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RESUMO

As nanoparticulas magnéticas (NPM) t€m sido utilizadas em inumeras aplicagdes biomédicas,
destacando-se no tratamento do céncer, carreamento de drogas e diagndstico por imagem de
ressonancia. As células tronco embrionarias (ES), devido a sua capacidade de auto-renovagdo ¢ de
diferenciacdo em varios tipos de células, oferecem um grande potencial para sua utilizagdo na
regeneracdo de tecidos e em tratamentos alternativos para muitas doencas degenerativas. Os objetivos
do estudo foram: i) avaliar a citotoxicidade in vitro de NPM de maghemita funcionalizadas com acido
laurico, DMSA e citrato em células de melanoma humano (SK-MEL-37) através de ensaio de MTT,
microscopia eletronica e eletroforese de DNA em gel de agarose; ii) desenvolver um sistema de
cultura utilizando as NPM previamente selecionadas ¢ um magneto para expandir in vitro células
tronco embriondrias murinas (mES) na auséncia de co-cultura de fibroblastos embrionarios murinos
(MEF) (o estado indiferenciado das células mES foi analisado por citoquimica para fosfatase alcalina,
por microscopia eletronica e analise da expressdo de genes Oct-4 e Nanog por RT-PCR); iii) isolar e
expandir células ES a partir de blastocistos bovinos, e caracterizar a sua pluripoténcia por meio da
analise da expressdo dos genes Oct-4 e STAT-3 por RT-PCR. As NPM revestidas com 4cido laurico,
citrato e DMSA nfo apresentaram citotoxicidade, a julgar pelos altos valores de ICs, encontrados
(254, 433 ¢ 2260 pg de ferro/mL, respectivamente), sendo que as nanoparticulas revestidas com citrato
foram as escolhidas para serem utilizadas como suporte para expandir as células mES. O tempo de
duplicagfo para as células cultivadas na presenga da NPM foi ligeiramente maior do que na presenga
com co-cultura de MEF (20,67 + 0,19 vs. 15,95 + 0,21) (p= 0,001). A morfologia das células mES
cultivadas na presenga da NPM foi semelhante a de células ES, sendo que, a sua pluripoténcia foi
confirmada pela expressdo dos marcadores de indiferenciagdo Oct-4 e Nanog por RT-PCR e da alta
atividade de fosfatase alcalina. Uma linhagem de células tronco embriondarias bovinas (bES) foi obtida
e mantida por seis subcultivos por periodo de 60 dias. A pluripoténcia das células bES foi confirmada

morfologicamente, bem como pela expressdo dos genes do estado indiferenciado Oct-4 e STAT-3.

Palavras-chave: Células tronco embrionarias; Nanoparticulas magnéticas; Pluripoténcia
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ABSTRACT

Magnetic nanoparticles (MNPs) have been used in a great variety of biomedical applications,
especially in cancer treatment, drug delivery, and diagnosis by magnetic resonance imaging.
Embryonic stem cells (ESCs), due to its capacity of auto-renewal and differentiation in some types of
cells, offer a great potential for its use in tissue regeneration and in alternative treatments for many
degenerative diseases. The study had as aims: i) to evaluate in vitro citotoxicity of maghemite
nanoparticles functionalized with lauric acid, DMSA, and citrate in human melanoma cells (SK-MEL-
37) by the MTT assay, electronic microscopy, and DNA electroforesis by agarose gel; ii) to develop a
culture system using the previously selected MNPs and a magnet to expand in vitro murine embryonic
stem cells (mESCs) in the absence of a co-culture of murine embryonic fibroblasts (MEF) (the
indifferentiated state of the mES was analyzed by alkaline phosphatase cytochemistry, electronic
microscopy, and analysis of Oct-4 and Nanog gene expression by RT-PCR); iii) to isolate and expand
ESCs from bovine blastocysts, and to characterize its pluripotency by analysis of Oct-4 and STAT-3
gene expression by RT-PCR. The MNPs coated with lauric acid, citrate, and DMSA showed no
citotoxicity, judging by the high values of ICs, found (254, 433 and 2260 pg-iron/ml, respectively),
and that the nanoparticles coated with citrate was chosen to expand the mESCs. The doubling time for
the cells cultivated in the presence of MNPs was slightly higher than in the presence of MEF (20.67 +
0.19 vs. 1595 = 0.21) (p= 0.001). The mESCs cultivated in the presence of MNPs showed
morphology similar to ESCs, and its pluripotency was confirmed by expression of indifferentiation
markers Oct-4 and Nanog by RT-PCR and high alkaline phosphatase activity. One bovine embryonic
stem cell (bESCs) line was obtained and maintained by six subcultures for 60 days period. The
pluripotency of the bESCs was confirmed morphologically as well as by Oct-4 ¢ STAT-3 gene

expression.

Keywords: Embryonic stem cells; Magnetic nanoparticles; Pluripotency



1. INTRODUCAO
1.1 Células tronco

As células tronco sdo células que podem se dividir indefinidamente, produzindo
populacdes idénticas a anterior, podem também sofrer divisdo assimétrica e dar origem a duas
linhagens celulares, uma idéntica a parental e outra que contém diferentes instrucdes
genéticas, que se caracterizam por uma capacidade proliferativa e potencial de
desenvolvimento menores que o da célula original (FISCHBACH & FISCHBACH, 2004).

Os diferentes tipos de células tronco podem ser descritos considerando os estagios
iniciais da embriogénese. Logo apos a fertilizagdo, o zigoto sofre varias divisdes alcangando o
estagio de moérula. As células da morula sdo totipotentes, podendo dar origem a todos os tipos
de tecidos do embrido, inclusive tecidos extraembrionarios. Conforme a morula percorre a
trompa uterina para alcangar o utero, ela sofre uma nova divisdo, alcangando o estagio de
blastocisto, o qual é composto de células na parte externa (trofoblasto) e células na parte
interna (inner cell mass — ICM). As células da ICM sao pluripotentes, ou seja, podem originar
todos os tipos de tecidos, com excecdo dos anexos embriondrios. Apds a implantacdo do
blastocisto no utero, ele sofre invaginagdes (gastrulacdo) resultando na formagdo das trés
camadas germinativas do embrido desenvolvido: ectoderme (neurdnios, pele, etc), endoderme
(hepatocitos, células sanguineas, células beta pancredticas, etc) e mesoderme (musculos,
0ss0s, sistema circulatorio, etc). As células tronco presentes em cada uma das trés camadas
germinativas possuem capacidade de diferenciacdo menor que o das células tronco derivadas
da ICM, portanto sdo denominadas de multipotentes, ou seja, podem se diferenciar somente
em células de um determinado tecido ou linhagem germinativa (Fig. 1) (FISCHBACH &

FISCHBACH, 2004; BISWAS & HUTCHINS, 2007).
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Figura 1. Os diferentes tipos de células troncos podem ser descritos considerando os estdgios iniciais da
embriogénese. No estagio de moérula as células sdo totipotentes, uma vez que podem gerar um organismo
complexo. Quando o embrido alcanga o estagio de blastocisto, ele contém a massa interna de células que séo
pluripotentes podendo formar todos os tecidos do feto excluindo a placenta. Quando o blastocisto chega ao utero
ele sofre invaginagdes originando as trés camadas germinativas: ectoderme, endoderme e mesoderme, as células
das trés camadas germinativas sdo multipotentes, ou seja, podem diferenciar somente em células de um
determinado tecido ou linhagem germinativa. (Modificado de -
http://www.prolifelouisiana.org/uploads/images/Stem_cells_diagram.png — em 20 de abril de 2009).

