(3LR)TM3, ri p” sep 1(3)89Aa bx34° and Bd®); and (3)
ORR; flare-3 (ORR/ORR; fIr’/In(3LR)TM3, ri p° sep 1(3)89Aa bx34° and Bd®). The
ORR strain has chromosomes 1 and 2 from a DDT-resistant Oregon R(R) line,
which are responsible for a high constitutive level of cytochrome P450 enzymes
(Graf and van Schaik 1992) . These strains were maintained in glass vials filled
with a maintenance medium (i.e., banana, sucrose, yeast and methylparaben)
under light/dark cycles (12 h:12 h), at 25 £ 1° C and approximately 60% humidity
in a BOD-type chamber (Model: SL224, SOLAB - Equipamentos para
Laboratdrios Ltda., Sdo Paulo, SP, Brazil).

Two crosses were carried out to produce the experimental larval progeny:
(1) Standard (ST) cross: mwh/mwh males crossed with fIr’/In(3LR)TM3, ri p° sep
I(3)89Aa bx34° and Bd® virgin females (Graf et al., 1984; Graf et al., 1989); (2)
High bioactivation (HB) cross: mwh/mwh males crossed with ORR/ORR;
fir*/In(BLR)TM3, ri p° sep 1(3)89Aa bx34° and Bd® virgin females (Graf and van
Schaik 1992). The two crosses produce two types of flies: marker trans-
heterozygous (MH) flies (mwh +/+ fI’) and balancer-heterozygous (BH) flies
(mwh+/+TM3, Bd®). The former has normal wings, while the latter can be

distinguished phenotypically by its serrated wings.
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2.4.2. Somatic Mutation and Recombination Test - SMART

From the ST and HB crosses, eggs were collected for 8 h in culture bottles
with 4% w/v agar-agar base, topped with a thick layer of live baker’s yeast
supplemented with sucrose. Larvae of 72 + 4 h were transferred to glass vials to
chronic feeding (approximately 48 h). Four sets of vials for each cross were
prepared with 1.5 g of mashed potato flakes and 5 mL of a solution containing
amorphous ZnO (1.5625, 3.125, 6.25 or 12.5 mM) or ZnO NPs (1.5625, 3.125,
6.25 or 12.5 mM). Negative (ultrapure water) and positive (URE 10 mM) controls
were included in both experiments. The larvae were counted before the
distribution in two series of these vials. The number of hatched flies was used to
calculate the survival rates upon exposure. Larvae were allowed to feed on the
above medium for the remainder of their development, pupate and hatch as adult
flies. All of the experiments were conducted at 25 + 1 °C and approximately 60%
humidity.

The hatched flies were stored in 70% (v/v) ethanol. The wings of MH flies
were removed and mounted on glass slides with Faure’s solution (30 g of gum
Arabic, 20 ml of glycerol, 50 g of chloral hydrate, and 50 mL of water) and
analysed for the size and frequency of spots under a compound microscope at

400 x magnification.

2.4.3. Statistical Analysis

The experimental data were evaluated according to the multiple-decision
procedure (Frei and Wurgler 1988; Frei and Wurgler 1995). The frequencies of
each type of mutant clone per fly were compared with the concurrent negative

control series using the conditional binomial test (Kastenbaum and Bowman
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1970), which is used to decide whether a result is positive, inconclusive or
negative. Chi-squared test was performed for statistical comparisons of the
survival rate ratios for independent samples. Each statistical test was evaluated at

the 5% significance level.

3. Results

3.1. ZnO NPs Characterisation

Zinc oxide nanoparticles were characterised by X-ray diffractograms (XRD)
(Fig. 1a) that shows the typical Bragg diffraction peaks of hexagonal ZnO crystals
(JCPDS: 36-1451) (Dantas et al., 2008b). The absence of impurity peaks
reinforces evidence that these ZnO NPs are of high purity. The average size of the
ZnO NPs obtained was approximately 21 nm as determined by the Debye—
Scherrer formula (Guinier 1994). The bands observed in the micro-Raman
spectrum (Fig. 1b) are Raman-active modes, found to be approximately 334, 382,
410, 439, 516, 541 and 586 cm™', characteristic of ZnO NPs (Damen et al., 1966;
Dantas et al., 2008a). Therefore, these results confirm the formation of ZnO NPs

and absence of other types of nanostructures in the sample.

3.2. XTT Colorimetric Assay

The percentages of cell viability as measured by the XTT colorimetric assay
obtained in V79 cells treated with ZnO NPs are shown in Fig. 2. The treatments
with concentrations up to 240 uM showed statistically significant differences

compared with the negative control.
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3.3. Micronucleus Assay

The mean of the micronuclei frequency and NDI obtained after the
treatment with different concentrations of ZnO NPs and the respective controls are
shown in Table 1. The treatment with ZnO NPs demonstrated a statistically
significant increase in the frequency of micronuclei at the highest concentration
tested (120 uM), showing a genotoxic effect. In relation to NDI, no statistically
significant difference was observed for any of the treatment groups compared with
the negative control group, demonstrating the absence of cytotoxicity with various

treatments under the experimental conditions used (Table 1).

3.4. SMART

Amorphous ZnO and ZnO NP concentrations were chosen based on a
dose-response test, for which the survival rates of flies are given in Fig. 3. The
highest concentration (12.5 mM) of ZnO NPs was found to be toxic in the ST and
HB crosses. A significant decrease in survival rates relative to the negative control
group (ultrapure water) was observed. This concentration was not found to be
toxic for amorphous ZnO. At concentrations equal to or below 6.25 mM, ZnO and
ZnO NPs were not toxic. Thus, we found it particularly important to evaluate the
mutagenic or recombinogenic effects of ZnO NPs in somatic cells of D.
melanogaster. Although 12.5 mM ZnO NPs significantly decreases the survival
rates in both crosses, this concentration was also tested in SMART.

Third instar larvae of D. melanogaster obtained from both (ST and HB)
crosses were fed chronically (approximately 48 h) with amorphous ZnO (1.5625,

3.125, 6.25 or 12.5 mM) or ZnO NPs (1.5625, 3.125, 6.25 or 12.5 mM). Each
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treatment was performed in duplicate. The data were pooled after verifying that
there were no significant differences between repetitions.

The results of the ST cross of the SMART assays using D. melanogaster
are depicted in Table 2. In the MH (mwh/fl’) individuals, amorphous ZnO and ZnO
NPs showed no genotoxicity at the doses used. URE treatment induced positive
results for all spot categories compared with the negative control.

Analysis of the HB cross by the SMART assay is presented in Table 3. In
the MH individuals from the HB cross, URE statistically increased all of the spot
categories compared with those of the negative control. The administration of 6.25
mM amorphous ZnO and 12.50 mM ZnO NPs also significantly increased the
number of wing spots compared with those of the negative control.

The wings of the BH (mwh/TM3) flies resulting from these same treatments
(URE, 6.25 mM amorphous ZnO, and 12.50 mM ZnO NPs) were also mounted
and scored. This procedure enabled us to quantify the contribution of mutagenic
and recombinogenic events to the final genotoxicity observed (Graf et al., 1992). In
BH individuals from the HB cross, only URE (10 mM) significantly increased the
mutant spot frequency compared with that of the negative control. We verified that
the induction of spots by URE was mainly due to somatic point mutations or
chromosome aberrations rather than mitotic recombination. The total mutant spots
observed for both treatments (amorphous ZnO and ZnO NPs) in the BH
individuals were similar to those found for the negative control.

By comparing the number of observed mutant spots in the MH flies of each
treatment group from ST and HB crosses, it can be concluded that induction of

mutant spots by amorphous ZnO and ZnO NPs was not dose related.
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4. Discussion

Engineered ZnO NPs are widely used in many amorphous products and
research; however, their possible impact on human health is not yet well
understood, and their potential genotoxicity/mutagenicity remains controversial
(Adamcakova-Dodd et al., 2014; Kwon et al., 2014).

The biological effects of NPs depend on their physicochemical properties
(Kwon et al., 2014). Here, the X-ray diffractogram and micro-Raman spectrum
confirmed that the synthesis methodology employed produced pure,
homogeneous and uncontaminated ZnO NPs, in hexagonal wurtzite (Wz)
structures, with an average size of 21 nm. This methodology has been widely
used and provides the best control over properties such as dimension, structure,
purity and stability that are fundamental in biological assays (Song et al., 2010;
Sousa et al., 2014).

The CBMN allows the detection of both aneugen and clastogen agents,
shows simplicity of scoring, is predictive of cancer and is widely applicable in
different cell types (Kirsch-Volders et al., 2011). Here, the concentrations of ZnO
NPs (30.0, 60.0 and 120.0 pM) used in the CBMN were chosen based on the
results observed in the XTT colorimetric assay. Thus, in the CBMN no cytotoxic
concentrations were used. According to our results (Fig. 2 and Table 1), ZnO NPs
were cytotoxic at concentrations equal to or higher than 240.0 uM and genotoxic
(clastogenic or aneugenic) only at 120.0 uM.

