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RESUMO

Bentonitas sdo argilas que, devido as suas caracteristicas estruturais,
abundancia na natureza e baixo custo, sdo amplamente aplicadas na
industria farmacéutica e de alimentos. Em contato com o corpo estas
particulas argilominerais sdo eficientes para melhoria da salde, sendo
capazes de reduzir os efeitos colaterais de diferentes farmacos e/ou
toxinas. Tais efeitos estdo relacionados as propriedades quimicas destes
materiais, as quais podem variar de acordo com o local de extracdo e/ou
de acordo com tratamentos fisico-quimico que podem ser realizados.
Neste contexto, a proposta deste estudo foi caracterizar e realizar
tratamentos térmicos (nas temperaturas de 125 a 1000 °C) e
organofilicos - com cloreto de benzalconio (BAC) e brometo de
cetriménio (CTAB) - sobre particulas de bentonita extraidas da regido
Sul do Estado de Santa Catarina, com o intuito de avaliar a influéncia
destes novos materiais gerados sobre a capacidade de adsorcdo da
micotoxina aflatoxina B; (AFB;). Ndo obstante, este trabalho também
buscou avaliar a toxicidade e potencial terapéutico dos materiais
desenvolvidos utilizando, para tal finalidade, células-tronco da crista
neural (CN) como modelo de estudo. Os resultados de caracterizacdo
demostraram que a bentonita in natura é constituida principalmente por
SiO, (68,14%), Al,O0; (18,04%), Fe,O3 (2,80%), KO (2,85%),
apresentando percentuais abaixo de 1% de MnO, MgO, CaO, Na,0O,
TiO, e P,0s. Os tratamentos térmicos propiciaram transformagfes nas
fases mineraldgicas, area superficial, tamanho de poro, estabilidade
térmica e distancia interlamelar, sendo que estas modificacGes afetaram
a capacidade de adsorcdo das particulas de bentonita, as quais foram
reduzidas progressivamente com o aumento da temperatura.
Diferentemente, os tratamentos com sais quaternarios de aménio (BAC
e CTAB) foram capazes de aumentar a capacidade de adsorcdo de
AFB;, a qual passou de 27,3% (bentonita in natura) para 55,24 e
77,88% para as amostras de bentonitas tratadas com 2% de brometo de
cetrimbnio a 60 °C (CTAB302) e 2% de cloreto de benzalconio a 60 °C
(BAC302), respectivamente. Os materiais produzidos ndo apenas foram
atéxicos para as células-tronco da CN na concentra¢do de 0,6 mg/mL,
como também foram capazes de proteger estas células contra os danos
causados pela AFB;. Os processos de organofilizacdo, inclusive, foram
os mais eficientes, sendo capazes de impedir os danos celulares
provocados por esta toxina (AFB;). Todos estes resultados, obtidos in
vitro, ndo apenas contribuirdo para uma melhor compreensdo do
mecanismo de ligagdo da bentonita com a AFB;, como também serdo



importantes para o desenvolvimento de novos farmacos e/ou materiais
mais eficazes para mitigacdo e/ou eliminacdo de diferentes agentes
toxicos presentes nas dietas fornecidas aos humanos e/ou animais.

Palavras-chave: Bentonita. Aflatoxina B;. Adsor¢do. Células-tronco da
crista neural. Tratamentos térmicos. Tratamentos organofilicos.



ABSTRACT

Due to their structural characteristics, bentonites are clays that can be
found in abundance in nature, have low cost, and are widely applied in
the pharmaceutical and food industries. When in contact with the human
body, these clay particles are effective in improving health, reducing
side effects of different drugs and / or toxins. Such effects are associated
with the chemical properties of these materials, which may vary
depending on the extraction site and / or on the physical and chemical
treatments they are submitted to. Moreover, this present research aimed
to characterize and conduct heat treatment (at temperatures 125-1000°C)
and organophilic treatment - (with benzalkonium chloride, BAC, and
bromide cetrimonium, CTAB) - on bentonite particles extracted from
the southern region of the State of Santa Catarina, in Brazil, in order to
assess how these new materials may affect the adsorption capacity of
mycotoxin aflatoxin B; (AFB;). In addition, this work aimed to assess
the toxicity and therapeutic potential of produced materials, by using
neural crest stem cells (NC) as reference. Characterization results
showed that in natura bentonite consists mainly of SiO, (68.14%),
Al,O3 (18.04%), Fe O3 (2.80%), K,O (2.85%), showing percentages
below 1% of MnO, MgO, Ca0, Na;O, TiO; e P,Os. Thermal treatments
provided changes in the mineralogical phases, surface area, pore size,
thermal stability, and interlayer distance. Such changes have affected the
adsorption capacity of bentonite particles, which were progressively
reduced with increasing temperature. In contrast, treatments with
quaternary ammonium salts (BAC and CTAB) were able to increase the
adsorption capacity of AFB;, which rose from 27.3% (in natura
bentonite) to 55.24; and 77.88% for samples of bentonites treated with
2% of cetrimonium bromide at 60 °C (CTAB302) and 2% of
benzalkonium chloride at 60 °C (BAC302), respectively. The materials
produced were not only non-toxic to the CN stem cells at a
concentration of 0.6 mg/mL, they were also able to protect these cells
from any damage caused by AFB;. The organophilization processes
were the most efficient, since they were able to prevent cell damage
caused by that toxin (AFB,). All of such results, found in vitro, not only
could contribute to a better understanding of the bentonite linkage



mechanism with AFB;, but could also aid on the development of new
drugs and / or more effective materials for moderating and / or removing
several toxic agents existing in diets fed to humans and / or animals.

Keywords: Bentonite. Aflatoxin B;. Adsorption. Neural crest stem cells.
Heat treatments. Organophilic treatments.
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1 INTRODUCAO

Bentonitas sdo argilas constituidas, principalmente, pela
montmorilonita, um argilomineral do grupo da esmectita (SOUFIANI et
al., 2016). Por apresentarem baixo custo e serem facilmente encontradas
na natureza, estas particulas sdo amplamente empregadas na inddstria
farmacéutica e de alimentos (NIEN; LIAO; LIAO, 2011; ZHANG et al.,
2010, 2011).

Na area de alimentos, as particulas de bentonita sdo utilizadas
como aditivos alimentares devido as suas propriedades de adsorgdo.
Quando empregadas com tal finalidade, as bentonitas sdo capazes de
agir como atenuadores dos efeitos toxicos causados por contaminantes
alimentares, incluindo os causados pela micotoxina aflatoxina B;
(AFB;) (BARRIENTOS-VELAZQUEZ et al., 2016; DENG et al., 2010;
DIXON et al., 2008; MAGNOLI et al., 2008).

A AFB; é uma substancia toxica produzida pelo metabolismo
secundario de fungos do género Aspergillus (STACHOWIAK et al.,
2016), sendo considerada uma das substancias mais predominantes e
toxicas (GROOPMAN; WOGAN, 2016; SHIM et al.,, 2014). Esta
micotoxina pode ser encontrada em uma grande variedade de gréos,
como milho, amendoim, centeio, aveia, além de subprodutos de origem
animal como leite, ovos e carne (TIRMENSTEIN; MANGIPUDY;
BRISTOL-MYERS, 2014; STACHOWIAK et al., 2016). Sua presenca,
na alimentacdo humana, pode ocasionar quadros de intoxicacdo aguda,
podendo o individuo intoxicado apresentar dores abdominais, vomitos,
edemas pulmonares ef/ou cerebrais, necroses, ictericia e/ou depressao
(MARIN et al., 2013; RAIOLA et al., 2015). Nos casos mais graves, a
intoxicacdo aguda pode ocasionar o 6bito (RAIOLA et al., 2015).

A intoxicacdo cronica por AFB; em humanos provoca
imunossupressao (RAIOLA et al., 2015), facilitando, consequentemente,
0 desencadeamento de inGmeras doencas, tais como, disfuncdes
hepaticas, respiratorias, além de problemas durante o desenvolvimento
embrionario (BAHEY; ELAZIZ; GADALLA, 2015; JUAN-GARCIA et
al., 2013; LEI; ZHANG; QI, 2013; NONES; NONES; TRENTIN, 2013;
TANAKA et al., 2015). Né&o obstante, a presenca desta micotoxina pode
provocar mutacgdes e cancer (GHADERI et al., 2011; L1 et al., 2011). No
mundo, cerca de 4,6 a 28,2% de novos casos de cancer hepatocelular,
por exemplo, podem estar relacionadosa exposicao a este contamintante
(AFB;,) (LIU;WU, 2010).

Além dos problemas na saude humana, as aflatoxinas (AFLSs)
causam serios prejuizos no setor agropecudrio. Na producdo animal, a
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presenca de AFB; compromete a lucratividade, uma vez que propicia o
desencadeamento de doencas devido ao comprometimento do sistema
imune, além de interferir negativamente com as taxas reprodutivas dos
plantéis (MALLMANN; DIKIN, 2011; NONES; NONES; SCUSSEL,
2014; TREBAK et al, 2015).

Considerando a necessidade de alternativas mais eficazes para
mitigar e/ou eliminar esta substancia téxica (AFB;), 0 objetivo deste
trabalho foi caracterizar uma bentonita, extraida de Santa Catarina, com
0 intuito de avaliar seu potencial de aplicacdo pela industria de
alimentos. N&o obstante, para o aperfeicoamento da capacidade de
adsorcdo deste material, tratamentos térmicos e organofilicos foram
realizados. Por fim, com a finalidade de avaliar a seguranca bioldgica e
0 potencial preventivo e/ou terapéutico da bentonita e/ou dos novos
materiais gerados, testes de toxicidade in vitro utilizando culturas de
celulas-tronco da crista neural (CN) foram empregados.

A caracterizacdo e compreensdo dos efeitos de uma bentonita
extraida do sul do Estado de Santa Catarina poderd contribuir para o
controle e/ou prevencdo de diversas substancias toxicas presentes na
producdo de alimentos, especialmente de micotoxinas. Além disso, as
particulas de bentonita e os tratamentos realizados poderdo ser
estratégicos para ampliar o potencial de aplicacdo deste material em
outras areas do conhecimento.

1.1 OBJETIVOS
1.1.1 Objetivo Geral

e Caracterizar uma bentonita extraida da regido sul do Estado de
Santa Catarina e realizar tratamentos térmicos e organofilicos com o
intuito de ampliar a capacidade de adsorcdo desta argila quando exposta
a micotoxina AFB;.

1.1.2 Objetivos Especificos

e obter as caracteristicas quimicas, mineraldgicas e morfoldgicas
de uma bentonita extraida da regido sul de Santa Catarina;

e avaliar a capacidade da bentonita in natura de alterar a
viabilidade das células-tronco da CN;
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e avaliar os efeitos causados pela bentonita e/ou bentonita
adicionada concomitantemente com a AFB; sobre células-tronco da
CN;

e aplicar diferentes tratamentos térmicos nas particulas de
bentonita, buscando avaliar a influéncia destes tratamentos sobre a
estrutura e morfologia das bentonitas equantificar a capacidade de
adsorcdo de AFB; e seus efeitos sobre as células-tronco da CN;

e intercalar sais quaternarios de aménio (brometo de cetrimdnio e
cloreto de benzalconio) nas particulas de bentonita in natura e verificar
se a temperatura e a concentracdo utilizadas no processo de intercalagdo
influenciam na capacidade de adsor¢do da AFBy;

e avaliar se os tratamentos de organofilizacdo das particulas de
bentonita influenciam na morfologia e na estrutura dos materiais
produzidos;

e verificar uma possivel toxicidade dos tratamentos organofilicos
utilizando cultivos in vitro de células-tronco da CN como modelo de
estudo, assim como avaliar o potencial de reducdo dos efeitos toxicos
causados pela AFB; sobre culturas celulares previamente contaminadas
com esta micotoxina.






2 REVISAO BIBLIOGRAFICA
2.1 BENTONITAS

Bentonitas sdo formadas por argilas coloidais altamente pléasticas,
constituidas, principalmente, pela montmorilonita, um argilomineral do
grupo esmectita. Sao produzidas pelo intemperismo e desvitrificagdo de
materiais vitreos de origem vulcénica (SANTANA et al., 2014; WHO,
2005; WILLIAMS; HAYDE; FERRELL JR., 2009).

A formacéo das bentonitas ocorre essencialmente nas interfaces
da crosta terreste com a atmosfera, hidrosfera e biosfera (GOMES;
SILVA, 2007), sendo que o clima, a vegetacdo e a topografia interferem
diretamente no processo de formacdo destes materiais (ABDOU; AL-
SABAGH; DARDIR, 2013).

De acordo com Christidis e Huff (2009), os depoésitos de
bentonitas podem ser formados por trés mecanismos: (a) alteracdo
diagenética de vidro vulcanico em meio aquoso; (b) alteracdo
hidrotermal de vidro vulcénico; e (c) formacdo de sedimentos ricos em
esmectita em lagos e/ou ambientes salgados.

A evolucdo diagenética (processo de formacdo e compactacao)
dos argilominerais em bentonitas pode ser afetada por uma complexa
interacdo de diferentes fatores, incluindo temperatura, propriedades
quimicas do fluido, tempo de reagdo, razdo fluido/rocha, composicdo
quimica e caracteristicas fisicas dos materiais precursores (ALTANER;
YLAGAN, 1997; HINTS et al., 2008). Da mesma forma, a formacéo
hidrotermal reflete vérias interacfes, tais como a temperatura, as
propriedades quimicas do fluido e da rocha, bem como a relagédo de adgua
presente na rocha (MIYOSHI et al., 2013). Por outro lado, a formagéo
de sedimentos ricos em esmectita em ambientes salgados ocorre em
climas éaridos e ndo requer precursores de origem vulcanica
(CHRISTIDIS; HUFF, 2009).

2.1.1 Estrutura e propriedades das bentonitas

Conforme citado, a montmorilonita, mineral do grupo da
esmectita, é o principal componente da bentonita. Esse material possui
estrutura cristalina e € composto por duas camadas de tetraedros de
silicio e por uma camada central de octaedro de aluminio (BORRELLI;
THIVENT; AHN, 2013; BREZA et al., 2012; NAGY; KONYA, 2009)
(Figura 1).
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As bentonitas, dependendo da sua natureza, além da
montmorilonita, podem conter também uma grande variedade de
minerais acessdrios, principalmente quartzo, feldspato, muscovita,
calcita, caulinita, ilita e mica (BOYLU et al., 2010; GONG et al., 2016;
NOYAN; ONAL; SARIKAYA, 2007; SAMPATAKAKIS et al., 2013).

Figura 1 - Estrutura quimica da montmorilonita, principal componente da
bentonita.
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Fonte: Adaptado de Breza et al. (2012).

De modo geral, pode-se dizer que as bentonitas possuem elevada
capacidade de troca catibnica (CTC), adsorcdo, area superficial e
inchamento (CARRETERO; GOMES; TATEO, 2013; KARAKAYA;
KARAKAYA,; BAKIR, 2011; ZHANSHENG et al., 2006). Além disso,
apresentam baixos valores de condutividade hidraulica (ALLO;
MURRAY, 2004; HANULAKOVA et al., 2013; SIDHOUM et al.,
2013). Estas caracteristicas variam de acordo com a quantidade de
minerais de esmectita e cations permutdveis presentes no espago
interlamelar das mesmas (HANULAKOVA et al., 2013).

Para uma melhor compreensdo e estudo deste material, as
bentonitas sdo classificadas de acordo com o elemento quimico
dominante, tais como: Na*, K*, Ca*" e AI** (BOZ; DEGIRMENBASI;
KALYON, 2013; DARVISHI; MORSALLI, 2011). Na predominancia de
sddio, por exemplo, as bentonitas sdo denominadas de bentonitas



33

sodicas. Ja na presenca dominante de calcio, sdo chamadas de bentonitas
célcicas (BORRELLI; THIVENT; AHN, 2013) e assim sucessivamente.
A bentonita célcica é considerada a mais predominante, sendo
encontrada em muitas areas geograficas do mundo. Diferentemente, a
bentonita sodica, que possuindo maior capacidade de inchamento
guando comparada com a bentonita calcica, pode ser considerada
relativamente rara (FU; CHUNG, 2011; MURRAY, 2006).

2.1.2 Producéo e aplicacéo

Aproximadamente 90% da producdo mundial de bentonitas esta
concentrada em 22 paises: Africa do Sul, Alemanha, Arménia,
Australia, Azerbaijdo, Bielorrissia, Bulgaria, Cazaquistdo, Estados
Unidos, Grécia, Itlia, Japdo, México, Moldavia, Quirguizia, Republica
Checa, Russia, Tadjiquistdo, Turcomenistdo, Turquia, Ucrania e
Uzbequistdo (WHO, 2005) (Figura 2).

Figura 2 - Distribuicdo geografica da producdo mundial de bentonitas.
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Fonte: Desenvolvido pela autora.

A extragdo brasileira de bentonitas é superior a 430 mil ton/ano,
valor que representa cerca de 4,3% da extracdo mundial. As reservas
brasileiras concentram-se nos estados do Parana (44,7%), Séo Paulo
(24,2%), Paraiba (20,8%), Bahia (8,4%) e o Rio Grande do Sul (2,0%)
(DNPM, 2014).



As principais aplicacbes das bentonitas brutas, ou seja, sem
qualquer tipo de tratamento, sdo nas areas de fundicdo, extracdo de
petroleo/gés natural, inclusdo como adjuvante na fabricacdo de graxas e
lubrificantes, na construcao civil, assim como na indUstria de cosméticos
(DNPM, 2014). Por outro lado, as principais aplicacdes das bentonitas
ativadas, as quais passaram por algum tipo de tratamento, estdo
relacionadas com a: 1) pelotizagdo de minério de ferro (49,5%),
fundicdo (26%), ragcdo animal (11,3%), construcdo civil (4,3%),
fabricagdo de outros produtos quimicos (4,3%), fertilizantes (3,2%) e
extracao de petroleo e gas com (0,27%) (DNPM, 2014).

2.1.2.1 AplicagBes farmacoldgicas e alimentares

Bentonitas sdo comumente utilizadas na industria farmacéutica
como excipientes ou substancias ativas (LOPEZ-GALINDO; VISERAS,
2004; MURRAY, 2006; RODRIGUES et al., 2013). A montmorilonita,
0 principal constituinte de bentonita, vem atraindo grande atengéo
devido a sua capacidade de liberar as drogas de forma controlada. Sua
mucoadesividade e potente efeito de desintoxicagdo € capaz de provocar
um aumento da eficAcia dos medicamentos (FENG et al., 2009;
KEVADIYA; JOSHI, BAJAJ, 2010). A inclusdo de montmorilonita
reduz, por exemplo, perturbacdes gastrointestinais (efeitos colaterais)
provocadas por quimioterapicos (ILIESCU et al., 2011; KEVADIYA et
al., 2012; RODRIGUES et al., 2013; SUN; RANGANATHAN; FENG,
2008; VISERAS et al., 2010).

Argilominerais sdo também utilizados como principio ativo em
cosméticos. Devido aos seus elevados niveis de adsor¢do de gorduras e
toxinas, sdo comumente utilizados em mascaras faciais (CARRETERO,
2002). Esse tipo de tratamento é também recomendado com a finalidade
de reduzir processos inflamatdrios ocasionados porfuriinculos, ache ou
Ulceras (CARRETERO, 2002; CHOY et al., 2007).

As argilas utilizadas em cremes (pds ou emulsdes) promovem um
aumento no numero de fibras de colageno, sugerindo que o provavel
mecanismo de protecdo de bentonitas esteja relacionado com a
combinacdo de adsorcdo de alérgenos e de melhoria da funcdo de
barreira da pele (EMAMI-RAZAVI et al., 2006).

Argilas, incluindo as bentonitas, sdo capazes de reduzir
significativamente o dano tecidual provocado por edemas (EMAMI-
RAZAVI et al., 2006). Além disso, os efeitos benéficos e rapidos das
argilas na rede de colageno da pele sugerem que estes materiais podem
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ser uma boa opcdo terapéutica para o rejuvenescimento facial
(VALENTI et al., 2012).

Na nutrigdo animal, argilominerais so utilizados porque possuem
capacidade de adsorver substancias toxicas (BARRIENTOS-
VELAZQUEZ et al., 2016; FOWLER; LI; BAILEY, 2015; SLAMOVA
etal., 2011).

Quando adicionadas em ra¢8es animais, as particulas de bentonita
podem suprimir o impacto das micotoxinas, substancias toxicas
produzidas por fungos e que desencadeiam problemas na salde e bem-
estar humano e animal (ABBES et al., 2008; BULUT et al., 2009;
DENG et al., 2010; MAGNOLI et al., 2008).

A incluséo de 2% de bentonita na alimentacédo de frangos de corte
é capaz de, por exemplo, melhorar o ganho de peso, a conversao
alimentar e o consumo de racdo (KATOULI et al., 2010; MURRAY,
2000). Nao obstante, Lindemann et al. (1997) descobriram que a adicdo
de bentonita sodica (0,5%) na dieta de suinos foi capaz de reduzir em
28% os maleficios provocados pela presenca de aflatoxinas (500 pg/kg).

Na industria farmacéutica, as bentonitas também desempenham
um papel importante no desenvolvimento de produtos voltados a cura de
Ulceras orais, enterite aguda ou cronica e gastrite (CARRETERO, 2002).
Sdo também utilizadas para o tratamento de colite, diarreia e
hemorroidas (KEVADIYA et al., 2012; LOPEZ-GALINDO; VISERAS,
2004; VALENTI et al., 2012).

Considerando as inumeras aplicagdes em medicamentos e
cosméticos, o corpo humano ou animal estd constantemente exposto a
estes materiais por diferentes fontes e vias de entrada (Figura 3).
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Figura 3 - Fontes, vias de entrada e absor¢do de argilominerais oriundos de
bentonitas pelo corpo humano.
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Fonte: Adaptado de Gomes e Silva (2007).
2.1.2.2 Efeito das bentonitas em culturas celulares

Em culturas celulares, as bentonitas podem ser capazes de
proteger as células contra diversos danos (ABBES et al., 2007, 2008;
KEVADIYA et al. 2012, 2013). Abbés et al. (2008), por exemplo,
relataram que a adigdo de bentonita concomitantemente com aflatoxina
B; (AFB;) em células de cancer de colon humano foi capaz de reduzir
os efeitos nocivos provocados pela presenca da micotoxina citada.
Estudos semelhantes também ja demostraram que a intercalacdo da
bentonita com farmacos anticancerigenos (por exemplo: tamoxifeno e 6-
mercaptopurina) pode reduzir os efeitos colaterais celulares relacionados
com danos do material genético (DNA) provocados pelo tratamento
(KEVADIYA et al. 2012, 2013).

Corroborando com os resultados acima citados, também ja foi
demonstrado que particulas de bentonita ndo apresentaram nenhum grau
de toxicidade para diferentes células animais e humanas, como, por
exemplo, células-tronco  mesenquimais do tecido adiposo
(POPRYADUKHIN et al., 2012) e células de cancer de célon humano
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(MAISANABA et al.,, 2013a; SHARMA et al., 2010). Além disso,
baixas concentracfes de montmorilonita ndo foram capazes de induzir
apoptose em fibroblastos e células renais embrionarias de mamiferos
(CORRALES et al., 2012; LIU etal., 2011).

Embora detectadas acfes positivas das bentonitas em diferentes
tipos celulares, outros trabalhos, de forma contréria, indicaram que estes
materiais podem, quando aplicados em concentragdes elevadas,
provocar elevados graus de citotoxicidade (BOWMAN et al., 2011;
WHO, 2005). Dentre os efeitos observados, destacam-se a promocgao de
estresse oxidativo e danos na membrana celular (MAISANABA et al.,
2013a; ZHANG et al.,, 2010). Zhang et al. (2011), por exemplo,
demostraram que as particulas de bentonita sdo capazes de induzir danos
significativos ao DNA e aos cromossomos das células linfoblasticas
humanas. Corroborando com estes achados, Murphy et al. (1993)
também demonstraram que bentonitas podem induzir fortes efeitos
neurotéxicos, promovendo, por exemplo, a degeneragao de neurdnios.

E provavel que a toxicidade induzida seja dose-dependente,
também dependente da composicdo e/ou do processo de ativacdo das
argilas. A ativacdo, por exemplo, pode ser realizada através de
tratamentos alcalinos, térmicos, acidos e/ou organicos (HUANG et al.,
2013). As caracteristicas fisico-quimicas das argilas, a concentragdo e o
tempo de exposicdo também podem influenciar na toxicidade (WHO,
2005).

Para maiores informagbes sobre os efeitos das bentonitas em
diferentes tipos celulares, recomenda-se a leitura do artigo de reviséo
“Effects of bentonite on different cell types: A brief review”, 0 qual foi
desenvolvido por Nones et al. (2015a) (Anexo A).

2.1.3 Beneficiamento de bentonitas
2.1.3.1 Tratamento térmico

Conforme citado anteriormente, as propriedades fisico-quimicas
das particulas de bentonita podem ser modificadas por varios
tratamentos, dentre eles o tratamento térmico (AYTAS; YURTLU;
DONAT, 2009; BOJEMUELLER; NENNEMANN; LAGALY, 2001;
VIEIRA et al., 2010a).

As modificacdes estruturais decorrentes do tratamento térmico
(calcinacdo) sdo dependentes da temperatura do tratamento (EL
MOUZDAHIR et al., 2010), da mineralogia e das estruturas cristalinas
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presentes nas amostras tratadas (YILMAZ; KALPAKLI; PISKIN,
2013).

A calcinagdo, dependendo da temperatura utilizada, pode
provocar nas bentonitas uma de-laminacdo das camadas de
aluminossilicato, o que, por sua vez, pode aumentar a distancia
interlamelar (EL MOUZDAHIR et al., 2010), causar o colapso da
estrutura (SABIR; WILD; BAI, 2001; TOOR et al., 2015) e/ou diminuir
0 namero de sitios de troca (SANCHEZ et al., 2011). Além das
mudangas estruturais citadas, este tipo de tratamento pode também
alterar a area superficial, o tamanho de poro e o percentual de agua
presente nas amostras submetidas a este processo (BERTAGNOLLLI;
KLEINUBING; SILVA, 2011; BOJEMUELLER; NENNEMANN;
LAGALY, 2001; MULDER et al., 2008). Nao obstante, 0 aumento da
temperatura pode gerar alteracbes na argila através da desidrataco,
desidroxilacdo, recristalizacdo, fratura e perda de estrutura cristalina
(EMMERICH, 2000; SARIKAYA et al, 2000; STAGNARO;
VOLZONE; RUEDA, 2012a).

Além disso, argilas tratadas termicamente podem proporcionar
alteracdes nas suas propriedades de adsor¢io (SANCHEZ et al., 2011),
diminuindo (AYTAS; YURTLU; DONAT, 2009; SANCHEZ et al.,
2011; STAGNARO et al., 2012b) ou aumentando tal capacidade
(BOJEMUELLER; NENNEMANN; LAGALY, 2001).

2.1.3.2 Tratamentos organofilicos

Bentonitas organofilicas sdo argilas que contém moléculas
organicas intercaladas entre as suas camadas estruturais (SILVA, 2010).
O meio mais comum para producdo destes materiais é através da adi¢do
de sais quaternarios de amonio (surfactantes catidnicos), geralmente por
meio de um processo denominado troca cationica (FU; CHUNG, 2011).
Durante este processo, 0s cations hidratados (Na*, K*, Ca**, Mg?®") séo
substituidos por cétions de aménio quaternario (SARKAR et al., 2011).

Os compostos de amonio quaternario sdo agentes tensoativos
catidnicos, com cadeias de 16-20 atomos de carbono e, por estes
motivos, sdo considerados as fontes organicas mais utilizadas para o
preparo de argilas organofilicas (PAIVA; MORALES; DIAZ, 2008a;
SARKAR et al., 2013; YU et al., 2014). Além disso, a estrutura dos sais
quaterndrios de amodnio contétm pelo menos uma cadeia de
hidrocarboneto hidrofébica ligada a um atomo de nitrogénio carregado
positivamente [R4N*], bem como outros grupos alquil que, na maioria
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dos casos, sdo substituintes de cadeia curta, tais como os grupos metil ou
benzil (ZHANG et al., 2015).

Por suas caracteristicas quimicas, os brometos e cloretos de
amdnio sdo os compostos de amonio quaternario (cations organicos)
mais comumente utilizados (MASSINGA et al., 2010). Dentre estes,
pode-se citar, como exemplo, o cloreto de benzalc6nio e o brometo de
cetriménio (Figura 4).

A insercdo das moléculas organicas acima descritas é capaz de
provocar uma expansdo entre a distancia interlamelar das argilas
(PAIVA; MORALES; DIAZ, 2008Db), além de alterar as caracteristicas
hidrofilicas do material, transformando-as em hidrofobicas (JOVIC-
JOVICIC et al., 2010; KHENIFI et al., 2009; MA et al., 2011).

Pelo fato do tratamento organofilico possuir elevada
biodegradabilidade, ndo toxicidade, baixo custo e facilidade de sintese,
bentonitas organofilicas podem ser consideradas materiais promissores
para o combate (adsorcdo) de diferentes substancias toxicas, incluindo
as micotoxinas (ABDEL-WAHHAB et al., 2015; MAGNOLI et al.,
2008; SILVA, 2010).

Figura 4 - Estrutura quimica do cloreto de benzalcdnio (A) e brometo de
cetrimdnio (B).

Fonte: Silva (2010).
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2.2 AFLATOXINAS
2.2.1 Definicéo e ocorréncia

As aflatoxinas (AFLs) sdo substancias toxicas produzidas por
fungos filamentosos. Existem atualmente 20 classes de AFLs, as quais
podem estar presentes em uma grande variedade de alimentos,
principalmente grdos e seus subprodutos (DIAO et al., 2013; EL-
NEKEETY et al., 2014). As culturas mais afetadas pelas AFLs sdo as de
amendoim e milho, mas outros cultivos agricolas, tais como arroz, trigo,
centeio e aveia também podem ser altamente contaminados (IQBAL,;
ASI; ARINO, 2013; STACHOWIAK et al., 2016). Além disso, estas
substancias podem estar presentes em subprodutos de origem animal,
tais como na carne, leite e ovos oriundos de animais que foram
alimentados com ragdes contaminadas por AFLs (SERRANO-NINO et
al., 2013; TIRMENSTEIN; MANGIPUDY; BRISTOL-MYERS, 2014).

Os fungos responsaveis pela produgdo de AFLs sdo os do género
Aspergillus, A. flavus e A. parasiticus (EL-NEKEETYA et al., 2014;
STACHOWIAK et al., 2016), os quais podem se desenvolver em
diferentes condi¢Ges climaticas, incluindo as regides tropicais e
subtropicais (IQBAL; ASI; ARINO, 2013; PITT, 2014). Altas
temperaturas no campo e o0 alto teor de umidade antes da colheita e/ou
durante o armazenamento sdo 0s principais fatores relacionados com a
producdo de AFLs (ASHIQ; HUSSAIN, AHMAD, 2014; MITCHELL
et al., 2016).

De acordo com lIgbal, Asi e Arifio (2013), as condicGes ideais
para a formagdo de AFLs incluim teor de umidade entre 18 e 20%,
atividade de agua > 0,82, pH entre 3,0 e 8,5 e temperatura entre 12 e
40 °C, com um valor 6timo para o desenvolvimento de fungos entre 25 e
30 °C.

A presenga de AFLs na alimentacdo humana e animal
desencadeia inimeros efeitos toxicos, incluindo a reducdo da eficiéncia
do sistema imunologico e o desenvolvimento de carcinomas (ASHIQ;
HUSSAIN, AHMAD, 2014; JUAN-GARCIA et al., 2013; NONES;
NONES; SCUSSEL, 2014; PITT, 2014). A redugdo da capacidade
reprodutiva, da conversao alimentar, da taxa de crescimento e do ganho
de peso sdo alguns dos sintomas comumente observados (FOWLER; LlI;
BAILEY, 2015; MALLMANN; DIKIN, 2011).

Os efeitos das AFLs no organismo humano e animal estdo
relacionados, principalmente, com a dose e frequéncia de ingestdo do
alimento contaminado. No entanto, a idade, espécie, raga e estado de
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salde do ser humano ou animal também sdo fatores que influenciam na
repercussdo do grau da toxicidade (BAHEY; ELAZIZ; GADALLA,
2015; FERNANDES, 2007; MOTTA; DUARTE, 2010). Nenhuma
espécie de animais de producdo é imune aos efeitos tdxicos causados
pelas AFLs (FOWLER; LI; BAILEY, 2015), sendo que 0s mais jovens
s80 0s mais afetados.

A exposicao a doses elevadas pode, inclusive, levar a ébito. Em
humanos, estima-se que a ingestdo maior do que 20 pg/kg de peso
corporal / dia seja fatal e a morte ocorra dentro de 7 a 21 dias (WILD;
GONG, 2010). Na Tabela 1 é possivel observar as doses letais (DL50)
para algumas espécies animais.

Tabela 1 - Toxicidade aguda (doses letais) provocada pelas AFLs.

Espécie DL50 (mg/kg de peso corporal)
Cachorro 0,5-1,0
Coelho 0,3
Galinha 6,0-16,0
Macaco 2,2
Ovelha 1,0-2,0
Pato 0,3-0,6
Rato (fémea) 18,0
Rato (macho) 7,0
Suino 0,6-2,0
Truta 0,5-1,0

Fonte: Menegazzo (2008).