As células tronco podem ainda ser classificadas de acordo com a sua natureza em
células tronco embriondrias (embryonic stem — ES) e células tronco adultas ou somaticas. As
células tronco adultas sdo células indiferenciadas que ocorrem em tecidos diferenciados.
Essas células se auto-renovam e tornam-se especializadas para originar o tecido no qual ela
reside (HOLTZER, 1978). Células tronco adultas tem sido isoladas a partir de varios tecidos,
tais como, tecido nervoso (REYNOLDS & WEISS, 1992), tecido hematopoiético (JIANG et
al., 2002) e epitelial (TOMA et al., 2001). As células tronco adultas mais extensivamente
estudadas sdo as células tronco hematopoiéticas (HSC - hematopoietic stem cell), devido ao
conhecimento de uma variedade de marcadores genéticos e de superficie para essas células,

que permitem delinear os varios estagios de sua diferencia¢do durante a hematopoiese. Essas



células podem se auto-renovar e diferenciar em diferentes tipos de células sanguineas, que ao
serem transplantadas repopulam o sistema hematopoiético (BHATIA et al., 1997).

Embora as células tronco adultas tenham um grande potencial de aplicagdo, elas
possuem algumas limitagdes como: i) ndo possuem a mesma capacidade de proliferagcdo e
desenvolvimento que as células tronco embrionéarias, ii) numero limitado de geragdes em
cultura e iii) podem acumular muta¢des genéticas inviabilizando o seu uso terapéutico

(WOBUS, 2001).

1.2 Células tronco embrionarias

As células tronco embrionarias sdo células indiferenciadas, derivadas da ICM de
blastocistos, que tem como caracteristica principal a pluripoténcia (EVANS & KAUFMAN,
1981; MARTIN, 1981). As células ES, quando reintroduzidas em um blastocisto, possuem a
capacidade de retomar o desenvolvimento normal, diferenciando-se nos diferentes tecidos do
embrido, inclusive em linhagem germinativa (BRADLEY et al., 1984; SMITH, 2001).

Essas células quando cultivadas em condigdes especificas, podem ser mantidas em seu
estado indiferenciado ou podem ser induzidas a iniciar um programa de diferenciacdo in vivo
ou in vitro. Para a diferenciacdo in vivo as células ES podem ser introduzidas em
camundongos imunodeficientes para formar teratomas benignos, constituidos por células das
trés camadas germinativas (AMIT et al., 2000). Na diferenciagdo in vitro, as células ES sio
removidas da monocamada celular e cultivadas em suspensdo para formar agregados de
células em 3D denominados de corpos embridides (EB), os quais contém células da
mesoderme, ectoderme e endoderme (ITSKOVITZ-ELDOR et al., 2000)

Evans & Kaufman (1981) foram os primeiros a estabelecer ¢ manter indefinidamente
em laboratorio células tronco derivadas de embrides de camundongo, e subseqiientemente

foram estabelecidas células tronco embrionarias de varios outros animais como: ovelha



(NOTARIANNI et al., 1991), coelho (SCHOONJANS et al., 1996), suino (NOTARIANNI et
al., 1990), macaco (THOMSON et al., 1995) e bovino (EVANS et al., 1990).

As células tronco embriondrias humanas (hES) foram isoladas pela primeira vez
somente em 1998 por Thomson et al. (1998). Essas células, ao serem injetadas em
camundongos imunodeficientes formaram teratomas, que continham tecido Osseo,
cartilaginoso e muscular (mesoderme), tecido do epitélio intestinal (endoderme), neural e
epitelial (ectoderme) (THOMSON et al., 1998). Esses resultados despertaram um grande
interesse na comunidade médica e cientifica mundial, devido ao enorme potencial de
aplicacdo das células hES no campo da medicina regenerativa e no tratamento alternativo para
varias doengas neurodegenerativas (GERECHT-NIR & ITSKOVITZ-ELDOR, 2004; HOU &
HONG, 2008).

Para a aplicacdo terapéutica, células especificas funcionais podem ser obtidas tanto in
vitro como in vivo a partir de células ES. Porém, a maioria dos estudos tem utilizado métodos
de diferenciacdo in vitro através da formacdo de EB. Esse método permite estudos mais
detalhados dos mecanismos de diferenciacdo para gerar tipos especificos de células para uma
determinada aplicacdo (CZYZ et al., 2003; HOFFMAN & CARPENTER, 2005).

Para formar EB, as células ES s3o cultivadas em suspensdo na auséncia de
monocamada celular e de fatores responsaveis pela auto-renovagdo. Apos formagdo dos EBs,
estes sdo induzidos a diferenciar em uma célula especializada pela adi¢do de fatores de
crescimento apropriados, tais como: activina-A (capaz de induzir a diferencia¢do apenas em
mesoderme), acido retindico (AR), proteina morfogenética 6ssea (BMP-4) e o fator basico de
crescimento de fibroblastos (bFGF) (capazes de induzir a diferenciacdo em ectoderme e
mesoderme), enquanto que o fator de crescimento neuronal (NGF) e o fator de crescimento de
hepatocitos (HGF) promovem a diferenciacdo em células das trés camadas germinativas (Fig

2 A-B) (SCHULDINER et al., 2000).
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Figura 2. Diferenciag@o in vitro de células hES. (A) Representagdo esquematica do protocolo de diferenciacdo.
(B) Morfologia de células hES antes e apds a indug@o de diferenciagio: (I) colonia de células hES em co-cultura
de fibroblastos embrionarios (MEF); (II-VI) células diferenciadas in vitro na presenga de HGF, activina-A, AR,
bFGF e BMP-4, respectivamente. (Modificado de Schuldiner et al., 2000).

Os estudos de diferenciacdo in vitro de células ES t€ém como foco a obtengdo de
células com potencial terapéutico tais como: cardiomidcitos, para o tratamento de doengas
cardiacas (BOHELER et al., 2002), células neuronais e da glia, para o tratamento de
desordens neurodegenerativas como a doenca de Parkinson (KIM et al., 2002) e células
pancreaticas produtoras de insulina para o Diabetes Melito (SORIA et al., 2001).

Assim, varios grupos de pesquisadores tém reportado com sucesso a diferenciagio in
vitro de células tronco embrionarias murinas (mES) e células tronco embrionarias humanas
(hES) em subtipos especificos de neuronios (CARPENTER et al., 2001; REUBINOFF et al.,
2001; WICHTERLE et al., 2002; KIM et al., 2002). Dentre os varios métodos utilizados para
diferenciar células ES em neurdnios, destacam-se os estudos realizados por Kim et al., 2002 e
Wichterle et al., 2002. Em ambos os estudos foram utilizados fatores de crescimento que

regulam o desenvolvimento neuronal durante a embriogénese. Kim et al. (2002) utilizaram a



proteina sonic hedgehoh (SHH) e o fator de crescimento de fibroblastos (FGFS8) para dirigir a
diferenciagdo das células mES em neurdnios dopaminérgicos positivos para tirosina
hidroxilase. O transplante desses neurdnios dopaminérgicos foi funcional em camundongos
com a doenga de Parkinson. No estudo realizado por Wichterle et al. (2002), células mES
foram expostas ao acido retindico para a diferenciagdo em ectoderma seguido pela exposi¢ao
a proteina sonic hedgehog, para induzir a formagdo de neur6nios motores. Estas células,
quando injetadas na coluna espinhal de embrides de galinhas, formaram sinapses em
musculos alvos. Em adi¢do, neurénios motores também foram obtidos a partir de células hES.
Li et al. (2005) obtiveram neurdnios motores pela exposicao de células hES ao acido retindico
e proteina sonic hedgehog.