Similar results to those found in this study for cytotoxicity analyses and MN
induction due to ZnO NP exposure have been described by different authors in

different cell lines. Dose-dependent effects on cytotoxicity and an increase in DNA
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and cytogenetic damage were observed in the HEp-2 cell line, with increasing ZnO
NP concentrations. Although ZnO NPs (50 and 100 pg/mL) induced a significant
increase in MNs, lower concentrations (<50 pg/mL) did not induce significant
alterations in MN induction (Osman et al., 2010). When investigated in cultured
human peripheral lymphocytes, ZnO NPs significantly increased the MN frequency
at concentrations of 10 and 15 g/mL compared with that in the control. However,
lower concentrations (<10 g/mL) did not induce significant alterations in the MN
frequency ( Gumdus et al., 2014). ZnO NPs and its bulky forms evaluated in human
embryonic kidney (HEK293) and mouse embryonic fibroblast (NIH/3T3) cells were
able to increase significantly the number of MNs at doses up 100 pg/mL (Demir et
al., 2014). Similar results were also observed in A549 human lung epithelial
carcinoma cells treated in 10% serum with ZnO NPs at 50 ug/mL. In 0% serum,
the concentrations tested led to high toxicity. These observations demonstrated
the protective effect of serum (Corradi et al., 2012). When used as an inducer of
cell death, ZnO NPs in the Wz phase were more effective in malignant human
T98G gliomas, moderately in KB epithermoids and less toxic in HEK normal non-
malignant kidney cells. The results demonstrated that treatment with ZnO NPs
sensitise T98G cells by increasing both the mitotic (linked to cytogenetic damage)
and interphase (apoptosis) death. ZnO NPs functioned as genotoxic drugs by
inducing MN formation, indicating that these structures may interfere with the
rejoining of DNA strand breaks (Wahab et al., 2013).

The Drosophila SMART is an efficient tool that can detect the loss of
heterozygosity (LOH), as a consequence of gene mutation, chromosome
breaks/rearrangement or chromosome loss, and the corresponding expression of

suitable recessive markers, multiple wing hairs (mwh) and flare-3 (fIr’), which can
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lead to the formation of mutant clones in treated larvae, which are expressed as
mutant spots on the wings of adult flies (Demir et al., 2013). The importance of
Drosophila as an effective in vivo model system and the advantages it offers over
other animal models and in vitro systems, as well as its potential in the toxicity
assessment of NPs, have been demonstrated (Deepa Parvathi and Rajagopal
2014).

Three types of spots can be observed on the wings of the MH genotype:
small single spots (1 or 2 cells); large single spots (3 or more cells), both resulting
from deletions, point mutations, specific chromosome aberrations, or from
recombination between the two marker genes; and twin spots, consisting of
adjacent cells with mwh and flr-3 hairs, produced by mitotic recombination
between the proximal marker fI’ and the centromere of chromosome 3. By
contrast, in the BH genotype, only mutational events lead to spot formation
because recombinational events are suppressed due to multiple inverted TM3
balancer chromosomes (Graf et al., 1984; Spand et al., 2001). Therefore, it is
evident that the mwh clones are always smaller in the BH wings than in the
corresponding MH wings (Spané et al., 2001). Thus, as a rule, the wings of BH
flies are scored only if positive results are found in the wings of MH flies. To
determine the fraction of recombinational events responsible for induced wing
spots, both types of wings of the surviving flies are analysed (Graf et al., 1992). An
appropriate determination of the fraction of recombinational events should be
based on the frequency of mwh clones of single and twin spots induced in MH and
BH wing primordia (Graf et al., 1992; Frei and Wurgler 1995).

Four different concentrations (ranging from 1.56 to 1250 mM) of

amorphous ZnO and ZnO NPs were assayed for mutagenicity and/or
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recombinogenicity using two crosses (ST and HB) of the wing SMART in D.
melanogaster. Amorphous ZnO and ZnO NPs did not modify the frequency of
spontaneous mutant spots in the ST cross. The absence of positive effects in MH
wings of the ST cross, and that in the corresponding BH wings, were not scored.

In the HB cross, the frequencies of mutant spots observed in individuals
treated with both substances were slightly higher than those observed in the ST
cross, results that may be attributed to the increased metabolic transformation
capacity of this genotype. Our results showed that, among HB individuals, only the
higher concentration (12.5 mM) of ZnO NPs could induce mutagenic effects, while
the amorphous ZnO treatment increased mutant spots only at 6.25 mM. These
results suggest that ZnO mutagenicity can also be related to particle size and
shape. As ZnO NPs used here had a uniform feature with an average size of 21
nm, it could enter the cell homogeneously and cause mutagenicity at higher
concentrations. On the other hand, as the amorphous ZnO comprises a mixture of
structures of different shapes and sizes, its mutagenicity could be variable,
according to the size and shape of the crystals and its ability to enter the cell.
Consequently, mutagenic effects related to the dose could not be expected.
Additionally, particles agglomerates/aggregates can also decrease NPs genotoxic
effects. Prior studies demonstrated that when ZnO NPs were investigated in
cultured human peripheral lymphocytes, using chromosome aberrations assays
(CA), no dose dependence was observed in the frequencies of CA/cell. Some
reports have shown that, paradoxically, high doses of ZnO NPs lead to fewer
abnormalities. The authors suggested that this could be due to an increased
aggregation of ZnO NPs at high concentrations in the lymphocyte culture.

Therefore, the addition of increasing concentrations/doses of ZnO NPs to
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lymphocyte cultures may not be paralleled by an equivalent increase in the
genotoxic effects of this nanomaterial ( Gumus et al., 2014).

Owing to their small size and large specific surface area, NPs exhibit unique
physicochemical properties that may differ dramatically from their bulk
counterparts (Yin et al., 2010). Prior studies have shown that, in Daphnia magna,
two different sizes of ZnO NPs caused qualitatively similar effects, but the smaller
was quantitatively more toxic (Santo et al., 2014).

Nevertheless, according to one group (Song et al., 2010), due to conflicting
results observed in the literature, it can be concluded that the impact of particle size
on the toxicity of ZnO needs further studies.

In the HB cross, treatments with amorphous ZnO (6.25 mM) and ZnO NPs
(12.5 mM) were found to significantly increase the frequency of mutant spots in
MH individuals, mainly by increasing small single spots. The corresponding BH
wings were also analysed aiming to calculate the contribution of mutagenic and
recombinogenic effects on the total mutant spots in MH individuals. However, for
both amorphous ZnO (6.25 mM) and ZnO NPs (12.5 mM), the frequencies of total
mutant spots were not statistically significant. According to this data, we can
propose that the increase in mutant spots found in MH individuals was generated
due to mitotic recombination rather than mutational events.

Due to the extremely small size of the NPs, there is a concern that they may
interact directly with macromolecules such as DNA. When the genotoxicity of ZnO
NPs was assessed in the human epidermal cell line A431, a reduction in cell
viability as a function of both NP concentrations, as well as exposure time, was
observed. ZnO NPs were also found to induce oxidative stress in cells induced by

depletion of glutathione (59% and 51%), catalase (64% and 55%) and superoxide
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dismutase (72% and 75%). The data demonstrate that ZnO NPs, even at low
concentrations, possess a genotoxic potential in human epidermal cells that may
be mediated through lipid peroxidation and oxidative stress (Sharma et al., 2009).
Results have shown that ZnO cytotoxicity was much greater than non-metal
nanoparticles. Those findings were significantly in accordance with intracellular
oxidative stress levels measured by glutathione depletion, malondialdehyde
production, superoxide dismutase inhibition and ROS generation. The results
indicated that oxidative stress might be a key route in inducing the cytotoxicity of
NPs (Yang et al., 2009). The ZnO NPs have induced the elevation of intracellular
Zn?* concentration, leading to the over generation of intracellular ROS, leakage of
plasma membrane, dysfunction of mitochondria and cell death. The dissolved Zn**
played the main role in the toxic effect of ZnO particles (Song et al., 2010; Wang et
al., 2014). The effects of ZnO NPs on the growth, reproduction and accumulation
of zinc in Daphnia magna have demonstrated that the toxicological effects of ZnO
NPs at the chronic level can be largely attributed to the dissolved fraction rather

than the NPs or initially formed aggregates (Adam et al., 2014).
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5. Conclusions

According to our results, ZnO NPs were toxic at concentrations equal to or
higher than 240.0 yM and genotoxic (clastogenic or aneugenic) at 120.0 puM.
Amorphous ZnO and ZnO NPs were metabolically activated by cytochrome P450
enzymes and induced mainly recombinogenicity depending on the concentration,
size and/or particle shape. Due to the biological activities of these compounds and
increased human exposure, further evaluation of their genotoxic/recombinogenic

potentials is warranted.
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Fig. 3. Survival rates upon exposure to different concentrations (1.5625, 3.125,
6.25 0or 12.5, 25.0, 50.0, 100.0 mM) of amorphous ZnO, ZnO NPs, and positive
control urethane (10.0 mM) relative to control group (ultrapure water) in the wing
Somatic Mutation and Recombination Test in D. melanogaster. A: Standard cross;
B: High bioactivation cross. Statistical comparisons of survival rates were made by
using Chi-square test for ratios for independent samples. *Significantly different

from the control group (P < 0.05).
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Table 1
Frequency of micronuclei (MNs) and the nuclear division index (NDI) observed in
V79 cells treated with different concentrations of zinc oxide nanoparticles (ZnO

NPs) and the respective controls.