Dentre as AFLs, a AFB; apresenta a maior toxicidade, reagindo
com macromoléculas celulares, tais como DNA, RNA e proteinas
(BAHEY; ELAZIZ; GADALLA, 2015; HUUSKONEN et al., 2013). A
exposicdo & AFB; pode produzir vérias alteragBes bioquimicas e
estruturais em o6rgdos humanos e animais (BAHEY; ELAZIZ;
GADALLA, 2015). O 6rgéo alvo da acdo da AFB; é o figado; porém,
outros Orgaos, tais como rins e pulmdes, também podem ser afetados
(CORCUERA et al., 2011; FERREIRA et al., 2006; JHA et al., 2012;
JU et al., 2016).

De acordo com Kanchana et al. (2013), a toxicidade mediada pela
AFB; tem sido relacionada com o seu potencial pré-oxidante, devido a
geracdo de espécies reativas de oxigénio durante o processamento
metabolico de enzimas do figado. Estas espécies reativas podem atacar
compostos celulares sollveis, bem como membranas, levando ao
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comprometimento do funcionamento celular e a consequente citélise
(BERG; YOUDIM; RIEDERER, 2004).

A administracdo repetida de AFB; resulta em degeneracdo nos
sistemas nervoso central e periférico IKEGWUONU, 1983), podendo,
inclusive, afetar o sistema nervoso de fetos (TANAKA et al., 2015).
Além disso, a AFB; é responsével por causar malformagdes em muitos
6rgdos de embrides, ndo apenas de mamiferos, como também de aves,
anfibios e peixes (BARKAI-GOLAN, 2008).

Na produgdo animal, os principais sintomas clinicos relacionados
com a presenca de AFB; na dieta sdo: 1) reducdo da imunidade e,
consequentemente, maior risco de desenvolvimento de doencas causadas
por outros agentes patogénicos; 2) redugdo no ganho de peso; 3)
diminuigdo da eficiéncia reprodutiva (EWUOLA et al., 2014; TREBAK
et al, 2015); 4) mortalidade, principalmente nos casos de exposicao
aguda a aflatoxina, sendo a morte gerada em decorréncia de
hepatotoxicidade grave. Neste Ultimo caso, a taxa de mortalidade pode
chegar a aproximadamente 25% da produgdo animal (AHLBERG,;
JOUTSJOKI; KORHONEN, 2015).

Nos seres humanos, a principal sintomatologia relacionada com a
aflatoxicose estd relacionada com a manifestacdo de vomitos, dor
abdominal, edema pulmonar e cerebral, coma, convulsGes, necrose,
hemorragia, ictericia, problemas renais, hepéticos e cardiacos
(STROSNIDER et al., 2006; TIRMENSTEIN; MANGIPUDY;
BRISTOL-MYERS, 2014). De acordo com a IARC (do inglés
International Agency for Research on Cancer), esta substancia é um dos
hepatocarcinogénicos mais potentes ja conhecidos, sendo classificada
como carcindgeno pertencente ao Grupo 1, ou seja, pertencente ao grupo
com maior potencial de causar cancer (IQBAL; ASI; ARINO, 2013;
PITT, 2014).

Em 2011, visando minimizar os problemas causados pelas AFLs
no Brasil, passou a vigorar uma nova legislacdo, a qual estabeleceu
limites méaximos mais rigorosos para as AFLs presentes em alimentos
destinados ao consumo humano (ANVISA, 2011). Nesta legislacdo
(ANVISA, 2011), produtos como o leite, milho, amendoim e castanhas
foram contemplados, sendo que os limites maximos dependem do tipo
de alimento, variando entre 0,5 a 20 pg/kg (Tabela 2).

Além da regulamentacédo de novos limites de AFLs em alimentos,
varias estratégias tém sido desenvolvidas para reduzir os riscos de
exposicdo a AFB; (WANG et al., 2015). Estas estratégias incluem a
degradacdo, a destruicdo, a inativacdo e a remocdo de AFB; através de
métodos quimicos, fisicos e biolégicos (AHLBERG; JOUTSJOKI,



KORHONEN, 2015; GIORDANO; NONES, SCUSSEL, 2012; WANG
et al., 2015). Estes métodos sdo geralmente aplicados a alimentacdo
humana ou animal. No entanto, a sua utilizagcdo apresenta algumas
limitaces, tais como, alteragdes das caracteristicas organolépticas e do
valor nutricional dos alimentos (MADRIGAL-SANTILLAN et al.,
2010). Por este motivo, métodos e materiais mais eficazes com intuito
de combater efou eliminar as micotoxinas ainda precisam ser
desenvolvidos e/ou otimizados.

Tabela 2 - Limites maximos toleraveis (LMT) para aflatoxinas regulamentadas
pela legislagdo brasileira.

Aflatoxina Alimento LMT
(Ha/kg)
M, Leite fluido 0,5

Leite em pd 5
Queijos 2,5

B, By, G;, G,  Cereais e produtos de cereais, exceto milho e 5
derivados, incluindo cevada malteada
Feijéo 5
Nozes, pistachios, avelds e améndoas 10
Frutas desidratadas e secas 10
Castanha-do-Brasil com casca 20
Castanha-do-Brasil sem casca para consumo 10
direto
Castanha-do-Brasil sem casca para 15
processamento posterior
Alimentos a base de cereais para alimentacdo 1
infantil
Formulas infantis para lactentes e criangas de 1
primeira infancia
Ameéndoas de cacau 10
Produtos de cacau e chocolate 5
Especiarias: pimentas, pimentdo-doce), noz- 20
moscada
Amendoim 20
Milho 20

Fonte: ANVISA (2011).



2.2.2 Propriedades fisicas e quimicas

Conforme a estrutura quimica, as AFLs podem ser classificadas
em: aflatoxina B; (AFB,), aflatoxina B, (AFB,), aflatoxina G; (AFG,),
aflatoxina G, (AFGy) e aflatoxina M1 (AFM,) (Figura 5).

Figura 5 - Estruturas quimicas das aflatoxinas B;, B,, G;, G, € M.

AFG, AFG;

AFM;

Fonte: Igbal, Asi e Arifio (2013).

A principal estrutura quimica das AFLs é caracterizada pela
ligacdo de dihidrofurano a uma estrutura cumarinica. Estas substancias
sdo inodoras, cristalinas e altamente lipossosoliveis (FETAIH et al.,
2014). Devido a estas caracteristicas, as AFLs sdo sollveis em reagentes
organicos, tais como cloroférmio, metanol e dimetil sulféxido. Além
disso, sdo parcialmente solUveis em dgua, numa extensao de 10-20 mg/L



(FERNANDES, 2007). Outra caracteristica destas toxinas €é sua
estabilidade térmica, ou seja, podem permanecer no alimento mesmo
ap0s processamentos térmicos utilizando-se altas temperaturas.

Algumas propriedades fisico-quimicas relacionadas a formula
molecular, massa molecular, densidade, ponto de ebuli¢do, indice de
refracdo e ponto de fulgor variam entre as diferentes AFLs (Tabela 3).
De um modo geral, os valores de densidade e indice de refracdo sdo
similares para todas estas substancias, porém, pode-se observar
importantes diferencas, entre elas nos pontos de ebulicdo (521,00 a
644,30 °C) e ponto de fulgor (234,1 a 274,3 °C).

Tabela 3 - Propriedades fisico-quimicas das principais AFLs.

Caracteristicas Aflatoxinas

AFB; AFB, AFG; AFG, AFM;
Formula molecular Ci7H1205 Cy7H1406 Cyi7H10; Cy7H1O;  Ci7H104
Massa molecular (g/mol) 312,27 314,29 328,27 330,29 328,27
Massa especifica (g/cm3) 1,56 1,52 1,59 1,55 1,66
Ponto de ebuli¢do (°C) 528,20 521,00 612,10 602,50 644,30
indice de refracéo 1,69 1,66 1,68 1,65 1,72
Ponto de fulgor (°C) 237,70 234,10 274,30 269,70 246,10

Fonte: Adaptado CAS (2016).
2.2.3 Biotransformacao da AFB;

As AFLs sdo geralmente absorvidas quando entram em contato
com o sistema gastrointestinal e respiratério (FETAIH et al., 2014).
Apobs absorvidas, sdo biotransformadas no figado, rins ou no trato
intestinal (COPPOCK; CHRISTIAN, 2007; FERREIRA et al., 2006;
KANBUR et al., 2011).

O composto identificado como 8,9-epdxido de AFB; é originado
através da epoxidacdo da dupla ligagdo do éter vinilico, o qual esta
presente na estrutura bi-furandide da molécula de AFB; (Figura 6). Este
composto é altamente eletrofilico e capaz de reagir rapidamente (através
de ligaces covalentes) com sitios nucleofilicos de macromoléculas,
como é&cido desoxirribonucleico (DNA), acido ribonucleico (RNA) e
proteinas (JU et al., 2016). A ligacdo da AFB;-epoxido com o DNA
modifica a sua estrutura e, consequentemente, sua atividade biolégica,
contribuindo para o aparecimento dos seus efeitos mutagénicos e
carcinogénicos (TIRMENSTEIN; MANGIPUDY; BRISTOL-MYERS,
2014). Em alguns casos, além da reacéo de epoxidacéo, a AFB; pode ser
biotransformada através de reagdes de hidroxilagdo em AFM;, a qual
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geralmente é encontrada em produtos lacteos provindos de animais que
se alimentaram de racGes contaminadas por AFB; (IQBAL; ASI;
ARINO, 2013).

Embora seja conhecido o principal mecanismo da a¢do da AFB;
em diferentes tipos celulares (GHADERI et al., 2011; JU et al., 2016;
NONES; NONES; TRENTIN, 2013), ainda € necessario 0
desenvolvimento e aplicacdo de novas metodologias, materiais ou
substancias que possam reverter, minimizar ou até mesmo evitar a acao
toxica deste contaminante alimentar. Para avaliacdo da eficiéncia destes
novos métodos e materiais desenvolvidos, as células-tronco podem ser
consideradas ferramentas importantes, uma vez que estas células sdo
suscetiveis a atividades mutagénicas e carcinogénicas devido a sua
natureza proliferativa (GHADERI et al., 2011).

Figura 6 - Principal mecanismo de acdo da AFB;,
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Fonte: Desenvolvido pela autora.



47

2.3 CELULAS-TRONCO

Células-tronco possuem grande capacidade de proliferagdo e
autorrenovagdo. Além disso, sdo capazes de responder a diferentes
estimulos, podendo originar tipos celulares mais especializados
(MILLER; PERIN, 2016; NONES, 2011; PEREIRA, 2008). Estas
células podem ser encontradas ndo apenas em tecidos embrionarios,
como também em tecidos fetais e adultos (SAKAKI-YUMOTO;
KATSUNO; DERYNCK, 2013).

As células-tronco sdo classificadas, conforme sua potencialidade,
(capacidade de originar diferentes tecidos) em: totipotentes,
pluripotentes ou multipotentes (SCHWINDT; BARNABE; MELLO,
2005).

As ceélulas totipotentes sdo capazes de gerar todos os tipos
celulares, incluindo os anexos embrionarios. Por este motivo, séo
capazes de formar um novo individuo (SCHWINDT; BARNABE;
MELLO, 2005). Como exemplo de célula totipotente (a Unica conhecida
até o momento), pode-se citar o zigoto (formacdo no momento da
fecundacdo do ovocito com o espermatozoide) (KANG; TROSKO,
2011).

As células pluripotentes podem se diferenciar em todos os tipos
celulares. No entanto, ndo sdo capazes de gerar 0s anexos embrionarios,
ou seja, ndo sdo capazes de gerar um novo individuo (GAGE, 2000).
Como exemplos de células-tronco pluripotentes, pode-se citar as células
embrionérias e tambhém as células derivadas de carcinoma embrionério.
As células chamadas de iPS (células-tronco com pluripotencialidade
induzida) também sdo exemplos de células-tronco pluripotentes
(TAKAHASHI; YAMANAKA, 2006).

As células-tronco multipotentes sdo células somaticas que podem
ser encontradas, principalmente, em tecidos adultos, as quais sao
capazes de se diferenciar em um namero mais limitado de células
(GARGETT, 2004). Como exemplo de células-multipotentes, pode-se
citar as células presentes na medula déssea, as células-tronco
mesenquimais e as células-tronco da crista neural (CN) (COSTA;
COMABELLA; MONTALBAN, 2012; NONES, 2011; NONES et al.,
2012). Na Figura 7 podem ser observados alguns dos principais tecidos
onde sdo encontradas células pluripotentes e multipontes, bem como as
células que podem se originar a partir destas células-tronco através do
processo de diferenciacéo.
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Figura 7 - Origem e diferenciacdo de células-tronco pluripotentes e
multipotentes.
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Fonte: Adaptado de Costa, Comabella e Montalban (2012).
2.3.1 Células-tronco da crista neural

As células da crista neural (CN) surgem a partir de uma estrutura
presente em embriGes de animais vertebrados através de um processo
conhecido como neurulagdo, o qual consiste na formacéo do tubo neural.

Além de heterogéneas, as células da CN sdo consideradas
multipotentes, ou seja, podem originar diversos tipos celulares, como
neurdnios, células gliais e células enddcrinas (NONES, 2011;
MOTOHASHI; KUNISADA, 2015). Além destes tipos celulares, a
CN também € capaz de originar células mesenquimais, as quais sdo
capazes de se diferenciar e formar tendfes, tecidos conjuntivos,
cartilagens, o0ssos e tecidos adiposos (DUPIN; SOMMER, 2012; LE
DOUARIN; BRITO; CREUZET, 2007; LE DOUARIN; KALCHEIM,
1999). Os principais tipos celulares derivados das células da CN estdo
presentes na Tabela 4.



49

Tabela 4 - Tipos celulares e estruturas derivadas da crista neural.

Tipo Celular Derivado

Neurdnios Sistema nervoso periférico: ganglios sensoriais,
simpéticos e entéricos

Células gliais Células gliais do sistema nervoso periférico e
células de Schwann dos nervos periféricos

Células enddcrinas Células produtoras de calcitonina da tiredide e
células catecolaminérgicas da glandula adrenal

Células mesenquimais Cartilagem, o0ssos, derme, tecidos dentério,

conjuntivo, muscular liso, vascular e adiposo,
glandulas e meninges da cabega e pescoco

Fonte: Adaptado de Gilbert (2003) apud Nones (2011).

Pelo fato das células da CN possuirem elevada capacidade de
diferenciacdo, divisdo e migragdo, sdo consideradas excelentes modelos
de estudo de toxicidade celular (ABUD et al., 2015; KANG; TROSKO,
2011; TROSKO; CHANG, 2010), podendo auxiliar na compreensdo do
efeito de farmacos e toxinas (a exemplo das AFLs) e de eventuais
patologias decorrentes da exposicdo deste tipo celular a estas
substancias (CHEN; SULIK, 2000; FLENTKE et al., 2011; GARIC et
al., 2011; GARIC-STANKOVIC et al., 2006; GHADERI et al., 2011;
WENTZEL; ERIKSSON, 2009).






3 MATERIAIS E METODOS
3.1 MATERIAIS
3.1.1 Amostras de bentonita

As amostras de bentonita foram coletadas no municipio de
Cricilima, Santa Catarina, regido sul do Brasil (Figura 8).

Figura 8 - Amostra de bentonita proveniente de Criciima.

Fonte: Desenvolvido pela autora.
3.1.2 Cultura de células

Foram utilizados embrides de codornas (Coturnix coturnix
japonica) no estagio de desenvolvimento de 20-25 somitos para culturas
de células da crista neural da regiéo truncal (CNT). Os ovos fertilizados
foram: 1) obtidos no biotério do Laboratério de Células-Tronco e
Regeneragdo Tecidual (LACERT), no Departamento de Biologia
Celular, Embriologia e Genética, da UFSC, onde os animais foram
mantidos em ciclo de claro/escuro de 17 h/7 h, possuindo agua e rago
ad libitum ou; 2) adquiridos diretamente de empresa especializada na
producdo de ovos. O periodo de incubacdo dos ovos foi de 48 h, a 37,5
°C, em chocadeira com umidade relativa de 65%.

A utilizacdio destes animais foi realizada de acordo com os
principios éticos de experimentacdo animal adotados pelo Colégio
Brasileiro de Experimentacdo Animal (COBEA), sendo todos os
procedimentos aprovados pela Comissdo de Etica no Uso de Animais da
UFSC (CEUA/UFSC - projetos nimero 103 e 787).
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3.1.3 Padrao de AFB;

O padrdo de AFB; foi adquirido da Sigma Aldrich. Apds diluido
em acetonitrila (grau de pureza HPLC) ou dimetil sulféxido (DMSO) na
concentragdo de 500 uM, foi mantido & temperatura refrigerada de -20
(0]

C.

3.2 METODOS
3.2.1 Beneficiamento da bentonita
3.2.1.1 Processamento da bentonita in natura

As impurezas presentes na bentonita in natura foram removidas
através de um processamento mecéanico (Figura 9). Para tal, foi
inicialmente pesado 50 g de bentonita e adicionado 50 mL de &gua. Esta
dispersdo permaneceu sob agitacdo em um agitador mecéanico (Nova
Etica/M-110) a 1500 rpm, durante 2 h.

Apbs a etapa de agitagdo, as amostras foram filtradas a vacuo,
secas a 60 °C e, em seguida, desagregadas em um moinho excéntrico
(Servitech/ct-242). Posteriormente, as particulas de bentonita passaram
pelo peneiramento vibratério em malha ABNT n° 200 (75 pm).

Para 0 uso da bentonita em experimentos de cultivo celular in
vitro, as amostras processadas foram também submetidas a tratamento
com luz ultravioleta (UV) durante 1 h.

Figura 9 - Processamento mecanico da bentonita in natura.

-
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Fonte: Desenvolvido pela autora.
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3.2.1.2 Tratamento térmico

Apbs processo de lavagem, amostras de bentonita in natura
foram tratadas termicamente em mufla (Jung, N1100), durante 4 h. Para
realizacdo da calcinacdo, foram utilizadas as seguintes temperaturas:
125, 250, 500, 750 e 1000 °C.

3.2.1.3 Preparacéo das bentonitas organofilicas

O seguinte procedimento foi utilizado para preparacdo das
bentonitas organofilicas: 5 g de bentonita foram adicionadas a 50 mL de
agua destilada. Em seguida, essa suspensdo foi agitada até a completa
dispersdo em banho maria utilizando-se agitador de movimento
reciproco (Nova Etica, 304 TPA), velocidade de 200 rpm e temperatura
de 30 ou 60 °C. Simultaneamente, os sais quaternarios de aménio,
cloreto de benzalconio (do inglés - BAC) ou brometo de cetriménio (do
inglés - CTAB) foram diluidos em agua destilada (50 mL) nas
concentracbes de 2 ou 6% da massa de bentonita e aquecidos a
temperatura de 30 ou 60 °C e, em seguida, adicionados & dispersdo de
bentonita. As suspensfes contendo a bentonita e 0s sais quaternarios
permaneceram sob agitacdo a 200 rpm na temperatura de 30 ou 60 °C,
durante 4 h e, em seguida, em repouso overnight sob temperatura
ambiente (25 °C), sem controle de luz.

Os produtos resultantes dessas reacfes foram lavados com agua
destilada e secos sob temperatura de 80 °C.

3.2.1.4 Planejamentos fatoriais para o preparo das bentonitas
organofilicas

Dois planejamentos fatoriais 2? foram utilizados para o preparo
das bentonitas organofilicas com a finalidade de avaliar se o0s
tratamentos da bentonita com sais quaternarios de aménio (BAC e
CTAB) seriam capazes de aumentar a adsor¢do de AFB;. Para
realizacdo deste estudo, diferentes niveis de concentracdo e de
temperatura foram utilizados (Tabela 5), os quais foram baseados em
estudos previamente publicados (ZHU et al., 2010).0s efeitos da
organofilizacdo das bentonitas foram realizados através das respostas da
capacidade de adsorcdo da AFB;. A capacidade de adsorcdo das
bentonitas foi determinada aplicando a técnica de cromatografia liquida
(HPLC). As leituras foram realizadas em triplicata, sendo os resultados
obtidos avaliados no software Statistica 8.0 ®, através da analise de



variancia (ANOVA), com nivel de significancia de 5% entre as médias
das amostras.

Tabela 5 - Matriz de planejamento fatorial para o processo de intercalagdo de
sais organicos em amostras de bentonitas in natura.

Experimento  Amostra Temperaturade  Concentracédo do sal

reacéo (°C) (%)

Cloreto de benzal6nio (BAC)

1 BAC302 30(-1) 2(-1)

2 BAC306 30(-1) 6 (+1)

3 BAC602 60 (+1) 2(-1)

4 BAC606 60 (+1) 6 (+1)
Brometo de cetriménio (CTAB)

1 CTAB302 30(-1) 2(-1)

2 CTAB306 30(-1) 6 (+1)

3 CTAB602 60 (+1) 2(-1)

4 CTAB606 60 (+1) 6 (+1)

Fonte: Desenvolvido pela autora.
3.2.1.5 Saturacdo das amostras de bentonita com AFB;

As amostras de bentonita (0,6 g) foram saturadas com 1 mL de
AFB; (concentragdo de 30 uM). Em seguida, a suspensdo foi
armazenada por 24 h e, posteriormente, centrifugada a 2000 rpm (80-2B
Centribio), durante 57 min. Ap6s a centrifugacdo, as amostras foram
secas a temperatura ambiente, sem o controle de luminosidade, e
posteriormente analisadas.

3.2.2 Caracterizacgdes das amostras de bentonita

Com o intuito de determinar a composicdo e caracteristicas
morfoldgicas e estruturais das amostras de bentonita in natura e tratadas
termicamente e organicamente foram utilizadas diferentes técnicas,
incluindo a fluorescéncia de raios-X (FRX), microscopia eletronica de
varredura (MEV), espectroscopa de energia dispersiva de raios-X
(EDX), capacidade de troca catibnica (CTC), especroscopia de
infravermelho por transformada de Fourier (FTIR), analises
termogravimétricas (TG/DTG), calorimetria exploratdria diferencial
(DSC) e difracdo de raios-X (DRX). Além disso também foram
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determinadas a massa especifica, area superficial, diametro e volume
dos poros e tamanho das particulas.

3.2.2.1 Fluorescéncia de raios-X

Para determinar a composic¢do quimica das amostras de bentonita
in natura, foi empregada a técnica de fluorescéncia de raios-X (FRX). O
ensaio de FRX foi executado utilizando um espectrometro da marca
Bruker, modelo — S2 Ranger.

3.2.2.2 Microscopia eletronica de varredura

A morfologia das particulas das bentonitas foi avaliada por meio
da técnica de microscopia eletrénica de varredura (MEV). As amostras
foram metalizadas com ouro eas avaliagOes das superficies das amostras
de bentonita foram realizadas utilizando-se ampliagdes de 50 a 5000
vezes, com energia de 10 e 15 kV. Os ensaios de MEV foram realizados
em microscopio eletrdnico de varredura da marca Jeol, modelo JSM —
6390 LV.

3.2.2.3 Espectroscopia de energia dispersiva de raios-X

As identificagdes dos principais elementos quimicos presentes
nas amostras de bentonita foram realizadas através de andlises de
espectroscopia de energia dispersiva de raios-X (EDX). Para tal, uma
sonda (Thermo, modelo 6733A-1NES-SN) acoplada a um microscdpio
eletrénico de varredura (Jeol, modelo JSM — 6390 LV) foi utilizada.

3.2.2.4 Capacidade de troca cati6nica

A capacidade de troca catidonica (CTC) da bentonita in natura foi
determinada pelo somatério dos percentuais dos seguintes cations: Na®,
K*, Ca** e Mg*. Na' e K" foram determinados por espectrometria de
absorcdo atémica (Perkin Elmer Pinnacle 900T); Ca** e Mg®* foram
quantificados através de um espectrometro de absorcdo atdbmica com
chama (Cole Parmer 2655-00).

3.2.2.5 Espectroscopia de infravermelho

As anélises de espectroscopia de infravermelho por transformada
de Fourier (FTIR) foram realizadas para a bentonita in natura e/ou
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submetida a diferentes tratamentos (térmico ou organofilico). Para tal
finalidade, foram inicialmente preparadas pastilhas de KBr contento 2%
(p/p) de amostra. Os espectros no infravermelho foram obtidos em
ampla regio, de 400 a 4000 cm™, em espectrofotdmetro (Shimadzu, IR
Prestige-21 ou Agilent Technologies Spectrum, Cary 600 Series), com
transformada de Fourier.

3.2.2.6 Andlises termogravimétricas e calorimetria exploratoria
diferencial

A estabilidade térmica e as transformacdes de fase das amostras
de bentonita foram analisadas através de analises termogravimétricas
(TG), diferencial das andlises termogravimétricas (DTG) e calorimetria
exploratoria diferencial (DSC). As anélises foram realizadas utilizando o
aparelho STA 449F3 da Netzsch (Jupiter), com taxa de aquecimento de
20 °C/min, partindo da temperatura ambiente de 25 °C até 1000 °C. As
diferenciais das analises termogravimétricas (DTG) foram determinadas
com auxilio do software Origin 8.0. A perda de massa das amostras de
bentonita in natura e tratadas termicamente foi também determinada por
analise gravimétrica.

3.2.2.7 Difragéo de raios-X

As andlises de difracdo de raios-X (DRX) permitiram a
identificacdo dos minerais que constituem as amostras de bentonita in
natura ou tratadas. As medidas foram realizadas em um difratbmetro
Philips, modelo X’pert, com radiagdo cobre Ka (A= 0,15418 nm),
poténcia de 40 kV e 30 mA,variando de 0 a 20° com intervalo 20 de
0,05 °/s. A distancia interlamelar de cada amostra foi calculada
aplicando a Lei de Bragg:

nl=2dsen o

onde “n” ¢ a ordem de difragéo, “d” ¢ distncia interlamelar (nm),
“0” € o angulo de difracdo (°)e “A” o comprimento de onda (nm).

3.2.2.8 Massa especifica
As densidades das amostras de bentonita foram determinadas de

acordo com a metodologia descrita por Boca Santa (2012), a qual €
baseada no principio de Arquimedes.
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Para tal, inicialmente foi determinada a densidade da dagua
destilada, através da pesagem de um baldo volumétrico de 50 mL vazio
e, posteriormente, cheio. Em seguida foi realizada a subtracdo da massa
do baldo volumétrico em relacdo a massa total (baldo cheio de &gua),
dividindo posteriormente esse valor pelo volume total do baldo (50 mL),
sendo o resultado obtido a densidade da agua.

A massa especifica das amostras de bentonita foram determinadas
através da adicdo de 1 g de cada amostra no baldo volumétrico,
acrescido de agua destilada. Apds este procedimento, foi determinado o
volume de cada amostra, através da diferenca entre o volume total (50
mL) e o volume ocupado pela agua no baldo volumétrico. Através da
razdo entre a massa e o volume da amostra obtido foi possivel obter o
valor da densidade de cada amostra.

3.2.2.9 Area superficial, diametro médio e volume dos poros

A érea superficial, o didmetro médio e o volume dos poros das
amostras de bentonita, antes e apds o tratamento térmico, foram
determinadas através das analises de adsorcdo-dessorcdo de N,
utilizando instrumento Quantachrome (Autosorb-1). Para a realizacéo
destas avaliagdes, as amostras foram inicialmente mantidas a 250 °C,
durante 12 h, sob atmosfera de nitrogénio. A partir dos dados obtidos
(isotermas de adsorcdo de N, em diferentes pressdes parciais de Ny) foi
possivel determinar a area superficial pelo método de Brunauer-Emmett-
Teller (BET) (BRUNAUER; EMMETT; TELLER, 1938), didametro
médio dos poros pelo método de Barrett-Joyner—Halenda (BJH)
(BARRET; JOIYNER; HALENDA, 1953) e o volume dos poros
(considerando a quantidade de nitrogénio adsorvido P/Po igual a 0,95).

3.2.2.10 Distribuicdo do tamanho das particulas

A distribuicdo do tamanho das particulas de bentonita foiobtida
por difracdo de raios laser utilizando um analisador da marca Cilas,
modelo 1064. Para a realizagdo da técnica, suspensdes muito diluidas de
bentonita em agua (cerca de 0,1% em peso de sélidos) foram dispersas
em ultrassom, durante 60 s. Em seguida, foi realizada a leitura no
equipamento citado (analisador).
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3.2.3 Ensaios de adsorcéo
3.2.3.1 Ensaios de adsorcdo da AFB; por espectroscopia UV/visivel

A avaliacdo da capacidade de adsorcdo das amostras de bentonita
foi realizada com o auxilio de um espectrofotémetro UV/visivel (Q7980
Quimis) e em comprimento de onda de 365 nm. Para tal, foram
adicionados 50 uL de bentonita in natura e/ou tratadas termicamente
(concentracdo de 0,6 mg/mL) em 1 mL de solugdo de AFB; (30 uM). As
amostras foram deixadas overnight atemperatura de 25 °C e, em seguida,
centrifugadas (80-2B Centribio) a 2000 rpm, durante 57 min. A
guantidade de AFB; adsorvida foi determinada avalando-se o
sobrenadante, sendo que o valor obtido foi comparado com uma solucéo
controle de AFB; (30 uM).

3.2.3.2 Ensaios de adsor¢do da AFB; por HPLC
3.2.3.2.1 Instrumentacéo

As analises de cromatografia liquida de alta eficiéncia (do inglés
— HPLC) foram realizadas no cromatografo Waters Alliance 2795,
equipado com bomba quaternaria, forno e auto-amostrador refrigerado
acoplado a um detector de fluorescéncia (Waters 2475, Mieford). As
colunas utilizadas foram: 1) C18 (Polaris, Metachem), com tamanho de
particulas de 5 pm, dimensdes de 150 mm x 4,6 mm ou; 2) C18 (Synergi
Hydro-RP, Phenomenex), com tamanho de particulas de 4 pm,
dimensdes de 150 mm x 2,0 mm. Ambas acopladas a uma pré-coluna de
20 x 2 mm (Alltech).

3.2.3.2.2 Condigdes cromatograficas

A fase movel utilizada foi composta por acetonitrila:agua (50:50,
v/v), a qual foi bombeada em modo isocratico, em fluxo de 0,20 ou 0,70
mL/min, com coluna do HPLC mantida a 35 °C. As amostras de AFB;
elou AFB; com bentonitas foram mantidas sob temperatura de 4 °C
durante a realizacdo das leituras no HPLC. Em seguida, as amostras
foram detectadas por fluorescéncia em comprimento de onda de
excitacdo e emissdo de 365 e 430 nm, respectivamente. Os
cromatogramas foram adquiridos e integrados com o software Empower
® 2 (Waters Co., Milford, EUA). A quantidade de AFB; adsorvida pelas
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bentonitas foi calculada a partir da diferenca entre a area do pico de
AFB; inicial e final.

3.2.3.2.3 Curva de calibragdo

As solucBes-padrao de AFB; foram preparadas em &gua Milli-Q,
nas concentragfes de: 0,1; 1; 3; 10 e 30 uM, sendo que a curva de
calibracdo para AFB; foi determinada com base nas concentracfes
versus a area de pico. Cada solucéo foi injetada trés vezes e os dados de
regressao linear foram obtidos com auxilio do software Origin 8.0.

3.2.3.2.4 Preparacdo das amostras

Apls  determinagdo dos parametros instrumentais do
cromatografo, foram realizados os estudos de adsor¢do das moléculas
de AFB; pelas amostras de bentonita. Para tais avaliagOes, diferentes
concentracOes de bentonitas (0,2; 0,4 ou 0,6 mg/mL) foram adicionadas
a 200 pL de solugdo AFB; (30 uM). Em seguida, as amostras foram
deixadas em repouso por 24 h e, posteriormente, centrifugadas (CFN-11
Vision1500) a 4000 rpm, durante 30 min. A quantidade de AFB;
adsorvida foi determinada avaliando-se o sobrenadante, sendo que uma
aliquota da solugéo de AFB; (30 uM) foi usada como solugéo controle.

3.2.3.2.5 Isoterma de Langmuir

A capacidade de adsor¢do da bentonita in natura foi avaliada
através da representacdo grafica dos dados de adsorcdo (em
concentracbes de AFB; variando de 0,1 a 30 uM), utilizando-se para
realizacdo das analises a equacdo de Langmuir:

Ceq 1 Ceq

= +
q kd Qmax Qmax

6 9

em que “Ceq” € a concentragdo de equilibrio, “q” é a quantidade
de AFB; adsorvida, “ky” é um coeficiente de distribuicdo e “Qma” @
capacidade maxima de adsorcao.
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3.2.4 Cultivos celulares
3.2.4.1 Cultura de células da crista neural truncal de codornas

Para a realizacdo de experimentos com a crista neural truncal
(CNT), tubos neurais no estagio de 20-25 somitos foram isolados. Os
explantes foram dissociados em solugdo de pancreatina (6,25 g/L,
Sigma) com o auxilio de agulhas entomoldgicas de tungsténio e
colocados em placas de cultura de 35 mm (Corning, NY, USA)
revestidas com colageno tipo I (50 ug/mL, Sigma), conforme instrucdes
do fabricante. Os tubos isolados foram colocados diretamente sobre
placas de propileno (Corning - 35 mm) e mantidos por 20 h em meio de
cultura alfa-MEM (Gibco), contendo 10% de soro fetal bovino (SFB)
(Cultilab), 2% de extrato de embrido de galinha (EE), penicilina (200
U/mL, Gibco) e estreptomicina (10 pg/mL, Gibco). As culturas
permaneceram em estufa Umida a 37 °C e 5% de CO,, em ar
atmosférico.