De acordo com a literatura, neur6nios motores funcionais obtidos a partir da
diferenciag@o de células hES poderdo ser utilizados na substitui¢do de neurdnios motores em
pacientes com doencas neuromotoras ou que sofreram injurias na coluna espinhal, como
também para o screening farmacéutico, tendo como alvo doencas como a esclerose
amiotrofica lateral (LI et al., 2005).

Outros grupos de pesquisadores tém investigado o potencial das células ES na
diferenciagdo in vitro em cardiomidcitos (WOBUS et al., 1997; XU et al., 2002; MUMMERY
et al.,, 2003; KAWAI et al.,, 2004). Para induzir a diferenciagdo de células ES em
cardiomiocitos tém sido utilizados o acido retindico (WOBUS et al., 1997), o acido ascorbico
(TAKAHASHI et al., 2003) e a oxitocina (PASSIER et al., 2005). Durante a diferenciacdo in
vitro, os cardiomidcitos formados a partir de corpos embridides expressam proteinas,
receptores € genes especificos do tecido cardiaco, e apresentam vias de transdugdo de sinal
semelhantes as observadas durante a cardiomiogénese in vivo (HESCHELER et al., 1997,
BOHELER et al., 2002). Estudos tém sugerido que os cardiomiocitos diferenciados sio

tipicos do miocardio primario e que subsequentemente se diferenciam em atrio, ventriculo e



fibras de Purkinje (HESCHELER et al., 1997). Os cardiomidcitos obtidos a partir da
diferenciagdo de células hES também demonstraram estrutura molecular e eletrofisiologia,
além de propriedades contrateis, esperadas para o miocardio (MUMMERY et al., 2003).

Estudos também demonstraram a formagdo de células B pancreaticas secretando
insulina através de diferenciacdo de células mES. Shi et al. (2005) desenvolveram um
protocolo de diferenciacdo baseado na combinacdo de activina-A e acido retindico para
induzir a diferenciagcdo in vitro de células mES em células com capacidade de produzir
insulina. O transplante dessas células em camundongos diabéticos foi suficiente para
normalizar os niveis de glicose no sangue.

Contudo, ¢é necessario ainda, elucidar varios aspectos da biologia das células ES, para
entender melhor como ocorrem os mecanismos de diferenciagdo, garantindo uma maior

seguranca na sua aplicagdo em terapias celulares.

1.2.1 Isolamento, expansdo e sistemas de cultura para células tronco embrionarias

As células tronco embriondrias sdo isoladas da ICM de blastocistos produzidos por
fertilizag@o in vitro (THOMSON et al., 1998; KIM et al., 2005) ou de blastocistos obtidos por
transferéncia nuclear (NT). A técnica de NT consiste em transferir o nticleo de uma célula
somatica para um ovocito anucleado (Fig. 3), e tem sido realizada com sucesso para obtenc¢do
de células ES de bovino e ovelha (WILMUT et al., 1997; SAITO et al., 2003).

A ICM pode ser isolada por imunocirurgia ou remog¢do mecanica. A imunocirurgia
consiste em incubar o blastocisto com: i) enzima proteolitica, para a remoc¢do da zona
pelicida; ii) anticorpo especifico, que se liga ao trofoblasto e iii) finalmente com
complemento. A reagdo anticorpo-complemento provoca a lise das células do trofoblasto (TE)
liberando a ICM (SOLTER & KNOWLES, 1975; KIM et al., 2005). A remog¢do mecanica

consiste em fazer uma incisdo no blastocisto para a retirada da ICM empregando-se uma



micropipeta (STROM et al., 2007). O isolamento mecanico ¢ mais vantajoso, uma vez que
ndo hd o contato do blastocisto com anticorpos de origem animal. Porém, existe a
possibilidade das células do trofoblasto ndo serem totalmente removidas mecanicamente,

comprometendo o crescimento das células da ICM (PICKERING et al., 2003).
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Figura 3. Transferéncia nuclear. O ovdcito de um doador ¢ anucleado, o nucleo de uma célula somatica é
inserido. Apds o embrido alcangar o estagio de blastocisto as células da ICM sao removidas para obtengdo das
células ES. (Modificado de - http://www.dels.nas.edu/bls/stemcells/images/Nuclear-Transfer-Download.JPG —
em 25 de abril de 2009)

Dependendo da qualidade do blastocisto, pode ndo ser possivel a distingdo da ICM,
dificultando o isolamento tanto por imunocirurgia como por remo¢ao mecanica. Nesse caso o
isolamento das células ES pode ser realizado por explante (KIM et al., 2005). Para o explante,
o blastocisto ¢ previamente submetido ao tratamento com uma enzima proteolitica para

remogdo apenas da zona pelucida, possibilitando assim a adesdo e o desenvolvimento da ICM



em um sistema de cultura, como por exemplo, monocamada de fibroblastos embrionarios
murinos (MEF).

Uma vez isoladas, as células ES sdo expandidas para o estabelecimento e
caracterizacdo de uma linhagem celular. O mecanismo pelo qual as células ES podem ser
cultivadas enquanto mantém o seu potencial de diferenciacdo em cultura (pluripoténcia) ndo
foi totalmente elucidado. O método padrio utilizado para expandir células tronco
embrionarias murinas consiste na utilizacdo de co-cultura de fibroblastos embrionarios
murinos (MEFs) irradiados ou mitoticamente inativados e o uso de meio enriquecido com

soro fetal (Fig. 4) (EVANS & KAUFMAN, 1981; BRYJA et al., 2006).

Células dissociadas
& plaqueadas

Estabelecimento da C;IHEIIEI de células ES

Figura 4. Cultivo in vitro de células ES em MEF irradiado. A partir da ICM isolada de embrido no estagio de
blastocisto as células ES crescem na presenca de MEF irradiado. (Modificado de -
http://stemcells.nih.gov/StaticResources/info/scireport/images/figurecl.jpg — em 28 de abril de 2009).
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As células ES crescem sobre a monocamada de fibroblastos (feeder layer) na forma de
colonias, que posteriormente sdo subcultivadas. Para o subcultivo, as coldnias sdo dissociadas
enzimaticamente com tripsina para obter células individuais que sdo plaqueadas sobre a
monocamada de MEF. Esse protocolo também tem sido utilizado para outros tipos de células
ES, podendo apresentar algumas modificacdes como, por exemplo, para o cultivo de células
tronco embrionarias humanas, tem se utilizado com freqiiéncia a dissociagdo mecanica das
colonias em substitui¢do ao uso de tripsina (HWANG et al.,, 2004; OH et al., 2005),
possibilitando a transferéncia seletiva de células hES ndo diferenciadas.

Como mencionado previamente, o protocolo padrdo para a expansdo de células ES
consiste na utilizagdo de co-cultura de MEF. O MEF ¢ necessario porque os fibroblastos
fornecem o fator de inibi¢do de leucemia (LIF), que € critico para promover a auto-renovagao
e impedir a diferenciacdo das células ES (WILLIAMS et al., 1988; SMITH et al., 1988).