Treatments (uM) MNs™ Mean + SD NDI* Mean + SD
Negative control 7.00 £ 1.00 1.78 £ 0.03
MMS 45.00 + 3.61 1.78 £ 0.03
ZnO NPs

30.0 10.67 + 0.58 1.85 + 0.05
60.0 10.67 + 0.58 1.84 + 0.03
120.0 11.67 £ 0.58 1.88 + 0.06

Positive control: MMS — metil metanosulfonate (44 ug/mL).
13,000 Binucleated cells were analyzed per treatment group.
* 1,500 cells were analyzed per treatment group.

" Significantly different from negative control group (P < 0.05).
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Table 2
Sumary of results obtained with the Somatic Mutation and Recombination Test (SMART) in the marker-heterozygous (MH)

progeny of the Standard (ST) cross after chronic treatment of larvae with amorphous ZnO, ZnO nanoparticles (ZnO NPs), and

Urethane.
Spots per fly (number of spots); statistical diagnoses’

Frequency of clone
Genotypes and N° of Small single Large single  Twin Total spots  Spots with  formation per 10°cells"
treatments (mM) flies spots spots mwh

clone®
(1-2 cells)* (> 2 cells) Observed  Control
corrected

mwh/fl”’
Ultrapure water 50 0.36(18) 0.02(01) 0.10(05) 0.48(24) 22 0.90
Urethane 10 50 1.76(88) + 0.30(15) + 0.18(09) + 2.24(112)+ 111 4.55 3.65
Amorphous ZnO
1.56 50 0.26(13) - 0.10(05) i 0.04(02) - 0.40(20) - 20 0.82 -0.08
3.12 50 0.36(18) - 0.10(05) i 0.02(01) - 0.48(24) - 24 0.98 0.08
6.25 50 0.42(21)i 0.08(04) i 0.04(02) - 0.54(27) - 25 1.02 0.12
12.50 50 0.30(15) - 0.00(00) i 0.06(03)i 0.36(18) - 18 0.74 -0.16
ZnO NPs
1.56 50 0.54(27) i 0.08(04) i 0.04(02)i 0.66(33)i 33 1.35 0.45
3.12 50 0.38(19) - 0.12(06) i 0.02(01) - 0.52(26) - 25 1.02 0.12
6.25 50 0.38(19) - 0.12(06) i 0.02(01) - 0.52(26) - 25 1.02 0.12
12.50 50 0.36(18) - 0.08(04) i 0.08(04) - 0.52(26) - 23 0.94 0.04

T Statistical diagnoses according to Frei and Wirgler (1988; 1995): U-test, two-sided; probability levels: -, negative; +, positive; i, inconclusive; P
< 0.05 vs. negative control;

* Including rare fl’ single spots.

§ Considering mwh clones from mwh single and twin spots.

TErequency of clone formation: clones/flies/48,800 cells (without size correction).
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Table 3

Summary of results obtained with the Somatic Mutation and Recombination Test (SMART) in the marker-heterozygous (MH) and

balancer trans-heterozygous (BH) progeny of the High Bioactivation (HB) cross after chronic treatment of larvae with amorphous
Zn0O, ZnO nanoparticles (ZnO NPs), and Urethane.
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Spots per fly (number of spots) statistical diagnosis®

Small

Frequency of clone
formation per10° cells"

: Large Twin Spots
Genotypes and zﬁcﬁq_d_um_. single single spots  spots Total spots with mwh
treatments (mM) offlies  spots clone®
(>2 cells)* Observed ~ ontrol

(1-2 cells)* Corrected
mwh/flr’
Ultrapure water 60 0.45 (27) 0.07 (04) 0.05(03) 0.57(34) 34 1.16

9.90 (594) 1.22(73)+ 0.58(35) 11.70 688 23.50 22.34
Urethane 10 60 + + (702) +
Amorphous ZnO
1.56 50 0.62 (31)i 0.04 (02)i 0.04 (02)i 0.70(35)- 35 1.43 0.27
3.12 50 0.32(16)- 0.06 (03) i 0.08 (04)i 0.46(23)- 22 0.90 -0.26
6.25 50 0.78 (39)+ 0.12(06)i 0.08 (04)i 0.98 (49)+ 47 1.93 0.77
12.50 50 0.58 (29)i  0.06 (03)i 0.04 (02)i 0.68(34)- 34 1.39 0.23
ZnO NPs
1.56 60 0.57 (34)- 0.10 (06) i 0.03(02)i 0.70(42)- 38 1.30 0.14
3.12 60 0.58 (35)i 0.08 (05) i 0.07 (04)i 0.73(44)- 42 1.43 0.27
6.25 60 0.52(31)- 0.17 (10)i 0.08 (05)i 0.77 (46)i 46 1.57 0.41
12.50 60 0.80 (48)+ 0.05(03)i 0.02 (01)i 0.87(52)+ 50 1.71 0.55
mwh/TM3
Ultrapure water 60 0.50 (30) 0.02 (01) 0.00 (00) 0.52(31) 31 1.06

6.22 (373) 0.18(11)+ 0.00 (00)i 06.40 384 13.11 12.05
Urethane 10 60 + (384) +
Amorphous ZnO
6.25 50 0.58 (29)- 0.04 (02)i 0.00 (00)i 0.62(31)- 31 1.27 0.21
ZnO NPs
12.50 60 0.42 (25)- 0.00 (00)i 0.00 (00)i 0.42(25)- 25 0.85 -0.21

V.



Marker-trans-heterozygous flies (mwh/flr’) and balancer-heterozygous flies (mwh/TM3) were evaluated.

T Statistical diagnoses according to Frei and Wiirgler (1988; 1995): U-test, two-sided; probability levels: -, negative; +, positive; i,
inconclusive;

P < 0.05 vs. negative control;

*Including rare fIr’ single spots.

¥ Considering mwh clones from mwh single and twin spots.

TFrequency of clone formation: clones/flies/48,800 cells (without size correction).
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ABSTRACT

Titanium dioxide nanoparticles (TiO, NPs) have been widely used in
pharmaceuticals and cosmetics. TiO, NPs can occur at different crystalline structures,
as anatase, rutile or brookite. This study evaluated genotoxic effects of anatase TiO;
NPs of 5.2 and 9.1 nm, and a predominantly rutile TiO, NPs of 55.1 nm through in
vitro Micronucleus (MN) assay, using Chinese hamster lung fibroblasts (V79 cells),
and in vivo Somatic Mutation and Recombination Test (SMART), on wings of
Drosophila. MN assay was performed with nontoxic concentrations: 30.5; 61.0 or
122.0 uM of anatase TiO; (5.2 and 9.1 nm), and 976.0; 1,953.0 or 3,906.0 uM of rutile
TiO2 (55.1 nm). Only anatase (5.2 nm) at highest concentration was able to induce
genotoxicity in V79 cells. In the in vivo test, Drosophila melanogaster larvae obtained
from standard (ST) or high bioactivation (HB) crosses were treated with 1.5625;
3.125; 6.25 or 12.5 mM of TiO, NPs (anatase 5.2 and 9.1; rutile 55.1 nm). In ST
cross, no mutagenic effects were observed. However, in HB cross, TiO2 NPs (5.2 nm)
was mutagenic at concentrations 1.5625 and 3.125 mM, while 55.1 nm increased
mutant spots at all concentrations tested, except at 3.125 mM. Among anatase TiO,
NPs, only the smallest size induced mutagenic effects in vitro and in vivo. For rutile
TiO, NPs, no clastogenic/aneugenic effects were observed in MN assay, however,
they were mutagenic for Drosophila. Therefore, both anatase and rutile TiO, NPs
were able to induce mutagenicity. Further research is necessary to clarify TiO, NPs

genotoxic/mutagenic potential.
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INTRODUCTION

Titanium dioxide (TiOy), titanium (IV) oxide or titania, is the naturally occurring
oxide of titanium (Di Carlo et al. 2014; Grabowska et al. 2014). TiO, nanoparticles
(NPs) are the most prevalent NPs in day-to-day use. Four naturally occurring TiO»
exist as: rutile, anatase, brookite and titanium dioxide (B) (Banfield and Veblen 1992).
Nowadays they are present in electronics, inks, food colorings, coatings for drugs and
vitamins and several kinds of personal care products, as toothpastes, sunscreens,
soaps and shampoos (Yu and Li 2011; Weir et al. 2012; Chen et al. 2014).