3.2.4.2 Culturas secundarias

Apbs os periodos de migracdo em cultura primaria descritos
acima, os explantes do tubo neural foram removidos e descartados. As
células remanescentes, que correspondem as células da crista neural
(CN), foram tripsinizadas com solugdo de tripsina a 0,25% e &cido
etilenodiamino tetra-acético a 0,02% (EDTA) (Sigma) e recuperadas
através de blogueio em meio contendo 10% de SFB seguido de
centrifugacdo (500 X g por 10 min). Para a realizacdo das culturas
secundarias, as células foram ressuspendidas e plagueadas em gotas de
30 uL contendo 200 células em placas de 96 pogos (Corning). AS
culturas de células da CNT foram mantidas em um meio composto por
alfa-MEM (Gibco-BRL, Grand Island, NY), acrescido de 10% de SFB
(Cultilab), penicilina (200 U/mL, Gibco) e estreptomicina (10 pug/mL,
Gibco), as quais foram cultivadas em estufa Umida (95%) a 37 °C e 5%
CO,. No inicio do plagueamento e a cada dois dias de cultivo, foram
realizados os tratamentos com AFB; (30 uM), com bentonita in natura
(0,2 - 1,6 mg/mL) e/ou com AFB; (30 uM) acrescida de amostras de
bentonita (0,6 mg/mL) in natura, tratadas termicamente (125 °C, 250 °C,
500 °C, 750 °C e 1000 °C) ou organicamente (BAC302 CTAB302).
Ap6s o periodo de tratamento (4 dias), os diferentes grupos
experimentais foram analisados através de ensaios de viabilidade celular
(MTT e azul de tripan), avaliacdo de morte celular (analise dos nicleos
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picnéticos) e, em alguns casos, diferenciacdo celular (HNK1) (Figura
10).
Figura 10 - Cultivos de células-tronco da crista neural.
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Fonte: Desenvolvido pela autora.
3.2.4.3 Ensaios de viabilidade celular

A viabilidade das células-tronco da CN foi determinada por
ensaios de MTT (3-(4,5-dimetiltiazol-2yl)-2,5-difenil brometo de
tetrazolina) e azul de tripan.

MTT foi usado para analise da atividade mitocondrial (avaliagdo
de citotoxicidade). Nesse ensaio, MTT foi reduzido a sal de formazan
(colorido e insolivel em &gua) pelo sistema succinato-tretrazélio
redutase, o qual pertence a cadeia respiratoria mitocondrial. Para
realizacdo desta técnica, células da CN foram cultivadas na presencga ou
ndo de diferentes concentracdes de bentonita/AFB;. Em seguida, MTT
foi adicionado em cada pogo, na concentracdo final de 150 pg/mL, ¢ as
células foram, entdo, incubadas durante 2 h a 37 °C. O produto da reacéo
foi dissolvido com DMSO e quantificado através de leitura em
espectrofotdmetro Bio-Tek FL-600 Microplate Fluorescence Reader em
comprimento de onda de 540 nm.

Para as andlises de azul de tripan as células da CN foram tratadas

com bentonita (0,2-1,6 mg/mL), AFB; (30 uM) ou AFB; + bentonita (in
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natura, 125 °C, 250 °C, 500 °C, 750 °C, 1000 °C, BAC302 ou
CTAB302), durante 4 dias. Posteriormente os cultivos celulares foram
tripsinizados, centrifugados e lavados com PBS (NacCl, 8 g/L; KCI, 0,09
g/L; KH,PQy4, 0,4 g/L; NapHPO,, 3 g/L), sendo, em seguida, corados
com solugdo de azul de tripan (0,4%, a 25 °C, durante 3 min) para
posterior avaliagdo em microscopio Olympus 1X71. A viabilidade
celular foi determinada através dos percentuais de células ndo coradas
(viaveis) e coradas (ndo viaveis).

3.2.4.4 Anélise por imunocitoquimica

Apos tratados, os diferentes grupos experimentais (AFB; (30
uM), bentonita (0,6 mg/mL) e AFB; + bentonita) foram avaliados
utilizando-se a técnica de imunocitoquimica, com auxilio de marcadores
especificos para células gliais (Anti-HNK1). Para tal, as culturas foram
primeiramente fixadas com paraformaldeido a 4% durante 30 min. Em
seguida, foram permeabilizadas com solugdo de PBS-Triton X-100
(Sigma) (0,25%) durante 30 min. Os sitios inespecificos foram
bloqueados com 10% de SFB diluido em PBS (NaCl, 8 g/L; KCI, 0,09
g/L; KH;PO,4, 0,4 g/L; Na;HPO,, 3 g/L) durante 30 min. As células
foram, entdo incubadas overnight, a 4 °C, com o anticorpo HNKL1.

Posteriormente, as culturas foram lavadas trés vezes com PBS
contendo 0,05% de Tween 20 (PBS/Tween) (Sigma) e,
subsequentemente, incubadas por 1 h, a temperatura de 25 °C, com
anticorpos secundarios. Posteriormente, as células foram novamente
lavadas com PBS e incubadas com corante fluorescente nuclear (DAPI -
1 mg/mL; Sigma). Os grupos experimentais foram observados em
microscépio fluorescente (Olympus 1X71) e fotografados em camara
Olympus DP71. Foram analisados pelo menos 15 diferentes campos por
condicdio de experimento, utilizando-se trés  experimentos
independentes. O ndmero total de células foi obtido por contagem direta
dos nucleos por campos do microscopico e as proporcdes das marcagdes
foram analisadas pela relagéo entre o nimero total de células e o0 nimero
de células positivas para o marcador analisado (HNK1).

3.2.4.5 Ensaios de sobrevivéncia celular

A morte celular foi analisada através de avalia¢cfes morfoldgicas
(visualizagdo da fragmentacdo da cromatina) via marcacdo por 4°, 6-
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diamidino-2-fenilindol  dihidroclorido  (DAPI),  seguindo  o0s
procedimentos descritos por Nones, Nones e Trentin (2013).

3.2.5 Anadlises estatisticas

As analises estatisticas foram realizadas no software GraphPad
Prism 4®. Os dados obtidos foram avaliados por analises de variancia
(ANOVA) através do teste de Tukey. As diferencas foram consideradas
significativas em um nivel de significancia entre as médias de 1 e/ou
5%.






4 RESULTADOS

4.1 BENTONITA PROTEGE CELULAS-TRONCO DA CRISTA
NEURAL DOS EFEITOS TOXICOS PROVOCADOS POR AFB;

4.1.1 CaracterizacOes da bentonita

Os resultados demonstraram, atraves do ensaio de FRX (Tabela
6), que os 6xidos mais abundantes presentes na amostra de bentonita in
natura foram SiO, e Al,O3, enquanto que K,O, Fe,Os; MgO, NaO,
Ca0O, P,0s, TiO; e MnO foram encontrados apenas em pequenas
guantidades,menores do que 3%. A perda ao fogo (PF) das amostras de
bentonita in natura, determinada pelo aquecimento da amostra a 1000
°C, durante 2 h, revelou um valor de 5,05% de massa.

Tabela 6 - Composicéo quimica da bentonita in natura (% em massa).

S|02 Alzog F9203 MnO l\/lgO CaO Nazo Kzo T|02 P205 P.F. Total

68,14 18,04 280 001 084 005 050 285 0,77 0,08 505 99,08

P.F.: perda ao fogo a 1000 °C. Fonte: Desenvolvido pela autora.

Os ensaios de MEV da bentonita in natura demonstraram a
presenca de particulas individuais, com contornos claramente definidos
e plaquetas irregulares que tendem a formar aglomerados (Figura 11 A,
B).

As fases cristalinas da bentonita foram analisadas por DRX
(Figura 11 C), sendo que os principais minerais identificados foram
montmorilonita (M), caulinita (C), muscovita (M) e quartzo (Q).

A capacidade de troca cationica (CTC) da amostra da bentonita in
natura foi de 4,866 cmol/kg (Tabela 7).

Tabela 7 - Capacidade de troca catidnica da amostra de bentonita.

Cétions CTC (cmol/kg)
Ca™ 0,070
Na* 0,333
K" 2,813
Mg* 1,650
Total 4,866

Fonte: Desenvolvido pela autora.



66

Apobs determinacdo das caracteristicas quimicas e morfoldgicas
das particulas de bentonita in natura, foi avaliada uma eventual
toxicidade desse material quando exposto a culturas de células-tronco da
CN, através de ensaios de viabilidade (MTT e azul de tripan) e
sobrevivéncia celular (DAPI e avaliagdo de nucleos picnoticos).

Figura 11 - Caracterizagdo da bentonita in natura. Apos a extracdo, as particulas
de argila foram analisadas por microscopia eletronica de varredura (A, B) e a
composicdo mineraldgica foi analisada por DRX (C). M - Montmorilonita, C -
Caulinita, Mc - muscovita, Q - Quartzo. Barra de calibragdo = 100 e 10 um.
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4.1.2 Viabilidade celular

Com o intuito de avaliar a viabilidade celular (forma de verificar
possiveis efeitos citotoxicos provocados pela bentonita), culturas de
células da CN de codornas foram incubadas com DMSO (grupo
controle) ou 0,2 a 1,6 mg/mL de solucdo de bentonita. Através de
ensaios de MTT, observou-se uma redugdo progressiva nos valores de
absorbancia apds 4 dias de tratamento das células, com concentracfes
que variaram de 0,8 a 1,6 mg/mL (0,26 e 0,12 de absorcdo,
respectivamente), quando comparado com o grupo controle (0,34
absorbancia) (Figura 12 A). Nenhuma alteracdo foi observada na
concentracdo de 0,2 a 0,6 mg/mL (Figura 12 A).

Resultados semelhantes de viabilidade celular foram obtidos
através da técnica de azul de tripan, onde foi possivel determinar a
proporcdo de células consideradas viaveis (ndo coradas) e ndo viaveis
(coradas de azul) (Figura 12 B). Nesta analise, o tratamento com
concentragbes inferiores a 0,8 mg/mL de bentonita resultou em
aproximadamente 80% de viabilidade celular. Por outro lado, a
bentonita em concentragfes iguais ou superiores a 1 mg/mL reduziu a
porcentagem de células viaveis de uma forma dose-dependente. As
culturas tratadas com 1, 1,2, 14 e 16 mg/mL de bentonita
demonstraram 68, 64, 55 e 45% de viabilidade celular, respectivamente.

Ap0s obtencado destes resultados, as células da CN foram tratadas
com bentonita na concentracdo de 0,6 mg/mL (dose considerada nao
toxica), para verificacdo da influéncia do tempo sobre o tratamento. Para
tal, foram escolhidos os tempos de 12, 24 e 48 h, os quais foram
avaliados através da técnica de MTT (Figura 12 C). Nesta analise, 0s
valores de absorbancia obtidos (0,26; 0,29; 0,35) foram semelhantes as
do grupo controle (0,26; 0,30; 0,36). Esses dados, associado aos demais
valores obtidos, demonstraram que a bentonita ndo foi capaz de
provocar toxicidade celular em concentragdes iguais ou inferiores a 0,6
mg/mL, ndo havendo diferenga em relacdo ao grupo controle nos
diferentes tempos de tratamento avaliados.
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Figura 12 - Bentonita em altas concentragOes interfere na viabilidade das células
da CN. Culturas secundérias de células-tronco da CN foram incubadas com
DMSO (grupo controle) e 0,2 a 1,6 mg/mL de bentonita. Ap6s 4 dias de
tratamento, a viabilidade celular foi analisada por MTT (A) e azul de tripan (B).
A viabilidade celular foi também analisada ap6s 12, 24 e 48 h de tratamento
com 0,6 mg/mL de bentonita (C). Os resultados representam a média de trés
experimentos independentes realizadas em triplicata + EP. * P <0,05 quando
comparado ao grupo controle.

e
hy

e
w
i

o
3
h

0.1

Viabilidade celular
(Absorbéancia - 570 nm)

0.0-— T T T T T T T T
ST EF NI
&

J B

) Bentonita

100

o«
o

@
=]

B
S

n
o

N e

Azul de Tripan - Viabilidade celular ®
(% do controle)

&© o7 oY ©
& -
) Bentonita
Cc
0.6
-+ Controle
— 0.54 -% Bentonita 0.6 mg/mL
E
E c
3 E 0.41
8.
L]
25 03
g
z8
@ 0 0.2
52
<
04
0.0

12 horas 24 horas 48 horas

Fonte: Desenvolvido pela autora.



69

4.1.3 Bentonita evita a morte das células da crista neural
previamente tratadas com AFB;

J4 havia sido demonstrado que a AFB; é capaz de provocar
toxicidade celular (NONES; NONES; TRENTIN, 2013). Considerando
estes aspectos, buscou-se avaliar se a bentonita na concentracdo 0,6
mg/mL seria capaz de evitar a morte das células da CN induzida por
30 uM de AFB;. Para tal, culturas de células da CN foram tratadas
(grupos experimentais: controle, AFB;, bentonita e AFB; + bentonita
tratados concomitantemente) e submetidas & marcagdo nuclear por
DAPI, para posterior quantificacdo dos nucleos totais e picndticos
(Figura 13).

O tratamento com AFB; diminuiu significativamente o nimero
total de células (cerca de 1,62 vezes) em comparagao ao grupo controle
(Figura 13 A, C, E). Este efeito foi parcialmente evitado pela adi¢do de
bentonita (0,6 mg/mL) concomitantemente adicionada a 30 uM de AFB;
(1,12 vezes em comparacdo com o grupo controle) (Figura 13 A-D, E).

Com o intuito de verificar se 0 aumento do nimero total de
células seria provocado por uma redugcdo na morte celular promovido
pela bentonita, os ndcleos picnéticos foram quantificados ap6s marcacéo
por DAPI (CALLONI; LE DOUARIN; DUPIN, 2009; NONES;
NONES; TRENTIN, 2013) (Figura 13 A-D, F). Nesta anélise, ndo foi
observada uma reducdo na proporcdo de células mortas ap6s o
tratamento com bentonita, em relacdo ao grupo controle (1,55 células
mortas/campo para ambos os tratamentos). Por outro lado, AFB;
diminuiu o nimero de ndcleos totais (marcados por DAPI) em 2,1 vezes
(efeito tdxico). Este efeito foi parcialmente evitado pela adicdo de
bentonita (diminuicdo de 1,49 vezes no grupo tratado com bentonita
associado a AFB; em comparagdo com o grupo controle).

Ensaios de MTT (Figura 13 G) confirmaram os dados acima
descritos, demonstrando uma diminuicdo dos valores de absorbancia
para o grupo tratado com 30 uM de AFB; (0,23 absorbancia) em
comparagdo ao grupo controle (0,34 absorbéancia). A adicdo de 0,6
mg/mL de bentonita associada a 30 pM de AFB; evitou parcialmente o
efeito (0,29 absorbéncia). Da mesma forma, a analise de azul de tripan
(Figura 13 H) demonstrou que o tratamento com 30 uM de AFB;
resultou em 46% de viabilidade celular. Por outro lado, essa viabilidade
aumentou quando 0,6 mg/mL de bentonita foram adicionados (20% de
aumento em comparagdo com o grupo tratado com AFB,).
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Figura 13 - Bentonita evita a morte celular das células da CN previamente
tratadas com AFB;. Culturas secundérias de células-tronco da CN de codornas
foram incubadas com DMSO (grupo controle), 0,6 mg/mL de bentonita, 30 M
de AFB; ou 0,6 mg/mL de bentonita concomitantemente adicionado com 30 uM
de AFB;. Ap0s 4 dias de tratamento, o nimero total de nicleos de células por
campo foi determinado por marca¢do com DAPI (A-E) e a morte celular foi
analisada através da quantificacdo de células picnéticas (A-D, F). A viabilidade
celular foi analisada por MTT e azul de tripan (G-H). Os resultados representam
a média de trés experimentos independentes, realizados em triplicada + EP. * P
<0,05 ou ** P <0,01 em relagcdo ao grupo controle e/ou tratado com AFB;.
Barra de calibracéo = 200 pum.
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Com base nos resultados obtidos, pode-se demonstrar que a
administracdo de bentonita foi capaz de evitar a morte celular provocada
pela AFB;.

4.1.4 Bentonita ndo afeta a diferenciacao das células da crista neural

Células da CN podem originar diferentes tecidos. Com o objetivo
de verificar se particulas de bentonita seriam capazes de interferir no
processo de diferenciacdo deste tipo celular, culturas secundarias de
células-tronco da CN de codornas foram incubadas com DMSO (grupo
controle), 0,6 mg/mL de bentonita, 30 uM de AFB; ou 30 uM de AFB;
concomitantemente adicionada com 0,6 mg/mL de bentonita (Figura
14).

Ap0s 4 dias de tratamento, o fendtipo celular HNK1 (marcador de
células gliais derivadas da CN) foi analisado através da técnica de
imunocitoquimica. Os resultados obtidos demonstraram que a propor¢do
de células positivas para HNK1 em relacdo ao nimero total de células
(coloracdo por DAPI) ndo foi alterada pelos diferentes tratamentos
(Figura 14 A - E). Embora o ndmero total de células ndo tenha sofrido
alteracdo pelo tratamento com a bentonita (em comparagdo ao grupo
controle), o nimero de células gliais/campo diminuiu cerca de 1,7 vezes
para o grupo tratado com AFB; e 1,24 vezes para 0 grupo tratado com
AFB; concomitantemente adicionada com bentonita (Figura 14 A-D, F).

Os resultados destes experimentos demonstram que a bentonita
associada com AFB; afeta toda a populacdo de células da CN, ndo
interferindo na diferenciacéo celular glial.
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Figura 14 - Bentonita ndo afeta a diferenciacdo (para o fendtipo glial) das
células da CN. Culturas secundérias de células-tronco da CN de codornas foram
incubadas com DMSO (grupo controle), 0,6 mg/mL de bentonita, 30 uM de
AFB; ou 0,6 mg/mL de bentonita concomitantemente adicionada com 30 uM de
AFB;. Imagens representativas (A-D) e a andlise quantitativa de células gliais
marcadas (HNK1) foram realizadas (E). A proporg¢do de fenétipo HNK1 para o
nimero total de células foi representada em F. Os resultados demonstram a
média de trés experimentos independentes realizados em triplicada + EP. *** P
<0,05 em relacdo ao grupo controle ou ** P <0,01 em relagdo ao grupo tratado
com AFB;. Barra de calibragdo = 200 pum.
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4.1.5 IdentificagBes dos grupos funcionais da bentonita relacionados
com a capacidade de adsorc¢do da aflatoxina B,

A bentonita foi capaz de reduzir o efeito tdxico da AFB; em
culturas de células CN, indicando um efeito protetor deste material.
Uma explicacdo para esta constatacdo pode estar relacionada com a
capacidade de adsorcéo da bentonita (DIAZ et al., 2004; DIXON et al.,
2008; PASHA et al., 2007). Com o objetivo de identificar os grupos
funcionais da bentonita envolvidos com os efeitos observados, as
técnicas de espectroscopia de infravermelho (FTIR) e isoterma de
adsorc¢do foram realizadas.

As analises acima descritas revelaram que a capacidade maxima
de adsorcdo da bentonita foi de 0,6 mol/kg e o coeficiente de
distribuicdo (Kd) foi de 0,04 - resultados obtidos pela aplicacdo da
equacdo de Langmuir, (R* > 0,99), a qual demonstrou um modelo de
adsorcdo de AFB; favoravel (Figura 15 A).

A andlise de FTIR foi utilizada para analisar os grupos funcionais
da bentonita (Figura 15 B). As bandas em torno de 2837 e 3417 cm™
foram atribuidas a vibragdo dos grupos C-H e moléculas de agua
respectivamente (WANG et al., 2009). Uma banda atribuida a ligacdo de
Si-OH foi observada na regido de 3705 cm™ e uma banda em torno de
537 cm™ pode ser atribuida & deformagdo angular de Si-O-Al. Além
disso, a banda em 466 cm™ foi relacionada com a deformacéo angular
de Si-O-Si (WANG et al., 2009; ZHIRONG; UDDIN; ZHANXUE,
2011). A Tabela 8 lista os principais grupos funcionais presentes na
amostra de bentonita.

Na bentonita saturada pela AFB;, foram observadas alteracdes
nas bandas em torno de 913-1036 cm™ (Figura 13 B), as quais foram
relacionadas com os grupos funcionais AI-Al-OH e SiO, ambos o0s
grupos pertencentes a estrutura quimica da bentonita.



74

Figura 15 - Identificagdo dos grupos funcionais da bentonita relacionados com a
capacidade de adsorcdo da AFB;. Através da isoterma de Langmuir foi possivel
observar um modelo de adsorcdo de AFB; favoravel (A). Alteracfes nos grupos
funcionais foram observadas na regido de 913-1036 cm™ (B). Os resultados
representam a média dos experimentos, os quais foram realizados em triplicata
+ EP.
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Tabela 8 - Grupos funcionais da bentonita.

Grupo funcional Ndmero de onda (cm™)
Si-OH 3705
Al-Al-OH 3606
H,O 3417
C-H 2837
H,O 1638
Sio 1036
Al-Al-OH 913
Al-OH-Mg 796
Si-O-Si 699
Si-O-Al 537
Si-0O-Si 466

Fonte: Desenvolvido pela autora.
4.1.6 Resumo

O resumo dos principais resultados obtidos no tépico 4.1 pode ser
observado na Figura 16. Estes dados foram recentemente publicados na
revista Applied Clay Science: Bentonite protects neural crest stem cells
form death caused by aflatoxin B;. NONES, J.; NONES, J.; RIELLA,
H.G.; KUHNEN, N.K.; TRENTIN, A. Applied Clay Science, v. 104,
p.119-127, 2015b (Anexo B).
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Figura 16 - Mecanismo protetor da bentonita contra os danos causados nas
células da CN pela AFB;. Sob condi¢Bes de cultura, AFB; interagiu com a
bentonita, ocupando a distancia interlamelar, reduzindo a disponibilidade de
AFB; e, consequentemente, diminuindo os danos téxicos causados nas células
da CN. Estes eventos contruibuiram para gerar um aumento no nimero total de
células da CN, sem afetar o processo de diferenciagéo.
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42 O TRATAMENTO TERMICO DA BENTONITA REDUZ A
ADSORCAO DE AFLATOXINA B; E AFETA A POPULACAO DE
CELULAS-TRONCO

421 A calcinacdo provoca alteracbes na morfologia e na
composic¢ao quimica das amostras de bentonita

Com o intuito de avaliar o efeito do tratamento térmico nas
caracteristicas morfoldgicas e quimicas, ensaios de MEV e EDX foram
realizados tanto para bentonita in natura (grupo controle), quanto para
bentonitas tratadas a 125, 250, 500, 750 e 1000 °C.

Através de analises de EDX pode ser observado que os elementos
quimicos mais abundantes presentes na amostra de bentonita in natura e
tratadas termicamente (125, 250, 500, 750 e 1000 °C) foram: O, Si e Al.
Diferentemente, Fe, K, Mg e Ti foram encontrados em pequenas
guantidades (abaixo de 10%) (Tabela 9).
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Tabela 9 - Percentual dos elementos quimicos presentes na bentonita in natura e
tratada termicamente em diferentes temperaturas.

Massa (%0)
Elemento " |nnatura 125°C 250°C 500°C 750°C 1000°C
0 41,90 24,30 51,28 36,55 43,69 5253
Si 34,96 40,40 33,11 40,85 31,13 2851
Al 12,06 14,92 7,05 1497 9,99 9,19
Fe 6,36 8,42 4,45 3,52 8,24 5,07
K 3,49 9,61 3,20 3,88 5,14 3,37
Mg 0,43 0,32 0,26 0,23 0,22 0,25
Ti 0,80 2,03 0,66 0,00 1,59 1,08
Total 100.00 100,00 100,00 100,00 100,00 100,00

Fonte: Desenvolvido pela autora.

As imagens de MEV (Figura 17 A-F) demonstraram que todos 0s
grupos (in natura ou tratados) apresentaram particulas individuais, com
contornos claramente reconheciveis e plaquetas irregulares que tendem a
formar aglomerados. Um pequeno aumento na rugosidade das
particulas, no entanto, pode ser observado nos grupos que sofreram
calcinacgdo (Figura 17 B-F) quando comparado com o grupo controle.

Figura 17 - Morfologia das amostras de bentonita calcinadas. Apés tratamento
térmico, as particulas argilominerais foram analisadas por MEV. In natura (A),
125 °C (B), 250 °C (C), 500 °C (D), 750 °C (E) e 1000 °C (F). Barra de
calibracdo = 10 pm.

10KV X200, Jopm. LI LCME-URBC 10KV X2,000 10pm LCME-UFSC

Fonte: Desenvolvido pela autora.
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4.2.2 Calcinagdo proporciona reducdo nas bandas de &gua
(3417 cm 1) e alterac&o nas bandas de silicio (1036 cm ™)

Para avaliar os grupos quimicos presentes nas amostras de
bentonita, antes e ap6s o tratamento térmico (Figura 17), foi aplicada a
técnica de FTIR.

Na Figura 18, em todos os grupos avaliados (in natura ou
calcinados), a banda em torno de 3417 e 3705 cm™ foi atribuida as
moléculas de 4gua e a ligagdo entre silicio e hidroxila (Si-OH),
respectivamente. Na regido de 1036 cm™ foi observada uma banda
referente a elevada frequéncia de SiO, enquanto a banda centrada a 913
cm™ foi atribuida a ligacéo de Al-Al-OH.

E importante notar que a intensidade das bandas em torno de
3417 e 1036 cm™ foi reduzida quando realizado o tratamento térmico
(acima de 500 °C) (Figura 18), devido a uma provavel alteracio da
quantidade de &gua e nas ligagdes de silicio.
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Figura 18 - Calcinacéo proporciona reducdo nas bandas de agua (3417 cm™) e
alterago nas bandas de silicio (1036 cm™): 125 °C (A), 250 °C (B), 500 °C (C),
750 °C (D) e 1000 °C (E).
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Fonte: Desenvolvido pela autora.

4.2.3 A calcinagéo causa transformacdes nas fases de desidratacéo e
desidroxilacéo

Com o objetivo de investigar os efeitos da temperatura nas
amostras de bentonita, analises termogravimétricas (TG), diferenciais
das andlises termogravimétricas (DTG) e calorimetria exploratoria
diferencial (DSC) foram realizadas (Figura 19).
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Figura 19 - Calcinacdo causa transformacgdes nas fases de desidratacdo e
desidroxilagdo. Ap6s o tratamento térmico, as particulas de bentonita foram
avaliadas através de analise termogravimétrica. In natura (A): 125 °C (B):

250 °C (C): 500 °C (D): 750 °C (E) e 1000 °C (F).
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Através da TG foi possivel identificar uma perda de massa total
para a bentonita in natura em torno de 5% (Figura 19 A). Resultados
semelhantes foram observados para bentonita tratada a 125 e 250 °C,
onde as perdas de massa foram de 7,04 e 5,11%, respectivamente
(Figura 19 B-C). Um menor valor de perda de massa foi encontrado nas
bentonitas tratadas com temperaturas acima de 500 °C (cerca de 2%),
atingindo o seu valor minimo nas amostras calcinadas a temperatura de
1000 °C (menos de 1%) (Figura 19 D-F).

As andlises termogravimétricas (TG) mostraram duas transi¢Oes
significativas de perda de massa (Figura 19 A-D). A primeira transicao
de perda, em torno de 88 °C, refere-se & perda de agua por desidratago.
A segunda perda de massa ocorreu em torno de 489 °C, sendo
provavelmente correspondente a desidroxilagdo dos argilominerais.

Corroborando com os resultados obtidos por DTG, as analises de
DSC (Figura 19 A-F) demonstraram transicBes caracteristicas de
desidratacéo (em torno de 60 °C) e desidroxilagio (em torno de 480 °C).

424 O aumento da temperatura causa ruptura das fases
mineralégicas da bentonita

A transformacdo das fases mineral6gicas antes e apds 0s
tratamentos térmicos da bentonita foram analisadas por DRX (Figura
20). Os minerais identificados nas amostras de bentonita foram a
montmorilonita (M), quartzo (Q), caulinita (C) e a muscovita (Mc).

De acordo com as anélises de DRX realizadas, pode-se observar
gue o pico da montmorilonita teve pequenas variagdes apds o
aquecimento a temperatura de 125 a 750 °C, o qual desapareceu nas
amostras tratadas a temperatura de 1000 °C. Além disso, pode-se
observar que o tratamento na temperatura de 500 °C provocou a
desidroxilagdo da caulinita, resultando no colapso da estrutura mineral
da argila e desaparecimento do pico em 12,4° (20) (Figura 20 C). Da
mesma forma, as fases cristalinas da bentonita desapareceram apos
calcinagdo a 1000 °C, podendo apenas ser identificado o pico de quartzo
(Figura 20 E).
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Figura 20 - O aumento da temperatura causa ruptura das fases mineraldgicas da
bentonita. (M — Montmorilonita, C-Caulinita, Mc - Muscovita, Q - Quartzo).
125 °C (A); 250 °C (B); 500 °C (C); 750 °C (D) e 1000 °C (E).
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4.25 A calcinagdo proporciona alteragdes na massa, distancia
interlamelar e densidade das particulas de bentonita

Para avaliar o efeito da temperatura sobre as particulas de
bentonita foram realizadas as determinacgdes dos percentuais de perda de
massa, distancia interlamelar e de densidade.

Os resultados demonstraram que o tratamento térmico (nas
temperaturas de 125 a 1000 °C) foi capaz de proporcionar perda de
massa, fato atribuido a perda de moléculas de agua, impurezas e
transformacfes estruturais. Além disso, foi possivel observar que o
aumento da temperatura (de 125 a 1000 °C) causou um aumento da
perda de massa (Figura 21 A).

Na bentonita in natura, pode-se observar que o difratograma
apresentou o pico da montmorilonita (dog) em 26 = 9,1 ° (Figura 20 A),
0 qual corresponde & distancia interlamelar de 0,97 nm (Figura 21 B).
Essa distancia sofreu pequenas variagdes apds tratamento térmico, com
aumento de 0,97 a 1,00 nm, quando as amostras foram tratadas a 125 ou
250 °C. Uma diminuicdo de 0,98 e 0,97 nas temperaturas de 500 e
750 °C, respectivamente, pode ser observada. Diferentemente, o pico da
montmorilonita (dgo;) foi desfragmentado a 1000 °C, ndo sendo possivel
calcular a distancia interlamelar para este grupo experimental.

A densidade da bentonita in natura foi de 1,87 g/cm® (Figura 21
C), sendo obtidos resultados semelhantes nos demais tratamentos
térmicos realizados.



Figura 21 - A calcinacdo proporciona alteracfes na massa, na distancia
interlamelar e na densidade das particulas de bentonita. Perda de massa
(A);distancia interlamelar (B); massa especifica (C). Os resultados de densidade
representam a média de ensaios realizados em triplicata + DP.
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4.2.6 A temperatura modifica a area superficial e o0 tamanho médio
dos poros da bentonita

A érea superficial da bentonita in natura (30,10 m%g™*) diminuiu
ap6s o tratamento térmico (até 2,16 mg™) (Tabela 10). No entanto, o
didmetro médio dos poros aumentou, passando de 8,80 nm para
37,61 nm para a bentonita in natura e tratada a 1000 °C,
respectivamente. Além disso, o volume de poros das amostras de
bentonita teve uma leve diminuicdo quando as amostras de bentonitas
foram submetidas a temperaturas mais elevadas.

Tabela 10 - Propriedades texturais de amostras de bentonita in natura e tratadas
termicamente.

Bentonita Area superficial Diametro médio Volume dos
(m“g™h) dos poros (nm)  poros (cm°g™)
In natura 30,10 8,80 0,066
125°C 29,47 8,93 0,066
250 °C 29,21 9,64 0,070
500 °C 25,89 9,40 0,061
750 °C 20,02 12,39 0,062
1000 °C 2,16 37,61 0,020

Fonte: Desenvolvido pela autora.

As isotermas de adsorcdo-dessorcdo de nitrogénio para a
bentonita in natura e para as amostras preparadas a diferentes
temperaturas foram analisadas. Os resultados obtidos demonstraram que
todas as amostras produziram isotermas do tipo 1V, as quais podem ser
consideradas comuns para materiais mesoporosos. No entanto, como
mostrado na Figura 22 A, o aumento gradativo da temperatura de
calcinacdo foi capaz de diminuir o volume de nitrogénio adsorvido.

A distribuicdo do tamanho dos poros das amostras de bentonita
apresentou um valor maximo em 3,6 nm nos grupos da bentonita tratada
a 125, 250, 500 e 750 °C (Figura 22 B), sendo observado uma
diminuigéo na intensidade do pico na temperatura de 1000 °C,
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Figura 22 - O aumento da temperatura modifica a superficie e tamanho
dos poros da bentonita. As amostras foram mantidas a 250 °C, durante
12 h, sob atmosfera de nitrogénio. Depois deste procedimento, isotermas
de adsorcao-dessorcdo de nitrogénio (A) e distribuicdo do tamanho dos
poros (B) foram determinadas.

A
501 )

—~ " innatura
0 125°C A
mb‘o A 250°C o
g 409 ¢ sw0°c »
~ » 750°C

,8 1000°C

= 304

=

2 s
T 201 28
~ A 4 >

4
’ s By
4 5 E v ¥

3 10 Fl!¥¥ X > ? '

g S

= N 5

6 0 Ll b —p— T - T T
> 0.0 02 04 0.6 0.8 1.0

Pressdo relativa (P/Po)
B

0000[2' —&— in natura
—o—125°C

0.00010{ ~4-2%0°C »
7—500°C ||
»-750°C A
0.00008 4 —— 1000 \!