O LIF € uma glicoproteina soluvel da familia de citocinas IL-6, que exerce sua fungdo
ao se ligar ao receptor LIFR e a proteina gp130, formando um heterodimero e induzindo a
ativacdo de JAK (proteina tirosina cinase da familia Janus cinase), a qual ativa a proteina
STAT3 (Sinal transducdo e ativador transcricional) permitindo assim a manuten¢do das
células ES no estado indiferenciado (BOEUF et al., 1997; NIWA et al., 1998). Em adigao, o
heterodimero LIFR-gp130 também induz a associacdo de SHP-2 (tirosina fosfatase) e da
proteina adaptadora Gabl com ativagdo de ERK (proteina regulada por sinais extracelulares),
levando a diferenciacdo das células ES (BURDON et al., 2002; BOIANI & SCHOLER,
2005). Desta forma, o equilibrio entre a ativagdo de STAT3 e a inibi¢do de ERK por PI3K
(fosfoinositideo cinase), permite que as células ES continuem proliferando em cultura sem

apresentar diferenciacdo (Fig. 5) (DARR & BENVENISTY, 2006).
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Figura 5. Vias de sinalizacdo envolvidas na manutencdo da pluripoténcia de células mES (Modificado de -
http://stemcells.nih.gov/StaticResources/info/scireport/images/figureb2.jpg - em 06 de julho de 2009).

De acordo com a literatura a adi¢do de LIF ao meio de cultura pode manter as células
mES em um estado ndo diferenciado, o que permite a ndo utilizacdo de monocamada de MEF
(WILLIAMS et al., 1988; SMITH et al., 1988). Porém, essa citocina ndo ¢ suficiente para
manter a pluripoténcia de células hES cultivadas na auséncia de MEF (THOMSON et al.,
1998; AMIT et al., 2000; CARPENTER et al., 2003). A razdo para isso ndo ¢ bem clara, mas
alguns pesquisadores atribuem esse fato a uma baixa ativacdo da via STAT3 em células
humanas (SATO et al., 2004). Outros sugerem que possa ser devido a auséncia ou ao baixo
nivel de expressdo dos componentes da via de ativagdo por LIF (RICHARDS et al., 2004;
GINIS et al., 2004).

O uso de monocamada de MEF para a manuten¢do e proliferagdo das células hES ndo
¢ desejavel, pois compromete a aplicagdo clinica dessas células, uma vez que pode ocorrer a

transmissdo de patégenos animais (ULLOA-MONTOYA et al., 2005). Varios estudos tém
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como objetivo eliminar o uso de monocamada de MEF substituindo-a por uma monocamada
de células humanas obtidas a partir de fibroblastos embrionarios (LEE et al., 2004) ou
monocamada de células uterinas endometriais adultas (LEE et al., 2005), entre outras. A
utilizagdo de células humanas como suporte elimina a possibilidade de transferéncia de
patdogenos murinos para o homem, mas nao a possibilidade de transferir patogenos humanos
para humanos.

E cada vez mais crescente a necessidade de expandir as células ES na auséncia de uma
monocamada celular. Varios estudos tém utilizado Matrigel™ ou laminina na presenca de
meio condicionado em MEF contendo o fator de crescimento bFGF como sistema de cultura
(XU et al., 2001). Embora esse sistema elimine o contato direto de células hES com os
fibroblastos, ele ndo elimina a possibilidade de contaminagdo por patdogenos animais que
podem ser introduzidos na cultura através do meio condicionado em fibroblastos.

Pesquisadores também tém utilizado biorreatores para expandir e/ou diferenciar
células tronco embriondrias em grande escala (FOK & ZANDSTRA, 2005; CORMIER et al.,
2006; ABRANCHES et al., 2007; ZUR NIEDEN et al., 2007; FERNANDES et al., 2009). A
expansdo de células mES indiferenciadas pode ser realizada em um biorreator, uma vez que, a
monocamada celular ¢ o meio condicionado nido sdo necessarios na presenca de LIF. Em
estudos recentes utilizando biorreator com agitacdo, as células mES foram cultivadas em
suspensdo formando agregados ou em microcarreadores, sendo que, apos expansao, as células
mES expressavam marcadores de indiferenciagdo e a habilidade para formar corpos
embridides (CORMIER et al., 2006; ABRANCHES et al., 2007). Mas, a expansio de células
hES no estado indiferenciado através de um biorreator se torna mais dificil, porque as células
hES necessitam de monocamada celular ou meio condicionado, mesmo na presen¢a de LIF.
Recentemente, Fernandes et al. (2009) utilizaram um biorreator com agitagdo para expandir

células hES na presenca de meio condicionado em MEF e microcarreadores baseados em
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dextrana cobertos com coldgeno, obtendo uma grande concentragdo de células no estado
indiferenciado. Porém, como j4 mencionado a presenca de meio condicionado em MEF
inviabiliza a utilizag@o das células hES em aplicagdes terapéuticas.

Recentemente, um método novo foi utilizado para expandir células tronco
mesenquimais na auséncia de MEF e meio condicionado em MEF. O método consiste em
adicionar nanoparticulas magnéticas a um meio de cultura enriquecido com soro fetal e LIF.
Nesse meio as células se ligam as nanoparticulas e aderem a superficie do frasco ou placa de
cultura, devido a aplicacdo de um campo magnético externo, podendo desta forma expandir-
se sem o risco de contaminagdo por patdogenos e manter-se em um estado indiferenciado (ITO

et al., 2004a).

1.2.2 Propriedades das células tronco embriondrias e caracterizagdo da pluripoténcia

As células ES indiferenciadas sdo caracterizadas por apresentarem as seguintes
propriedades: (i) a capacidade de se auto-renovar indefinidamente, (ii) a capacidade para
diferenciar em células somaticas, (iii) alta atividade de fosfatase alcalina, (iv) expressdo de
antigenos embriondrios estagio-especificos como o SSEA-1, (v) expressio do fator de
transcricdo de linhagem germinativa Oct-4, (vi) grande nucleo em relagdo ao raio
citoplasmatico, (vii) alta atividade de telomerase e (viil) regulagdo da auto-renovagdo por
citocinas da familia de IL-6 (interleucina 6) (WOBUS, 2001; NIWA et al., 1998; PESCE et
al., 1999; BURDON et al., 1999; PRELLE et al., 1999; VASSILIEVA et al., 2000). Assim, as
pesquisas s@o direcionadas para a identificagc@o e caracterizagdo desses fatores que regulam a
auto-renovacao e diferenciagdo das células ES.

A pluripoténcia para células mES pode ser caracterizada pela expressdo de certos
marcadores, como antigenos de superficie (SSEA-1; SOLTER & KNOWLES, 1978),

receptores de membrana (gp 130; NIWA et al., 1998), atividade enziméatica como a fosfatase
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alcalina (ALP; WOBUS et al., 1984) e telomerase (PRELLE et al., 1999) e fatores de
transcri¢do, como o Oct-4 (SCHOLER et al., 1989).

A recente identificagdo do fator de transcrigdo Nanog (CHAMBERS et al., 2003;
MITSUI et al., 2003) possibilitou uma nova visao nas vias de sinalizagdo Oct-4, LIF/STAT3
para a regulacdo da pluripoténcia das células ES. Chambers et al. (2003) e Mitsui et al. (2003)
demonstraram que uma alta expressdo de Nanog em conjunto com a ativagdo de LIF/STAT3
mantém a auto-renovacdo das células ES. Outro fato observado foi que a alta expressdo de
Nanog ndo afetou a auto-renovacdo das células ES pela ativacdo de STAT3 e vice-versa,
indicando que Nanog e STAT3 atuam independentemente. Além disso, Nanog e Oct-4
trabalham juntos para manter a pluripoténcia e auto-renovacdo das células ES. Esta conclusao
foi baseada em duas observagdes: 1) Nanog foi expresso em embrides Oct-4-deficientes e ii) a
alta expressdo de Nanog ndo pode reverter o programa de diferencia¢do induzido pela baixa

regulacdo de Oct-4 em células ES (Fig. 6).