One of the major applications of TiO, NPs is their use as effective physical
absorbers of UV rays in sun protection agents (Strobel et al. 2014). At a nanoscale,
TiO, is more efficient in filtering UV light when compared with the microscale
counterparts (Smijs and Pavel 2011). Furthermore, its use makes sunscreens more
transparent, without opaqueness feature and with better tactile sensation (Newman et
al. 2009).

The main feature of nanoscale products and the reason that makes them
widely applicable is their reduced size. However, with the size decreasing, there is an
increase in their surface area to mass ratio, which makes them extremely more
reactive than the conventional formulation of the same product. Previous studies have
shown TiO2 NPs can cause several adverse effects, such as inflammation, pulmonary
damage, fibrosis and lung tumors to rodents. Besides, due to harmful interactions of
NPs with biological systems and the environment, they are raising concerns about
their toxic/genotoxic potential (Foth et al. 2012; Lindberg et al. 2012; Weir et al. 2012;
Chen et al. 2014). Other parameters that can influence the toxic/genotoxic potential
of TiO2 NPs are the crystalline structure and chemical concentration (Jiang et al.
2008; Fu et al. 2014).

Besides, TiO, was classified by the International Agency for Research on
Cancer (IARC) as possibly carcinogenic to humans (IARC 2010). Due to these data
and the increasing risk of human exposure to NPs, investigations on the genotoxicity
and mutagenicity aiming understanding the safety of TiO, NPs are necessary to

establish associations between its physicochemical properties and toxic effects (Jiang
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et al. 2008; Landsiedel et al. 2009; Zhang et al. 2013; Shi et al. 2014; Strobel et al.
2014). Based on the importance of TiO, NPs and the suggestion that size could be
related with toxicity and mutagenicity, we tested the hypothesis.

TiO2 NPs can be internalized to the cytoplasm and into to the cell nucleus as
demonstrated by Shukla et al. (2013), in human hepatocellular carcinoma cells
(HepG2) using flow cytometry and transmission electron microscopy (TEM). That
study also listed the possible mechanisms of induction of toxicity, highlighting markers
of oxidative stress (increased generation of reactive oxygen species - ROS, reduced
glutathione levels and lipid peroxidation) and apoptosis markers (reduction of
mitochondrial membrane potential, increased expression of p53, BAX, Cyto-c, Apaf-1,
caspase-9 and caspase-3 and decreased the level of Bcl-2).

Micronuclei (MN) are derived from chromosomal fragments and whole
chromosomes that were retained in anaphase (Fenech 2007). The MN can be
evaluated by the cytokinesis-block micronucleus (CBMN) assay, which blocks the cell
cycle using a cytokinesis block referred as cytochalasin B that produces binucleated
cells, allowing a more accurate score of MN and excluding the dividing cells from non
dividing cells to enhance the reliability by reducing the incidence of false positive data
(Deepa Parvathi and Rajagopal 2014). The Micronucleus test (MNT) has been used
to evaluate clastogenic and aneugenic effects of different compounds, including
nanoscale TiO, (Dobrzynska et al. 2014; Tavares et al. 2014).

The relevancy of Drosophila in toxicity assessment of nanomaterials was
reviewed recently by Deepa Parvathi and Rajagopal (2014). Among the mentioned
assays, the wing Somatic Mutation and Recombination Test (SMART), considered
one of the gold standard for mutagenicity, have the ability to assess loss of
heterozygosity (LOH) as a consequence of gene mutation, chromosome
breaks/rearrangement or chromosome loss of suitable gene markers that have
detectable phenotypes when expressed on the wings (Graf et al. 1984).

Therefore, the aim of the present study was to evaluate the genotoxic and
mutagenic potentials of TiO, NPs using, respectively, the in vitro CBMN assay on
Chinese hamster lung fibroblast cells (V79) and the in vivo wing SMART assay in

Drosophila melanogaster.
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MATERIAL AND METHODS

Chemicals

The three types of TiO, nanoparticles (NPs) used in this study were designated
as following: anatase TiO; NPs of 5.2 nm (A5.2 TiO;); anatase TiO, NPs of 9.1 nm
(A9.1 TiO2) and a mixture of rutile (64%) / brokite (35%) / anatase (1%) TiO, NPs of
55.1 nm (R55.1 TiO,). All TiO, NPs were provided, synthetized and characterized at
Laboratério de Novos Materiais Isolantes e Semicondutores (LNMIS), Instituto de
Fisica, Universidade Federal de Uberlandia, Uberlandia, Brazil. HAM-F10; DMEM,;
streptomycin (CAS 3810-74-0); penicillin (CAS 113-98-4); Hepes (CAS 7365-45-8);
dimethyl sulfoxide (DMSO; CAS 67-68-5); methyl methanesulfonate (MMS; CAS 66-
27-3); cytochalasin-B (CAS 14930-96-2), HNO3, Ti(OCH(CHs).2)s and NaOH were
purchased from Sigma-Aldrich. Ethyl carbamate (Urethane - URE; CAS: 51-79-6) was
from Fluka AG, (Buchs, Switzerland); and fetal bovine serum from Nutricell
(Campinas, SP, Brazil). As an alternative Drosophila instant medium, the instant
mashed potato flakes (Yoki®Alimentos S. A., Sdo Bernardo do Campo, SP, Brazil)
were used. The solutions were always prepared immediately before use with

ultrapure water obtained from a MilliQ system (Millipore, Vimodrome, Milan, Italy).

Synthesis and Characterization of TiO, NPs

The TiO, NPs were synthesized in aqueous solution at room temperature. The
process of synthesis consists of the following steps: (i) prepared at room temperature,
a solution containing 300 mL of ultrapure water and 90 mL of nitric acid (HNO3, 70%,
Sigma Aldrich), under magnetic stirring for 20 minutes; (ii) was added 60 mL of
titanium isopropoxide (Ti(OCH(CHz3)2)s, 97%). The pH of this solution was adjusted to
5.6 using a solution of 4M sodium hydroxide (NaOH, 98%) and subsequently was
added 400 mL of ultrapure water, keeping under magnetic stirring for 30 minutes. The
resulting solution was left to stand for the process of precipitation of TiO, NPs. The
precipitate was monodisperse in utrapure water under magnetic stirring, and
centrifuged at 6,000 rpm for 10 minutes. This procedure was repeated several times

to obtain the solution to pH 7.0. Finally, the resulting precipitate was purified from this
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solution was subjected to the following successive thermal treatments in ambient
atmosphere: (i) 100 °C / 12 hr, (ii) 500 °C / 1 hr and (iii) 800 °C / 1hr.

The X-ray diffraction (XRD) were recorded with a DRX-6000 (Shimadzu), using
monochromatic radiation Cu-K 1 (A = 1.54056 A) to confirm the formation of TiO, NPs
as well as the crystal structure, size and average mass fraction of rutile phase. The
size of the NPs was estimated based on the Debye-Scherrer equation (Guinier 1963).
In the XRD patterns of the samples treated at 100 °C / 24 hr and 500 °C / 1 hr was
used the (101) Bragg diffraction peak of anatase phase located around 26 = 25.4°
and in samples treated at 800 °C / 1 hr used the peak (110) of rutile phase located
around 26 = 27.8°. The mass fraction of rutile phase was calculated using the
following equation (Yu et al. 2003; Koo et al. 2006):

A

R

TKA+A KA

R

where Ag is the integrated intensity of the peak (121) of brookite phase, K4 and Kg are
two coefficients with values of 0886 and 2721, respectively. The micro-Raman
spectra were obtained using as excitation source the 780 nm line of Ocean Optics

spectrometer. All characterizations were performed at room temperature.
In vitro assays

Cell line and culture conditions

Chinese hamster lung fibroblasts (V79 cells) were kindly provided by the
Laboratory of Mutagenesis, State University of Londrina (UEL), Parana, Brazil. The
cells were maintained as monolayers in plastic culture flasks (25 cm?) in HAM-F10
and DMEM (1:1) medium supplemented with 10% fetal bovine serum, antibiotics
(0.01 mg/mL streptomycin; 0.005 mg/mL penicillin), and 2.38 mg/mL Hepes at 36.5
°C in a BOD type incubator. The average cell cycle time was 12 h under these
conditions and the experiments were carried out using V79 cells between the 6™ and
the 12" culture passage after thawing. The protocols used in this study were

performed in triplicate.
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XTT colorimetric assay