0.00006

0.00004

0.00002

0.00000

1 10 100

Distribui¢do do tamanho dos poros
(em’g'nm™)

Didmetro do poro (nm)

Fonte: Desenvolvido pela autora.



87

4.2.7 A calcinacdo aumentou a distribuicdo do tamanho médio das
particulas de bentonita

Conforme pode ser observado na Figura (23 A), a distribuicdo
média do tamanho das particulas de bentonita in natura foi de 19,96 um,
sendo que as particulas menores foram distribuidas entre 1,59 e
12,79 um (Figura 23 A). O tratamento térmico a 125 e 250 °C afetou a
distribuicdo média de tamanho de particulas, a qual passou a ser de
20,11 pm e 20,83 pum, respectivamente (Figura 23 B-C). Por outro lado,
0 tratamento térmico nas temperaturas de 500, 750 e 1000 °C provocou
um aumento na distribuicdo de tamanho de particula para 26,08, 28,15 e
30,73 um, respectivamente (Figura 23 D-F).
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Figura 23 - O tamanho das particulas da bentonita aumentou pela calcinagdo. A

distribuicdo do tamanho de particulas de bentonita foi determinada por anélise
de difragdo a laser. In natura (A); 125 °C (B); 250 °C (C); 500 °C (D); 750 °C

(E) e 1000 °C (F).
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4.2.8 A calcinagdo da bentonita ndo incrementa seu efeito protetor
em células da crista neural que sofreram indugdo de morte por

aflatoxina B,

Como ja demonstrado, particulas de bentonita foram capazes de

Desenvolvido pela autora.
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efeito protetor, foram realizados ensaios de viabilidade celular (grupos
experimentais tratados com: bentonita in natura, a 125, 250, 500, 750 e
1000 °C, concomitantemente tratados com AFBy).

Figura 24 - A calcinagdo da bentonita mantém o seu efeito protetor sobre as
células da CN quando submetidas a danos causados pela AFB;. Culturas
secundarias de células-tronco da CN de codornas foram incubadas com DMSO
(grupo controle), 0,6 mg/mL de bentonita in natura, 30 pM de AFB; ou 0,6
mg/mL de bentonita (in natura ou calcinada a 125, 250, 500, 750 e 1000 °C)
concomitantemente adicionada com 30 UM de AFB;. Apos 4 dias de tratamento,
a viabilidade celular foi analisada através da técnica de azul de tripan. Os
resultados demonstram a média de trés experimentos independentes realizados
em triplicada + EP. *** P <0,05 em relacdo ao grupo controle e tratado com a
AFB; ou # P <0,05 em relagdo ao grupo tratado com a bentonita in natura.
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Fonte: Desenvolvido pela autora.

Os resultados obtidos demonstraram que o tratamento com AFB;
(30 uM) resultou em 36% de células viaveis (Figura 24). Por outro lado,
a administracdo concomitante de bentonita in natura (0,6 mg/mL) com
AFB; aumentou a viabilidade celular (aumento de 48% quando
comparado com o grupo tratado com AFB;). Efeito semelhante ao grupo
tratado com a bentonita in natura (84% de viabilidade) foi observado
com a adi¢do da bentonita tratada termicamente a 125, 250, 500, 750 °C
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(viabilidade de 78, 83, 84 e 74%, respectivamente). O tratamento com a
bentonita a 1000 °C, no entanto, provocou uma menor viabilidade
celular (cerca de 18% menor em comparagdo com 0s grupos tratados
com as outras bentonitas).

Apo6s avaliada a viabilidade celular, o nimero total de células
da CN e nucleos picnéticos foram quantificados através da marcagao por
DAPI. Os resultados obtidos demonstraram que o grupo tratado com
AFB; diminuiu o numero total de células (Figura 25 D, K) e aumentou o
nimero total de nicleos picnéticos (Figura 25 D, L) em comparagéo
com o grupo de controle. A adi¢do da bentonita in natura ou calcinada
(125, 250, 500, 750), adicionadas concomitantemente com 30 uM AFB;
(Figura 25, A-G), foi capaz de reverter parcialmente o efeito provocado
pela AFB; sobre as células da CN. Embora a calcinagéo a 125, 250, 500,
750 °C n&o tenha provocado um aumento do efeito protetor em relagio
ao grupo controle (bentonita in natura), a bentonita tratada com a
temperatura de 1000 °C foi capaz de provocar uma redugdo destes
valores, ou seja, provocou uma reducdo no ndmero total de células e um
aumento na quantidade de ndcleos picnéticos (Figura 25, E-L).
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Figura 25 - Bentonitas in natura e tratadas termicamente afetam a morte de
células-tronco previamente tratadas com AFB;. Culturas secundérias de células-
tronco da CN de codornas foram incubadas com: DMSO (grupo controle), 0,6
mg/mL de bentonita in natura, 30 pM de AFB; ou 0,6 mg/mL de bentonita (in
natura ou calcinada a 125, 250, 500, 750 e 1000 °C) concomitantemente
adicionada com 30 uM de AFB;. Ap6s 4 dias de tratamento, o nimero total de
células por campo foi determinado por coloracdo por DAPI (A-K) e a morte
celular foi analisada através da quantificagdo de células picnéticas (A-J, L). Os
resultados demonstram a média de trés experimentos independentes realizados
em triplicada + EP. *** P <0,05 em relacdo ao grupo controle e tratado com a
AFB; ou # P <0,05 em relagdo ao grupo tratado com a bentonita in natura.
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Fonte: Desenvolvido pela autora.
4.2.9 Padronizacgéo dos ensaios de HPLC

Com o intuito de quantificar a capacidade de adsorcdo das
particulas de bentonita, ensaios cromatograficos foram realizados. Para
tal, inicialmente as condicGes do cromatégrafo foram padronizadas (fase
movel, fluxo, comprimento de onda) e adaptadas a polaridade e as
caracteristicas da coluna e da AFB;. Depois de estabelecidos 0s
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parametros, foram realizadas injecbes do padrdo de AFB;
(concentracdes que variaram de 0,1 a 30 uM), adquirindo separagdo do
pico da AFB; no tempo de retencdo de 3,7 min (Figura 26).

Conforme demonstrado na Figura 27, a curva de calibracdo,
determinada a partir das areas dos picos de AFB; apresentou linearidade
no intervalo de concentragdo de 0,1 a 30 uM.

Figura 26 - Cromatograma do padrdo de AFB,, no qual o pico de AFB; (com
concentracdo de 30 uM) corresponde ao tempo de retencéo de 3,7 min.
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Fonte: Desenvolvido pela autora.

A equacdo de regressao linear, obtida pelo método dos minimos
quadrados, foi y = 11,2.10% - 10,5.10°, sendo y a area do pico da AFB;
e x a concentragdo da AFB;. O coeficiente de correlagio (R?) obtido foi
de 0,9948.
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Figura 27 - Curva de calibragdo HPLC.
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Fonte: Desenvolvido pela autora.

4.2.10 O aumento da temperatura de calcinagdo da bentonita reduz
a capacidade de adsorcéo de aflatoxina B,

As particulas de bentonita in natura ou calcinadas a 125, 250,
500, 750, 1000 °C, demonstraram um efeito protetor sobre as células-
tronco da CN quando adicionadas concomitantemente com substancias
toxicas, tais como aflatoxinas. Esse efeito protetor foi atribuido a
capacidade de adsorcdo destas bentonitas. Para avaliar esta hipétese, as
técnicas de espectroscopia UV/visivel e HPLC foram utilizadas (Figura
28).

Os resultados demonstraram que, através da espectroscopia
UV visivel, nenhuma mudanca ocorreu na capacidade de adsorcdo da
bentonita tratada termicamente a 125, 250 e 500 °C em relagdo a
bentonita in natura (Figura 28 A). No entanto, essa capacidade sofreu
uma leve diminuicdo nos grupos calcinados a 750 °C (21% de AFB;
adsorvida) e a 1000 °C (25% de AFB; adsorvida), quando comparado
com o grupo da bentonita in natura (31,6% de AFB; adsorvida).

Através das andlises de HPLC, conforme demonstrado na Figura
26 B, foi possivel observar que a bentonita in natura apresentou
adsorgdo de AFB; de 27,3% e que o tratamento a 125 e 250 °C, durante
4 h, aumentou a capacidade de adsor¢do da bentonita em torno de 5%. A
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capacidade de adsor¢do, no entanto, diminuiu a medida que a
temperatura variou de 500 a 750 °C, sendo que o tratamento a 1000 °C
n&o apresentou nenhuma capacidade de adsorgéo.

O efeito da concentragcdo do adsorvente sobre a capacidade de
adsorcdo de AFB; pela bentonita in natura e tratada termicamente (500
e 750 °C) foi demonstrado na Figura 278 C. Através desta analise, foi
possivel observar que a adsor¢do de AFB; diminuiu com a diminuicéo
da quantidade de cada adsorvente adicionado em suspensao.
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Figura 28 - O aumento da temperatura de calcinagdo da bentonita reduz a
capacidade de adsorcdo de AFB;. A adsor¢éo foi analisada por espectroscopia
UVisivel (A) e HPLC (B-C). Os resultados representam a média de trés
experimentos independentes, realizados em duplicata + EP.
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4.2.11 Resumo

O resumo dos principais resultados obtidos no topico 4.2 pode ser
observado na Figura 29. A primeira parte dos dados obtidos foram
publicados na revista Materials Science Engineering C: Thermal
treatment of bentonite reduces aflatoxin B; adsorption and affects stem
cell death. NONES, J.; NONESJ.; RIELLA, H.G.; POLI, A;
TRENTIN, A.G.; KUHNEN, N.C. Materials Science Engineering C,
v.55, p. 530-537, 2015¢c (Anexo C). A segunda parte dos dados foram
aceitos para publicagdo na revista International Journal of Applied
Research and Technology: Calcination of brazilian bentonite affects its
structural properties and reduces ability to bind AFB;. NONES, J,;
NONES, J.; RIELLA, H.G.; POLI, A.; KUHNEN, N.C. International
Journal of Applied Research and Technology, submetido/aceito, 2016
(Anexo D).

Figura 29 - O tratamento térmico na bentonita propiciou modificagdes
estruturais e diminuicdo da adsorcdo e protegdo celular contra os danos
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43 TRATAMENTOS QRGANOFILICOS NA BENTONITA
AUMENTAM A ADSORCAO DE AFLATOXINA B; E PROTEGEM
AS CELULAS-TRONCO CONTRA DANOS CELULARES

4.3.1 A morfologia da bentonita ndo sofre modificacdo ap6s 0s
tratamentos orgénicos com cloreto de benzalconio e brometo de
cetrimonio

Com o objetivo de avaliar se os tratamentos organofilicos com
BAC ou CTAB seriam capazes de interferir na estrutura morfoldgica das
particulas de bentonita, a técnica de MEV foi utilizada.

A técnica de MEV, como pode ser visualizado na Figura 30,
demonstrou que os tratamentos da bentonita com cloreto de benzalconio
- BAC (Figura 30 A-D) e brometo de cetriménio - CTAB (Figura 30 E-
H), sob diferentes condi¢bes de concentracdo e de temperatura, ndo
foram capazes de alterar a estrutura morfoldgica da bentonita, ou seja,
0s grupos de bentonitas orgonofilicas apresentaram a mesma morfologia
da bentonita in natura.

Figura 30 - Tratamentos organofilicos com BAC ou CTAB ndo alteram a
estrutura morfol6gica das bentonitas: BAC302 (A); BAC306 (B); BAC602 (C);
BAC606 (D); CTAB302 (E); CTAB 306 (F); CTAB602 (G); CTAB606 (H).
Barra de calibragao = 50 pm.
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4.3.2 Os tratamentos organicos provocaram alteracdes nas ligacGes
entre C-H e Si-O

Os espectros de FTIR foram usados para avaliar 0s grupos
quimicos presentes nas amostras de bentonita, antes e apds a
organofilizagio. Tais espectros, que podem ser visualizados na Figura
31, demonstraram ser semelhantes entre todos os grupos tratados, sendo
que as bandas em torno de 3417 e 1640 cm™ foram atribuidos as
moléculas de &gua (Figura 31 A-B).

A técnica acima citada demonstrou a existéncia de bandas de Al-
Al-OH, as quais apareceram na regido de 3620 e 913 cm™. Além disso,
Si-OH apareceu na regido de 3705 cm™. As bandas a 2920 e 2850 cm™
foram atribuidas a vibragdo assimétrica e simétrica de estiramento da
ligacdo C-H, estando provavelmente relacionadas com o processo de
organofilizacéo.

Comparando os espectros obtidos para as bentonitas organofilicas
com a bentonita in natura (NONES et al., 2015b), é possivel observar
mudancas no niimero de onda da banda de Si-O (1020-1090 cm™), fato
que deve-se a provavel incorporacdo de BAC ou CTAB.

Outros grupos funcionais presentes nas amostras de bentonita,
tais como AI-OH-Mg, Si-O-Al e Si-O-Si, também foram observados
(Figura 31 A-B).
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Figura 31 - A intercalacdo de cations organicos na bentonita proporciona

mudancas no espectro de FTIR. BAC (A) e CTAB (B).
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4.3.3 Tratamentos organicos na bentonita aumentam sua
capacidade de adsorcéo de aflatoxina B,

Com o intuito de analisar se a incorporacdo de BAC ou CTAB
nas amostras de bentonita, a diferentes temperaturas e concentragoes,
seria capaz de aumentar a sua capacidade de adsorcdo, analises de
HPLC foram realizadas e seus efeitos avaliados estatisticamente.

Os resultados obtidos demostraram que a bentonita tratada com
2% de BAC, a 30 °C (BAC302), apresentou maior capacidade de
adsorcdo da AFB; (76,88%) (Figura 32 A). Valor semelhante (70,31%
de adsorcdo de AFB;) foi obtido no grupo de bentonita tratada com 2%
de BAC a 60 °C (BAC602). Por outro lado, concentragdes mais elevadas
de BAC (6% de massa de bentonita) ndo foram capazes de aumentar a
adsorcdo de AFB; pela bentonita, mostrando valores de adsorgéo em
torno de 36,54 e 31,62% para BAC306 e BAC606, respectivamente
(Figura 32 A).

Embora o tratamento com CTAB também tenha promovido o
aumento da capacidade de adsorcdo de AFB; pela bentonita, 0s
resultados foram menos eficazes quando comparados com tratamentos
com BAC (Figura 32 B). Neste caso, o tratamento da bentonita realizado
com a menor concentragdo de CTAB (2%) e menor temperatura (30 °C)
mostrou a melhor capacidade de adsorcdo da AFB; (55,24% de adsor¢édo
AFB;), quando comparado com a concentracdo e temperatura mais
elevada. As amostras de CTAB306 e CTAB602 apresentaram 38,98 e
45,59% de adsorcdo de AFB;, respectivamente.
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Figura 32 - Tratamentos organicos na bentonita aumentam sua capacidade de
adsorver AFB,. Bentonita tratada com cloreto de benzalcénio - BAC (A) e
brometo de cetrimonio - CTAB (B) (0,6 mg/mL) foi adicionado a 30 uM de
AFB;. Ap6s 24 h, a adsorcdo foi analisada por HPLC. Os resultados
representam a média dos experimentos em triplicata + EP.
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Fonte: Desenvolvido pela autora.

Andlises estatisticas, conforme dados presentes nas Tabelas 11 e
12, demonstraram que 0 aumento da temperatura e da concentracdo dos
surfactantes tém efeitos significativos na capacidade de adsor¢do da
AFB;. De acordo com estas analises, os valores de F mostrados na
Tabela 11 foram significativamente diferentes (P<0,05) para ambos 0s
sais testados, apresentando valores de 559,53 e 44,56 para a
concentracdo de BAC e CTAB, respectivamente. Para a temperatura, 0s
valores de F obtidos para BAC e CTAB foram 11,83 e 23,92,
respectivamente. No entanto, quando avaliada a interacdo entre a
temperatura e a concentragdo, nenhuma diferenca estatistica foi
observada para ambos os sais testados. De forma complementar, o teste
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t-Student revelou que a temperatura e a concentra¢do utilizadas no
processo de organofilizacdo da bentonita também apresentaram
diferencas significativas, apresentando efeitos negativos na adsorgéo da
AFB; (Tabela 12).

Tabela 11 - Analise de variancia (ANOVA) para avaliacdo da capacidade de
adsorcao de AFB; pelas bentonitas organofilicas.

Fator SQ GL MQ F p
BAC
(1) Temperatura 99,13 1 99,13 11,83 0,00*
(2) Concentragéo 4685,31 1 4685,31 559,53 0,00*
Interacéo (1) e (2) 2,05 1 2,05 0,24 0,63
Erro 66,98 8 8,37
Total 485348 11
CTAB
(1) Temperatura 710,15 1 710,16 23,92 0,00*
(2) Concentragéo 1322,79 1 1322,79 4457 0,00*
Interacdo (1) e (2) 98,71 1 98,71 3,32 0,10
Erro 237,43 8 29,68
Total 2369,09 11

SQ = soma quadratica; GL = graus de liberdade; MQ = média quadratica.
*P<0,05; Fonte: Desenvolvido pela autora.

Tabela 12 - Estimativas dos efeitos e suas interacGes para a adsor¢do da AFB;
pelas bentonitas organofilicas.

Factor Efeito Erro padréo t P

BAC

(1) Temperatura -5,74 1,67 -3,44 0,00*
(2) Concentracdo -39,52 1,67 -23,65 0,00*
Interagdo (1) e (2) 0,83 1,67 0,49 0,63
CTAB

(1) Temperatura -15,38 3,14 -4,89 0,00*
(2) Concentracdo -20,99 3,14 -6,67 0,00*
Interacdo (1) e (2) -5,73 3,14 -1,82 0,10

*P<0,05. Fonte: Desenvolvido pela autora.
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4.3.4 Os novos materiais gerados (BAC e CTAB) apresentaram
importantes efeitos de prote¢do contra danos celulares causados
pela aflatoxina B,

Como demonstrado previamente, particulas de bentonita
possuiam capacidade de evitar a morte celular induzida pela AFBy,
inibindo parcialmente seus efeitos citotoxicos. Com a finalidade de
avaliar o efeito protetor destas bentonitas modificadas (BAC e CTAB),
culturas de células-tronco da CN de codornas foram incubadas com
DMSO (grupo de controle), 0,6 mg/mL de bentonita in natura, 30 uM
de AFB;, 0,6 mg/mL de BAC302 ou CTAB302, sendo que o indutor de
toxicidade celular (30 pM de AFB;) foi concomitantemente adicionado
aos grupos onde houve a adi¢do dos grupos de bentonitas citados.

Corroborando com resultados previamente obtidos (NONES et
al., 2015b), ensaios de azul de tripan demonstram uma redugdo na
viabilidade celular (reducdo de 74,3% em compara¢do com 0 grupo
controle) apds tratamento com AFB; (Figura 33 A). De forma
semelhante ao previamente avaliado (NONES et al., 2015b), este efeito
foi parcialmente evitado pela coadministragdo da bentonita in natura,
aumentando a viabilidade celular em 49% em comparacdo ao grupo
tratado com AFB;. Vale ressaltar que estes materiais produzidos
(bentonitas organofilicas) foram capazes de evitar o efeito toxico
causado pela AFB;, mostrando valores de 93,7 e 94,3% de viabilidade
celular para BAC302 e CTAB302, respectivamente.

Para confirmar o resultado previamente obtido com o teste de
azul de tripan, ensaios de MTT também foram realizados. Estes ensaios
(Figura 33 B) demonstraram que o tratamento com AFB; resultou em
0,16 de absorbancia e que a coadministracdo de bentonita in natura com
AFB; foi capaz de incrementar este valor para 0,30 de absorbéancia.
Corroborando com os resultados obtidos nas analises de azul de tripan,
0s ensaios de MTT também demostraram que os tratamentos de
bentonita com BAC302 e CTAB302 foram capazes de evitar os danos
causados pela AFB;, aumentando a viabilidade celular para valores
iguais ao grupo controle (0,36 e 0,38 de absorbancia para BAC302 e
CTAB302, respectivamente).
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Figura 33 - Bentonitas previamente tratadas com sais organicos impedem os
danos celulares causados pela AFB;. Culturas secundarias de células-tronco da
CN de codornas foram incubadas com DMSO (grupo controle), 0,6 mg/mL de
bentonita in natura, 30 uM de AFB; ou 0,6 mg/mL da bentonita (in natura ou
organofilica - BAC302 e CTAB302) concomitantemente adicionada com 30 uM
de AFB;. Depois de 4 dias de tratamento, a viabilidade celular foi analisada
através da técnica de azul de tripan (A) e MTT (B). Os resultados representam a
média de trés experimentos independentes, realizados em triplicata + EP. ***P
< 0,01 comparado com o grupo controle, **P < 0.05 comparado com o grupo
tratado com AFB; e # P < 0,05 comparado com o grupo tratado com a bentonita
in natura + AFB;.
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Fonte: Desenvolvido pela autora.
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4.35 Alteragcbes na distancia interlamelar das bentonitas
organofilicas estdo provavelmente relacionadas com os efeitos
observados

Os resultados revelaram que a adicdo de bentonita tratada com
CTAB302 ou BAC302 evitou o efeito negativo da AFB; em culturas de
células-tronco da CN. Uma explicacdo para este fato pode estar
relacionado com a capacidade de adsorcdo da bentonita. Portanto, para
testar esta hipdtese, a composicdo mineraldgica e distancia interlamelar
das bentonitas modificadas com sais quaternarios de aménio (BAC e
CTAB) foram analisadas através da técnica de DRX (Figura 34).
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Figura 34 - Os tratamentos organofilicos aumentam a distancia interlamelar.
BAC302 (A) e CTAB302 (B). M - Montmorillonita, C - Caulinita, Mc -
Muscovita, Q - Quartzo.
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Fonte: Desenvolvido pela autora.

Os resultados obtidos demonstraram que as amostras das
bentonitas organofilicas possuem a mesma composicdo mineraldgica
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que a bentonita in natura (NONES et al., 2015b), no entanto, alteracGes
na distancia interlamelar foram observadas (Figura 34). De acordo com
0s resultados obtidos, a distancia interlamelar da bentonita in natura foi
de 0,97 nm (NONES et al., 2015c¢), a qual aumentou para 1,23 nm (doo:
em 20 = 7,16 °) e 1,22 nm (dgoz €M 20 = 7,22 °) apds a adicdo de BAC e
CTAB, respectivamente (Figura 34).

O fato de ter sido observado um aumento da distancia
interlamelar corrobora com a hipétese de que este maior espago é capaz
de facilitar a adsor¢do da AFB; e, consequentemente, evitar os danos
promovidos por esta substancia nas células da CN.

4.3.6 Resumo

O resumo dos principais resultados obtidos no tépico 4.3 pode ser
observado na Figura 35. Estes dados foram recentemente submetidos
para publicacdo na revista Colloids and Surfaces B: Biointerfaces:
Organophilic treatments of bentonite increase the adsorption of aflatoxin
B; and protects stem cells against cellular camage. NONES, J.; NONES,
J.; POLI, A.; TRENTIN, A.G.; RIELLA, H.G.; KUHNEN, N.C.
Colloids and Surfaces B: Biointerfaces, Submetido, 2016 (Anexo E).

Figura 35 - O tratamento organofilico na bentonita propiciou um aumento na
adsorcao e protecdo celular contra os danos causados pela AFB;.
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Fonte: Desenvolvido pela autora.
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4.4 RESUMO GERAL DOS RESULTADOS

Figura 36 - Diagrama esquematico contendo os principais resultados obtidos
através dos tratamentos (térmicos e organofilicos) realizados na bentonita.
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Os efeito de adsorcio e protecio celular observados sdo valores
comparados com os dados da bentonita in natura.

Fonte: Desenvolvido pela autora.
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Tabela 13 - Resumo das principais caracteristicas estruturais e efeitos da
bentonita in natura e modificadas através da realizacdo de tratamentos térmicos
e organofilicos.

Tratamentos
Andlises Térmico (°C) Organofilico
125 250 500 750 1000 BAC CTAB
Morfologia # # # # # = =
Distancia interlamelar 0 1 = = # 0 1
Composicao mineraldgica = = # # # = =
Ligacéo entre Si-O # # # # # # #
Quantidade de agua l l l | | NA NA
Area superficial ! ! ! ! | NA NA
Tamanho do poro 1 1 1 1 1 NA NA
Tamanho de particula 1 1 1 1 1 NA NA
Densidade = = = = = NA NA
Viabilidade (azul de tripan)* = = = = l 0 1
Viabilidade (MTT) * NA NA NA NA NA 1 1
Populaco celular (DAPI) * = = = = | NA NA
Morte celular * = = = = 1 NA NA
Adsorcdo de AFB; 1 1 l 1} 1} 1 1

“Os resultados foram comparados com os dados da bentonita in natura;

adicionado concomitantemente com a AFB,; # alterado; = sem alteragdo; 1
aumento; | diminui¢ao; NA ndo analisado. Fonte: Desenvolvido pela autora.






5 DISCUSSAO

O presente estudo caracterizou uma bentonita extraida da regido
sul do Estado de Santa Catarina e demonstrou, pela primeira vez, que
este material é capaz de promover a sobrevivéncia de células-tronco da
CN quando estas sdo submetidas a um indutor de toxicidade celular
(AFB;). Com o intuito de desenvolver novos materiais capazes de
ampliar a capacidade de adsorcdo deste material (bentonita), tratamentos
térmicos (nas temperaturas de 125 a 1000 °C) e organofilicos (com
cloreto de benzalconio (BAC) e brometo de cetriménio (CTAB) foram
realizados, sendo que o processo de organifilizacdo demonstrou ser
efetivo para aumentar a capacidade de adsorcdo da bentonita. Este tipo
de tratamento (organofilizacdo), além de atdxico para as células da CN,
também foi capaz de evitar os danos celulares provocados pela AFB;.

Os resultados de caracterizagdo quimica demonstraram que a
bentonita extraida do sul do Estado de Santa Catarina é constituida por
elevados percentuais de Oxido de silicio e aluminio, com quantidades
inferiores a 3% de 6xido de ferro, potassio, magnésio, manganés, célcio,
sodio, titanio e fosforo. Os valores obtidos estdo em concordancia com
dados ja previamente publicados referentes a amostras de bentonita
extraidas de outras regides (ALABARSE et al., 2011; SILVA, 2010).
Além disso, de forma similar aos trabalhos de Bertagnolli, Kleinibing e
Silva (2011) e Vieira et al. (2010a), foram detectadas, através da andlise
de DRX, a presen¢a de motmorilonita e quartzo na bentonita in natura.
Outros minerais, como caulita e muscovita, também foram detectados,
0s quais sdo considerados minerais acessorios,comumente encontrados
em bentonitas e dependentes da origem geoldgica (BOYLU et al., 2010;
GONG et al., 2016; NOYAN; ONAL; SARIKAYA, 2007).

De forma semelhante ao trabalho de Bertagnolli, Kleiniibing e
Silva (2011), as particulas de bentonita ndo apresentaram um formato
morfolégico definido, sendo formadas por plaquetas irregulares. Além
disso, demonstraram uma tendéncia de formar aglomerados, os quais
geralmente foram formados por particulas de tamanhos diferentes. Por
outro lado, a capacidade de troca catidnica da bentonita (CTC - 4,866
cmolc/kg) foi inferior aos valores reportados por outros autores (40 - 60
cmolc/kg) (HASSAN; ABDEL-KHALEK, 1998; TONNESEN et
al.,2012), provavelmente devido a presenca de quartzo nas amostras
(REZENDE; PINTO, 2016; TONNESEN et al., 2012). Apesar dos
baixos valores de CTC encontrados, estes valores, segundo
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Kannewischer et al. (2006), exercem pouca influéncia na capacidade de
adsorc¢do da AFB;.

A bentonita in natura, na concentragdo de 0,6 mg/mL, foi capaz
de promover a sobrevivéncia de células da CN quando estas foram
submetidas a um indutor de toxicidade previamente conhecido (AFB;).
Além disso, o nimero de células gliais derivadas da CN aumentou ap06s
0 tratamento com bentonita concomitantemente associado com AFB;,
embora a proporcdo de fenotipos de células da CN nédo tenha sofrido
alteracdo. Esses resultados sugerem que a bentonita afeta a populagéo de
células da CN como um todo, em vez de atuar sobre um fendtipo
especifico. De forma contréria, os resultados obtidos demonstraram que
a viabilidade das células da CN diminuiram ap6s o tratamento com altas
concentragbes de bentonita (maiores de que 0,8 mg/mL), enquanto que
baixas concentracdes deste material (menores do que 0,6 mg/mL) ndo
apresentaram nenhuma citotoxicidade.

O efeito, além de ser provavelmente dose-dependente
(MAISANABA et al., 2013b), pode também variar de acordo com a
bentonita e com o tipo celular que esta sendo estudado. Corroborando
com estes resultados, Elmore (2003) relata que diferentes variedades de
argila, incluindo montmorilonita, foram citotoxicas para linhagens de
células de macrofagos e apresentaram atividade hemolitica. Da mesma
forma, células de neuroblastoma brevemente expostas a 1,0 mg/mL de
bentonita perderam a capacidade de manter seus potenciais de agédo
(BANIN; MEIRI, 1990). Além disso, particulas de bentonita (0,1
mg/mL) podem ser capazes de induzir fortes efeitos neurotdxicos,
provocando uma rapida degeneracdo de cultura de neurdnios da medula
espinhal de murinos (MURPHY et al., 1993).

Micotoxinas presentes na dieta induzem a apoptose em diversos
tecidos e 6rgdos de mamiferos, incluindo os rins e o figado (LEI;
ZHANG; QIl, 2013; LIU et al, 2012; RIBEIRO et al., 2010;
TOLLESON et al., 1996). Além disso, podem ocasionar degeneracdo do
sistema nervoso central e periférico (IKEGWUONU, 1983), além de
efeitos negativos na sobrevivéncia e proliferacdo de células da CN
(NONES; NONES; TRENTIN, 2013).

Considerando o potencial toxico das micotoxinas, varias medidas
com o intuito de minimizar sua toxicidade podem ser tomadas. Dentre
essas medidas, pode-se citar o uso de bentonitas, as quais, quando
presentes em dietas e/ou em farmacos, reduzem a disponibilidade das
toxinas (DEVREESE et al., 2013; PASHA et al., 2007; ROSA et al.,
2001), além de atuarem como protetores de diferentes células do
organismo humano e animal (ABBES et al., 2007, 2008; DAKOVIC et
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al., 2008; DIXON et al., 2008; JAYNES; ZARTMAN, 2011;
KANNEWISCHER et al., 2006), fato que propicia a reducdo da
toxicidade e dos efeitos colaterais promovidos por estes contaminantes
alimentares.

Os resultados obtidos demonstraram que a bentonita in natura
extraida da regido sul do Estado de Santa Catarina foi capaz de aumentar
a sobrevivéncia de células-tronco da CN quando estas sofreram um
processo de inducdo de morte causada por AFB;. Esses achados podem,
provavelmente, ser atribuidos ao fato da bentonita ser constituida pela
motmorilonita, argilomineral capaz de promover a adsor¢do de
moléculas de AFB; por meio de sua estrutura lamelar (DENG et al.,
2010; KANNEWISCHER et al., 2006; PHILLIPS; LEMKE; GRANT,
2002). A adsorcdo da AFB; entre a distancia interlamelar da
motmorilonita pode ter reduzido a disponibilidade da AFB; no meio de
cultivo das células da CN, contribuindo para a reducdo dos efeitos
citotoxicos promovidos por esta micotoxina. Tal fato ndo apenas foi
capaz de reduzir a toxicidade, como também, em consequéncia,
promover o aumento do nimero total de células da CN, assim como de
reduzir o nimero de células que entraram em processo de apoptose,
qguando comparado com o grupo controle. Cabe ressaltar, ainda, que a
capacidade maxima de adsorcdo obtida neste trabalho (0,6 mol/kg) esta
de acordo com critérios previamente estabelecidos por Dixon et al.
(2008), o qual considera que um bom adsorvente de aflatoxina possui
potencial de adsorcao superior a 0,30 mol/kg.

Corroborando com os resultados acima descritos, apos saturagao
da bentonita com AFB;, uma banda com menor intensidade (em torno
de 913-1036 cm™), relacionada com os grupos funcioais Al-Al-OH e
SiO, foi observada (Figura 14 B). Isto pode indicar que AFB; participa
de um mecanismo de ligacdo especifica com a montmorilonita,
possivelmente formando complexos com metais (SARR; CLEMENT;
PHILLIPS, 1991; PHILLIPS; SARR; GRANT, 1995). Resultados
semelhantes foram relatados por Dixon et al., (2008) e Tendrio, Mulder
e Dixon (2008). Esses dados sugerem que as moléculas de aflatoxina
ocuparam a distancia interlamelar da bentonita, provavelmente
formando complexos com metais, levando a uma reducdo da
disponibilidade de AFB; e, consequentemente, diminuindo o dano
toxico causado nas células da CN. Com o intuito de comprovar esta
hipotese, maiores estudos precisam ser realizados para que todas as
vertentes relacionadas com 0 mecanismo protetor observado sejam
desvendadas.
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Experimentos previamente realizados indicaram que a
modificacdo térmica de bentonitas altera sua estrutura e capacidade de
adsorcdo (AL-ASHEH; BANAT; ABU-AITAH, 2003; AYTAS;
YURTLU; DONAT, 2009; BOJEMUELLER; NENNEMANN;
LAGALY, 2001), provocando um aumento dos sitios de adsorcéo (AL-
ASHEH; BANAT; ABU-AITAH, 2003). Considerando estes aspectos,
as amostras da bentonita extraida de Santa Catarina foram submetidas a
diferentes temperaturas (125 a 1000 °C) com a finalidade de verificar se
tais tratamentos seriam capazes de incrementar o potencial de adsor¢do
desses materiais.