Trofederma = Endoderme
Célulats ES primtivo

Figura 6. Os fatores de transcricdo Oct-4 e Nanog sdo essenciais para manter a pluripoténcia e auto-renovagéo
das células ES. Porém, uma alta expressdo de Oct-4 resulta na diferenciacdo das células ES em endoderme
primitivo, enquanto que, uma alta expressdo de Nanog induz a uma auto-renovagdo das células ES
independentemente de LIF. A sinalizagdo de Oct-4 e Nanog inibem a diferenciagdo em trofoderme e em
endoderme primitivo, respectivamente (Modificado de Chambers et al., 2003).
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Os marcadores para células tronco embriondrias humanas também apresentam
algumas caracteristicas fundamentais da linhagem murina, tais como a expressdo de Oct-4 e
atividade de telomerase (THOMSON et al., 1998). Ao contrario das células mES, as células
hES apresentam como marcadores as proteoglicanas TRA-1-60, TRA-1-81, GCTM-2 ¢ os
antigenos embrionarios estagio-especificos SSEA-3, SSEA-4, os quais estdo ausentes em
cé¢lulas mES. A identificagdo desses marcadores, tanto para mES quanto para hES, tem sido
importante para monitorar e quantificar a pluripoténcia de células ES submetidas a diferentes
condig¢des de cultura (ITSKOVITZ-ELDOR et al., 2000; REUBINOFF et al., 2000).

A manuteng¢do in vitro das células ES no estado indiferenciado pode ser monitorada
através de sua morfologia tipica. Essas células apresentam uma alta razdo nacleo/citoplasma e
proeminente nucléolo, formando colonias compactas com bordas bem delineadas. As colonias
formadas pelas células hES sdo achatadas enquanto que as coldonias de células mES sdo
esféricas (THOMSON et al., 1998; AMIT & ITSKOVITZ-ELDOR, 2002).

Uma vez que as células mES diferem das células hES na expressdo de alguns
marcadores para pluripoténcia, células tronco embriondrias tém sido isoladas de varias
espécies de animais domésticos, na tentativa de se obter um modelo mais aproximado ao
humano. As células tronco embrionarias bovinas (bES) podem oferecer algumas vantagens
em relagdo as células mES, uma vez que o modelo bovino ¢ imunologicamente e
fisiologicamente mais semelhante ao humano (GJORRET & MADDOX-HYTTEL, 2005) e a
obten¢do de seus embrides ¢ de facil acesso, uma vez que os métodos de obtengdo estdo bem
estabelecidos e fazem parte da rotina de empresas que trabalham com fertilizacdo in vitro e
transferéncia de embrides.

Células tronco embriondrias bovinas t€ém sido derivadas de embrides em estagio de
blastocisto (STICE et al., 1996; SAITO et al., 2003). Para expansio das células bES in vitro,

diferentes monocamadas celulares tem sido utilizadas como suporte, como células da
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granulosa ou fibroblastos fetais, na presenca de meio de cultura suplementado com LIF. As
células bES possuem capacidade de proliferacdo in vitro e apresentam caracteristicas
morfoldgicas semelhantes a das células hES, como uma alta razdo nucleo/citoplasma, colonias
achatadas, que podem crescer como monocamadas, com delimitacdo ou ndo nas suas bordas
(MITALIPOVA et al., 2001; GIORRET & MADDOX-HYTTEL, 2005).

Em adicdo as caracteristicas morfoldgicas, as células bES expressam o fator de
transcrigdo Oct-4 que ¢ um regulador chave de sua pluripoténcia (VAN EIIK et al., 1999;
YADAV et al., 2005), também expressam o antigeno embriondrio estagio-especifico, SSEA-1
(SAITO et al., 2003), embora resultados conflitantes tenham sido obtidos em relagdo a
expressdo de SSEA-3 e SSEA-4 (MITALIPOVA et al.,, 2001; SAITO et al., 2003). A
presenga de telomerase também tem sido observada em células bES (BETTS et al., 2001).
Porém, a atividade da fosfatase alcalina é vista como variavel em cultura de células bES
(STICE et al., 1996; STRELCHENKO e al., 1995), ndo sendo portanto, um bom marcador
para essas células, como € para as células mES.

De acordo com a literatura, as células bES quando cultivadas de acordo com a
metodologia padrdo para células ES, ndo suportam uma proliferacio por um periodo
prolongado de tempo, sem que ocorra a diferenciacdo (PRELLE et al., 1999; YADAV et al.,
2005). Portanto, em relagdo as células tronco embriondrias bovinas, sdo necessarios mais
estudos para que se possa determinar quais os fatores criticos para a manuten¢do da sua

pluripoténcia in vitro.

1.3 Células tronco e nanobiotecnologia
As varias possibilidades de aplicacdo da nanobiotecnologia na drea biomédica

surgiram como uma grande promessa para o transplante de células tronco, bem como para o
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desenvolvimento de novos métodos de expansio e diferenciagdo in vitro dessas células.
(SILVA et al., 2004; ITO et al., 2004a; FERREIRA et al., 2008).

O termo nanobiotecnologia se refere ao desenvolvimento de tecnologia na area de
materiais nanoestruturados voltados para a aplicagdo biomédico-médica. As nanoparticulas,
por exemplo, podem ser utilizadas: 1) para o rastreamento ndo invasivo de células tronco e
células progenitoras transplantadas in vivo, ii) em sistemas entregadores de células tronco,
aumentando a sobrevivéncia das células transplantadas através da liberacdo de biomoléculas
importantes, iii) em suportes que fornecam condicdes para a expansdo e diferencia¢do das
células tronco e iv) como entregadores intracelulares de DNA, proteinas e de drogas para a
diferenciagdo das células tronco (MOGHIMI et al., 2005; DERDA et al., 2007; FERREIRA et
al., 2008).

Dentre a classe das nanoparticulas, as nanoparticulas magnéticas tém ganhado
destaque ndo sé pela sua aplicacdo em terapias com células tronco, mas devido a sua
potencialidade de aplicagdo na area biomédica como um todo (GUPTA & GUPTA, 2005;

ITO et al., 2005a; TARTAIJ et al., 2003).

1.4 Aplicacdes biomédicas das nanoparticulas magnéticas de 6xido de ferro

As nanoparticulas magnéticas podem ser a base de compostos de dxidos de ferro, tais
como a magnetita (Fe;O04) e a maghemita (y-Fe,Os), as quais sdo relativamente seguras e
atualmente utilizadas em clinicas como agentes de contraste em imagem por ressonancia
magnética (IRM) (DOBSON, 2006).

Tanto a magnetita, como sua forma oxidada, a maghemita, quando dispersas em
suspensdes coloidais, constituem os fluidos magnéticos ou ferrofluidos, que sdo sistemas
magnéticos coloidais de nanoparticulas magnéticas dispersas em um solvente. O tamanho das

NPM e seu comportamento magnético no fluido permitem que as mesmas permanegam em
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suspensdo quando administradas, podendo desta forma ser guiadas por um campo magnético
externo (TARTAIJ et al., 2003). A propriedade de superparamagnetismo, apresentada pelas
NPM possibilitam intmeras aplicacdes in vivo, uma vez que elas ndo retém nenhum
magnetismo apos a remo¢ao do campo magnético (TARTAJ et al., 2003).