The cytotoxic activity was evaluated using the in vitro colorimetric assay - XTT
kit (Roche Diagnostics) according to the manufacturer's instructions. For the
experiments, 1 x 10* cells were seeded into microplates containing 96 wells. Each
well received a maximum of 100 pL of culture medium (DMEM + HAM F10 1:1)
supplemented with 10% fetal bovine serum containing different concentrations of TiO,
NPs (A5.2, A9.1 or R55.1). The concentrations tested ranged from 30.5 to 62,500.0
MM. Negative (no treatment) and positive (dimethylsulfoxide - DMSO 25%) controls
were included in the microplates. After incubation with the compound for 24 h at 36.5
°C, the culture medium was removed and cells were washed with 100 pL of PBS to
remove the compound and exposed to 100 yL of HAM-F10 medium red-free culture
phenol. Then, 25 pL of XTT were added to each well. The microplates were incubated
at 36.5 °C for 17h. The absorbance of the samples was determined by means of a
multi-plate reader (ELISA -Asys - UVM 340 / MicroWIN 2000) at a wavelength of 450
nm and a reference length of 620 nm. The amount of formed soluble product
(formazan) was proportional to the number of viable cells. The negative control group
was designated as 100% and the results were expressed as a percentage of the

negative control. The experiments were performed in triplicate.

Cytokinesis-block micronucleus (CBMN) assay

The V79 cells (500,000) were seeded into tissue-culture flasks and incubated
for 25 hr in complete 5 mL HAM-F10/DMEM medium and washed with PBS (pH 7.4).
After the incubation, the cultures were rinsed with PBS, and then submitted to one of
the following treatments: negative control (without treatment); A5.2 or A9.1 TiO, at
concentrations of 30.5, 61.0 or 122.0 yM; R55.1 TiO; at 976.5, 1,953.0 or 3,906.0 pM;
positive control (MMS) at 400 uM. All the experiments were performed in triplicate.
After the treatment period, the cells were washed with PBS and a culture medium
supplemented with fetal bovine serum containing 3 pg/mL of cytochalasin-B was
added and the cells were incubated for 17 hr. Then, the cells were rinsed with 5 mL

PBS, trypsinized using 0.025% trypsin-EDTA and centrifuged for 5 min at 900 rpm.
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The pellet was hypotonized in sodium citrate 1% at 37 °C and then homogenized with
a Pasteur pipette. This cell suspension was centrifuged again and the supernatant
was discarded and the pellet was resuspended in methanol:acetic acid (3:1) and
homogenized again with a Pasteur pipette. After fixation, the cells were stained in a
Giemsa solution 5%.

The analysis was established by Fenech (2000): 1,000 cells were counted by
culturing in a total of 3,000 binucleated cells per treatment. The nuclear division index
(NDI) was determined for 500 cells analyzed per repetition, for a total of 1,500 cells
per treatment group using the same slides used on the micronucleus assay. Cells
with well-preserved cytoplasm containing 1 - 4 nuclei were scored and the NDI was
calculated using the following formula (Eastmond and Tucker 1989):

NDI = [M1 + 2(M2) + 3(M3) + 4(M4)]
N

Where M1-M4 is the number of cells with 1, 2, 3 and 4 nuclei, respectively, and N is

the total number of viable cells.

Statistical analysis - CBMN

The data were analyzed statistically by analysis of variance for completely
randomized experiments, with calculation of F statistics and respective P values. In
cases in which P< 0.05, treatment means were compared by the Tukey test and the

minimum significant difference was calculated for 0.05.
In vivo assay

D. melanogaster strains and crosses

Three D. melanogaster strains with the genetic markers multiple wing hairs
(mwh, 3-0.3) and flare-3 (fIr’, 3-38.9) were kindly provided by the Physiology and
Animal Husbandry Institute of Animal Sciences (University of Zurich, Schwerzenbach,
Switzerland): (1) multiple wing hairs (mwh/mwh); (2) flare-3 (fI’/In(3LR)TM3, ri p°sep
I(3)89Aa bx34° and Bd®); and (3) ORR; flare-3 (ORR/ORR; fIr’/In(3LR)TM3, ri p°sep
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1(3)89Aa bx34° and Bds). The ORR strain has chromosomes 1 and 2 from a DDT-
resistant Oregon R(R) line, which are responsible for a high constitutive level of
cytochromes P450 (Graf and van Schaik 1992). These strains were maintained in
glass vials filled with a maintenance medium (i.e., banana, sucrose, yeast and
methylparaben) under light/dark cycles (12 hr:12 hr), at 25 £ 1° C and approximately
60% humidity in a BOD-type chamber (Model: SL224, SOLAB — Equipamentos para
Laboratdrios Ltda., Sdo Paulo, SP, Brazil).

Two crosses were carried out to produce the experimental larval progeny: (1)
Standard (ST) cross, mwh/mwh males crossed with fIr/In(3LR)TM3, ri p°sep 1(3)89Aa
bx34° and Bd® virgins females (Graf et al., 1984; 1989); (2) High bioactivation (HB)
cross, mwh/mwh males crossed with ORR/ORR; fl’/In(3LR)TM3, ri p°sep 1(3)89Aa
bx34° and Bd® virgins female (Graf and van Schaik 1992). The two crosses produce
two types of flies. Marker trans-heterozygous (MH) flies (mwh+/+ fI’) and balancer-
heterozygous (BH) flies (mwh+/+ TM3, Bd®). The first one has normal wings while the

latter can be distinguished phenotypically by its serrated wings.

Somatic Mutation and Recombination Test - SMART

From the ST and HB crosses eggs were collected for 8 hr in culture bottles
with 4% w/v agar-agar base, topped with a thick layer of live baker's yeast
supplemented with sucrose. Larvae of 72 £ 4 hr were transferred to glass vials to a
chronic feeding (approximately 48 hr). Four sets of vials for each cross were prepared
with 1.5 g of mashed potato flakes and 5 mL of a solution containing TiO, NPs (A5.2,
A9.1 or R55.1) at concentrations 1.5625, 3.125, 6.25, 12.5, 25.0, 50.0 and 100.0 mM.
Negative (ultrapure water) and positive (URE 10mM) controls were included in this
experiment. The larvae were counted before the distribution in two series of these
vials to calculate the survival rates upon exposure. Larvae were allowed to feed on
the above medium for the remainder of their development, to pupate and to hatch as
adult flies. All experiments were conducted at 25 £ 1 °C and approximately 60%
humidity.

The hatched flies were stored in 70% (v/v) ethanol. The wings of MH flies were

removed and mounted in glass slides with Faure’s solution (gum Arabic 30 g, glycerol
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20 mL, chloral hydrate 50 g, water 50 mL) and analyzed for size and frequency of
spots under a compound microscope at 400 x magnification.

Three types of spots can be observed on the wings of MH flies: (i) Small single
spots (mwh or flr’), consisting of one or two mutant hairs, resulting from deletions,
point mutations, specific chromosome aberrations, or from recombination between
the two marker genes; (i) Large single spots (mwh or flr’), consisting of three or more
hairs; and (i) Twin spots (mwh and fIr’), consisting of adjacent mwh and fI° hairs,
produced by mitotic recombination between the proximal marker fI’ and the
centromere of chromosome 3. Only mwh single spots can be recovered on the wings
of BH flies. They are all due to mutational events because recombinational events are
suppressed due to multiply inverted TM3 balancer chromosome (Graf et al. 1984;
Guzman-Rincon and Graf 1995). For each analyzed wing the three kinds of spots

were recorded for further statistical analysis.

Statistical analysis - SMART

The experimental data were evaluated according to the multiple-decision
procedure (Frei and Wurgler 1988; Frei and Wurgler 1995). The frequencies of each
type of mutant clone per fly were compared with the concurrent negative control
series using the conditional binomial test (Kastenbaum and Bowman 1970), used to
decide whether a result is positive, inconclusive or negative. Chi-square test was
performed for statistical comparisons of survival rates for independent samples. Each

statistical test was evaluated at the 5% significance level.

87



RESULTS

Nanoparticles characterization

Figure 1A shows the X-ray diffraction (XRD) patterns of TiO, NPs subjected to
thermal treatment at 100 °C / 24 hr, 500 °C /1 hr, e 800 °C / 1 hr. In the XRD patterns
of all samples are represented diffraction patterns characteristic of the TiO, NPs
anatase (JCPDS: 1:21-1272), rutile (JCPDS: 1:21-1276) and brookite (JCPDS: 29-
1360) phases, respectively, by the symbols (*), (**) and (***). It is observed in the
XRD pattern of TiO, NPs subjected to thermal treatment of 100 °C / 24 hr that all
these NPs are crystalline and have only anatase phase. The increase in temperature
of thermal treatment of 100 °C to 500 °C, did not alter the crystalline NP phase. With
the increase in heat treatment temperature to 800 °C / 1hr is observed the conversion
of anatase to rutile phase. This is justified by the increase in temperature enhancing
the transformation of anatase, which is thermodynamically metastable, to the rutile
phase that is more stable (Gaynor et al. 1997; Wu et al. 2002). Moreover, it was also
noted in the diffractograms the presence of brookite phase, which occur due to the
synthesis procedure used (Pottier et al. 2001; Abbas et al. 2011).