Os resultados obtidos demonstraram que a calcinagdo (tratamento
térmico) ndo afetou significativamente a morfologia das particulas de
bentonita, as quais se apresentaram aglomeradas em pedagos compactos,
acompanhadas pelo desenvolvimento de rugosidades (BERTAGNOLLI;
KLEINUBING; SILVA, 2011; HE; MAKOVICKY; OSBAECK, 2000).
Além da morfologia, também ndo foram observadas mudancas
expressivas na composi¢do quimica das bentonitas (O, Si, Al, Fe, K, Mg
e Ti) ap0s a realizacdo dos tratamentos.

Jé& havia sido demonstrado que bentonita submetida a tratamentos
térmicos perde agua da superficie ou dos espacos interlamelares
(HOLTZER; BOBROWSKI; ZYMANKOWSKA-KUMON, 2011;
PRIKRYL; WEISHAUPTOVA, 2010; ZUZANA et al., 2012), fato que
propicia a reducdo da intensidade das bandas de agua ou de seu
completo desaparecimento apds o tratamento (BERTAGNOLLI;
KLEINUBING; SILVA, 2011; COTICA et al., 2011; HOLTZER;
BOBROWSKI; ZYMANKOWSKA-KUMON, 2011). Resultados
semelhantes foram obtidos neste estudo, cujo aumento da temperatura
proporcionou a diminuicdo da intensidade das bandas de agua (3417 cm’
! . observadas através da anélise de FTIR). Corroborando com os
resultados acima obtidos, as andlises térmicas (TG) revelaram que,
guanto maior a temperatura de calcinacdo da bentonita, menor € a
quantidade de &gua presente nas amostras.

Considerando que a perda de agua observada poderia ocorrer
através de dois estagios, os quais estariam relacionados com o processo
de desidratacdo (perde agua superficial) e desidroxilagdo (perda de agua
estrutural) das amostras (DAKOVIC et al. 2008; VIEIRA et al. 2010a;
ZUZANA et al., 2012), andlises de DTG foram realizadas. Os resultados
obtidos através desta técnica permitiram identificar que estes estagios
endotérmicos  (desidratacdo e desidroxilagdo) ocorreram  nas
temperaturas de 60-88 °C e 480-488 °C, respectivamente. Da mesma
forma, o segundo pico endotérmico mostrado na anélise DSC (em torno
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de 400 a 750 °C) também comprova a existéncia de desidroxilagio das
amostras de bentonita (in natura e tratadas a 125 e 250 °C) (ZIVICA,
PALOU, 2015).

A composicdo de argilominerais nas amostras de bentonita
também pode ser afetada por altas temperaturas (BELKHIRI et al. 2012;
TAMASAN et al, 2010; VIEIRA et al, 2010 a, b). Essas
transformacfes dependem da origem mineralégica e estrutural das
bentonitas (YILMAZ; KALPAKLI; PISKIN, 2013), podendo divergir
de uma argila para outra (VIMONSES et al., 2009). Considerando estes
aspectos, foi realizada uma avaliacdo com o intuito de verificar se a
calcinacdo seria capaz de transformar as fases mineraldgicas das
amostras de bentonita.

Os resultados demonstraram que os picos da montmorilonita ndo
foram afetados apds aquecimento a uma temperatura de 500 °C. No
entanto, picos da caulinita desapareceram na mesma temperatura, 0 que
sugere a transformacéo da caulinita em metacaulinita devido ao efeito da
perda de grupos - OH estruturais (RASHAD, 2013). O difratograma da
bentonita aquecida a 1000 °C apresentou apenas um pico de quartzo.
Resultados semelhantes foram relatados por Belkhiri et al. (2012) e
Tamadsan et al. (2010), cujo tratamento térmico na bentonita revelou uma
fase vitrea (estrutura amorfa) a partir de 800 °C, com uma presenca
residual de quartzo.

Ja havia sido demonstrado que temperaturas superiores a 150 °C
sdo capazes de provocar o colapso da distancia interlamelar das
esmectitas, gerando uma distancia interlamelar menor do que 1,0 nm
(DENG et al., 2010). Considerando que as moléculas de AFB; podem
ocupar a maior parte desta distancia, podendo a mesma ser afetada pelo
tratamento térmico (COTICA et al., 2011; LI; DONG; LEE, 2004), este
espaco entre as lamelas foi determinado. Os resultados obtidos
demonstraram que a distancia interlamelar foi de cerca de 1,0 nm nos
tratamentos utilizando temperaturas de 125 a 750 °C, ocorrendo total
ruptura a 1000 °C. A diminuic&o da distancia interlamelar da bentonita e
a dessorcdo de agua presente na distancia interlamelar gerou, como
consequéncia, a diminuicdo da sua area superficial (BOJEMUELLER;
NENNEMANN; LAGALY, 2001; NOYAN; ONAL; SARIKAYA,
2006; SOURI et al., 2015).

Trabalhos anteriores haviam observado que a area superficial de
argilominerais diminui drasticamente pela calcinagdo a partir de 650 a
930 °C, fato ocasionado devido a aglomeragdo das particulas (HE;
MAKOVICKY; OSBAECK, 1995). Corroborando com estes resultados
previamente publicados, os resultados obtidos demonstraram que a area
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superficial da bentonita in natura (30,10 m’g™) diminui apés o
tratamento térmico acima de 500 °C (atingindo 2,16 m?g™*a 1000 °C).

De forma semelhante, a porosidade dos argilominerais esta
diretamente relacionada ao seu conteudo de agua (HELLER-KALLAI,
2013; TOOR et al., 2015), o que justifica o fato dos resultados terem
demonstrado que os tratamentos térmicos geraram uma diminuigdo no
volume dos poros das bentonitas, provavelmente devido a contragdo ou
colapso dos poros (YILMAZ; KALPAKLI; PISKIN, 2013).

A calcinacdo alterou a porosidade média da argila, ampliando os
microporos através da liberacdo de agua, fato responsavel por gerar
materiais mesoporosos (VIEIRA et al., 2010a). Da mesma forma, a
distribuicdo de tamanho de particulas da bentonita foi afetada pelo
aumento da temperatura de calcinagdo. Tais aumentos na distribuicdo de
tamanho de particulas estdo associados com a aglomeracdo das
particulas (HE; MAKOVICKY; OSBAECK, 2000).

Considerando que o tratamento térmico foi capaz de alterar as
caracteristicas estruturais da bentonita, foi realizada a avaliacdo da
capacidade de adsorcdo de AFB; por estas bentonitas calcinadas, as
quais foram determinadas através de ensaios de espectroscopia de
UVlvisivel e por cromatografia liquida de alta eficiéncia (HPLC). Os
resultados demonstraram que a bentonita in natura reduziu a toxicidade
da AFB; (diminuigdo em cerca de 30% da disponibilidade). No entanto,
as temperaturas superiores ou iguais a 500 °C causaram a ruptura da
estrutura e, consequentemente, diminuicdo da adsor¢do (sendo nula para
bentonita tratada a 1000 °C — analises de HPLC). Estes resultados
corroboram com os dados obtidos por Stagnaro et al. (2012b), os quais
demonstraram que a adsorcdo de Cd pela bentonita in natura foi
ligeiramente reduzida por meio de tratamentos térmicos até 450 °C,
diminuindo fortemente quando a temperatura aplicada para o sélido foi
superior. Da mesma forma, Aytas, Yurtlu e Donat (2009) demonstraram
que, ao calcinar a bentonita a 400 °C, a capacidade de adsorcdo de
uranio tornou-se mais elevada, porém, esta adsor¢do diminui quando a
temperatura de tratamento da bentonita foi superior a 400 °C.

Ainda com relagdo a adsorcdo, outro fator que deve ser
considerado é a concentracdo de adsorvente em contato com a toxina
(AFB,). Os resultados demonstraram que a adsorcdo de AFB; diminuiu
com a diminuicdo da quantidade de adsorvente em suspensdo, estando
estes fatores correlacionados. Em suma, corroborando com dados
previamente publicados, a quantidade de adsorvente foi proporcional ao
nimero de sitios ativos para a molécula de AFB; adsorvida (DAKOVIC
et al., 2008).
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Como previamente identificado neste trabalho, a bentonita foi
capaz de prevenir a morte celular induzida pela AFB; (NONES et al.,
2015b), efeito provavelmente relacionado com a capacidade de adsorcao
desta argila. Resultados semelhantes de protecdo com a bentonita tratada
termicamente (125 a 750 °C) foram obtidos, comprovando que a
bentonita calcinada também é capaz de proteger, de forma semelhante a
bentonita in natura, as células da CN dos danos causados pela AFB;.
Diferentemente, o tratamento a 1000 °C também foi capaz de proteger
as células da CN da morte. No entanto, este tratamento foi inferior
quando comparado com as outras bentonitas. Esta reducdo
provavelmente esta relacionada ao fato de ter ocorrido a ruptura da
montmorilonita (a 1000 °C) o que, por sua vez, gerou uma redugio na
capacidade de adsorcdo de AFB; e, consequentemente, do efeito
protetor celular.

Pesquisas ja haviam demonstrado que bentonitas modificadas
organicamente, através da adi¢do de sais quaternarios de amonio, tais
como cloreto de benzalcnio (BAC) e brometo de cetrimbnio (CTAB),
sdo capazes de aumentar a capacidade de adsorcdo de corantes téxteis
(KIRANSAN et al., 2014; ZOHRA et al., 2008), compostos aromaticos
(CHEN et al., 2008) e combustiveis derivados do petroleo
(BERTAGNOLLI; SILVA, 2012). Este aumento na capacidade de
adsorcdo depende de inimeros fatores, 0os quais primeiramente estdo
relacionados com a ligacéo dos surfactantes com as argilas, as quais, por
sua vez, dependem da: 1) natureza dos grupos estruturais na superficie
da argila; 2) estrutura molecular do surfactante; 3) temperatura e 4)
concentracdo (ROSEN, 2004). Além disso, é importante considerar se a
superficie da argila contém sitios altamente carregados ou grupos
essencialmente apolares, bem como, quais atomos desses sitios ou
grupos séo consistentes (PAVAN et al., 1999). Por outro lado, tambhém é
importante considerar se o surfactante é i6nico, hidrofobico e se a sua
cadeia é longa ou curta (PAVAN et al., 1999).

Com o intuito de aprimorar a capacidade de adsorcdo da
bentonita in natura, foi realizado o tratamento deste material com dois
surfactantes catidnicos (BAC e CTAB), bem como avaliada a influéncia
da temperatura e concentragdo sobre este processo de incorporacédo e de
aprimoramento da adsor¢do deste material.

Os resultados apresentados mostraram que as bentonitas
organofilicas tratadas a baixas temperaturas demonstraram maior
capacidade de adsor¢do de AFB; (BAC302 e CTAB302), quando
comparadas com altas temperaturas (BAC602 e CTAB602). Este fato
provavelmente ocorreu devido a uma melhor incorporacdo do
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surfactante a baixas temperaturas (30 °C). Outras pesquisas ja haviam
relatado efeito semelhante, ou seja, quando ocorre um aumento na
temperatura também ocorre uma diminuicdo da eficiéncia de adsor¢éo
de surfactantes iénicos pela interface do adsorvente (GURSES et al.,
2010; PARIA; KHILAR, 2004; ROSEN, 2004). De acordo com Giirses
et al. (2010), um aumento da temperatura conduz a uma extensdo da
camada e aumenta 0 movimento térmico de cada particula da argila, o
que provoca uma diminui¢do na difusdo dos ions dos sais da fase liquida
para a superficie da argila. Em outras palavras, um aumento na
temperatura provoca um aumento da entropia do sistema, o que resulta
em uma diminuicdo da organizacdo dos agregados (surfactantes) na
superficie do adsorvente (PAVAN et al., 1999).

Outro fator que influencia a organofilizacdo de argilas é a
concentracdo de surfactantes. Menores concentracfes de surfactantes
apresentam uma maior tendéncia de serem adsorvidos a superficie ou
interfaces da argila (PARIA; KHILAR, 2004; ROSEN et al., 2004),
enquanto que altas concentracfes de surfactante podem saturar a
superficie deste material. ApGs a saturacdo, agregados moleculares de
surfactantes sdo formados e, em muitos casos, as moléculas tendem a
formar esferas (micelas) no volume da solucdo (KHENIFI et al., 2009;
GURSES et al., 2010). O soluto (bentonita) se incorpora a estes micro
reservatorios (micelas), o que leva a uma reducdo na eficiéncia de
remocdo de compostos organicos (KHENIFI et al., 2009). Estas
pequisas corroboram com os resultados deste estudo, onde as melhores
adsorgbes foram obtidas com baixas concentragbes (BAC302 e
CTAB302) quando comparados com concentragdes elevadas (BAC306
e CTAB306).

Ja havia sido descrito que o processo de organofilizacdo pode
afetar a polaridade das particulas de bentonita, as quais passam de
hidrofilicas para hidrofébicas (BASKARALINGAM et al., 2006; XI et
al., 2004; Xl et al., 2005a; KO et al., 2007; SARKAR et al., 2013). Estas
caracteristicas também foram identificadas nas bentonitas organofilicas
desenvolvidas, podendo ser comprovadas pelas vibragdes de estiramento
dos grupos C-H que foram encontradas.

Corroborando com os dados acima descritos, estudos ja relataram
que, quando a organo-bentonita é obtida, vibracfes de estiramento
simétricas e assimétricas de grupos C-H apareceram na regido a 2850 e
2920 cm™, respectivamente, estando os mesmos relacionados com a
polaridade das amostras (ABDALLAH; YILMAZER, 2011; ONG et al.,
2014; RAHARDJO et al., 2011; ZOHRA et al., 2008).



119

Alteracdes nos grupos funcionais também foram identificadas na
frequéncia de alongamento de Si-O (1020-1090 cm™), o que pode ser
atribuido a um aumento da interacéo entre o surfactante e a superficie da
argila (KARACA; GURSES; KORUCU, 2013; XI et al., 2005b). Estas
modificacdes, ocorridas nas argilas organofilicas, podem contribuir para
uma ampliagdo da capacidade de adsor¢do de compostos organicos
(BASKARALINGAM et al., 2006; CARVALHO et al., 2012; JAYNES;
ZARTMAN, 2011; KOSWOJO et al., 2010), fato que corrobora com 0s
dados deste estudo, onde a organofilizagdo foi capaz de aumentar a
adsorcéo e o efeito protetor celular contra os efeitos toxicos da AFB;.

Corroborando com os achados acima descritos, as frequéncias de
alongamento da ligacdo Si-O foram alteradas, o que pode facilitar a
ligacdo da AFB; com a bentonita. De acordo com os dados previamente
descritos (NONES et al., 2015b), a aflatoxina pode formar complexos
com a bentonita através de ligacbes especificas com silicio (Si). Os
dados obtidos apoiam a ideia de que as moléculas de aflatoxina ocupam
a distancia interlamelar das bentonitas organofilicas, provavelmente
formando complexos com metais, o que leva a uma reducdo da AFB;
disponivel e, consequentemente, uma reducgdo total dos danos celulares
causados por esta micotoxina nas células-tronco da CN.

Ainda corroborando com esta hipétese, o0s tratamentos
organofilicos promoveram um aumento na distancia interlamelar das
bentonitas submetidas aos tratamentos, fato que pode ter sido provocado
em decorréncia da intercalacdo dos surfactantes organicos entre as
camadas das argilas (PAIVA; MORALES; DIAZ, 2008a; MOTA;
RODRIGUES; MACHADO, 2014; Xl et al., 2004; Xl et al., 2005a).

Em sintese, 0s novos materiais desenvolvidos (bentonitas
organofilicas) a partir de uma bentonita extraida de Santa Catarina,
apresentaram elevado potencial de adsorcdo para a micotoxina AFB; e,
portanto, podem ser considerados alternativas viaveis para o combate
deste contaminante alimentar. Além disso, as bentonitas obtidas através
da organofilizagdo e tratamentos térmicos ndo apresentaram nenhuma
toxidade celular, sendo também capazes de incrementar a viabilidade e
evitar a morte causada pela AFB;. Estes dados, além de inovadores,
podem ser considerados opgdes promissoras para a prevencao e combate
dos efeitos agudos e/ou crbnicos provocados por micotoxinas e demais
substancias tdxicas presentes nos diferentes tipos de alimentos.






6 CONCLUSOES

Através deste estudo foi possivel caracterizar pela primeira vez
uma bentonita proveniente de sul de Santa Catarina e promover, por
meio de tratamentos térmicos e organofilicos, o aprimoramento de
algumas caracteristicas deste material para minimizar os efeitos nocivos
causados pela AFB;. Dentre as principais aquisi¢fes e conclusdes deste
trabalho, pode-se destacar:

e a bentonita proveniente do Sul de Santa Catarina apresentou
elevados percentuais de 6xidos de silicio e aluminio, além da presenca
de montmorilonita, quartzo, muscovita e caulinita. Também apresentou
contornos de particulas bem definidos e elevada capacidade de adsorcao
de AFB; (0,6 mol/kg);

e concentracdes de bentonita menores do que 0,6 mg/mL n&do foram
toxicas em ensaios celulares in vitro, sendo extremamente relevantes
para reversdo parcial da morte de células-tronco da CN previamente
expostas a agente indutor de toxicidade(AFB;). Além disso, a
concentracdo de bentonita de 0,6 mg/mL ndo foi capaz de afetar o
processo de diferenciacdo destas células.

e 0s tratamentos térmicos (acima de 500 °C) causaram a ruptura das
fases mineraldgicas das bentonitas (montmorilonita, caulinita e
muscovita), diminuicdo da distancia interlamelar e da quantidade de
agua e alteragdes na ligacdo entre silicio e oxigénio (Si-O). Além disso,
0s tratamentos causaram reducdo da area superficial, aumento do
didmetro dos poros e tamanho das particulas, assim como decréscimo da
capacidade de adsor¢do de AFB;;

e 0 tratamento térmico (125 a 750 °C) ndo foi capaz de aumentar o
efeito protetor em células-tronco da CN contra a morte causada pela
AFB; quando comparado com a bentonita in natura, havendo redugéo
deste efeito protetor quando a bentonita foi submetida a 1000 °C;

e 05 tratamentos organofilicos das amostras de bentonita
proporcionaram aumento da capacidade de adsor¢do da AFB;, sendo
mais eficazes nas bentonitas previamente tratadas a baixas temperaturas
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e concentragdes de BAC e CTAB (concentracdo de 2% e temperatura de
30 °C). Embora estes tratamentos ndo tenham afetado a morfologia das
particulas, alteraram as ligacdes entre silicio e oxigénio e
proporcionaram um aumento das distancias interlamelares destas
bentonitas;

e 0s novos materiais desenvolvidos (bentonitas organofilicas:
BAC302 e CTAB302), além de ndo apresentarem toxicidade celular nas
concentragOes utilizadas, foram também capazes de reverter a morte das
células da CN previamente expostas a AFB;;

e as bentonitas extraidas de Santa Catarina possuem grande
potencial de adsorcdo da AFB;, sendo que os tratamentos organofilicos
foram eficazes no aprimoramento deste processo de adsor¢do. Embora
ainda sejam necessarios mais estudos relacionados aos efeitos e
interacbes destes materiais com o corpo humano e/ou animal, 0s
materiais desenvolvidos possuem grande potencial de aplicacdo pela
indUstria alimentar e farmacéutica visando a prevencdo e o controle da
toxicidade da AFB; e/ou de outros agentes toxicos.
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ARTICLE INFO ABSTRACT

Aricle history: Bentonites, clays considered to be good have ications because of their structural char-
Received 22 August 2014 acteristics, their abundance in nature, low cost and availability. Research suggests that bentonites may be excel-
Received in revised form 30 December 2014 lent cell protectors and that they can reduce some of the side effects of drugs such as those used for cancer
Accepted 31 December 2014

treatment. Once inside the human or animal body, bentonite particles are efficient at promoting growth (acting
as adsorbents of toxins), improving health (reducing the harmful effects of drugs) and promoting well being
(active principles in cosmetics and pharmaceuticals). The effects of bentonite vary depending on the type of
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Keywords: . - . :
Bentonite cell they reach. For this reason, it is necessary to determine the adequate dosage and exposure time as well as
Cell effects evaluate their toxicity in vitro and in vivo. In certain conc i may cause undesired effects,

such as apoptotic cell death, oxidative stress and damage of the cell membrane. On the other hand, the same con-
centrations can also contribute to an increase in viability and the survival of other cell types. In this paper, the
main chemical characteristics of bentonites are reviewed and some pharmacological applications are described.
It was finally reviewed how bentonites interact with different types of cells and new perspectives are briefly

Pharmacological applications

discussed.

© 2015 Elsevier BV. All rights reserved.

1. Introduction

Bentonite is formed by highly colloidal and plastic clays composed
mainly of montmorillonite (Mt), a clay mineral of the smectite group
(Who, 2005; Williams et al., 2009; Bergaya and Lagaly, 2013). The
main factors that interfere in the formation of bentonite are climate
and topography vegetation (Abdou et al., 2013).

‘These compound deposits are formed by any of the following three
mechanisms: (i) diagenetic alteration of volcanic glass in an aqueous
environment, (ii) hydrothermal alteration of volcanic glass and (iii) for-
mation of smectite-rich sediments in salt lakes and salted environments
(Christidis and Huff, 2009).

The diagenetic evolution of the clay minerals in bentonite can be af-
fected by a complex interplay of different factors including temperature,
fluid chemistry, reaction time, fluid/rock ratio and probably the compo-
sition of the precursor materials (Altaner and Ylagan, 1997). Similarly,
the formation of hydrothermal alteration minerals reflects several
fluid-mineral interactions, such as temperature, chemistry of the fluid
and the host-rock as well as the water-rock ratio (Miyoshi et al.,
2013). On the other hand, the variation in the mineralogy of salt lake
sediments is an indicator of past salinity conditions and hydrological
changes (Sinha and Raymahashay, 2004).

* Corresponding author. Tel.: +55 48 3721 4738/ 9908 2680; fax: +55 48 3721 9672.
E-mail address: jnones@cidasc.sc.gov.br (). Nones).

http://dx.doi.org/10.1016/j.clay.2014.12.036
0169-1317/© 2015 Elsevier BV. All rights reserved.

Approximately 90% of the world's bentonite production is con-
centrated in 22 countries: Armenia, Australia, Azerbaijan, Belarus,
Bulgaria, Czech Republic, Germany, Greece, Italy, Japan, Kazakhstan,
Kyrgyzstan, Mexico, Moldova, Russia, South Africa, Tajikistan, Turkey,
Turkmenistan, Ukraine, USA and Uzbekistan (Who, 2005).

Bentonite is widely used as a thickener and extender for paints, as an
additive in ceramics. This material also plays an important role in the
development of health products (Viseras et al, 2010) such as cosmetics,
foods and pharmaceuticals (Allo and Murray, 2004). It has been exten-
sively used in the treatment of pain, for wound healing, colitis, diarrhea,
hemorrhoids, stomach ulcers, intestinal problems, acne and anemia,
and it has been shown to increase the collagen fibers in skin and a vari-
ety of other tissues (Lopez-Galindo and Viseras, 2004; Dong and Feng,
2005; Kevadiya et al., 2012; Valenti et al,, 2012).

Each of these industrial applications requires specific properties and
characteristics of the material (Allo and Murray, 2004). These facts pro-
vide the constant human exposure to these clays; however, the direct
effect on different cell types has not yet been elucidated.

In the present review, discussion about the chemical characteristics
of bentonite and focus on its interactions with different cell types both
in vitro and in vivo was approached. The first part starts by reviewing
the chemical composition and interactions of bentonite. In the second
part, it was briefly discussed the emerging view of the importance of
this material in industrial approaches, with an emphasis on cosmetic,
pharmacological and food products. Finally, it was shared in vitro and
in vivo evidences of the role of bentonite in cell biology.
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2. Development
2.1. Bentonites

Mt, a swelling clay mineral of the smectite group, is the primary
comp of t ite. Depending on the nature of their genesis, ben-
tonites contain a variety of accessory minerals (Noyan et al., 2007),
mainly quartz, feldspar, calcite, illite and mica (Boylu et al., 2010;
Sampatakakis et al,, 2013). Mt is composed of two layers of silica tetra-
hedra with a central layer of alumina octahedron between them (Nagy
and Kénya, 2009; Borrelli et al., 2013). Mt has both interlayer and ioniz-
able hydroxy! sites on its external surface (Nien etal,, 2011).

The characteristics of bentonites are dependent on the amount of
smectite and on the exchangeable cations present in the interlayer
space (Hanuldkovi et al., 2013). High content of SiO, and Al,03, with
smaller contents of other oxides, can be observed in the bentonite sam-
ple by chemical analysis. Scanning electron microscopy of bentonite
shows individual particles that are irregular platelets and tend to form
thick and large agglomerates (Fig. 1A, B).

Bentonites are good adsorbents owing to their structural character-
istics. The main characteristics of these materials are a high cation ex-
change capacity, swelling capacity and low hydraulic conductivity
(Allo and Murray, 2004; Hanuldkova et al., 2013; Sidhoum et al, 2013).

There are few types of bentonites which are named based on the
dominant exchangeable cation in the Mt; i.e., sodium-type or calcium-
type (Borrelli et al., 2013). Calcium bentonite is the most prevalent of
the smectite and is found in many geographical locations in the world.
Sodium bentonite is relatively rare compared to calcium bentonite,
and it swells more in water than calcium bentonite (Murray, 2006; Fu
and Chung, 2011). Cation exchange (sodium in, calcium out) increases
the distance between the layers structures of bentonite, hence allowing
for the entrance of water (Barbanti et al., 1997).

Chemical treatment of clays can modify their structure, texture and/
or other properties (Elkhalifah et al., 2013). Indeed, bentonites were
usually classified into native bentonite, active bentonite (alkaline, acidic
treatment) and organic bentonite (organic treatment) (Huang et al.,
2013).

Alkaline activation is generally performed by treatment with sodium
carbonate (soda). The activation with 2-4% of soda is traditionally used
to process lower quality bentonites in the industry (Karagiizel et al.,
2010).

Acid activation of bentonite with HCl or HS04 results in a change of
its composition, surface area and porosity as well as in an enhancement
of its absorptive properties (Wallis et al., 2007; Karimi and Salem, 2011;
Komadel and Madejova, 2013). Furthermore, acid treatment removes
the calcium ions from the surfaces and edges of the layers, which in-
creases the overall negative charge (Murray, 2000). Gonzdlez-Pradas
et al. (1991) studied the evolution of surface properties, after acid

treatment. They found that the surface area of bentonite was dependent
on the acid concentration reaching the maximum value (292 m?/g)
when bentonite was activated with 1.0 M H,S04 and heated at 100 °C.
Organobentonites are produced by modifying bentonite with qua-
ternary ammonium cations via a cation exchange process (Fu and
Chung, 2011). During this procedure, the hydrated cations (Na*, K™,
Ca®*, Mg?*), which neutralize the excess negative charge evolving
due to isomorphous substitution in the silicon tetrahedra and/or alu-
minium octahedra, are replaced by the quaternary ammonium cations
in the interlayer space (Sarkar et al., 2011). The inorganic cations are
progressively replaced by the organic cations. Thus, the surface of ben-
tonite may considerably change its highly hydrophilic properties for in-
creasingly organophilic (hydrophobic) ones (Ma et al,, 2011).

2.2, Pharmaceutical applications of bentonites

Bentonites are commonly used in the pharmaceutical industry as ex-
cipients, active substances or dispersion agents that fulfill technological
functions (Lopez-Galindo and Viseras, 2004; Murray, 2006; Rodrigues
et al, 2013). New excipients with very specific targets are added to
most new pharmaceuticals. Such targets vary to include decreasing
or increasing dissolution rate, delaying drug release, targeting drug re-
lease (biopharmaceutical targets), preventing or reducing side effects
(pharmacological targets), masking taste or increasing stability (tech-
nological targets) (Carretero, 2002; Viseras et al., 2010; Rodrigues
etal, 2013).

Mt has attracted a great deal of attention due to its ability to release
drugs in a controlled manner, its mucoadhesiveness and potent detoxi-
fication effect, which eventually all lead to high drug efficacy (Feng
et al, 2009; Kevadiya et al., 2010).

inclusion of Mt medi intestinal di e, one
of the most common side effects of cancer chemotherapy (Sun et al.,
2008; Viseras et al., 2010; lliescu et al., 2011; Kevadiya et al., 2012;
Rodrigues et al,, 2013). It has been shown that Mt can significantly en-
hance the cellular uptake of the nanoparticles in two human colon de-
rived cell lines, i.e., Caco-2 and HT-29 cells and may, thus, have great
potential for oral delivery of paclitaxel and other anticancer drugs
(Dong and Feng, 2005). Lin et al. (2002) indicated that 5-fluorouracil
(5-FU) could be successfully inserted into the interlayer spacing of Mt
as a feasible composite for the treatment of colorectal cancer. Dong
and Feng (2005) developed a novel bioadhesive drug delivery system,
poly(D,L-lactide-co-glycolide)/montmorillonite (PLGA/Mt) nanoparti-
cles, for oral delivery of paclitaxe.

Clay minerals are also used as active principles in cosmetics such
as facemasks due to their high absorbency level of substances such
as greases and toxins (Carretero, 2002). Therefore, they are recom-
mended for inflammatory processes such as boils, acne and ulcers, as

15kV  X§,000

Spm

Fig. 1. Morphological characteristics of bentonite. Scanning electron microscopy a bentonite from the South of Brazil (A-B). Scale bar = 5-500 um.
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antiperspirants and to give the skin opacity, remove shine and cover
blemishes (Carretero, 2002; Choy et al., 2007).

Furthermore, clays used in creams, powders or emulsions, promote
anincrease in the number of collagen fibers, suggesting that the protec-
tive mechanism of bentonite is likely to be a combination of allergen ab-
sorption and skin barrier function improvement (Emami-Razavi et al.,
2006).

Clay packs significantly reduce tissue damage associated with swell-
ing, when applied externally in severe trauma situations (Emami-
Razavi et al., 2006). The rapid beneficial effects of clay on the collagen
network, while not affecting the skin histoarchitecture, suggest that
clay may be a good therapeutic option for facial rejuvenation (Valenti
etal, 2012).

In cosmetic preparations, clays act as a physical barrier against UV
radiation, considerably increasing the protection factor of the com-
pound (Carretero, 2002; Lopez-Galindo and Viseras, 2004). Clays can
also be used as dispersing agents in paste masks, eyeliners, foundations
and nail lacquers (Who, 2005; Murray, 2006).

As thickeners, they are ideal constituents of shampoos and tooth-
pastes. As suspending and dispersing aids, they are especially used in
powdered pigments. They can also be used as thickeners for continuous
oil phase in skin creams.

In animal nutrition, clay minerals are used for their adsorption/
absorption properties (Slamova et al,, 2011). Mt for example, is a potent
detoxifier for the intestines since it can absorb dietary, bacterial and
metabolic toxins as well as abnormally increased hydrogen ions ob-
served in acidosis (Sun et al,, 2008).

When added to animal feeds, t ite can increase their
benefit and suppresses the impact of mycotoxins in the diets of farm an-
imals (Abbés et al., 2008; Magnoli et al., 2008; Bulut et al., 2009; Deng
etal,, 2010; Davies, 2013; Harvey and Lagaly, 2013). Lindemann et al.
(1997) found that the average daily gain of weanling pigs was reduced
by ~28% when they were fed a diet containing 500 pg/kg aflatoxin. So-
dium bentonite (0.5%) amendment to this diet resulted in total growth
recovery.

The inclusion of 2% bentonite in broiler feed improves weight gain,
feed efficiency and feed intake (Murray, 2000; Katouli et al., 2010).
Walz et al. (1998) similarly showed that the growth performance of
lambs was improved when feed included a 1% dietary supplement of so-
dium bentonite.

2.3, Main evidences of the role of bentonites on cellular cultures

Compounds prepared with clay minerals are attracting great atten-
tion in the field of biology because of the synergies found between its
biopharmaceutical and technological features. The therapeutic advan-
tages of these technologically advanced drugs make this field of re-
search a high-priority development area (Aguzzi et al., 2007; Viseras
etal, 2010).

In fact, as described above, clays are believed to be promising in the
development of a wide range of pharmaceutical and technological
applications (Rodrigues et al., 2013). For this reason, in this paper, the
effects of clay minerals on different cell types and on the main mecha-
nisms of action behind them was approached, with special emphasis
on cellular protection and toxicity.

Bentonites have been shown to protect cells from several insults
(Abbés et al., 2008). Kevadiya et al. (2012), for example, showed that
clay minerals reduce genotoxic effects and facilitate drug delivery. The

death caused by aflatoxin B; in neural crest stem cells (Nones et al.,
2015). Bentonite at low concentration (0.6 mg/mL) did not affect the
neural crest stem cell viability, possibly due to a dose dependent effect
(Fig. 2). Similarly, Abbés et al. (2008) reported that the addition of Mt
reduced aflatoxin B, related mortality in a colon-cancer cell line.