Para emprego na 4rea biomédica, as NPM devem atravessar a barreira endotelial e se
acumular especificamente nas células-alvo, sem dano as células vizinhas. Esta caracteristica
podem ser atingida por meio da funcionalizagdo das particulas com um material
biologicamente ativo (ZHANG et al., 2002), possibilitando numerosas aplicacdes biomédicas
como: i) agente de contraste em IRM, ii) marcacdo e separagdo celular, iii) hipertermia, iv)
carreadores de drogas, v) magnetofecgdo e vi) reparo de tecidos (Fig. 7) (PANKHURST et al.,
2003; TARTAJ et al., 2003; BERRY & CURTIS, 2003; ITO et al., 2004a; GUPTA &

GUPTA, 2005; ITO et al., 2005a).

i) IRM — a ressondncia magnética tem assumido grande importincia em relagdo a outras
técnicas de obtengdo de imagem. Baseado na absorcio de radiofreqiiéncia pelos protons (H')
presentes na agua dos diferentes tecidos sob o efeito de um potente campo magnético, a
técnica fornece uma imagem das estruturas anatomicas, as quais podem ser mais bem
destacadas pelo uso de agentes de contraste (LOK, 2001; SAFARIK & SAFARIKOVA,
2002). Embora, os agentes de contraste mais utilizados sejam compostos de gadolinio (Gd),
eles ndo sdo especificos e podem ser toxicos ao organismo (BERRY & CURTIS, 2003;
BUDDE & FRANK, 2009).

As NPM representam uma classe alternativa de agentes de contrate para IRM, com
vantagens do ponto de vista fisico, pois destacam ainda mais o comportamento dos protons de
diferentes tecidos (HALAVAARA et al., 2002). Essas NPM alteram a forma na qual os

protons passam do seu estado excitado para um estado menos excitado. Assim, regides



19

contendo NPM aparecem mais escuras em IRM que regides sem as NPM (SAFARIK &
SAFARIKOVA, 2002). A técnica de IRM utilizando NPM ¢ empregada em oOrgdos cuja
capacidade de retencdo de NPM ja foi demonstrada, como figado, bago e linfonodo (BULTE

& KRAITCHMAN, 2004; RUSSEL & ANZALI, 2007).
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Figura 7. Tlustragdo esquematica de estratégias terapéuticas utilizando NPM. NPM funcionalizadas acumulam
nas células tumorais via sistemas entregadores de drogas (SED). NPMs podem ser utilizadas como ferramenta
para o diagnostico de cancer por IRM. A hipertermia pode também ser induzida por exposi¢cdo a campo
magnético alternado. (Modificado de Ito et al., 2005a)

Agentes de contraste para IRM que utilizam NPM, geralmente magnetitas e
maghemitas funcionalizadas com polietilenoglicol (PEG) ou dextrana, ja podem ser
adquiridas comercialmente, como o Lumirem® utilizado para visualizar o trato
gastrointestinal ¢ o Endorem® para visualizar o figado e o baco (KANEMATSU et al., 2006)
e o Sinerem® atualmente utilizado para detectar alguns tipos de tumores (KELLER et al.,
2004).

Os agentes de contrastes comerciais ndo sao tao especificos para determinados 6rgaos.

Por isso, NPM tém sido associadas a anticorpos monoclonais (MAbs), os quais podem se ligar
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especificamente a células tumorais, permitindo assim a visualizagdo do tumor por ressonancia
magnética (HUH et al., 2005).

Suzuki et al. (1996) desenvolveram um agente de contraste para IRM utilizando uma
MAb-magnetita (Fig. 8), a qual possui um nucleo central de magnetita coberto por PEG que
se liga covalentemente ao MAb que € especifico para o antigeno de superficie de células de

glioblastomas.

" Magnetita
{10 nrm}

Figura 8. Agente de contraste MAb-magnetita utilizado em IRM. Uma magnetita funcionalizada com PEG que
liga covalentemente ao MAb (Modificado de ITO et al., 2005a).

Recentemente um scanner portatil para IRM foi desenvolvido para detectar tumores
em mamas, denominado de SentiMag™, constituido de uma sonda com alta-sensibilidade
para detectar pequenas concentragdes de nanoparticulas magnéticas. Por meio do SentiMag™
¢ possivel rastrear as NPM pelo sistema linfatico a partir do ponto onde foram injetadas
(tumor). No sistema linfatico as NPM sdo captadas pelos linfonodos sentinelas possibilitando
verificar se houve ou ndo a disseminagdo do cancer (Fig. 9) (AEPPLI & PANKHURST,

2006).
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Figura 9. SentiMag™ para rastrear NPM pelo sistema linfatico a partir do ponto onde foram injetadas (tumor).
(Modificado de Aeppli & Pankhurst, 2006)

11) Marcagao e separacdo celular — a separacdo de biomoléculas contidas em grandes volumes
de solugdo pode ser realizada utilizando colunas convencionais para extragdo fase-sdlida, mas
esse método pode consumir muito tempo. Por outro lado, o método de separacdo de
biomoléculas utilizando nanoparticulas magnéticas é mais rdpido quando comparado com o
método padrdo (SAFARIK & SAFARIKOVA, 2002). Para a separa¢do magnética, a NPM ¢é
adicionada em uma solucdo ou suspensdao contendo o alvo, ao qual se liga a NPM, e o
complexo ¢ recolhido por meio de um separador magnético apropriado (Fig. 10) (TARTAIJ et
al., 2003). A separagdo magnética pode ser utilizada para separar: anticorpos monoclonais,
antigenos, diversas enzimas, organelas celulares e células especificas (SAFARIK &
SAFARIKOVA, 2002).

Para uso na separagdo celular, as NPM também podem ser associadas a anticorpos
para se ligarem a antigenos especificos. Essa técnica, denominada de separacdo
imunomagnética, permite isolar um grande nuimero de diferentes tipos celulares, sendo

empregada, por exemplo, na separacio seletiva de células CD34", na detecgdo e remogio de
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células tumorais do sangue periférico e no isolamento de antigenos especificos das células T

CDS", etc (SAIYED et al., 2003).
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Figura 10. Representagdo esquemadtica da separagdo magnética. Nesse esquema uma NPM foi associada a um
anticorpo e adicionada em meio liquido contendo o antigeno (substincia para andlise). (Modificado de Tartaj et
al., 2003).

A marcagdo de células com substidncias paramagnéticas possibilita ainda o seu
rastreamento (tracking) in vivo por IRM (WEISSLEDER et al., 1997; SCHOEPF et al., 1998,
BULTE et al., 2004). Para um rastreamento celular eficiente por IRM, as NPM precisam ser
endocitadas pelas células. Porém, apds a administrag@o intravenosa, as NPM sdo rapidamente
envolvidas pelos componentes da circulagdo sanguinea, como as proteinas do plasma. Este
processo ¢ conhecido como opsonizacdo (DAVIS, 1997). Normalmente a opsonizagdo faz
com que as NPM sejam reconhecidas e eliminadas pelo sistema de defesa (sistema reticulo

endotelial - SRE). Para que isso ndo ocorra ¢ necessario revestir a superficie das NPM com
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compostos biocompativeis e estaveis para o SRE, como a dextrana (LACAVA et al., 2004) e
o PEG (GUPTA & GUPTA, 2005).