Table | shows the mean size and the mass fraction of rutile of TiO, NPs with
thermal treatment at 100 °C / 24 hr, 500 °C / 1 hr and 800 °C/ 1hr. It is observed that
the increase in thermal treatment temperature favors the growth of TiO, NPs and the
reduction of mass fraction of rutile. This reduction occurs due to the phase
transformation from anatase to brookite, as shown in the diffractograms of Figure 1A.

Figure 1B shows the micro-Raman spectra of TiO, NPs undergoing thermal
treatments 100 °C / 24 hr, 500 °C / 1 hr and 800 °C / 1 hr. All spectra were normalized
to the peak of greater intensity to facilitate the visualization of active modes of
anatase, brookite and rutile phases presents in the TiO, NPs. It was verified that the
TiO, NPs with thermal treatment at 100 °C / 24 hr exhibited characteristic bands of
vibrations of anatase phase (Ohsaka 1980; Zhang et al. 2000). Raman bands are
shifted to higher wave numbers, which occurs due to decrease in size of the NPs, in
accordance with the size values obtained based on the results of XRD (see Table )

(Choi et al. 2005). The Raman band around 144 cm™ was not visualized because the
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detector of the Raman system used only detects in the range of 150 to 1000 cm™,
observing the descent of the band. In the micro-Raman spectrum of the samples,
thermal treatment at 500 °C / 1 hr are also observed the modes of anatase phase.
The increase in annealing temperature to 800 °C / 1 hr favored the formation of rutile
and brookite, both observed in Raman spectrum as in the XRD diffractogram (Fig.
1B). The three types of TiO, NPs used in this study were designated as anatase TiO»
NPs of 5.2 nm (A5.2 TiO;); anatase TiO2 NPs of 9.1 nm (A9.1 TiO;) and a mixture of
rutile (64%) / brookite (35%) / anatase (1%) TiO2 NPs of 55.1 nm (R55.1 TiOy).

XTT colorimetric assay

The cytotoxicity of TiO, NPs (A5.2, A9.1 or R55.1) were assessed by XTT
colorimetric assay in V79 cells at concentrations ranging from 30.5 to 62,500.0 uM.
Figure 2 shows the cell viability percentage of each treatment. The results
demonstrated that treatments with A5.2 and A9.1 TiO; showed significant difference
from negative control at concentrations higher than 122 pM (Fig. 2A and 2B,
respectively), and with R55.1 TiO,, concentrations superior than 3.906 uM were

considered statistically cytotoxic (Fig. 2C).

Micronucleus assay

Micronucleus (MN) frequency in V79 cells treated with 30, 60 or 120 yM of
A5.2 or A9.1 TiO,, and 976.5, 1,953.0 or 3,906.0 uM of R55.1 TiO,, and nuclear
division index (NDI) are showed in Table Il. The results demonstrated that A5.2 TiO,
significantly increased the frequency of MN at higher concentration (120 pM),
showing a genotoxic effect. No significant differences in MN induction were observed
in the groups treated with 30 and 60 uM of A5.2 TiO, when compared to negative
control (p > 0.05). The results also demonstrated lack of genotoxic effects for A9.1
and R55.1 TiO,, at all concentrations tested (Table II).

Table Il also displays the means nuclear division index (NDI) and the
respective standard deviation (SD) obtained for all treated groups. No significant

differences were observed between the total induced MN in any treatment group as
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compared to the negative control, demonstrating the absence of cytotoxicity of the

different treatments under our experimental conditions.

Somatic Mutation and Recombination Test - SMART

Third instar larvae of D. melanogaster obtained from ST and HB crosses were
fed chronically with three different types of TiO, NPs: A5.2, A9.1 or R55.1, at
concentrations ranging from 1.5625 to 100.0 mM. The survival rates are showed in
Figure 3. All concentrations tested were not toxic when compared to the negative
control group. The assessment for size and frequency of spots were performed with
wings of flies treated with the four smallest concentrations tested (1.5625; 3.125; 6.25
or 12.5 mM).

The results of the wing spot test for mutagenic evaluation of TiO, NPs (A5.2,
A9.1 or R55.1) are summarized in Tables IlI-V, for ST and HB crosses. As expected,
the reference mutagen (URE) induced positive results for all spot categories in both
crosses (ST and HB) compared to the negative control.

From ST cross, the results showed that TiO, NPs (A5.2, A9.1 or R55.1), at
concentrations 1.5625; 3.125; 6.25 or 12.5 mM, did not induce significant increase in
the frequency of mutant spots. Among HB individuals, A9.1 TiO, presented no
genotoxic effect of all categories of mutant spots recorded (Table IV). On the other
hand, A5.2 and R55.1 TiO, were able to induce mutagenic activity, but regardless

dose increasing.
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DISCUSSION

Studies about TiO; have revealed that the use of these NPs have the two sides
of the same coin. While TiO, NPs have been widely employed in industry,
researchers worldwide have raised concerns about their potential genotoxic effects,
which may be related to crystalline structure, size, concentration or time exposure.

Aiming to contribute to the knowledge regarding TiO, NPs potential
genotoxicity, the present study evaluated, in vitro and in vivo, three well physically
characterized NPs: anatase TiO, of 5.2 and 9.1 nm (A5.2 TiO; and A9.1 TiO,); and a
mixed phase nanocrystal 64% rutile/ 35% brookite/ 1% anatase TiO, of 55.1 nm
(R55.1 TiOy), characterized by the X-ray diffraction and micro-Raman spectroscopy.
The relevance of a well characterization of testing material has been highlighted by
several authors as an elemental part of toxicity studies (Arora et al. 2012; Nystrom
and Fadeel 2012; Chen et al. 2014).

The present investigation evaluated the cytotoxic potential of anatase TiO;
NPs through XTT colorimetric assay with V79 cells. The results showed that both
sizes of anatase TiO, NPs (5.2 and 9.1 nm) were similarly able to decrease cell
viability in a dose-dependent manner. The observed results are in good agreement
with those observed in A549 human lung carcinoma cells (CCL-185) (Jugan et al.
2012), and mouse macrophage (Ana-1) (Zhang et al. 2013). The Cytotoxic activity of
metal oxide particles is often associated with an increase in intracellular reactive
oxygen species (ROS) (Nel et al. 2006).

The Cytokinesis Block Micronucleus (CBMN) assay with Chinese hamster lung
fibroblasts (V79 cells) was performed with the no cytotoxic TiO, NPs concentrations,
previously determined by XTT assay. The results showed that among anatase TiO,
NPs assessed, only A5.2, at highest concentration, was able to induce MN formation.
Therefore, for these experimental conditions, we could suppose that genotoxic effects
of anatase phase are dependent of crystal size. Publications with anatase TiO, NPs
of different sizes have demonstrated a conflict in outcomes. Differences in
genotoxicity without relationship with dose or size of anatase TiO, NPs was shown by

Tavares et al. (2014). On the other hand, according to the experimental conditions,
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TiO2 NPs genotoxicity can be highly dependent upon size and shape. For example,
TiO, anatase NPs (10-20 nm) have been shown to induce chromosomal damage
through increased MN frequency, whilst in the same study such genotoxicity was not
induced by 200 nm anatase (Gurr et al. 2005). Genotoxic effects of 30-70 nm anatase
TiO, NPs were able to induce MN formation in HepG2 cells besides revealed a
significant concentration-dependent increase in oxidative DNA damage, probably
caused by the registered intracellular elevation of ROS (Shukla et al. 2013).
Nevertheless, although demonstrate high cytotoxic activity, Guichard et al. (2012)
found no significant MN formation after exposed Syrian hamster embryo cells to 14
nm anatase TiO2 NPs treatment.

In a recent review, Arora et al. (2012) have raised the relevance of in vivo
studies on nanotoxicolgy based on in vitro validated results despite of current
concerns about the use of animals in research, making in vivo work more difficult.
Currently, it has been seen a global effort to reduce the use of animals in
toxicological/genetic research, particularly in regard to the development of alternative
in vivo models (Siddique et al. 2005). One of these alternative models, either
highlighted by Deepa Parvathi and Rajagopal (2014), is the fruit fly D. melanogaster.
The ease of screening phenotypes and their susceptibility for genetic manipulation
identifies Drosophila as an ideal model for mutagenicity and toxicological screening,
corroborating with Demir et al. (2013), who considered that this in vivo eukaryotic
model offer many advantages with respect to the in vitro and others in vivo studies
using whole mammal organisms.