In addition to this, compounds based on chitosan and Na*Mt
were not cytotoxic to mesenchymal stem cells of adipose tissue
(Popryadukhin et al,, 2012). Indeed, Maisanaba et al. (2014) reported
no cytotoxic effects of this clay mineral (at 0-125 pg/mL) on Caco-2
cells (a human colon-cancer cell line). When Caco-2 cells were exposed
to 10 and 20 pg/mL organically modified Mt, the reactive oxygen species
content was not altered (Maisanaba et al., 2014). In a similar study,
lower concentrations of clay mineral (1,5 or 10 pg/mL) did not increase
reactive oxygen species production in human hepatoma cells (Lordan
etal, 2011).

A lower level of apoptosis was observed in human fibroblasts and
embryonic kidney cells after incubation with high Mt content (1 g/L)
(Liu et al, 2011). Likewise, no significant apoptosis was observed
in murine fibroblasts after treatment with copolymer based on
poly(&-caprolactone) and poly(e-caprolactone) /Mt (Corrales et al.,
2012).

Furthermore, Mt did not induce DNA strand-breaks in a human
colon-cancer cell line in culture after 24 hours (Sharma et al., 2010).
Similarly, organically modified Mt at concentrations of 10, 20 or
40 pg/mL did not induce any DNA damage in human colon carcino-
ma cells (Maisanaba et al,, 2014).

In vitro studies have revealed that 12 and 6% Mt cross-linked by 5
and 0.5% biocomposites with glutaraldehyde seem to be the two most
efficient and effective biodegradable scaffolds in human osteosarcoma
proliferation, pansi dh penetration,
and differentiation (Haroun et al., 2009). Furthermore, the composites,
included nanocomposites, prepared by dispersion of Mt can be consid-
ered as promising candidate for drug delivery formulations (Salcedo
etal, 2012) and wound healing (Sandri et al,, 2014).

Although clays usually have positive effects such as cell death pro-
tection, in vitro studies on a variety of mammalian cell types have indi-
cated a high degree of cytotoxicity (Who, 2005; Bowman et al.,, 2011)
promoting oxidative stress and cell membrane damage (Geh et al.,
2006; Lu et al,, 2009; Zhang et al, 2010).

Genotoxicity induced by bentonites can be explained by their quartz
content (less than 1% to more than 20%) and activating process (e.g. al-
kaline, acidic and organic activations) (Huang et al.,, 2013).

Furthermore, both the rate and degree of cell lysis are dose depen-
dent (Who, 2005). For example, neural crest stem cell viability de-
creases after treatment with high concentrations of bentonite (more
than 0.8 mg/mL) (Nones et al.,, 2015).

In concentrations lower than 1.0 mg/mL with Mt particles smaller
than 5 pum in diameter bentonite has caused membrane damage and
promoted cell lysis in several cell types (Who, 2005). The cytotoxic ef-
fect of bentonite particles has been examined in vitro on human lung fi-
broblasts associated with membrane lysis (Geh et al., 2006). In addition,
different concentrations of bentonite induce strong neurotoxic effects,
promoting rapid degeneration of murine spinal cord neurons in culture
(Murphy et al., 1993). Indeed, Elmore (2003) reported that a variety of
clays minerals, including Mt, are cytotoxic to several macrophage cell
lines and have hemolytic activity.

Previous studies have demonstrated the severe toxic effect (cell
lysis) of clay minerals such as Mt on human endothelial cells and mac-

h but these c ds have been shown to have little or no ef-

study d intercalation of (oral ct ) in the
interlayer space of Na™Mt and the genotoxic effects of tamoxifen-Mt
(37 pg) in human lymphocyte cell culture. Moderate reduction in DNA
damage was found when pristine tamoxifen was intercalated with Mt.

The viability of human neuroblastoma cells in culture was decreased
after exposure to 6-mercaptopurine (anti cancer drug), an effect
prevented by administration of the drug added with bentonite
(Kevadiya et al,, 2013). Brazilian bentonite reverts the process of cell

fect on neuroblastoma or oligodendroglial cells (Murphy et al., 1993;
Bowman et al, 2011).

Regarding cell toxicity, further research is needed to determine ade-
quate dosage and to evaluate toxicity in vivo (Maisanaba et al,, 2014).
Appropriate concentration levels for therapeutic applications should
be achieved without reaching high toxicity levels or dropping below
the minimum levels of effectiveness (Depan et al., 2009).
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Fig. 2. Effects of bentonite on neural crest cells. A DAPI and HNK1immunocytochemistry in neural crest cultures in control conditions (DMSO) or exposed to 0.6 mg/mL of bentonite. Scale

bar = 200 pum.

The main effects observed in cells are generally linked to cellular
concentrations of bentonite particles. Indeed, Zhang et al. (2011) have
shown that native bentonite particles and active bentonite particles
can induce significant DNA and chromosome damage in human B lym-
phoblast cells in vitro.

The physiochemical characteristics of each clay mineral and the time
of exposure can also influence cell toxicity. For example, morphological
alterations were observed when a human colon-cancer cell line was ex-
posed to 20 pg/mL organically modified Mt for 24 and 48 h, with mito-
chondria exhibiting matrix and inner membrane degradation as well as
dilated dictyosomes (Maisanaba et al., 2014).

These studies show that although bentonite particles can provide
great benefits when well employed, there is cause for concern regarding
the possible damage that they can cause to cells. Thus, since the compo-
sition of clay may vary depending on the region of extraction and
in vitro and in vivo laboratory testing are important to ensure the qual-
ity of products that contain bentonites.

3. Concluding remarks

Clay minerals are generally considered nontoxic to humans and an-
imals and have been widely used in cosmetics and as excipients in drugs
and foods (Lee et al., 2005; Bowman et al., 2011; Liu et al,, 2011;
Corrales et al,, 2012). However, the toxicological aspects of these mate-
rials have been scarcely studied (Geh et al., 2006; Maisanaba et al.,
2014).

Whereas many reports have supported the in vivo activity of ben-
tonites, their in vitro efficacy is still controversial, possibly due to the
limited knowledge of their pharmacokinetics. There is hardly any scien-
tific evidence to describe the mechanisms by which clays promote
human and animal health (Williams et al., 2009).

Until now, due to its abundance, low cost and availability, bentonite
has been the most widely used clay (Wiszniowski et al., 2007; Zhang
etal, 2012). However, new perspectives for its use in biomedicine are
emerging (e.g. tissue engineering) and existing uses are being improved
(e.g. drug carrier for oral chemotherapy) affording greater benefits for
different cells of the human body.

The present review suggests that the current interest in medical
mineralogy and on bentonites in particular is bound to grow as novel
in vitro and in vivo experiments with clay are conducted.
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ARTICLE INFO ABSTRACT
Am'dp history: Bentonites, which have been shown to be good mycotoxin adsorbents, have a wide range of biochemical and
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there i is no comparable information regarding its effects on neural crest (NC) stem cells. The NC is a collection
of and olj itors endowed with both neural and mesenchymal potentials. NC cells
originated at trunk level can become peripheral nervous system cells, melanocytes and smooth muscle cells.
For this reason, the NC is considered an ideal model for studying the role of different substances on cell differen-

:m::i‘ tiation, survival and growth. We have recently shown that aflatoxin B (AFB, ) decreases the viability and reduces
Cellular survival the population of NC cells. In the present work, we have characterized bentonite extracted from the South of
Neural crest stem cells Brazil and investigated its effects on NC differentiation and survival, when challenged with AFB,. The results
Aflatoxin By have highlighted the high content of Si0,, Fe,04 and K,0 present in bentonite, with content of MnO, MgO,
a0, Na,0, TiO, and P,05 lower than 1%, These results have also shown that bentonite at 0.6 mg/mL is not
toxic to NC cells in culture. Furthermore, bentonite increased the viability of NC cells previously treated with
AFB, without affecting cell differentiation. The evidence suggests that AFB, interacted with bentonite by occupy-
ing the interlayer spaces, which might have contributed to a reduction of AFB, availability and, consequently, a
reduction in NC damage and an increase in the total number of cells. Our study contributes to a better under-
standing of the effects of clay minerals on the NC and may help to create new, more effective pharmacological

applications to reduce or eliminate the toxic effects of AFB;.
© 2014 Elsevier BV. Al rights reserved.
1. Introduction Studies with cultured human neuroblastoma have revealed an in-

creased cell death rate after exposure to anti-cancer drugs, while treat-
ment with clay based drugs (rich in bentonite) has resulted in increased

is an adsorb inosilicate clay. Because of its high

adsorptive properties, it is widely used for a large variety of purposes:
as bonding material (by foundries), as a support and lubricant agent
(in construction and civil engineering), as a sealing material (in envi-
ronmental engineering), as a clarification agent (by food processing
industries), as feed supplement (in agriculture), and as filler (by phar-
maceutical and cosmetic industries) (Nien et al,, 2011; Zhang et al.,
2011, 2010).

Existing studies have demonstrated the severe toxic effect (cell lysis)
that clay minerals such as montmorillonite and bentonite can have on
human endothelial cells and macrophages. However, these compounds

cell viability (Kevadiya et al, 2013). Indeed, bentonite has been used for
therapeutic purposes such as: curing wounds, relieving irritations, in-
creasing collagen fibers, protecting skin against physical or chemical
substances, and treating gastrointestinal disorders (Lopez-Galindo and
Viseras, 2004; Kevadiya et al., 2012; Valenti et al,, 2012).

Although in vitro studies report the effects of bentonite on a variety
of cell types (Murphy et al., 1993b; Abbés et al., 2008; Zhang et al.,
2011), there is no information available regarding the effects of this
compound on the NC. The NC is a transient structure of the vertebrate
embryo formed by the lateral borders of the closing neural tube during

have been proven to have little or no effect on ligod
droglial cells and mesenchymal stem cells of adipose tissue (Murphy
et al, 1993a; Bowman et al,, 2011; Popryadukhin et al,, 2012).

" Financial support: CNPq, INNT, FAPESC and CAPES.
* Corresponding author, Tel: +55 48 3721 4738/9908 2680; fax: +- 55 48 3721 9672.
E-mail address: andrea.trentin@ufsc.br (A. Trentin).

hitp://dx.doiorg/10.1016/clay.2014.11.018
0169-1317/0 2014 Elsevier B. Allrights reserved.

lation. After NC cells, consisting of a popula-
tion of multipotent stem cells, can differentiate into multiple cell line-
ages according to their location in the embryo, giving rise to neurons
and glial cells of the peripheral nervous system (PNS), pigmented cells
and some endocrine cells (Le Douarin et al,, 2007; Le Douarin and
Kalcheim, 1999). In addition, the NC provides the head with mesenchy-
mal cells that can differentiate into tendons, connective, cartilage, bone,
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and adipose tissues (Le Douarin and Kalcheim, 1999; Le Douarin et al,,
2007; Dupin and Sommer, 2012).

Exposure to drugs or environmental chemicals can cause abnormal
migration, differentiation, division or survival of NC cells and can con-
tribute to multiple pathologies (Chen and Sulik, 2000; Garic-Stankovic
et al., 2006; Wentzel and Eriksson, 2009; Flentke et al., 2011; Garic
etal, 2011). Understanding the effects of bentonite on NC stem cells
can help to prevent many NC-derived pathologies.

Aflatoxin B, (AFB, ) is one of the most predominant and most toxic
mycotoxins identified (Shim et al., 2014). Its effects include carcinoge-
nicity, hepatotoxicity and mutagenicity (Li et al., 2011; Juan-Garcia
etal, 2013; Lei et al, 2013), and may also lead to multiple developmen-
tal diseases (Cilievici et al., 1980; Dietert et al., 1985; Bintvihok et al.,
2002). We have recently demonstrated that AFB; can interfere with em-
bryo development by causing NC cell death (Nones et al,, 2013). In vitro
we have also reported that AFB, cell toxicity managed to be reduced by
hesperidin (a flavonoid) (Nones et al., 2013, 2012).

Despite the reported effects of bentonite on different cell types
(Zhang et al., 2010; Bowman et al, 2011; Lordan et al, 2011;
Popryadukhin etal., 2012; Devreese et al., 2013), there is no information
concerning the effects of this compound on multi i
cells. Therefore, in the present study, we have investigated the effects
of bentonite on NC differentiation and survival, when the NC is exposed
to AFB,. By using an in vitro system of cell culture of quail NC, we have
demonstrated for the first time that bentonite reduces the toxicity of
AFB, possibly due to its ability to adsorb the AFB; present in the culture
medium.

Our results indicate that bentonite can modulate stem cell viability
by reducing cell death caused by toxic factors, such as AFB,. These find-
ings offer new perspectives for understanding the relevance of clay min-
eral particles for treating humans and animals.

2. Material and methods
2.1. Drugs

Bentonite samples were collected in Criciima, Santa Catarina State,
in the south of Brazil. The samples were washed with distilled water
to remove any impurities and were dried in an electric oven at 60 °C
for 8 h. After that, the samples were kept in a stock solution of 40
mg/mL diluted in dimethyl sulfoxide (DMSO) at — 20 °C. AFB, (Sigma)
was kept in a stock solution of 10 mM.

2.2. Bentonite characterization

The chemical composition of bentonite was determined with X-ray
fluorescence analysis (XRF), using Bruker's S2 Ranger. X-ray diffraction
(XRD) analysis of the bentonite was made with accelerating voltage of
40 kV and 30 mA, Cu K,, (A = 0.154178 nm) radiation ranging from 0
to 20° and 26 scan rate of 0.05°/s (PANalytical X'Pert PRO Multi Pur-
pose). The surface morphology of bentonite was investigated using a
JEOLJSM-6390 LV scanning electron microscope.Na* and K* cation ex-
change capacity (CEC) was determined by atomic absorption spectro-
photometer (PerkinElmer Pinnacle 900 T); Ca?* and Mg?* were
measured by a flame atomic adsorption spectrometer (Cole Parmer
2655-00).

2.3. Quail NC cell cultures

Quail NC cell cultures were performed as previously described by
Trentin et al. (2004) and Nones et al. (2013, 2012). Briefly, neural
tubes obtained from quail embryos (18-25 somite stage) were dissect-
ed at trunk level and plated in plastic culture dishes (Corning). After
24 h, emigrated NC cells were harvested for secondary plating (400
cells per well of a 96-well plate). Cultures were maintained for an addi-
tional 4 days in a medium containing: a-minimum essential medium

(a-MEM; Gibco) enriched with 10% fetal bovine serum (Cultlab), 2%
chicken embryonic extract, penicillin (200 U/mL) and streptomycin
(10 pg/mL) (all from Sigma). Cells were incubated at 37 °Cin a 5% CO,
humidified atmosphere. The medium was changed every 2 days. Each
culture was incubated with DMSO (control group) or 0.2-1.6 mg/mL
of bentonite. In order to determine the role of bentonite on cell survival,
AFB; (30 M), was added - alone or concomitantly - to cells treated
with a specific concentration (0.6 mg/mL) of bentonite.

24, Cell viability

The viability of NC cells was determined by trypan blue (Youn et al,,
2013) and by 3-(4,5-dimethyl-2-yl)-2, 5-diphenyl-2H-tetrazolium bro-
mide (MTT) (Trentin et al.,, 1995; Nones et al., 2013) assays. For trypan
blue analyses, NC cells were treated with bentonite (0.2-1.6 mg/mL),
AFB, (30 uM) alone or in ¢ ination, for 4 days, and ly col-
lected by centrifugation. After washing in PBS, cells were stained with
0.4% trypan blue solution at room temperature for 3 min, and cells
were then counted using a hemocytometer and a light microscope. At
least one thousand cells were observed and the percentages of un-
stained (viable) and stained (nonviable) cells were determined. For
MTT assay, 0.5 mg/mL of MTT solution was added to the culture medi-
um 2 h before completing the treatment described above. The medium
was then gently removed and 100 pL of DMSO was added to each well
and the resulting product was incubated for 10 min. The formazan prod-
uct generated was then solubilized with DMSO and the absorbance
measured at 570 nm.

2.5. Immunocytochemistry

For cytoskeleton protein analysis, cell cultures were fixed with 4%
paraformaldehyde for 15 min and permeabilized with 0.2% Triton-X-
100 (Vetec Quimica Fina) for 5 min at room temperature. Subsequently,
all treated groups were incubated with 5% bovine serum albumin (BSA;
Sigma) in PBS (blocking solution) for 1 h, followed by an overnight incu-
bation at 4 °C with a specific glial primary antibody (HNK1) (Calloni
etal, 2009, 2007). After incubation with HNK1, cells were extensively
washed in PBS and incubated with the secondary antibodies diluted in
blocking solution for 2 h. Secondary antibodies were obtained from
Southern Biotechnology. Detailed procedures are described elsewhere
(Trentin et al., 2004; Costa-Silva et al., 2009). Cell nuclei were stained
with 4, 6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma).
Fluorescent labeling was observed under an epifluorescent microscope
(Olympus IX71). Negative controls were obtained by omitting primary
antibodies. In all cases, no reactivity was observed when the primary
antibody was absent.

2.6. Cell death assay

Cell death was quantified by assessing the characteristic nuclear
changes (e.g., chromatin condensation and nuclear fragmentation)
using DAPI nuclear binding dye (Costa-Silva et al., 2009; Nones et al.,
2012) and fluorescence microscopy. Briefly, cells treated were fixed
with 4% paraformaldehyde and washed in PBS. Next, cell nuclei were
stained with DAPI and visualized/analyzed under an epifluorescent mi-
croscope (Olympus IX71).

Table 1
Chemical composition of bulk bentonite (mass %).

Si0; Al,O; Fe;03 MnO Mg0 Ca0 Na0 K0 TiO, P05 LOI Total
68.14 1804 280 001 084 005 050 285 077 003 505 99.08
LOI: loss on ignition at 1000 °C.
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2.7. Isothermal adsorption of AFB, by bentonite

Adsorption of AFB; molecules was assessed by isothermal adsorp-
tion assay and analyzed by Langmuir equation. To that end, 50 pL of
0.6 mg/mL bentonite was added to 1 mL of AFB;-solution (1, 20,
40 uM). Samples were stored overnight and then centrifuged (80-2B
Centribio) at 2000 rpm for 57 min. The amount of adsorbed AFB; was
determined in the supernatant with UV/visible spectrophotometry at
365 nm. The adsorption capacity was evaluated by plotting the adsorp-
tion data using the linear form of the Langmuir equation:

Ceq
q

1 Gy
kgQmax * Qunax”

First, Qmax and kq were determined, where C.q is the equilibrium
concentration, q is the amount of AFB; adsorbed, kq is a distribution co-
efficient, and Quax is the maximum adsorption capacity. Two controls
consisting of 1 mL of stock solution (40 uM) without adsorbent and
1 mL of the lowest concentration without adsorbent (1 M) were also
analyzed.

X100~ 100pm
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2.8. Infrared absorption of AFB, saturated bentonite

Bentonite's structural composition and aflatoxin sequestration were
analyzed by infrared absorption assay (FTIR). For that purpose, 0.6 g of
bentonite was saturated with 30 uM of AFB,. The dispersion (1 mL)
was stored overnight and the samples were centrifuged (80-2B
Centribio) at 2000 rpm for 57 min and dried at room temperature on
glass slides. Fourier transform infrared spectroscopy (FTIR) of bentonite
was obtained using a Shimadzu Spectrum, IR Prestige-21. FTIR spectra
were taken in the range from 4000 to 400 cm ™" in the transmission
mode in KBr pellets.

2.9. Quantitative and statistical analysis

Statistical significance was assessed by one-way analysis of variance
(ANOVA) followed by Tukey's post-hoc test, when appropriate, using
GraphPad Prism 4.0 software (Nones et al., 2013). P < 0.05 was consid-
ered statistically significant. The experiments were performed in tripli-
cate and each result represents the mean of at least three independent
experiments.
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Fig. 1. Bentonite characterization. Following extraction, clay mineral particles were analy;
assay (C). M — Montmorillonite, K — Kaolinite, Mc — muscovite, Q — quartz. Scale bar

zed by scanning electron microscopy (A, B). Mineralogical composition was analyzed by XRD
10and 100 pm.



158

122 J. Nones et aL / Applied Clay Science 104 (2015) 119127

3. Results
3.1. Bentonite characterization

Different geological formations can affect the chemical and physical
properties of bentonite. In this work, bentonite extracted from Criciima
(Santa Catarina State, Brazil) was used for the first time. This compound
was characterized by assessing its chemical composition, morphology,
thermal properties and cation exchange capacity.

As shown by X-ray fluorescence assay (Table 1), the most abundant
oxides present in bentonite were SiO, and Al;03, whereas Fe,03, K0,
MnO, Mg0, Ca0, Na,0, TiO, and P,05 were found only in small quanti-
ties (less than 3%). Loss on ignition (LOI), performed by heating samples
at 1000 °C for 2 h, revealed a value of 5.05% in mass.

Scanning electron microscopy (SEM) analysis of bentonite showed
individual particles, most of which have clearly recognizable contours
and irregular layers that tend to form thick and large agglomerates
(Fig. 1A, B).

The crystalline phases of bentonite were analyzed by XRD (Fig. 1C).
The minerals identified were montmorillonite (M), kaolinite (K), mus-
covite (Mc) and quartz (Q).

The CEC was measured at 4.866 cmolc kg~ (Table 2). After benton-
ite characterization, we determined whether NC cells could be affected
by these clay mineral particles.

32. Cell viability

In order to evaluate cell viability, cultures of quail NC cells were incu-
bated with vehicle (control group) or 0.2-1.6 mg/mL of bentonite solu-
tion. By MTT assay, we observed a progressive reduction in the
absorbance values after a 4-day cell treatment with 0.8 to 1.6 mg/mL
(0.26 to 0.12 absorbance, respectively) when compared with control
group (0.34 absorbance) (Fig. 2A). This effect could be attributed to a
decrease in cell number. No effect was observed from 0.2 to 0.6
mg/mL (Fig. 2A).

To double-check this result, trypan blue analysis was performed to
determine the proportion of viable and nonviable cells (Fig. 2B). Treat-
ment with concentrations of bentonite lower than 0.8 mg/mL resulted
in about 80% cell viability. On the other hand, bentonite at concentra-
tions equal or higher than 1 mg/mL reduced the percentage of un-
stained (viable) cells in a dose-dependent way. Cultures treated with
1,1.2,1.4and 1.6 mg/mLof bentonite showed 68, 64, 55 and 45% cell vi-
ability, respectively.

Taken together, these data support the suggestion that bentonite
could promote apoptosis at concentrations higher than 0.8 mg/mL.
Next, bentonite at 0.6 mg/mL was used in treatment of NC cell cultures
and MTT viability assay was performed at different times of treatment
(12, 48 and 96 h) (Fig. 2C). Absorbance values obtained (0.26; 0.29;
0.35) were similar to those for control group (0.26; 0.30; 0.36). There-
fore, it can be concluded that bentonite does not cause cell toxicity or in-
terfere with cell viability in concentrations lower than 0.6 mg/mL and
for up to 96 h of treatment.

3.3. Bentonite prevents NC cell death caused by AFB;
In previous studies, we have shown that AFB, reduces NC cell viabil-

ity in culture (Nones et al,, 2013) and we have wondered if bentonite at
0.6 mg/mL could prevent cell death induced by 30 uM AFB,. Therefore,

Table 2
Physical-chemical properties of bentonite.
Index Cation exchange capacity cmol, kg ™'
CEC (v Na* Kt Mgt
Values 4.866 0.070 0333 2813 1.650

through DAPI nuclear staining, we quantified the total number of NC
cells (Fig. 3).

AFB, treatment significantly decreased the total number of cells
(about 1.62-fold) compared to control group (Fig. 3A, C, E). This effect
was partially reversed by 0.6 mg/mL bentonite when concomitantly
added to 30 uM AFB, (1.12-fold compared to control group) (Fig. 3A,
D,E).

In order to verify if the increase in the total number of cells is are-
sult of a reduction in cell death promoted by bentonite, the picnotic
nuclei were quantified after DAPI staining (Calloni et al., 2009;
Nones et al., 2013) (Fig. 3A-D, F). We did not observe a reduction
in the proportion of dead cells after bentonite treatment, compared
to control group (1.55 cell death/field in both treatments). On the
other hand, AFB, decreased the number of DAPI-labeled nuclei by
2.1-fold, and that effect was partially reverted by adding bentonite

o
B

e
w

MTT - Cell viability
(Absorbance 570 nm)
o
N

0.1
2.0+
°‘§°\ NSNS
¢ Bentonite
B
£ 100
2
3
]
>
8
' 40
H
2
c
g
E‘ — T T T T T T
°°.g°\a P M
¢ Bentonite
Cc
0.
-+ Control

<+ Bentonite 0.6 my/mL

MTT - Cell viability
(Absorbance 570 nm)
°

02
0.1
12 hours. 48 hours. 96 hours
Fig. 2. Bentonite affects NC cell vi y NCcell re incu-

q
bated with DMSO (control group), 0.2-1.6 mg/mL of bentonite. After 4 days of treatment,
cell viability was analyzed by MTT (A) and trypan blue assay (B). NC cell viability was also
analyzed after 12, 48 and 96 h of treatment with 0.6 mg/mL of bentonite (C). The results
represent the mean of three independent experiments performed in triplicate + SEM.
*P<0.05 compared to control group.



159

J- Nones et al./ Applied Clay Science 104 (2015) 119-127 13

(1.49-fold in the AFB; plus bentonite group compared to control
group).

MTT assay (Fig. 3G) confirmed the above data and showed a de-
crease in the absorbance values for the culture treated with 30 uM
AFB, (0.23 absorbance) compared to control group (0.34 absorbance).
The addition of 0.6 mg/mL of bentonite, concomitantly with AFB,, par-
tially reversed the effect (0.29 absorbance). Similarly, trypan blue anal-
ysis (Fig. 3H) showed that the treatment with 30 pM of AFB, resulted in
46% cell viability. On the other hand, cell viability increased when 0.6
mg/mL of bentonite was concomitantly added (20% increase compared
to the AFB,-treated group). Therefore, the co-administration of benton-
ite with AFB, prevented cell death promoted by AFB;, confirming the ef-
fects of bentonite on NC cell survival.
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3.4. Bentonite does not affect NC differentiation

Next, we evaluated whether bentonite could influence the NC cell
phenotypic profile in addition to their numbers. Therefore, secondary
cultures of quail trunk NC were incubated with: a vehicle (control
group), 0.6 mg/mL of bentonite, 30 uM of AFB, or 30 uM of AFB, con-
comitantly with 0.6 mg/mL of bentonite (Fig. 4). After 4 days of treat-
ment, cell phenotypic marker HNK1 (that stains NC-derived glial cells)
was analyzed by immunocytochemistry. The proportion of HNK1-
positive cells in relation to the total number of cells (stained by DAPI)
was not altered by any treatment (Fig. 4A-E). Although the absolute
number of cells was not affected by bentonite treatment, compared to
control group the number of glial cells per field decreased by about

Number of
DAPI + cells/field

(Absorbance 570 nm)

Fig. 3. Bentonite affects the NC cell population. Secondary quail trunk NC cell cultures were incubated with DMSO (control group), 0.6 mg/mL of bentonite, 30 uM of AFB; or 0.6 mg/mL of
bentonite concomitantly added with 30 uM of AFB,. After 4 days of treatment, the total number of cell nuclei per field was determined by DAPI (A-E) staining and cell death was analyzed
by quantification of picnotic cells (A-D; F). Cell viability was analyzed by MTT and trypan blue assay (G-H). The results represent the mean of three independent experiments performed in

triplicate & SEM. *P < 0.05 or **P < 0.01 compared to control group. Scale bar = 200 um.
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1.7-fold for the AFB,-treated culture and 1.24-fold for the culture treat-
ed with AFB; concomitantly added with bentonite (Fig. 4A-D, F). To-
gether with the previous results, this experiment demonstrates that
bentonite with AFB,, in fact, affects the NC cell population as a whole in-
stead of a specific NC derived phenotype.

Number of HNK1
+ cells (% of control)

Number of
HNK1 + cells/field
@

8

Fig. 4. Bentonite does not affect NC cell differentiation. Cultures of quail trunk NC cells
were incubated for 4 days with a vehicle (control group) or 0.6 mg/mL of bentonite,
30 M of AFB, or 0.6 mg/mL of bentonite concomitantly added with 30 M of AFB,. Rep-
resentative pictures (A-D) and quantitative analysis of glial cells labeled (HNK1) were
performed (E). The proportion of HNK1 phenotype to the total number of cells is repre-
sented in F. The results represent the mean of three independent experiments performed
in triplicate + SEM. **P < 0,05 or ***P < 0.01 compared to control group. Scale bar =
200 pm.
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Fig. 5. Bonding between AFB, and bentonite. Bentonite samples were mixed in test tubes
with different concentrations of AFB,. Aflatoxin adsorption vs. concentration of aflatoxin
(A). Functional group alterations were observed in the region of 913-1036 cm ' (B).
The results represent the mean of three experiments performed in duplicate + SEM.

3.5. Bonding between AFB; and bentonite

The above results revealed that addition of bentonite reduced the
negative effect of AFB, in NC cell cultures, indicating a protective effect.
One explanation for this finding could be linked to the capacity of ben-
tonite to adsorb different particles, especially mycotoxins (Diaz et al.,
2004; Pasha et al,, 2007; Dixon et al.,, 2008). Therefore, infrared absorp-
tion (FTIR) and isothermal adsorption tests were performed in order to
determine the interaction and bonding between the toxin (AFB,) and
the adsorbent (bentonite).

Table 3
Functional groups of bentonite.

Functional groups Wavenumber (cm~")

Si-OH 3705
Al-Al-OH 3606
H,0 3417
Stretching vibration C-H 2837
H0 1638
Si0 1036
Al-Al-OH 913
Al-OH-Mg 796
Si-0-Si 699
Si-0-Al 537
Si-0-Si 466
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Fig. 6. Mechanism of action of bentonite in the protection of NC cells against damage caused by AFB,. Under culture conditions, AFB, interacted with bentonite, occupying the interlayer

space of ite, a clay mineral whichis the

A maximum adsorption capacity was measured at 0.730 mol kg~
and the distribution constant (Kd) was set at 0.093, as indicated by
Langmuir's equation. Langmuir's model (R > 0.98) showed a favorable
AFB, adsorption mechanism (Fig. 5A).

FTIR analysis was used to determine functional groups (Fig. 5B). The
broad bands around 2837 and 3417 cm ™" was attributed to stretching
vibration of a CH group and adsorbed water molecules, respectively
(Wang et al,, 2009). A band attributed to Si-OH appeared in the region
of 3705 cm™". The band around 537 cm™" can be attributed to the an-
gular deformation of Si-O-Al while the band centered at 466 cm ™" re-
lated to the angular deformation of Si-O-Si (Wang et al., 2009; Zhirong
etal, 2011). Table 3 listed the main functional groups of bentonite.

When ite was d by AFB, were observed in
bands around 913-1036 cm ™' (Fig. 5B), related with Al-Al-OH and Si0
functional groups of bentonite.

4. Discussion

The present study has demonstrated for the first time that bentonite
extracted from the South of Brazil promotes NC cell survival in the pres-
ence of AFB,. The number of NC-derived glial cells increased after the
addition of bentonite concomitantly with AFB,, although the proportion
of NC cell phenotypes did not alter. This suggests that bentonite affects
the NC cell population as a whole rather than any specific cell type.

It has been previously demonstrated that different concentrations of
bentonite induce strong neurotoxic effects (Murphy et al., 1993b) caus-
ing a rapid degeneration of murine spinal cord neurons in culture. Neu-
roblastoma cells briefly exposed to up to 1.0 mg/mL of bentonite had
their resting potentials depolarized and lost the ability to maintain ac-
tion potentials (Banin and Meiri, 1990). Indeed, Elmore (2003) reports
that different varieties of clay minerals, including montmorillonite, are
cytotoxic to macrophage cell lines and displayed hemolytic activity.
These findings are in accordance with our observations that NC cell via-
bility decreases after treatment with high concentrations of bentonite
while a low concentration of this compound is not toxic, suggesting a
dose dependent effect. Further studies are needed to determine the ad-
equate dose and to assess toxicity in vivo (Maisanaba et al., 2013).

Mycotoxins have already been shown to induce apoptosis in several
mammalian tissues, such as the kidney and liver (Tolleson et al., 1996;

of bentonite. This reduces AFB, availability
in the total number of NC cells. There were no observable effects on NC cell differentiation.

NC cell damage. In turn, thi rease

Ribeiro et al,, 2010; Liu et al., 2012; Lei et al,, 2013). Indeed, the admin-
istration of AFB, to rats resulted in degeneration of both the central and
peripheral nervous systems (Ikegwuonu, 1983). More recently, our
group observed the effects of this substance on the survival and prolifer-
ation of NC cells in vitro (Nones et al., 2013). For those reasons, several
measures have been taken to minimize the effect of mycotoxins, such as
the use of adsorbents like bentonite in feed or drugs (Rosa et al,, 2001;
Pasha et al., 2007; Devreese et al., 2013). This compound has been
shown to protect cells from several kinds of damage (Kannewischer
et al., 2006; Abbeés et al., 2008, 2007; Dakovic et al,, 2008; Dixon et al.,
2008; Jaynes and Zartman, 2011). However, the mechanisms underly-
ing the effect of bentonite on NC cell survival have not been thoroughly
researched.