Algumas células, como os linfécitos, ndo possuem receptores eficientes para a
internalizacdo das NPM por endocitose (SCHOEPF et al., 1998). Uma estratégia para
aumentar a captagdo de NPM pelas células consiste em utilizar NPM de maghemita anionica,
uma vez que, as maghemitas anidnicas apresentam carga negativa e grande afinidade pela
membrana celular (WILHELM et al., 2002). No estudo realizado por Wilhelm et al. (2002)
foi observado em vérias linhagens celulares uma eficiéncia trés vezes maior na captagdo de
NPM de maghemita anidnica quando comparado com a captagdo de NPM cobertas com

dextrana.

iii) Hipertermia - ¢ o procedimento terapéutico empregado para proporcionar aumento de
temperatura em uma regido do corpo que esteja afetada por uma neoplasia, com o objetivo de
causar a morte das células cancerosas. Seu funcionamento se baseia no fato de que a
temperatura de 41- 42°C tem o efeito de destruir diretamente as células tumorais, uma vez que
estas s30 menos resistentes a aumentos bruscos de temperatura do que as células normais
circunvizinhas (TARTAI et al., 2003).

Entretanto, a técnica da hipertermia convencional ndo é muito efetiva, pois areas mais
internas do tumor nio sdo aquecidas uniformemente podendo restar células cancerosas vivas
apos o tratamento. Assim, a magnetohipertermia, uma técnica que associa a utilizagdo de
NPM a hipertermia, permite um aquecimento mais restrito ¢ uniforme na area do tumor. O
aumento de temperatura na magnetohipertermia pode ser atingido pela presenca de NPM de
oxido de ferro dentro de células tumorais submetidas a acdo de um campo magnético externo
de freqiiéncia alternada, que induz a vibracdes das NPM e consequentemente liberagdo de

calor, que pode levar a eliminac¢do do tumor (Fig.11) (TARTAJ et al., 2003;ITO et al., 2005a).
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Figura 11. Magnetohipertermia utilizada no tratamento contra o cancer. O fluido magnético acumula no tumor,
que na presega de um campo magnético externo de freqiiéncia alternada, induz a vibragdo das NPM e liberagdo
de calor para eleiminar o tumor. (Modificado de Gooneratne et al., 2008).

Gordon et al. (1979) foram os primeiros a utilizarem NPM associadas a hipertermia.
Nesse estudo, NPM foram administradas intravenosamente em ratos com carcinoma mamario.
A presenca do campo magnético de freqiiéncia alternada liberou calor levando a destrui¢do do
tumor.

Virios grupos tém demonstrado a eficicia da magnetohipertermia em varios tipos de
tumores presentes em animais, como melanoma em camundongos (SUZUKI et al., 2003),
gliomas em ratos (YANASE et al., 1998) e osteosarcomas em hamsters (MATSUOKA et al.,
2004).

A primeira aplicag@o clinica da magnetohipertermia em seres humanos foi realizada
por Johannsen et al. (2005) em pacientes com cancer de prdstata. Os resultados demonstraram
que o método foi bem tolerado, sendo que, as NPM permaneceram na prostata por algumas

semanas, permitindo assim tratamentos seqiienciais de hipertermia, dispensando repetidas



25

aplicagdes do fluido magnético. A partir desses resultados, foi iniciada a fase I do estudo para
avaliar a toxicidade e a qualidade de vida do paciente durante o tratamento.

Na magnetohipertermia, as NPM podem ainda ser associadas a anticorpos
monoclonais (MADbs) especificos para proteinas de membrana de células tumorais. O
conjugado NPM-MADb, quando administrado, potencializa o contraste de imagem na
ressonancia magnética, possibilitando que metastases sejam localizadas de forma mais
eficiente e precoce, para posteriormente eliminar as células tumorais através do calor

(SCHUTT et al., 1995).

1v) Carreadores de drogas — desde que Freeman & Geer (1965) propuseram que particulas
finas de ferro poderiam ser transportadas pelo sistema vascular e se concentrar em pontos
particulares do corpo utilizando um campo magnético, o uso de NPM para carrear e liberar
drogas de forma controlada em 6rgdos ou tecidos afetados por doengas, tem se tornado um
campo promissor para pesquisas (GOODWIN et al., 1999).

O principio do carreamento de drogas associadas a carreadores magnéticos ¢
relativamente simples. Apds injecdo intravascular, as NPM podem ser transportadas pela
corrente sanguinea e se concentrar no tumor através da utilizagdo de um campo magnético
externo, posicionado na area do corpo afetada pelo tumor (Fig. 12) (PULFER & GALLO,
2000).

A eficacia do método foi comprovada por Lubbe et al. (1996a). Os autores realizaram
testes pré-clinicos com carreadores magnéticos associados a epirrubicina em modelos animais
com carcinoma de colo uterino. Posteriormente, Lubbe et al. (1996b) também comprovaram a
eficacia dos carreadores magnéticos para tratar pacientes com tumores sélidos.

O segundo teste clinico foi realizado em 32 pacientes com carcinoma hepatocelular.

Neste estudo, a doxorrubicina foi associada as NPM, atingindo o alvo em 30 dos 32 pacientes.
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Apds analise do tumor em 20 pacientes, 15 apresentaram uma estabilizagdo ou mesmo
reducdo do tamanho e cinco pacientes tiveram um aumento no tamanho do tumor (KODA et

al., 2002).
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Figura 12. Principio do carreamento de drogas associadas a carreadores magnéticos. (Modificado de Douziech-
Eyrolles et al., 2007).

Entretanto, uma vez que a forg¢a gradiente do campo magnético diminui com a
distancia, esse método possui bons resultados somente em casos de tumores solidos proximos
a superficie do corpo (PULFER & GALLO, 2000). Com o objetivo de aumentar a
especificidade, o complexo NPM-droga pode ser associado a outra molécula capaz de
reconhecer e se ligar especificamente ao sitio alvo. Tais moléculas podem ser anticorpos,
proteinas, hormonios, entre outros (SUDIMACK & LEE, 2000).

O carreamento magnético de drogas anticancerigenas apresenta vantagens sobre a
quimioterapia convencional, uma vez que, aumenta a concentracdo da droga no local do

tumor, limitando a sua concentracdo sistémica e¢ ndo afetando dessa forma, as células
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adjacentes, reduzindo os efeitos colaterais associados aos quimioterapicos (SAFARIK &
SAFARIKOVA, 2002). Kubo et al. (2001) observaram que a utilizagdo do quimioterapico
adriamicina associado a carreadores magnéticos (magnetolipossomas) aumenta quatro vezes a
concentracdo de adriamiciana no tumor quando comparado a utiliza¢do de solug¢do da droga
sem magnetolipossomas. Os magnetolipossomas consistem em um ntcleo central de fluido
magnético envolvido por bicamada de fosfolipideos que pode ser funcionalizada para se ligar

a sitios especificos (DE CUYPER & JONIAU, 1988).

v) Magnetofec¢do — método no qual NPM associadas a DNA-vetores sdo transfectadas dentro
das células pela influéncia de um campo magnético externo. Para esse propdsito, NPM podem
ser revestidas com polietilenoimina (PEI) formando um complexo que se associa facilmente
com a carga negativa do DNA (SCHERER et al., 2002; KROTZ et al., 2003a).