The Somatic Mutation and Recombination Test (SMART) is extremely
sensitive and determines chemical mutagenicity assessing the loss of heterozygosity
(LOH) of cellular markers. This LOH produces single spots (small and large) by point
mutation, deletion or non-disjunction and twin spots, which are produced exclusively
by mitotic recombination (Graf et al. 1984 ). For this purpose, two crosses are typically
used: the standard (ST) cross and a high bioactivation (HB) cross. The latter is
characterized by improved sensitivity to promutagens and procarcinogens owing to
high level of constitutively expressed cytochromes P450 (Frélich and Wurgler 1989;
Graf et al. 1989; Graf and van Schaik 1992).
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In the SMART assay of this present investigation, none mutagenic effects were
observed for individuals originated from ST cross. The smallest anatase TiO, NPs
tested (5.2 nm) were able to induced mutagenic effects on wings of HB cross, as well
MNs formations as previously reported in this study. Although all concentrations of
A5.2 TiO, induced mutagenic spots, only the effects of the two lowest concentrations
were statistically significant. The inconclusive or negative results for total spots
observed in the two highest concentrations of A5.2 TiO, can be justified by two
manners. The increase in NPs concentrations can indicate cell death due to
mutagenic effects, without individual death, and consequently absence of mutant
spots in the wings analyzed, or, as observed in other studies, the increase in the NPs
concentrations can lead to agglomeration or aggregation formation. It is important to
considerer that NPs agglomerates or aggregates can become roughly 40 times larger
than the individual NPs (Strobel et al. 2014). NPs agglomerates/aggregates could
influence biological interaction, as cellular binding/uptake, cytotoxic and genotoxic
effects (Falck et al. 2009; Petkovic et al. 2011; Lankoff et al. 2012; Butler et al. 2014;
Janer et al. 2014). The highest size of TiO, NPs (9.2 nm), of the same anatase
crystalline phase, was not mutagenic at all concentrations tested. This finding
suggests that mutagenic effects of anatase TiO, NPs are size dependent, even that
the size difference between these NPs is of only 4 nm. Others studies have been
shown that NPs size does not matter in genotoxic effects (Karlsson et al. 2009; Zhang
et al. 2013). The unique SMART assay, performed with TiO, NPs published before
the present one showed no mutagenic effects for anatase NPs at 2.3 nm in ST cross,
corroborating our results (Demir et al. 2013). However, this mentioned work did not
evaluate HB cross, contrasting with data presented in our study, which showed
positive results, probably due to increased metabolism.

Besides the size evaluation, crystalline phase of TiO, NPs can be considered
an important parameter to be evaluated in cytotoxic and genotoxic investigations; but
for this purpose, the NPs sizes among different crystalline structures must be
maintained. Here, we evaluated the effects of a mixed phase of TiO, NPs with 55.1
nm in which the rutile phase is predominant (64%). As observed in the present study,

R55.1 TiO, NPs were able to induce cytotoxic effects in V79 cells, but no genotoxic
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effects were seen in CBMN assay. Although the sizes of anatase TiO, NPs and rutile
TiO, NPs employed in this study were different, we observed higher cytotoxic
potential for anatase than for rutile NPs. Some studies have shown that rutile is the
most stable phase of TiO, NPs (Haines and Leger 1993; Smijs and Pavel 2011), and
it was responsible to induce cytotoxic effects only in high concentrations. Besides
that, recent reviews have emphasized the higher photoactivity of anatase NPs when
compared with rutile ones (Banerjee 2011; Smijs and Pavel 2011). Jiang et al. (2008)
showed that the ability of different crystal phases of TiO, NPs to generate ROS was
higher for anatase and then for rutile samples. However, in the present study, we
cannot state if the lowest cytotoxic effect observed for rutile NPs is due to its higher
size (55.1 nm) or due to its crystalline structure.

Negative results on genotoxic effects after rutile TiO, exposure have been
reported. No significant MN formation was detected in Syrian hamster embryo cells
exposed to 62 nm size TiO, NPs (Guichard et al. 2012). Similarly, Landsiedel et al.
(2010) demonstrated no genotoxicity in vitro (Ames' Salmonella gene mutation test
and V79 micronucleus chromosome mutation test) or in vivo (mouse bone marrow
MN test and Comet DNA damage assay in lung cells from rats exposed by inhalation)
using rutile TiO, NPs (10 — 50 nm). Otherwise, Falck et al. (2009) showed positive
cytotoxic effect and DNA damage associated to nanosized rutile TiO,, but none
significant increase in MN induction in cultured human bronchial epithelial BEAS 2B
cells.

The occurrence of mutagenic effects can be associated to cell defective ability
to repair DNA damage. Anatase and rutile TiO, NPs (< 20 nm) was showed to induce
inactivation of both nucleotide excision repair (NER) and base excision repair (BER)
abilities of A549 cells (Jugan et al. 2012).

Here, the NPs containing 64% of rutile phase TiO, (R55.1 TiO;) was assessed
for the first time by in vivo SMART assay. Our results showed significant mutagenic
effects at all concentration tested, except at 3.125 mM. Mutagenic effects assayed by
SMART in this present study were found only in HB cross. Therefore, we can suggest
that the high intrinsic metabolic activity associated with HB individuals (Graf and van
Schaik 1992), coupled with oxidative stress triggered by TiO, NPs (Gurr et al. 2005;
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Jugan et al. 2012) and with the impair ability of cells to repair DNA lesions (Jugan et
al. 2012) could be seen as the responsible for the appearance of mutant spot in D.
melanogaster wings.

Our results for XTT colorimetric assay, in vitro Micronucleus test and in vivo
SMART assay had revealed either absence or presence of mutagenic effects
dependent of TiO, NPs size and independent of TiO; crystalline structure. However,
to ensure which feature is majority on cytotoxic and genotoxic induction, others
relevant parameters have to be analyzed, as agglomerate/aggregate formation,
hydrodynamic size, zeta potential, time of NPs exposition for culture cells. Besides
that, these conflicts in outcomes exist and will go on, due to the heterogeneity of
samples types being tested and the biological models that are being challenged.

The differences observed in cytotoxic and genotoxicity for closely related NPs
highlights the importance of investigating the toxic potential of each one individually,
instead of assuming a common mechanism and equal genotoxic effects for a set of
similar NPs (Tavares et al. 2014). Furthermore, the major relevance of this diversity of
data storm is the possibility of raise information aiming corroborate the literature,
whereas nanotechnology is an emerging field and needs knowledge to safety people
and environment. Besides that, according to Arora et al. (2012), experimental results
can also corroborate with nanomaterials synthesis on predictive toxicology that will

help to remove toxicity by design parameters.
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CONCLUSIONS

In conclusion, our study demonstrated that anatase TiO, NPs at smallest size
were able to induce mutagenic effects in vitro and in vivo, and the higher anatase
NPs did not caused DNA damage, despite only 4 nm of difference for the first one.
For rutile TiO, NPs, no clastogenic/aneugenic effect were observed in MN assay,
however, the increase on mutagenic spots was significant. In these experimental
conditions, we can affirm that both anatase and rutile TiO, NPs were able to induce
mutagenicity. Therefore, the use of these nanomaterials should be closely monitored

and its genotoxicity action mechanisms must be elucidated.
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Fig. 1. A: X-ray diffraction patterns; B: Micro Raman spectra of TiO, NPs with thermal
treatment at 100 °C /24 hr, 500 °C /1 hrand 800°C /1 hr.
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Fig. 2. Effects of TiO, NPs on the viability of V79 cells. A: A5.2 TiO,; B: A9.1 TiO,; C: R55.1
TiO, at concentrations 30.5 to 62,500.0 pM, negative and positive (DMSO 25%) controls.
* Significantly different of negative control (p < 0.05).
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negative control (p < 0.05).
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TABLE I. Average sizes and the mass fraction of rutile TiO, NPs of thermal treatment at

100 °C /24 hr, 500 °C/1 hr and 800 °C/ 1 hr

NPs average

Mass fraction

Thermal treatment NPs phase
size (nm) of rutile
100°C/24hr 5.2 Anatase -
500°C/ 1hr 9.1 Anatase -
800°C/ 1hr 55.1 Anatase/Brookite /Rutile 0.64
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TABLE Il. Frequency of micronuclei (MN) and nuclear division index (NDI) observed in
V79 cells treated with different concentrations of TiO, NPs (A5.2, A9.1 or R55.1) and

respective controls

Frequency of MNs 2 NDI P
Treatments (uM)

Mean + SD Mean + SD
Negative control 7.00+£1.00 1.78 £ 0,03
MMS 45.00+£3.61° 1.78 £ 0,03
A5.2TiO,
30 6.67 £ 1.15 1,78 £ 0.03
60 12.00 £ 1.00 1.77 £ 0.02
120 14.67 +£2.08 ° 1.81+0.02
A9.1 TiO,
30 11.33 £ 2.31 1.76 £ 0.03
60 8.33+1.15 1.80 £ 0.05
120 10.00 + 2.00 1.78 £ 0.01
R55.1TiO,
976.5 5.33+1.53 1.79 £ 0.01
1,956.0 7.67+£1.15 1.80 £ 0.05
3,906.0 12.33+2.52 1.79+0.03

MMS — Methyl methanesulfonate (400 uM).