Perhaps this can be explained by the fact that AFB; molecules can oc-
cupy most of the interlayer space in smectites (Phillips et al., 2002;
Kannewischer et al., 2006; Deng et al., 2010). A high Langmuir Qmax
value suggests that the adsorption depends mainly upon the accessibil-
ity of intact interlayers (Mulder et al., 2008). The adsorption capacity
shown by our data (0.730 mol kg™ ') is in agreement with the criteria
previously established by Dixon et al. (2008), which considers values
higher than 0.30 mol kg~ a good absorbance of aflatoxin.

Moreover, the low bentonite CEC value shown in Table 2 may indi-
cate that cations present in the interlayer space, have little influence
on the adsorption capacity of the compound. Kannewischer et al.
(2006) have already suggested that cations such as K*, Na* and
Mg?*, do not seem to affect adsorption ability significantly.

After saturation of bentonite with AFB; a band with lower intensity
(around 913-1036 cm ™ "), related with Al-Al-OH and SiO functional
groups of bentonite, was observed. This might indicate that AFB, partic-
ipates in a specific bonding mechanism with the montmorillonite, pos-
sibly forming complexes with metals (Sarr et al.,, 1991; Phillips et al.,
1995). Similar results were reported by Tendrio et al. (2008) as well as
Dixon et al. (2008). All the above supports the view that aflatoxin mol-
ecules occupied the interlayer space of montmorillonite (a clay mineral
which is the main component of bentonite), probably forming com-
plexes with metals, which led to a reduction of AFB; availability and,
consequently, of NC cell damage caused by that mycotoxin (Fig. 6).

Our study indicates a new role for bentonite in NC cell survival
in vitro and that it might also positively influence different kinds of
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cells in vivo. Further studies may lead to the development of new phar-
macological drugs and treatments.
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Bentonites are clays that highly adsorb aflatoxin By (AFB,) and, therefore, protect human and animal cells
from damage. We have recently demonstrated that bentonite protects the neural crest (NC) stem cells from
the toxicity of AFBy. Its protective effects are due to the physico-chemical properties and chemical composition
altered by heat treatment. The aim of this study is to prepare and characterize the natural and thermal treatments
(125 to 1000 °C) of bentonite from Criciima, Santa Catarina, Brazil and to investigate their effects in the AFB,
adsorption and in NC cell viability after challenging with AFB,. The di of water and mi ical
phases transformations were observed after the thermal treatments. Kaolinite disappeared at 500 °C and
muscovite and montmorillonite at 1000 °C. Slight changes in morphology, chemical composition, and density
of bentonite were observed. The adsorptive capacity of the bentonite particles progressively reduced with the
increase in temperature, The observed alterations in the structure of bentonite suggest that the heat treatments
influence its interlayer distance and also its adsorptive capacity. Therefore, bentonite, even after the thermal
treatment (125 to 1000 °C), is able to increase the viability of NC stem cells previously treated with AFB,. Our

results demonstrate the effectiveness of bentonite in preventing the toxic effects of AFB,.

1. Introduction

Bentonite particles are efficient at promoting growth (acting as
adsorbents of toxins), improving health (reducing the harmful effects
of drugs), and promoting well-being (active principles in cosmetics
and pharmaceuticals) [1]. Furthermore, this material can protect
human and animal cells from several kinds of damage [2-7]. Further-

© 2015 Elsevier B.V. All rights reserved.

we have also reported that AFB, cell toxicity can be reduced by bentonite
particles [8].

The physic-chemical properties of the bentonite particles may be
modified by various treatments, including thermal treatment [15-17].
Changes in the clay by dehydration, dehydroxylation, recrystallization,
fracture, and loss of crystal structure can occur as a result of increasing
temperature [18-20]. Furthermore, the thermal treatment leads to a

more, it has been proved to be efficient as a ing agent for
aflatoxins [3,8].

Aflatoxin B, (AFB, ) is the most potent natural carcinogen known and
is usually the major aflatoxin produced by toxigenic strains [9,10]. This
compound induced cytotoxicity [11] and it is responsible for inflicting
damage on DNA, mutation, abortion, birth deformity, suppression of
immune system, and phytotoxic reactions [12,13]. It can influence the
very early stages of lian embryonic affecting the
survival and proliferation of neural crest (NC) stem cells, and conse-
quently the formation of the peripheral nervous system [8,14]. Recently,
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delamination of the al licate layers, which may enhance the
available space between the silicate layers [21] or decrease the number
of exchange sites [22]. These transformations are dependent on the
temperature treatment [21], mineralogy, and crystal structures [23],
effects that differ according to the mineralogy composition of the clay.

Thermally treated clays can provide a simple possibility to change the
adsorption properties (22}, decreasing adsorption in some cases (16,22,
24] or increasing in others [15].

The purpose of this study is to prepare and characterize natural and
thermal b ite and to i igate their effects on the
adsorption of AFB;, using NC stem cell cultures submitted in damage
caused by AFB, as a model to study the biological effects of both treat-
ments. By using an in vitro system of AFB, adsorption and cell culture
of quail NC, we demonstrated for the first time that calcined bentonite
reduces the toxicity of AFB, in the culture medium, decreasing the
adsorption and protective effect after calcination at 1000 °C. Perhaps
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thermal treatment was able to protect cells from AFB; damage. However,
this treatment was not able to increase AFB, adsorption. These findings
contribute to a better understanding of the effectiveness of bentonite in
controlling the toxic effects of AFB; and offers new perspectives for
understanding the relevance of bentonite use in human and animal
therapies.

2. Material and methods
2.1. Drugs

Bentonite samples were collected in Cricitima, Santa Catarina State,
in the south of Brazil. The samples were washed with distilled water
to remove any impurities and were dried in an electric oven at 60 °C
for 8 h. Bentonite was thermally treated and the samples were subjected
to the calcination process in a muffle (Jung, N1100) furnace at 125,250,
500, 750 and 1000 °C for 4 h. Then, the bentonite samples were keptin a
stock solution of 40 mg/mL diluted in dimethyl sulfoxide (DMSO) at
—20 °C, for cell assay, or in water for adsorption study. AFB, (Sigma)
was kept in a stock solution of 500 uM and, for the tests, it was diluted
in DMSO or acetonitrile at 30 uM for cell assay and adsorption study,
respectively,

2.2. Bentonite characterization

The chemical composition of bentonite was determined by energy
dispersive X-ray spectroscopy (EDX) and the surface morphology of
bentonite was investigated using a JEOLJSM - 6390 LV scanning electron
microscope (SEM). Bentonite's structural composition was analyzed by
infrared absorption assay (FTIR) and X-ray diffraction (XRD). FTIR of
bentonite was obtained using a Shimadzu Spectrum, IR Prestige-21.
FTIR spectra were taken in the range from 4000 to 400 cm ™" in the
transmission mode in KBr pellets. The XRD analysis of the bentonite
samples was made with the accelerating voltage of 40 kV and 30 mA,
CuKq (N = 0.154178 nm) radiation ranging from 0 to 20° and 26 scan
rate of 0.05°/s (PanAnalytical X'Pert PRO Multi Purpose). Then, the
interlayer spacing of each sample was calculated using Bragg's law:

n\ = 2dsin 0 (1)

where n is the path differences between the reflected waves which
equal an integral number of wavelengths (\) and d is the interlayer
spacing (nm), 6 the angle of diffraction (*), A the wavelength (nm).
The density was measured using Archimedes' principle. The loss in
mass of bentonite was determined by muffle drying at different temper-
atures (125, 250, 500, 750 and 1000 °C) during 4 h. Loss in mass is
defined as the ratio between the mass of water and other impurities
and the mass of dry solid expressed as a percentage.

2.3. Aflatoxin By adsorption study

Adsorption of AFB; molecules was assessed by UV visible spectro-
photometry [8]. To that end, 50 yL of 0.6 mg/mL bentonite was added
to 1 mL of AFB,-solution (30 uM). The samples were stored overnight
and then centrifuged (80-2B Centribio) at 2000 rpm for 57 min. The
amount of adsorbed AFB, was determined in the supernatant with
UV/visible spectrophotometry at 365 nm.

For high e liquid chy hy (HPLC) assay, different
amounts of bentonite samples were added to 200 pL of AFB;-solution
(30 uM) where a0.2, 0.4 or 0.6 mg/mL concentration was obtained. Sam-
ples were stored overnight and then centrifuged (1500 CFN-II Vision) at
4000 rpm for 30 min. The amount of adsorbed AFB, was determined in
the supernatant with HPLC analysis. An aliquot of the original AFB, test
solution was used as the HPLC standard. HPLC analyses were performed
onaWaters E2795 AllianceBio Separation Module composed of a quater-
nary pump with a refrigerated autosampler coupled to a Waters 2475

fluorescence detector (\ex = 365 nm; Nem = 430 nm). The column
was a Polaris C18A Metachem, 5 pm particle size, 150 mm x 4.6 mm,
guard column was an Alltech 20 x 2 mm. The mobile phase water:
acetonitrile (50:50) was pumped at a flow rate of 0.7 mL/min. Chromato-
grams were obtained and integrated with the Empower® 2 software
(Waters Co., Milford, USA). Percent AFB, bound by the bentonites was
calculated from the difference between the initial and final AFB, concen-
tration in the aqueous supernatant after equilibrium.

24, Quail NC cell cultures

Quail NC cell cultures were performed and characterized as previ-
ously described by Trentin et al. [25] and Nones et al. [14,26]. Briefly,
neural tubes obtained from quail embryos (18-25 somite stage) were
dissected at the trunk level and plated in plastic culture dishes
(Corning). After 24 h, emigrated NC cells were harvested for secondary
plating (400 cells per well of a 96-well plate). Cultures were maintained
for an additional 4 days in a medium containing: a-minimum essential
medium («-MEM; Gibco) enriched with 10% fetal bovine serum
(Cultlab), 2% chicken embryonic extract, penicillin (200 U/mL) and
streptomycin (10 pg/mL) (all from Sigma). Cells were incubated at
37 *Cin a 5% CO, humidified atmosphere, The medium was changed
every 2 days. Each culture was incubated with DMSO (control group)
or 0.6 mg/mL of natural or thermal treatment (125 to 1000 °C) benton-
ite. In order to determine the role of bentonite on cell survival, AFB,
(30 M), was added - alone or concomitantly - to cells treated with a
specific concentration (0.6 mg/mL) of bentonite.

2.5. Cell viability

The viability of NC cells was determined by trypan blue [27]. NC cells
were treated with natural or thermal treatment at 125, 250, 500, 750 and
1000 °C bentonite (0.6 mg/mL), AFB, (30 uM) alone or in combination,
for 4 days, and sub ly collected by centrift After washing
in PBS, cells were stained with 0.4% trypan blue solution at room temper-
ature for 3 min, and cells were then counted using a hemocytometer and
a light microscope. At least one thousand cells were observed and the
percentages of unstained (viable) and stained (nonviable) cells were
determined.

2.6. Cell death assay

Cell death was quantified by assessing the characteristic nuclear
changes (e.g., chromatin cond and nuclear fi ion)
using DAPI nuclear binding dye [14] and fluorescence microscopy. Briefly,
cells treated were fixed with 4% paraformaldehyde and washed in PBS.
Next, cell nuclei were stained with DAPI and visualized/analyzed under
an epifluorescent microscope (Olympus IX71).

2.7. Quantitative and statistical analysis

Statistical significance was assessed by one-way analysis of variance
(ANOVA) followed by Tukey's post-hoc test, using GraphPad Prism 4.0
software. P < 0.05 was considered statistically significant. The experi-
ments were performed in triplicate and each result represents the
mean of at least three independent experiments.

3. Results

31 hol

and chemical composition of b

In order to know the elemental composition of the bentonite
samples (natural and thermally treated) and understand the effects of
calcination, elemental analysis was performed using scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) analysis.
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Table 1

Percentage of compounds in bentonite natural and thermally treated at different
temperatures.

Element  Mass of bentonite (%)

Natural 125°C 250°C 500°C 750°C 1000 °C
0 4190 2430 5128 36.55 4369 5253
Si 3496 40.40 3311 40.85 3113 2851
Al 12.06 1492 705 1497 9.99 9.19
Fe 636 842 445 352 824 507
K 349 961 320 388 5.14 337
Mg 043 032 026 023 022 0.25
Ti 080 203 066 0.00 1.59 1.08
Total 100.00 100.00 100.00 100.00 100.00 100.00

As shown by EDX assay (Table 1), the most abundant elements
present in bentonite samples were O, Si and Al, whereas Fe, K, Mg and
Ti were found only in small quantities (less than 10%). There were no

ignificant variations in b ite c ition before and after thermal
treatment.

As shown in Fig. 1A-F, both natural and thermally treated bentonite
showed individual particles, most of which have clearly recognizable
contours and irregular platelets that tend to form thick and large
agglomerates. A small increase in particle roughness could be observed
by the calcination procedure.

3.2. Calcination provides a reduction in water bands (3417 cm ') and
silicon (1036 cm™")

The FTIR spectra were used to evaluate chemical bonds from the
groups present in bentonite samples, before and after thermal treatment
(Fig. 2). The broad band around 3417 cm ™" was attributed to adsorbed
water molecules. A band attributed to Si-OH appeared in the region of
3705 cm™ . The band around 1036 cm ™" can be attributed to Si-O
while the band centered at 913 cm ™" can be attributed to Al-Al-OH.

The intensity of bands around 3417, 1036 and 913 cm ™" was re-
duced by calcinations (Fig. 2A-E). This result suggests the displacement
of water and silicon by thermal treatment.

10kv X200 10ym LCME-UFSC

X2,000  10ym

10KV X200 J0pm

LCME-UFSC 10KV X2000 10pm
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3.3. Temperature causes the rupture of the mineralogical phases of
bentonite

The mineralogical composition and phase transformations on
thermally treated bentonite were analyzed by XRD (Fig. 3A-E). The
major minerals identified in both samples were montmorillonite
(M) and quartz (Q). Other minerals were identified in bentonite
samples, such as kaolinite (K) and muscovite (Mc).

The montmorillonite peak changed slightly after heating from
125 to 750 °C (Fig. 3A-E) although it disappeared after reaching
1000 °C. At 500 °C, the dehydroxylation of kaolinite results in the
collapses of clay mineral structures and disappearance of peak at
12.4° (20) (Fig. 3C). The crystalline phases occurring in the bentonite
disappeared after calcination at 1000 °C, and it displays only a quartz
peak (Fig. 3E).

3.4. Calcination of bentonite provides changes in the mass, density, and
interlayer spacing

In order to evaluate the effect of temperature on other characteristics
of the bentonite samples, the interlayer spacing and loss in mass and
density were determined.

The loss in mass of the bentonite sample on heating was attributed
to the loss water molecules and other impurities. The temperature
increase is proportional to the increased mass loss (Fig. 4A).

The XRD pattern of natural bentonite showed the doo; reflection at 2
theta = 9.1 (Fig. 3). The corresponding interlayer spacing is 0.97 nm
(Fig. 4B). The interlayer spacing (doo; ) value changed slightly after it
was thermally treated. It increased from 0.97 to 1.00 nm when the sam-
ples were treated at 125 or 250 °C and decreased to 0.98 and 0.97 at the
temperatures 500 and 750 °C, respectively. The montmorillonite peak
(dop1) was defragmented at 1000 °C; it has not been possible to calculate
the interlayer space at this temperature.

The density of natural bentonite is 1.87 g/cm? (Fig. 4C). No signifi-
cant changes in the density of bentonite after the heat treatment was
observed.

X2,000 10pm

5
LCME-UFSC LCME:UFSC

10kV

LCME-UFSC %2000 10pm

LCME-UFSC

Fig. 1. Morphology of bentonite samples. After thermal treatment, the bentonite particles were analyzed by scanning electron microscopy. Natural (A), 125 °C (B), 250 °C (C), 500 °C

(D), 750 °C (E) and 1000 °C (F). Scale bar = 10 ym.
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Fig. 2. Calcination provides a reduction in water bands (3417 cm™') and silicon
(1036.cm™"). 125 "C (A), 250 °C (B), 500 °C (C) 750 °C (D) and 1000 °C (E).
3.5. Calcination of bentonite does not cause damage to NC stem cells
Recently, we have demonstrated that bentonite particles can pre-

vent cell death induced by AFB, [8,14]. In this work, we have enquired
as to whether thermally treated bentonite could interfere in this effect,
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increasing our reducing this effect. To analyze these characteristics,
trypan blue assay and DAPI staining were used.

Trypan blue assay showed that treatment with AFB; (30 uM) resulted
in 36% cell viability (Fig. 5). On the other hand, the co-administration of
natural bentonite (0.6 mg/mL) with AFB; increased cell viability (48%
increase compared to the AFB,-treated group), confirming the effects
of bentonite on NC cell survival. In the addition of thermally treated ben-
tonite (at 125, 250, 500, 750 °C), the absorbance values were similar to
the natural bentonite (78, 83, 84 and 74% of absorbance, respectively).
However, after treatment of bentonite at 1000 °C, a lower viability
(around 18% lower comp. to the ite-treated groups), was
observed.

After that, we quantified the total number of NC cells and picnotic
nuclei by DAPI staining. The group treated with AFB, decreased the
total number of cells (Fig. 6, B, D, K) and increased picnotic nuclei
(Fig. 6, B, D, L) compared to control group. These results were signifi-
cantly reversed by the addition of natural or calcined bentonite (125,
250, 500, 750 and 1000 °C) added concomitantly with 30 uM AFB,
(Fig. 6, A-L). After treatment of bentonite at 1000 °C, a lower total
number of cells and a higher number of picnotic nuclei were observed
when compared to bentonite treatment groups (Fig. 6, E-L).

3.6. Increasing the calcination temperature of bentonite reduces the
adsorption capacity of AFB;

Our results indicate that both of the bentonite samples that were
tested showed a protective effect on stem cells when added concomi-
tantly with toxic substances, such as aflatoxins. The protective effect
can be attributed to the adsorption capacity that was influenced by
the heat treatment.

By UV/visible spectrophotometry, no change was observed in the
adsorption capacity of natural bentonite or thermally treated at 125,
250 and 500 °C (Fig. 7A). However, a decrease in the AFB, adsorption
values for the addiction bentonite calcined at 750 °C (21% AFB,
adsorbed) and 1000 °C (25% AFB, adsorbed) compared to natural
bentonite (31.6% absorbance) could be observed.

To double-check this result, the adsorption of AFB, by natural and
thermally treatment bentonite was measured by HPLC analysis. Natural
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bentonite showed AFB; adsorption of 27.3% and the treatment at 125
and 250 °C for 4 h can enhance the adsorption capability of bentonite
around 5% (Fig. 7B). In this analysis, AFB, adsorption was found to
decrease as the temperature varied from 500 °C to 750 °C. Bentonite
(at 1000 °C) was also analyzed and had almost zero adsorption capacity
for AFB, (Fig. 7B). The effect on the adsorption of AFB; by natural and
thermally treated bentonite (500 and 750 °C) for different concentra-
tions can be seen in Fig. 7C. The adsorption of AFB; decreased with
decreasing amounts of each adsorbent in suspension.

4. Discussion

This study investigated the effect of thermally treated bentonite on
the adsorption of AFB, and their influence in protecting NC stem cells
from the damage caused by these toxins. The structure, composition,
and AFB, adsorption of bentonite samples are affected by the heat treat-
ment, although the protective effect on NC cells is maintained.

Previous studies have indicated that the thermal modification of alu-
minosilicates changes their structure and adsorption ability [15,16,28],
which may contribute to opening channels inside the bentonite
structure, providing more adsorption sites (28] or breaks the crystal
structure and decreases the adsorbability [16,24].
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Fig. 4. Calcination of bentonite provides changes in mass, density, and interlayer spacing.
Mass loss (A), interlayer spacing (B) and density (C). The results represent the mean of
experiments performed in triplicate + SEM.

Our data did not show significant changes in the percentages of
chemical elements (O, C, Si, Al, Fe, K, Mg, Ti) after treatment. Similar
results were found by Vieira [17] and by Bertagnolli et al. [29]. They
could not find changes in chemical composition of bentonites by EDX.
Individual particles agglomerated into compact lumps accompanied
by the development of grooves on the surfaces of the lumps, after
thermal treatment [29,30].

The bentonite that was submitted to heat treatments lost the
adsorbed water from the surface (dehydration) and from the interpacket
spaces (its stage of dehydroxylation) [31-33). The intensity of such ranges
was reduced or a complete disappearance of bands at wave numbers of
approx. 3450 cm ™' was observed [29,32,34]. These findings are in accord
with our results, when the temperature was increased in turn causing the
decrease of the intensities of the bands of water (3417 cm™").

The clay mineral composition of the bentonite samples can be affected
by high temperatures and these transformations depend on their miner-
alogy and crystal structures [23] and can diverge from one form of clay to
another [35]. Research has demonstrated that clay minerals, such as
montmorillonite, sepiolite, and kaolinite, have shown a high adsorption
capacity of aflatoxin [36). For this reason, we evaluated the effect of tem-
perature on the mineralogical composition and phase transformations of
bentonite samples from the south of Brazil. Our results showed that the
montmorillonite peaks did not change after heating to a temperature of
500 °C[32], but the kaolinite peaks di ed at the same X
suggesting the transformation of kaolinite into metakaolin by the effect of
the loss of structural OH groups [37]. The XRD patterns of bentonite heat-
ed at 1000 °Cdisplays only a quartz peak. Similar results were reported by
Belkhiri et al. [38] and Tamasan et al. [39), where heat treated bentonite
revealed a glassy phase starting from 800 °C with a residual presence of
quartz.

Recently, our team proposed that AFB; molecules can occupy most
of the interlayer space in bentonite [8], which explains the protective
effect on NC stem cells when submitted to damage caused by AFB,.
The interlayer space can be affected by thermal treatment [34,40].
Smectite, for example, collapses the basal spacing to less than 1.0 nm
at 150 °C and higher temperatures [41]. Similarly, our results showed
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Fig. 5. Calcination of bentonite maintains the protective effect on NC cells when submitted
to the damage caused by AFB,. Secondary quail trunk NC cell cultures were incubated with
medium, DMSO (control group), 0.6 mg/mL of natural bentonite, 30 uM of AFB; or
0.6 mg/mL of bentonite (natural or calcined at 125, 250, 500, 750 and 1000 °C), concom-
itantly added with 30 M of AFB,. After 4 days of treatment, the cell viability was analyzed
by trypan blue assay. The results represent the mean of three independent experiments
performed in triplicate + SEM. ***P < 0.05 compared to the control and AFB; group and
*P < 0.05 compared to the bentonite treatment groups.
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that the interlayer space was around 1.0 nm when the heat treatment
temperature increased from 125 to 750 °C and broke at 1000 °C.

In our study, we observed that natural bentonite can effectively re-
duce aflatoxin toxicity (decreases 30% AFB;-available). Temperatures
greater than or equal to 500 °C cause rupture of the structure and thus
decrease adsorption (less than 4% at a temperature of 1000 °C — by
HPLC analyses). These findings are in accord with Aytas et al. [16],
when bentonite was calcinated at 400 °C, the uranium adsorptive capac-
ity is highest but decreases above 400 °C. Likewise, Stagnaro et al. [24]
showed that the adsorption of Cd by native bentonite was reduced
slightly by thermal treatments up to 450 °C and decreased strongly
when the temperature applied to the solid was superior.

Recently, we have shown that bentonite could prevent cell death
induced by AFB, [8], in which the effect is probably related to the
adsorption capacity of this clay. Similarly, heat-treated bentonite
(at 125 to 750 °C) was able to protect NC stem cells against AFB,. No sig-
nificant variation was observed for this treatment, demonstrating that
calcinated bentonites are able to protect NC cells from damage caused
by AFB,. The treatment at 1000 °C also protects NC cells from death,
however this treatment was lower when compared to other bentonites.
Other factors may interfere with absorption ability, like changes in the
duration of calcination (greater than 4 h) or an increase in the calcina-
tion temperature [15,16]. Additionally, acids, and basic, organic and

metallic ion treatments [542,43] also need to be considered as alterna-
tives that are able to maximize the adsorption capacity of the material
and hence optimize the use and economic feasibility of bentonite in
combating poisoning caused by mycotoxins or as alternatives in the
production of new drugs.
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Highlights

e Thermal stabilities of bentonite changes after calcination;

e Calcination reduces surface area of bentonites and increases
pore diameter and particle size distribution;

e Thermally modified bentonite decreased maximum adsorption
capacity of aflatoxin B,

Abstract

Clays, such as bentonites, have been efficient mycotoxin sequestering
agents when included in animal feed. The ability of bentonite particles
to adsorb mycotoxins (e.g. aflatoxin B; - AFB;) depends on their
structural characteristics, which can be affected by thermal treatment.
Therefore, the aim of this study was to evaluate how temperature (125
until 1000°C) may affect phase transformation, texture, and particle size
distribution of Brazilian bentonite, as well as the adsorption of AFB;.
Through thermal analysis, our results have shown that bentonite samples
reduced water loss (by dehydration and dehydroxylation process), 5%
for natural bentonite and less than 1% for bentonite treated up to
1000°C. Therefore, the temperature treatments (125 to 1000°C) have
decreased pore volume, surface area and increased pore diameter. Mean
distribution of natural bentonite particle size was 19.96 um, which
increased to 26.08, 28.15 and 30.73 um, for bentonite treated at 500, 750
and 1000°C, respectively. The structural changes of bentonites affected
its maximum AFB; adsorption capacity (Qmax). Natural bentonite
showed higher Qmax (0.60 mol kg™) and this value reduced to 0.29 and
0.13 mol kg™ for bentonite treated at 500 and 750°C, respectively. Our
results help understand the bentonite-aflatoxin binding mechanism,
which can minimize the harmful effects of these contaminants when
added to animal and human diets.

1. Introduction

Mycotoxin contamined feed can cause serious diseases to farm
animals, which might suffer and even die, resulting in substantial
financial impact (Huwig et al., 2001; Juan-Garcia et al., 2013; Smith and
Girish, 2012). Among all mycotoxins, aflatoxin B; (AFB;) is considered
the most potential toxic substance (Armorini et al., 2015; Georgiadou et
al., 2012; Shim et al., 2014).
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AFB; is produced by Aspergillus. When present in feed, it can
cause damages to embryonic development (Nones et al., 2013; 2015a)
and affect animal performance, immune function and productivity in
farms (Juan-Garcia et al., 2013; Nones et al., 2014). In some cases,
pathological effects in organs and tissues can be noted, mainly in the
liver and kidney (Lu et al., 2013).

Some measures have been adopted to avoid those negative effects
of aflatoxins, including the addition of clay, such as bentonites, in
animal feed. Bentonite clay is an absorbent aluminum phyllosilicate,
abundantly found in nature. Its low cost and great availability makes it a
good option for such purpose (Nones et al., 2015 a,b). Bentonite is the
most commonly used manner of protecting animals against the harmful
effects of contaminated feed (Abbes et al., 2010; Devreese et al., 2012;
Huwig et al., 2001; Jaynes et al., 2007; Marroquin-Cardona et al., 2011;
Nones et al., 2015 a,c; Pappas et al., 2014) due to its ability to sequester
toxins (e.g. AFB;) from the gastrointestinal tract (Dakovi¢ et al., 2005;
Pappas et al., 2014).

The structure and properties of bentonites can be modified by
heating (Heller-Kallai, 2013; Nones et al., 2015c; Noyan et al., 2008;
Tan et al., 2004; Zivica and Palou, 2015). The temperature can collapse
its structure (Sabir et al., 2001; Toor et al., 2015) and alter its surface
area, pore and interlayer water (Heller-Kallai, 2013; Noyan et al., 2006).
This fact may affect its adsorption capacity (Bertagnolli et al., 2011,
Mulder et al., 2008; Nones et al., 2015c¢ ). Therefore, the aim of this
present research was to assess the physical and chemical changes, due to
thermal treatment, of the properties (phase transformation, texture,
particle size distribution) of bentonite extracted from the South region of
Brazil, as well as how it may affect maximum AFB; adsorption
capacity.

Our results showed that temperature affects the structure of
bentonite, including changes in water interlayer space, surface area, pore
diameter and particle size distribution. All of these changes have
affected the AFB; adsorption capacity of bentonite. Despite the fact that
the thermal treatment did not increase the adsorption capacity of
bentonite, our results should provide some understanding on the
adsorption effect of natural bentonite, which is important against the
harmful effects of mycotoxins on human and animal diets.
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2. Material and Methods
2.1 Bentonite samples

Bentonite samples were collected in the city of Criciima,
located in the state of Santa Catarina, in Brazil. The samples were
washed with distilled water to remove any impurities and were dried in
an electric oven at 60°C for 8 hours. Bentonite calcination temperatures
were 125, 250, 500, 750 and 1000°C for 4 hours, as described by Nones
et al. (2015c). Afterwards, bentonite samples were diluted in water for
the analysis of adsorption. AFB; (Sigma) was kept in a stock solution of
acetonitrile at 500 pM. For the analysis of adsorption, AFB; was diluted
in water at 0.1, 1, 3, 10 and 30 uM.

2.2 Characterization of samples

2.2.1 Thermogravimetric analysis and differential scanning
calorimetry

Thermal stability and phase transformations of bentonite samples
were analyzed by thermogravimetric analysis (TGA), Differential
Thermal Analysis (DTA) and differential scanning calorimetry (DSC)
(Netzsch’s STA 449F3 - Jupiter). The samples were prepared in
aluminum holders and measurements were performed from 25 to
1000°C, with a heating rate of 20°C/min.

2.2.2 Textural analysis

Specific surface areas were determined by N, adsorption—
desorption (Brunauer—Emmett-Teller (BET) surface area analysis using
automated Quantachrome Instruments (Autosorb-1). The samples were
out-gassed at 250°C for 12 hours under nitrogen prior to adsorption
measurement with the multi-point method. Pore distributions and pore
volume were calculated using the adsorption branch of the N, isotherms
based on the Barrett—Joyner—Halenda (BJH) pore size analyzer.

2.2.3 Particle size distribution
Bentonite particle size distribution was determined by laser

diffraction/scattering particle size analysis (Cilas 1064). Greatly diluted
suspensions (about 0.1 wt.% of solids) were added into the instrument,
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which were conditioned with dispersants and dispersed in ultrasound for
60 s.

2.2.4 AFB; isothermal adsorption by bentonite

Adsorption of AFB; molecules was assessed by isothermal
adsorption assay and analyzed using the Langmuir equation (Nones et
al., 2015a). Bentonite samples were added to 200 uL. of AFB;-solution
(0.1, 1, 3, 10, 30 uM) and left in solution with concentration of 0.6
mg/mL. Samples were stored overnight and then centrifuged (1500
CFN-II Vision) at 4000 rpm for 30 min. The amount of adsorbed AFB;
was determined in the supernatant by HPLC analysis. An aliquot of the
original AFB; test solution was used as HPLC standard. HPLC analyses
were performed on a Waters €2795 AllianceBio Separation Module
composed of a quaternary pump with a refrigerated autosampler coupled
to a Waters 2475 fluorescence detector (Aex = 365 nm; Aem= 430 nm).
The column was a Polaris C18A, Metachem, with 5 um particle size,
150 mm x 4.6 mm, protected by an Alltech 20 x 2 mm guard column.
The mobile phase water: acetonitrile (50:50) was pumped at a flow rate
of 0.7 mL/min. Chromatograms were obtained and integrated with the
Empower® 2 software (Waters Co). Percent AFB; bound by the
bentonites was calculated from the difference between the initial and
final AFB; concentrations in the aqueous supernatant after equilibrium.
The adsorption capacity was evaluated by plotting the adsorption data
using the linear form of the Langmuir equation:

Ceq 1 Ceq

= +
q kd Qmax Qmax

First, Qmax and ky were determined, where Cqq is the equilibrium
concentration, q is the amount of AFB; adsorbed, kd is a distribution
coefficient, and Qmax the maximum adsorption capacity.

3. Results

3.1 Calcination provides phase transformations in the dehydration and
dehydroxylation

In order to investigate the effects of temperature in bentonite
samples, thermogravimetric analysis (TGA), differential scanning
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calorimetry (DSC) and differential thermal analysis (DTA) assays were
determined (Fig. 01).

A total mass loss of around 5% was found for natural bentonite in
the TGA analysis (Fig. 01 A). Similar results were observed for
bentonite treated at 125 and 250°C, where mass losses were 7.04 and
5.11%, respectively (Fig. 01 B-C). A lower value mass loss was found
at temperatures above 500°C (around 2%), reaching its minimum value
at 1000°C (less than 1%) (Fig. 01 D-F).

The Differential Thermal Analysis (DTA) analysis showed two
significant peaks of mass loss (Fig. 01 A-D). The first peak of mass loss,
at around 88°C, refers to the loss of water by dehydration. The second
mass loss was around 489°C and most likely corresponds to the typical
dehydroxylation of minerals, which causes structural alterations.

Corroborating the results obtained by DTA, it was possible to
observe characteristic peaks of dehydration (around 60°C) and
dehydroxylation (around 480°C) by DSC curves (Fig. 01 A-F).

3.2 Temperature changes surface area and pore size of bentonite

Table 01 shows differences in the textural properties of the
bentonite samples. The specific surface area of the natural bentonite
(30.10 m’g™) decreased after thermal treatment (until 2.16 m?g™).
However, mean pore diameter increased, changing from 8.80 to 37.67
nm, for natural and treated bentonite (1000°C), respectively.
Furthermore, the pore volume of the bentonite samples slightly
decreased.

Nitrogen adsorption—desorption isotherms for the natural
bentonite and sample prepared at different temperatures were analyzed.
All of the samples yielded type IV isotherms, which are indicative of
mesoporous materials. As shown in Fig. 02 A, increased calcination
temperature decreases the volume of adsorbed nitrogen.

The pore size distribution of bentonite samples showed a
maximum distribution at a pore radius of 3.6 nm (Fig. 02 B). A slight
change was observed in the heights of pore size distribution (natural,
125, 250, 750°C), with a slight decrease at 500 °C. The calcination of
bentonite at 1000°C decreased the heights of the maxima in the pore size
distribution curves.

Fig. 02 C displays the multipoint BET plots. The 0.05 to 0.26
linearity range of data over relative pressure (P/Po) is suitable for the
BET analysis to determine the textural properties of bentonite samples.
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3.3 Average particle size distribution of bentonite increases by
calcination

Particle size distribution (PSD) of natural bentonite and thermal
treatment bentonites were also investigated and displayed in Fig. 03 A-
F. The distributions are presented in particle accumulation (undersize)
and particle distribution in the range. PSD of natural bentonite and
thermal treatment samples (125 to 1000°C) showed that the latter
(1000°C) contained slightly coarser particles compared to the former
(125°C).

The average distribution of the particle size of natural bentonite
was in the range of 19.96 um, while with the treatment there are fine
grains of bentonite mainly distributed around 1.59 and 12.79 pm (Fig.
03 A).

Heat treatment at 125°C and 250°C slightly affected the mean
distribution of particle size, which was 20.11 pm and 20.83 um,
respectively (Fig. 03 B-C). However, thermal treatment caused an
increase in the mean distribution of particle size to 26.08, 28.15 and
30.73 um, for bentonite treated at 500, 750 and 1000°C, respectively
(Fig. 03 D-F).

3.4 Thermal treatment of bentonite affects its ability to bind AFB;

Chromatographic assays were performed to quantify the AFB;
adsorption of the bentonite samples. For this purpose, chromatography
conditions were standardized (mobile phase, flow, wavelength) and
adapted to polarity and the characteristics of the column and AFB;. The
chromatogram of AFB; standard is shown in Fig. 04 A, which was
characterized by retention times of 3.7 min. The calibration curve for
AFB; was obtained by least-squares linear regression analysis of the
peak area (n = 2) versus AFB; concentrations (0.1, 1, 3, 10, 30 uM)
(Fig. 04 B). Through this analysis, it was possible to observe a good
linearity of the calibration curve (linearity coefficient R? = 0.9991) for
AFB;.

After these parameters had been established, different
concentrations of AFB; were exposed to natural and thermally treated
bentonites (500 and 750°C). Adsorption of AFB; was evaluated by
fitting the data points collected for experimental analysis using the
Langmuir model (Fig. 04 C).
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Maximum adsorption capacity (Qmax) for natural bentonite was
0.60 mol kg *and 0.29 and 0.13 mol kg™ for bentonite treated at 500 and
750°C, respectively.

4, Discussion

The results reported in this research demonstrated the structure,
surface area, pore size and particle distribution of bentonite affected by
thermal treatment. These physico-chemical changes have also affected
the maximum adsorption capacity of AFB;.

We have recently demonstrated that Brazilian bentonite is
efficient to adsorb AFB; (Nones et al., 2015 a,c). Furthermore, we
suggested that aflatoxin molecules occupied the interlayer space of
montmorillonite (a clay mineral that is the main component of
bentonite), probably forming complexes with metals. In this study, we
have assessed the structural parameters of bentonite, modified by
thermal treatment, and how they have affected mycotoxin binding with
AFB;.

Thermogravimetric analysis (TGA/DTA) and differential
scanning calorimetry (DSC) are used to provide a better understanding
of water loss content due to the calcination of clays (Taylor-Lange et al.
(2014). Our results showed two endothermic peaks (DTG / DSC) of
water loss, the first at around 60-88°C and the second at 480-488°C.
According to Dakovi¢ et al. (2008) and Vieira et al. (2010), the first
endothermic peak refers to the loss of physisorbed water and water
molecules bound to the interlayer cations elements (dehydration),
volatile compounds and organic material. The second endothermic peak
was probably associated with the dehydroxylation of the layer silicate
minerals (Dakovi¢ et al. 2008; Vieira et al. 2010). Likewise, the second
endotherm peak shown in DSC analysis (around 400 to 750°C) also
indicates the dehydroxylation of the bentonite (Zivica and Palou, 2015).

Thermal analysis has shown that the higher the calcination
temperature of bentonite, the lower amount of water present in the
samples. Similar results were reported by Taylor-Lange et al. (2014),
when montmorillonite was calcined at 830°C resulted in over a 90%
reduction in the endothermic valley area relative to non-calcined
samples.

Desorption of interlayer water of clays closes the interlayer
spaces and causes a denser packing of the particles and consequently
decreased the specific surface area (Bojemueller et al., 2001; Noyan et
al.,, 2006, Souri et al., 2015). The specific surface area decreased
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drastically on calcination from 650 to 930°C, due to the increasing
agglomeration of illite (a type of clay minerals) (He et al., 1995).
Corroborating with these results, we found that the surface area of the
natural bentonite (30.10 m’g™) decreases after thermal treatment over
500°C (reaching 2.16 m?g™* at 1000°C).

The porosity of clay mineral aggregates are closely linked to their
water content
(Heller-Kallai, 2013; Toor et al., 2015). In accordance with results
described by Basoglu and Balci (2010), we found that the mean
mesopore diameters of all samples varied from 3.54 to 3.92 nm. After
the thermal treatment, a decrease in the adsorbed volume of bentonite
occurred, due to pore contraction or collapse (Yilmaz et al., 2013).
Furthermore, it is possible to consider that calcination may have
increased clay microporosity, expanding the micropores, by releasing
bond water, originating mesopore-type (Vieira et al., 2010).

Likewise, particle size distribution (PSD) of bentonite was
affected by increases in calcination temperature. Such increases in PSD
are associated with particle agglomeration (He et al., 2000), suggesting
that smectite layers would become less accessible to the AFB;
molecules, which enter the interlayer spaces (Mulder et al., 2008).
Maximum adsorption capacity of these particles was determined (by
Lagmuir model) to confirm that structural parameters of bentonite may
affect the ability to bind AFB;.

We have recently shown that the amount of bentonite in contact
with AFB; affects the percentage of AFB; adsorbed. In that study, we
showed that interlayer space and the amount of water present in the
samples also affects the amount of adsorbed AFB; (Nones et al., 2015c).
These findings support the idea that aflatoxin molecules occupy the
interlayer space of montmorillonite (Nones et al., 2015a).

We showed that the thermal treatment reduced the Qmax of
natural bentonite to 0.60 for 0.13 mol kg™ (bentonite treated at 750°C).
Although bentonite treated at 750°C is not considered a good AFB;
adsorbent, according to criteria proposed by Dixon et al. (2008), which
considers that a good AFB; adsorbent need to have Qmax higher than
0.3 mol kg™.

In despite of this, the information we obtained on the structure of
this material indicates that higher surface area, lower pore size and
particle size and higher amount of water in interlayer space, probably
increase the ability of bentonite to bind the mycotoxin AFB;. Therefore,
the choice of effective treatments that can improve these specific
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characteristics of bentonite are crucial to expand the application of this
material to prevent the toxic effects of mycotoxins.
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Tables
Table 01. Textural properties of natural and thermally treated bentonite.
Bentonite Specific surface Average Pore volume

area (m’g™) pore (cm®™
diameter
(nm)
Natural 30.10 8.80 0.066
125°C 29.47 8.93 0.066
250°C 29.21 9.64 0.070
500°C 25.89 9.40 0.061
750°C 20.02 12.39 0.062
1000°C 2.16 37.61 0.020

Legends

Figure 01. Calcination provides phase transformations in the
dehydration and dehydroxylation. After thermal treatment, bentonite
particles were analyzed by thermogravimetric analysis. Natural (A),
125°C (B), 250°C (C), 500°C (D), 750°C (E) and 1000°C (F).

Figure 02. Temperature changes surface area and pore size of
bentonite. The samples were out-gassed at 250°C for 12 hours under
nitrogen prior to adsorption measurement with the multi-point method.
After this, nitrogen adsorption—desorption isotherms (A), pore size
distributions (B) and multipoint BET plot (C) were determined.
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Figure 03. Average particle size distribution of bentonite increases
by calcination. The particle size distribution of bentonites was
determined by laser diffraction/scattering particle size analysis. Natural
(A), 125°C (B), 250°C (C), 500°C (D), 750°C (E) and 1000°C (F).

Figure 04. Thermal treatment of bentonite changes its ability to
bind AFB;. Natural bentonite or calcined (500 and 750°C) was added
with AFB; (0.1, 1, 3, 10, 30 uM). HPLC chromatograms of an AFB;
standard (A), calibration curves for AFB; (B) and adsorption isotherms
of AFB; by bentonite samples (C) was determined after 24 hours.
Results represent the mean of duplicate experiments £ SEM.
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Figure 3
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Figure 4
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Highlights

e Organophilic treatments of bentonite with benzalkonium
chloride (BAC) and cetyltrimethylammonium bromide (CTAB)
increased AFB; adsorption;

e The organophilic treatments were more efficient at 2%
concentration of BAC and CTAB than at 6% concentration, and
at 30°C than at 60°C;

e The new materials (organic bentonites) did not cause toxicity
in neural crest stem cells;

e The new materials protected the neural crest stem cells against
damage cause by AFB;;

e Organic bentonites (BAC and CTAB) offer new prevention
strategies against aflatoxicoses in animals and humans.

ABSTRACT

Bentonite clays exhibit high adsorptive capacity for contaminants,
including aflatoxin B; (AFB;), a mycotoxin responsible for causing
severe toxicity in several species including pigs, poultry and man.
Organophilic treatments is known to increase the adsorption capacity of
bentonites, and the primary aim of this study was to evaluate the ability
of Brazilian bentonite and two organic salts - benzalkonium chloride
(BAC) and cetyltrimethylammonium bromide (CTAB) to adsorb AFB;.
Both BAC and CTAB treatment (at 30 °C and 2% of salt concentration)
were found to increase the adsorption of AFB; significantly compared
with untreated bentonite. After organophilic bentonite treatments with
BAC or CTAB, a vibration of C—H stretch (2850 and 2920 cm™) were
detected. A frequency of the Si-O stretch (1020 and 1090 cm™) was
changed by intercalation of organic cation. Furthermore, the interlayer
spacing of bentonite increases to 1.23 nm (dgo; reflection at 26 = 7.16)
and 1.22 (doo; reflection at 26 = 7.22) after the addition of BAC and
CTAB, respectively. Another aim of the study was to observe the effects
of these two bentonite salts in neural crest stem cell cultures. The two
materials that were created by organophilic treatments were not found to
be toxic to stem cells. Furthermore the results indicate that the two
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materials tested may protect the neural crest stem cells against damage
caused by AFB;.

1. Introduction

Bentonites are argillaceous materials in clay, which contain a
high rate montmorillonite (2:1 type aluminosilicate), that can be
effectively employed as adsorbents for many pollutants and
contaminants [1] and [2]. Previously researches have demonstrated the
effectiveness of this material against toxicity caused by mycotoxins [3],
[4] and [5], due to the ability of bentonites to bind these toxic
substances - e.g. aflatoxin By (AFB;) [4], [6], [7], [8] and [9].

AFB;, which is produced by different fungal species [10] and
[11] is highly toxic to humans [7], [12] and [13] as well as to several
animal species such as pigs [14] and poultry [15]. AFB; has been
reported to cause serious biochemical and structural alterations in
different organs, including liver, lungs, kidneys and heart [16], [17] and
[18], as well as it carcinogenic [19]. In the early stages of mammalian
embryonic development, AFB; may disturb nerve cell functions and
cause damage in the central nervous system [4], [20], [21], [22] and
[23].

Bentonite given as a feed additive reduces the impact of
mycotoxins by adsorbing mycotoxins in the gastrointestinal tract and
thus preventing absorption of the toxin [9], [24], [25] and [26].The
efficacy of bentonite to adsorb aflatoxins and other organic molecules
depends on the crystal structure, chemical properties of the molecules
and the surface properties of the clay [8], [27] and [28]. The adsorption
capacity of bentonite can be increased by intercalation of organic
molecules into their interlayer surface, including quaternary ammonium
compounds [29], [30], [31] and [32].

The quaternary ammonium compounds (QAC) are cationic
surfactants, with the alkyl chain of 16-20 carbon atoms, and the most
used organic source to prepare organoclays [31], [33] and [34]. The
structure of QAC contains at least one hydrophobic hydrocarbon chain
linked to a positive charged nitrogen atom [R4N’], and other alkyl
groups which are mostly short-chained substituents such as methyl or
benzyl groups [35].
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Some studies have reported that bentonite modified by QACs,
such as benzalkonium chloride (BAC) and cetyltrimethylammonium
bromide (CTAB) show an increase adsorption capacity for textile dye
[28] and [36], aromatic compounds [37] and petroleum-derived fuels
[38]. This increased capacity for adsorption of organic compounds
results from the conversion of hydrophilic to hydrophobic characteristics
of clay by incorporation of surfactants [2], [39], [40], [41] and [42].

It has been reported that organo-modification of bentonite clay
can increase the adsorption capacity for mycotoxins [6] and [43]. There
is however no information available regarding the effects of this
treatment on Brazilian bentonites and its ability to increase the binding
capacity for AFBL.

The knowledge on the effects of bentonites or surfactants on
cells or cell cultures is scarce [4], [44] and [45]. Moreover, there are to
our knowledge no data reported from in vitro studies of the effects of
organo-modified bentonites on stem cells.

This paper is the first report on the adsorption capacity for
AFB; of Brazilian bentonite treated with two organic salts (BAC and
CTAB). Furthermore it reports the result from toxicity studies of organic
bentonites (BAC e CTAB) alone and in combination with AFB; using
neural crest stem cell culture as a study model.

2. Material and Methods

2.1. Materials

Bentonite samples, characterized by Nones et al. [4] and [8],
were collected in the city of Criciuma, located in the State of Santa
Catarina, Brazil. The samples were washed with distilled water to
remove any impurities and were dried in an electric oven at 60°C for 8
hours, as described by Nones et al. [4]. Then, the bentonite samples
were kept in a stock solution of 40 mg/mL diluted in dimethyl sulfoxide
(DMSOQ) at -20 °C, for cell assay, or in methanol for adsorption study.
AFB; (Sigma) was kept in a stock solution of 500 uM and, for the tests
it was diluted in DMSO or water at 30 uM for cell assay and adsorption
study, respectively.

2.2. Preparation of organobentonites

The organobentonites were synthesized according to the
following process: 5 g of bentonite was first added to 50 mL of distilled
water at 30 or 60 °C and stirred until they were thoroughly dispersed.
Desired amounts of  benzalkonium chloride (BAC) and
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cetyltrimethylammonium bromide (CTAB) were mixed in 50 mL
distilled water at 30 or 60 °C for 30 min. Then the modifying agents
were added to the bentonite suspension under vigorous stirring. The
mixed suspensions were stirred at 30 or 60 °C for 4 h and then stored at
room temperature (around 25 °C) overnight. After that, the resulting
products were washed with distilled water and dried at 80 °C. The added
amounts of BAC and CTAB were 2 or 6% of the bentonite’s weight.

2.3. Factorial design

In this study, 22 factorial design was used in order to analyze if
BAC or CTAB was able to increase AFB; adsorption when submitted in
different temperature and concentration. The adsorption of AFB; was
determined as average of three parallel experiments analyzed. The
details about factorial design with the low (—1) and high (+1) levels are
presented in Table 1.The results were evaluated using the program
Statistica (version 8.0), when the effects (temperature and concentration)
and interactions between them were evaluated.

2.4. Bentonite characterization

The surface morphology of bentonite was investigated using a
JEOLJSM-6390LVscanningelectron microscope (SEM). Bentonite's
structural composition was analyzed by infrared absorption assay
(FTIR) and X-ray diffraction (XRD). FTIR of bentonite was obtained
using a Agilent Technologies Spectrum— Cary 600 Series. FTIR spectra
were taken in the range from 4000 to 400 cm™ in the transmission mode
in KBr pellets. The XRD analysis of the bentonite samples was made
with the accelerating voltage of 40 kV and 30 mA, Cu K a (A =
0.154178 nm) radiation ranging from 0 to 20° and 26 scan rate of
0.05°/s (PanAnalytical X'Pert PRO Multi Purpose). Then, the interlayer
spacing of each sample was calculated using Bragg's law:

nA = 2d sin @ (equation 1)

where n is the path differences between the reflected waves which equal
an integral number of wavelengths (1) and d is the interlayer spacing
(nm), 6 the angle of diffraction (°), A the wavelength (nm).

2.5. Aflatoxin B adsorption

Adsorption of AFB; molecules was assessed by high-
performance liquid chromatography (HPLC) using a modified method
described by Nones et al. [8]. To that end, bentonite samples were added
to 200 pL of AFB;-solution (30 uM) where a 0.6 mg/mL concentration
was obtained. Samples were stored overnight at 25°C, without light
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control, and then centrifuged (1500 CFN-II Vision) at 4000 rpm for 30
min. The amount of adsorbed AFB; was determined in the supernatant
with HPLC analysis. An aliquot of the original AFB; test solution was
used as the HPLC standard. HPLC analyses were performed on a Waters
e2795 AllianceBio Separation Module composed of a quaternary pump
with a refrigerated auto sampler coupled to a Waters 2475 fluorescence
detector (Aex = 365 nm; Xem = 430 nm). The column was a Synergi
Hydro-RP, 4 um particle size, 150 mm x 2.0 mm, protected by a
security guard column (both Phenomenex, Torrance, USA). The mobile
phase water: acetonitrile (50:50) was pumped at a flow rate of 0.2
mL/min. Chromatograms were obtained and integrated with the
Empower® 2 software (Waters Co., Milford, USA). Percent AFB;
bound by the bentonites was calculated from the difference between the
initial and final AFB; concentration in the aqueous supernatant after
equilibrium.

2.6. Quail NC cell cultures

Quail NC cell cultures were performed and characterized as
previously described by Trentin et al. [46] and Nones et al. [20] and
[47]. Briefly, neural tubes obtained from quail embryos (18-25 somite
stage) were dissected at the trunk level and plated in plastic culture
dishes (Corning). After 24 h, emigrated NC cells were harvested for
secondary plating (400 cells per well of a 96-well plate). Cultures were
maintained for an additional 4 days in a medium containing: a-minimum
essential medium (a-MEM; Gibco) enriched with 10% fetal bovine
serum (Cultlab), 2% chicken embryonic extract, penicillin (200 U/mL)
and streptomycin (10 ug/mL) (all from Sigma). Cells were incubated at
37 °C in a 5% CO; humidified atmosphere. The medium was changed
every 2 days. Each culture was incubated with DMSO (control group) or
0.6 mg/mL of natural or organic treatment (BAC and CTAB) bentonite.
In order to determine the role of bentonite on cell survival, AFB; (30
uM), was added — alone or concomitantly — to cells treated with a
specific concentration (0.6 mg/mL) of natural or organic-bentonite.

2.7. Cell viability

2.7.1 Trypan blue assay: The viability of NC cells was determined by
trypan blue as described by Youn et al. [48]. First of all, NC cells were
treated with natural or organic-bentonite (0.6 mg/mL), AFB; (30 uM)
alone or in combination with other treatments, for 4 days, and
subsequently collected by centrifugation. After washing in PBS, cells
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were stained with 0.4% trypan blue solution at room temperature for 3
min, and cells were then counted using a hemocytometer and a light
microscope. At least one thousand cells were observed and the
percentages of unstained (viable) and stained (nonviable) cells were
determined.

2.7.2 MTT assay: Viability of NC were also determined by 3-(4,5-
dimethyl-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
Two hours before completing NC treatment with natural or organic-
bentonite (0.6 mg/mL), AFB; (30 uM) alone or in combination with
other treatments, 0.5 mg/mL of MTT was added to the medium of
incubation. After the incubation, the medium from each well was
gently removed by aspiration and 100 pL of dimethylsulfoxide
(DMSO) was added to each well followed by incubation and
shaking for 10 min. The formazan product generated during the
incubation was solubilized in DMSO and measured at 490 and 630
nm. Only viable cells are able to reduce MTT.

2.8. Quantitative and statistical analysis for cell assay (MTT and
Trypan blue assay)

Statistical significance was assessed by one-way analysis of
variance (ANOVA) followed by Tukey's post-hoc test, using GraphPad
Prism 4.0 software. P < 0.05 was considered statistically significant. The
experiments were performed in triplicate and each result represents the
mean of at least three independent experiments.

3. Results

3.1. Bentonite’s morphology does not change after the organic
treatments with BAC or CTAB

Our results show that bentonite treated with BAC (Figure 1 A-
D) and CTAB (Figure 1 E-H) was made up of individual particles, most
of which had clearly recognizable contours that tended to form thick and
large agglomerates. Furthermore, the results also showed that the
temperature or concentration of quaternary ammonium salts did not
change the bentonite morphology.

3.2. Organic treatments were able to cause vibration of C-H and Si-O
bands by intercalation of organic cation

As shown in Figure 2, the infrared spectra’s for the both
organic bentonites (Figure 1A - BAC or Figure 2B - CTAB) were
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similar. The bands around 3417 and 1640 cm™ were assigned to water
molecules. The broad bands attributed to Al-AI-OH appeared in the
region of 3620 and 913 cm™ while the band attributed to Si-OH
appeared in the region of 3705 cm™. The bands at 2850 and 2920 cm™
attributed to symmetric and asymmetric vibration of C-H stretch.
Comparing the spectra of organophilic bentonite between natural
bentonite [4] it is possible observe changes in the frequency of the Si-O
stretching (1020-1090 cm™) caused by the BAC or CTAB incorporation.
Indeed, Figure 2 (A-B) also show other functional groups of bentonites,
like AI-OH-Mg, Si-O-Al and Si-O-Si.

3.3. Organic bentonite treatments increase AFB; adsorption

Our results showed that the bentonite treated with 2% of BAC
at 30 °C (BAC302) showed a higher percent of AFB; adsorption
(76.9%) than bentonite treated with 2% of BAC at 60 °C (BAC602)
(70.3%) (Figure 3 A). The higher concentrations of BAC (6% of
bentonite mass) did not result in increased AFB; adsorption capacity by
bentonite, showing values around 36.5 and 31.6% for BAC306 and
BACG606 bentonite, respectively (Figure 3 A).

The treatment with CTAB also resulted in increased AFB;
adsorption, however, this treatment was less effective than BAC
treatments (Figure 3 A-B). Lower concentration and temperature of
CTAB (2% at 30 °C) showed the highest adsorption capacity (55.2% of
AFB; adsorption) compared with higher concentration and higher
temperature. The samples CTAB306, CTAB602, CTAB606 showed
38.9, 45.6 and 18.9% of AFB; adsorption, respectively.

The F-values showed in Table 2 were significantly different
(P < 0.05) for both salts that were tested. The BAC and CTAB
concentration obtained F-values around 559.5 and 44.6, respectively.
For temperature, the F-values that were obtained for BAC and CTAB
were 11.8 and 23.9, respectively. The interaction between these factors
was not statistically different. These conclusions were also confirmed by
Student’s t-test, as showed in Table 3.

3.3. Bentonite treated with organic salts increases the protective effect
against stem cell damage caused by AFB;

By trypan blue assay, we observed a reduction in cell viability
(74.3% decrease compared to the control group) after treatment with
aflatoxin (Figure 4 A). This effect
was partially reversed by co-administration of AFB; and a natural
bentonite, increasing cell viability in 49.0% compared to the AFB;-
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treated group. The co-administration of the new materials that was
created, BAC302 and CTAB302 (organic bentonites) totally reversed
the toxicity cause by AFB; showing 93.7 and 94.3% of cell viability,
respectively. These results were similar to the control group.

To double-check this result, MTT assay was also realized
(Figure 4 B). The treatment with mycotoxin (AFB;) resulted in 0.16 of
absorbance and the co-administration of natural bentonite with AFB;
increased this value to 0.30 of absorbance. As showed in the trypan blue
assay, the bentonite treatment with BAC302 or CTAB302
(concomitantly with AFB;) was able to reverse the damage caused by
AFB;. The cell viability was increased to values equally to the control
group (0.36 of absorbance to BAC302 and 0.38 of absorbance to
CTAB302, respectively).

3.4. Changes in the interlayer space of bentonite are probably related
with the effected that was observed

The natural bentonite interlayer was 0.97 nm [8] and it
increased to 1.23 nm (dgo; reflection at 20 = 7.16) and 1.22 (dgo;
reflection at 20 = 7.22) after the addition of BAC and CTAB,
respectively (Figure 5).

4. Discussion

The present study demonstrated that bentonite extracted from
the South of Brazil treated with organic salts (BAC e CTAB) promote
AFB; adsorption. Moreover, our data show that these materials result in
reduced toxicity in NC cells previously treated with AFB;.
The organic treatments and the binding of surfactants at the clay
interface are strongly influenced by a number of factors: 1) the nature of
the structural groups on the clay surface, 2) the molecular structure of
the surfactant, and 3) the temperature and concentration [49]. In the first
part, is important to consider whether the clay surface contains highly
charged sites or essentially nonpolar groups, and what atoms these sites
or groups consist of [50]. On the other hand, it is also important to
consider whether the surfactant is ionic, hydrophobic and whether its
chain is long or short [50]. In addition to assessing the influence of these
parameters on the binding between bentonite and two cationic
surfactants (CTAB and BAC), our work also evaluated the influence of
temperature and concentration in this process.

The results presented in this work showed that the bentonite
samples treated at lower temperatures demonstrated higher ability for
AFB; adsorption (BAC302 CTAB302) than the samples treated at
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higher temperature (BAC602 e CTAB602). This was probably due to
better incorporation of the surfactant at lower temperatures, meaning
that the process of organophilization bentonite (with CTAB or BAC)
was more efficient at lower temperatures (30 °C). Our results are in
accordance with the works of other researches who have observed
similar effects, when an increase in temperature leads to decrease the
efficiency of ionic surfactants adsorption by adsorbent interface [49],
[51] and [52]. Indeed, according to Giirses et al. [52], an increase in
temperature leads to extend layer and increases the thermal motion of
each clay particle, which causes a decrease in the diffusion of salt ions
from bulk phase to the solid surface. In other words, an increase in
temperature causes an increase in the entropy of the system which
results in a decrease of aggregate organization on the surface of the
adsorbent [50], which affects the interaction between the surfactant and
adsorbent (clay).

Another factor that influences the organophilic clays ability to
adsorb AFB; is the surfactant concentration. The lower concentration of
surfactants has the greater tendency to adsorb at the clay surface or
interfaces [49] and [51]. The higher concentrations of surfactant may
saturate the surface of the clay. After saturation, molecular aggregates of
surfactants form, and, in many cases, the molecules tend to pack as a
sphere in the bulk of the solution (a micelle) [2] and [52]. The solute
(bentonite) is incorporate in these micro reservoirs (micelles), which
lead to decreased removal efficiency of organic compounds [2]. These
findings are in accordance with our results, and probably explain why
the adsorption capacity was better at the lower concentrations (BAC302;
CTAB302) than at the higher concentrations (BAC306 and CTAB306).

The organophilization process also affects the polarity of the
bentonite particles, from hydrophilic to hydrophobic [31], [41], [53],
[54] and [55]. This change can be proven by the stretching vibrations of
C—H groups. Other studies have reported the same results, when organo-
bentonite is obtained, the asymmetric and symmetric stretching
vibrations of C-H groups was appeared in the region at 2920 and
2850 cm?, respectively [28], [56], [57] and [58]. Changes were also
observed in frequency of the Si-O stretching (1020-1090 cm™), what it
can be attributed to an increase of the interaction between the surfactant
and silicate surfaces [59] and [60]. It has previously been reported that
organophilization of clays improve their organic adsorption capacity [6],
[55], [61] and [62], and our results showing that organophilization of
bentonite resulted in increased AFB; adsorption capacity are in
accordance with the findings of the other researchers.
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Recently, our group has shown that the protective effect of
bentonite against aflatoxin toxicity induced in stem cells [4] and [8] may
be resulting from bentonite’s ability to adsorb aflatoxins [4] and [8].
Furthermore our results indicate that aflatoxin molecules occupy the
interlayer space of montmorillonite (a clay mineral which is the main
component of bentonite), and thus forming complexes with metals,
which results in reduced AFB; availability and, consequently, reduced
NC cell damage caused by that the toxin [4].

Our results also indicate that bentonite and bentonite salts are
not toxic to NC cells in vitro at the concentrations studied. Abbes et al.
[3] reported that the addition of Mt reduced AFB; related mortality in a
colon-cancer cell line. Indeed, Maisanaba et al. [63] reported no
cytotoxic effects of this clay mineral (at 0-125 pg/mL) on human colon-
cancer cell line. However, as described by Nones et al. [4] and [5] and
Maisanaba et al. [45] the effect that was observed in our work can
probably be dose dependent.

Indeed, corroborating with our previous results, in this research we
observed an increase in the interlayer space of bentonite, probably due
the intercalation of organic surfactant between layers of clays [33], [53],
[54] and [64]. Furthermore, the frequency of the Si-O stretching have
changed, which can facilitated the binding of AFB; with bentonite.
According to the results from our previous study [4], aflatoxin forms
complexes with bentonite by binding with these metals. Our results
supports the suggestion that aflatoxin molecules occupy the interlayer
space of organic-bentonite, probably by forming complexes with metals,
which results in completely reduction of AFB; availability and,
consequently, of NC cell damage caused by that mycotoxin.

Our results show that both organic treatments (BAC or
CTAB) improve the ability of bentonite to adsorb AFB;. Moreover, the
results also show that these compounds protect stem cells from damages
induced by AFB;. In conclusion, the results indicate that bentonite salts
used as feed additive may represent a novel strategy to prevent
aflatoxicosis in animals fed on aflatoxin contaminated feed.
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Table
Table 1. Experiment design for organic salts intercalation in natural bentonite.
Experiment sample Reaction Concentration of
temperature (°C) salt (%)
Benzalkonium chloride (BAC)
1 BAC302 30 (-1) 2(-1)
2 BAC306 30 (-1) 6 (+1)
3 BAC602 60 (+1) 2 (-1)
4 BAC606 60 (+1) 6 (+1)
Cetyltrimethylammonium bromide (CTAB)
1 CTAB30 30 (-1) 2(-1)
2
2 CTAB30 30 (-1) 6 (+1)
6
3 CTABG60 60 (+1) 2(-1)
2
4 CTABG60 60 (+1) 6 (+1)
6
Table 2. Analysis of variance for aflatoxin B, adsorption.
Factor SS df MS F P
BAC
(1) Temperature ~ 99.1 1 99.1 11.8 0.0*
2 4685.3 1 4685.3 559.5 0.0*
Concentration
lby2 2.0 1 2.0 0.2 0.6
Error 66.9 8 8.4
Total 48535 11
CTAB
(1) Temperature  710.15 1 710.15 23.9279 0.0*
9 9 0
2 - 1322.7 1 1322 7 44.6 0.0*
Concentration
lby2 98.7 1 98.7 3.3 0.1
Error 2374 8 29.7
Total 2369.0 11

SS=sum of squares; df= degree of freedom; MS= mean square. *P<0,05
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Table 3. Student's t-test for aflatoxin B, adsorption.

Factor Effect Standard T P
error
BAC
(@) -5.7 1.7 -3.4 0.0*
Temperature
(2) -39.5 1.7 -23.6 0.0*
Concentration
lhy?2 0.8 1.7 0.5 0.6
CTAB
1) *
Temperature -15.9 3.1 -4.9 0.0
2
Concentration -20.9 31 6.7 0.0*
lhy?2 -5.7 3.1 -1.8 0.1
*P<0,05
Legends

Figure 1. SEM image of organo-bentonites after treatments with
different temperatures and concentrations. BAC302 (A), BAC306
(B), BAC602 (C), BAC606 (D), CTAB302 (E), CTAB 306 (F),
CTABG602 (G), CTABG606 (H). Scale bar = 10 pum.

Figure 2. Intercalation of organic cation provides changes in FTIR
spectra. BAC (A) and CTAB (B).

Figure 3. Organic treatments on bentonite increase AFB;
adsorption. Bentonite treated with benzalkonium chloride - BAC (A)
and cetyltrimethylammonium bromide - CTAB (B) (0.6mg/mL) was
added with 30 uM of AFB;. After 24h, the adsorption was analyzed by
HPLC. The results represent the experiments performed in triplicate +
SEM.

Figure 4. Bentonite previously treated with organic salts prevents
the damage caused by AFB; on NC. Secondary quail trunk NC cell
cultures were incubated with DMSO (control group), 0.6 mg/mL of
natural bentonite, 30 uM of AFB; or 0.6 mg/mL of bentonite (natural or
organic-bentonite - BAC302 and CTAB302) concomitantly added with
30 uM of AFB;. After 4 days of treatment, the cell viability was
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analyzed by trypan blue assay (A) and MTT assay (B). The results
represent the mean of three independent experiments performed in
triplicate £ SEM. ***P < 0.01 compared to the control group, **P <
0.05 compared to the AFB; group and # P < 0.05 compared to the
natural bentonite + AFB; treatment group.

Figure 5. XRD assay of organo-bentonites after BAC302 (A) e
CTAB302 (B) treatments. M - Montmorillonite, K - Kaolinite, Mc -
Muscovite, Q - Quartz.
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Figure 3
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Figure 4
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