3,000 binucleated cells were analyzed per treatment group.

® 1,500 cells were analyzed per treatment group.

¢ Significantly different from control group (P < 0.05).
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TABLE lll. Summary of results obtained with the Drosophila wing spot test (SMART) in the marker-heterozygous (MH)

progeny of the standard (ST) and high bioactivation (HB) crosses after chronic treatment of larvae with A5.2 TiO, NPs

Genotype, cross and

Spots per fly (number of spots) statistical diagnosis®

Small single

Large single

Frequency 9« clone
ﬁo_,BmH_o::o cells per cell

treatment Z.S:co_, of spots spots . Spots with c division®
(mM) flies Twin spots  Total spots mwh clone

(1-2 cells)’ (>2 cells)” Observed  control

Corrected

ST cross
Negative control 40 0.50 (20) 0.00 (00) 0.00 (00) 0.50 (20) 20 1.02
URE 40 2.05(82) + 0.30 (12) + 0.25(10) + 2.60 (104) + 102 5.23 4.20
A5.2 TiO,
1.5625 40 0.38 (15) - 0.08 (03) i 0.03 (01)i 0.48 (19) - 19 0.97 -0.05
3.125 40 0.38 (15) - 0.15 (06) + 0.05 (02) i 0.58 (23) - 23 1.18 0.15
6.25 40 0.33 (13) - 0.05 (02) i 0.05 (02) i 0.43 (17) - 17 0.87 -0.15
12.5 40 0.53 (21) - 0.08 (03) i 0.00 (00) i 0.60 (24)i 23 1.18 0.15
HB cross
Negative control 40 0.45 (18) 0.08 (03) 0.05 (02) 0.58 (23) 23 1.18
URE 40 15.50 (620) + 2.20 (88) + 0.80 (32) + 18.50 (740)+ 720 36.89 35.71
A5.2 TiO,
1.5625 40 0.88 (35) + 0.03 (01) i 0.05 (02) i 0.95 (38) + 37 1.90 0.72
3.125 40 1.05 (42) + 0.10 (04) i 0.05 (02) i 1.20 (48) + 47 2.41 1.23
6.25 40 0.55 (22) i 0.15 (08) i 0.08 (03) i 0.78 (31) i 29 1.49 0.31
12.5 40 0.65 (26) i 0.00 (00) - 0.00 (00) i 0.65 (26) - 25 1.28 0.10

Marquer trans-heterozygous flies ASS\:\Q} were evaluated.
@ Statistical diagnoses according to Frei and Wirgler (1988; 1995). U-test, two sided; probability levels:

untreated control;

b Including rare fir’ single spots.
° Considering mwh clones from mwh single and twin spots.
¢ Frequency of clone formation: clones/flies/48,800 cells (without size correction).

LLL

-, negative; +, positive; i,

inconclusive; P <0.05 vs.



TABLE IV. Summary of results obtained with the Drosophila wing spot test (SMART) in the marker-heterozygous (MH)

progeny of the standard (ST) and high bioactivation (HB) crosses after chronic treatment of larvae with A9.1 TiO, NPs

Genotype, cross

Number of

Spots per fly (number of spots) statistical diagnosis®

Frequency of clone
formation/10° cells per cell

Small single Large single Spots with .
Mﬂﬂ\_wﬁmmgma flies spots ° mcowm ° Twin spots  Total spots BJ.S clone® division

(1-2 cells)" (>2 cells)® Control

Observed Corrected

ST cross
Neg. control 40 0.50 (20) 0.00 (00) 0.00 (00) 0.50 (20) 20 1.02
URE 40 2.05 (82) + 0.30 (12) + 0.25(10)+ 2.60 (104) + 102 5.23 4.20
A9.1 TiO,
1.5625 40 0.53 (21) - 0.08 (03) i 0.05 (02) i 0.65 (26) i 25 1.28 0.26
3.125 40 0.33 (13) - 0.05 (02) i 0.00 (00) i 0.38 (15) - 14 0.72 -0.31
6.25 40 0.50 (20) - 0.05 (02) i 0.00 (00) i 0.55 (22) - 21 1.08 0.05
12.5 40 0.45 (18) - 0.03 (01)i 0.03 (01)i 0.50 (20) - 20 1.02 0.00
HB cross
Neg. control 40 0.45 (18) 0.08 (03) 0.05 (02) 0.58 (23) 23 1.18
URE 40 15.50 (620) + 2.20 (88) + 0.80 (32) + 18.50 (740) + 720 36.89 35.71
A9.1 TiO,
1.5625 40 0.65 (26) i 0.10 (04) i 0.05 (02) i 0.80 (32) i 31 1.59 0.41
3.125 40 0.50 (20) i 0.00 (00) - 0.03 (01)i 0.53 (21) - 20 1.02 -0.15
6.25 40 0.50 (20) i 0.00 (00) - 0.03 (01)i 0.53 (21) - 20 1.02 -0.15
12.5 40 0.58 (23)i 0.05 (02) i 0.05 (02) i 0.68 (27) - 27 1.38 0.20

Marquer trans-heterozygous flies (mwh/fIr’) were evaluated.
@ Statistical diagnoses according to Frei and Wirgler (1988; 1995). U-test, two sided; probability levels: -, negative; +, positive; i, inconclusive; P <0.05 vs.

untreated control;
b Including rare fir’ single spots.

° Considering mwh clones from mwh single and twin spots.
d Frequency of clone formation: clones/flies/48,800 cells (without size correction).
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Table V. Summary of results obtained with the Drosophila wing spot test (SMART) in the marker-heterozygous (MH)
progeny of the standard (ST) and high bioactivation crosses (HB) after chronic treatment of larvae with R55.1 TiO, NPs

Spots per fly (number of spots) statistical diagnosis®

Frequency om clone

Genotype, cross and . formation/10” cells per cell
treatment ”__.E:_um_. of Small single spots  Large single spots . Spots with c division®
(mM) les (1-2 om__wmc (>2 om__mvm Twin spots Total spots mwh clone

Observed MMMMM_SQ
ST cross
Neg. control 40 0.50 (20) 0.00 (00) 0.00 (00) 0.50 (20) 20 1.02
URE 40 2.05 (82) + 0.30 (12) + 0.25 (10) + 260 (104)+ 102 5.23 4.20
R55.1 TiO2
1.5625 40 0.38 (15) - 0.10 (04) i 0.00 (00) i 0.48 (19) - 17 0.87 -0.15
3.125 40 0.53 (21) - 0.10 (04) i 0.03 (01) 0.65 (26) i 26 1.33 0.31
6.25 40 0.43 (17) - 0.00 (00) i 0.03 (01) i 0.45 (18) - 16 0.82 -0.20
12.5 40 0.48 (19) - 0.08 (03)i 0.10 (04) i 0.65 (26) i 26 1.33 0.31
HB cross
Neg. control 40 0.45 (18) 0.08 (03) 0.05 (02) 0.58 (23) 23 1.18
URE 40 15.50 (620) + 2.20 (88) + 0.80 (32) + 18.50 (740) + 720 36.89 35.71
R55.1 TiO2
1.5625 40 0.78 (31) + 0.18 (07) i 0.00 (00) i 0.95 (38) + 38 1.95 0.77
3.125 40 0.68 (27) 0.13 (05) i 0.08 (03) i 0.88 (35) i 30 1.54 0.36
6.25 40 1.23 (49) + 0.05 (02) i 0.00 (00) i 1.28 (51) + 50 2.56 1.38
125 40 0.92 (37) + 0.05 (02) i 0.02 (01) 1.00 (40) + 40 2.05 0.87

Marquer trans-heterozygous flies (mwh/fIr’) were evaluated.

@ Statistical diagnoses according to Frei and Wirgler (1988; 1995). U-test, two sided; probability levels: -, negative; +, positive; i, inconclusive; P <0.05 vs.
untreated control;

b Including rare fir’ single spots.

° Considering mwh clones from mwh single and twin spots.

4 Frequency of clone formation: clones/flies/48,800 cells (without size correction).
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