Krotz et al. (2003b) utilizaram a magnetofeccdo para aumentar a eficiéncia da
transferéncia de genes. A magnetofec¢do de culturas de células endoteliais de veia umbilical
humana (HUVEC) aumentou a eficiéncia de transfec¢do do gene da luciferase (luc) em 360
vezes, quando comparado com o sistema de transfec¢do normal. Além disso, houve um
aumento de apenas de 1,6 vezes na toxicidade, sugerindo que as vantagens da magnetofecgao
superam o aumento na toxicidade e indicam que a magnetofec¢do poderia ser uma ferramenta

efetiva para a transfeccdo de DNA em células endoteliais.

vi) Engenharia tecidual — uma vez que células marcadas com NPM podem ser manipuladas
por magnetos, um nova metodologia para reparo de tecidos foi proposta por Ito et al. (2004b).
O sistema Mag-TE (magnetic force-based tissue engineering) consiste na utilizacdo de campo
magnético e NPM. Através desse método foi possivel construir sistemas tridimensionais

funcionais de co-cultura de células endoteliais e hepatdcitos. Estes apresentaram uma maior
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secre¢do de albumina pelos hepatdcitos em relagdo a co-cultura sem o magneto (ITO et al.,
2004b). Ito et al. (2005b) também utilizou o sistema Mag-TE em outro estudo para construir
estruturas tubulares como uretra (a partir de células uroteliais) e vasos sanguineos (a partir de

células endoteliais da aorta, células musculares da aorta e fibroblastos) (Fig. 13).

4

Figura 13. Estruturas tubulares construidas utilizando Mag-TE. O tubo de silicone continha um magneto
cilindrico (A). Células uroteliais cobriram a superficie do tubo de silicone (B). As células endoteliais e
musculares da aorta e fibroblastos formaram camadas mais espessas sobre o tubo de silicone que as células
uroteliais (C). Apos remocdo do tubo e magneto (F) foi observado a formagao de estruturas tubulares contendo
tecido urotelial (D) e tecido vascular (E). (Modificado de Ito et al., 2005b)

Nanoparticulas magnéticas também podem ser utilizadas como suporte para expandir
células tronco. Ito et al. (2004a) expandiram células tronco mesenquimais in vitro utilizando
como substrato NPM de magnetita. Esse estudo abre perspectivas para o uso de NPM
associadas a aplicagcdo de campo magnético externo para expandir in vitro células hES sem o
risco de contaminagdo por patdgenos animais, viabilizando sua utilizacdo na terapia celular.

Em adicao, células hES marcadas com NPM poderiam ser direcionadas através de um campo
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magnético externo para um local especifico do corpo, permanecendo o tempo necessario para
que ocorra a regeneracdo do tecido. Ainda, para a efetiva diferenciagdo in vivo das células
hES, proteinas e fatores de crescimento poderiam ser associados a essas NPM e carreados ao

tecido alvo.
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1.5 Justificativa

As pesquisas com nanoparticulas magnéticas vém se intensificando nos ltimos anos,
revelando aplicacdes e potencialidades enormes na 4area biomédica. As nanoparticulas
magnéticas possuem uma caracteristica Unica, sua reagdo a um campo magnético, o que as
torna tteis no carreamento de drogas ou processos de separacao celular (GUPTA & GUPTA,
2005).

Em 2004, as nanoparticulas magnéticas foram utilizadas para a expansdo in vitro de
células tronco mesenquimais da medula dssea humana, despertando mais ainda o interesse em
utiliza-las para expandir células tronco embrionarias (ITO et al., 2004a).

Em consonancia, o Laboratorio de Bioquimica Celular do Instituto de Ciéncias
Biologicas da Universidade Federal de Goias iniciou as suas pesquisas sobre nanoparticulas
magnéticas e células tronco embrionarias no inicio de 2006, com projeto de pesquisa
aprovado pelo CNPq intitulado “Uso de nanoparticulas magnéticas na expansdo in vitro de
células tronco embrionarias” em parceria com outras institui¢des.

Assim, este trabalho se justifica, uma vez que um de seus objetivos é determinar a
nanoparticula que apresenta menor efeito citotoxico em células de melanoma humano para
uso posterior na expansdo de células tronco embrionarias, possibilitando assim, expandi-las
sem o0 uso de monocamada celular de origem animal, eliminando o risco de contaminagao por
patégenos animais.

Este trabalho ainda tem como objetivo determinar o potencial anti-proliferativo destas
nanoparticulas em células de melanoma humano, uma vez que esse tipo de cancer possui um
indice mundialmente elevado e ndo possui um tratamento totalmente efetivo.

Outro objetivo importante deste estudo € padronizar uma metodologia de isolamento e

expansdo de células tronco embriondrias, visando a obtencdo de células no estado
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indiferenciado, utilizando para isto embrides bovinos, devido a sua facil obten¢do em relacio
a outros animais.

Verifica-se, portanto, que a pesquisa nessa area ¢ crescente e ainda ndo existe um
método adequado para a expansio in vitro de células tronco embrionarias, tanto de humanos
como de animais. Assim, a utilizacdo de nanoparticulas magnéticas para expandir células
tronco podera vir a contribuir significantemente para posteriores aplicacdes terapéuticas
dessas células.

Ademais, s30 necessarias pesquisas para elucidar aspectos da biologia basica das
células pluripotentes, bem como quanto a questdo da seguranca associada ao uso destas
células em terapias. Neste contexto, métodos para a expansio, caracterizagdo e diferenciagdo

das células tronco embriondrias de animais sdo muito desejaveis como modelos biologicos.
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2. OBJETIVOS

2.1 Objetivo Geral

Avaliar a citotoxicidade in vitro de nanoparticulas magnéticas de maghemita

funcionalizadas com acido laurico, DMSA e citrato, para posteriores aplicacdes biomédicas,

principalmente no campo da engenharia tecidual, verificando assim a sua potencialidade para

expandir células tronco embrionarias (ES) na auséncia de co-cultura de fibroblastos

embrionarios murinos (MEF).

2.2 Objetivos Especificos

1.

Avaliar a citoxicidade in vitro de nanoparticulas magnéticas em células de melanoma
humano (SK-MEL-37) por meio de andlise da atividade de desidrogenase
mitocondrial por ensaio de MTT e andlise de danos celulares por microscopia
eletronica e eletroforese de DNA em gel de agarose;

Desenvolver um sistema para expandir células tronco embrionarias sem a presenca de
monocamada celular, utilizando NPM e campo magnético externo;

Avaliar comparativamente o crescimento das células tronco embrionarias murinas na
presenca da NPM em relagd@o ao crescimento na presenca de MEF;

Caracterizar o estado indiferenciado de células tronco embriondrias murinas
expandidas na presenga da NPM, através da expressdo dos transcritos de
indiferenciacdo (Oct-4 e Nanog) por RT-PCR, medida da atividade da fosfatase
alcalina e analise da morfologia ultra-estrutural por microscopia eletronica;

Isolar e expandir células tronco embriondrias bovinas a partir de blastocistos bovinos e
caracterizar o estado indiferenciado através da expressdo dos transcritos de

indiferenciacdo (Oct-4 e STAT-3) por RT-PCR.
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Three magnetic fluid (MF) samples containing v-Fe.0, (maghemite) nanoparticles surface-coated
with either meso-2,3-dimercaptosuccinic acid (DMSA), citric acid or lauric acid were prepared, char-
acterized, and assessad for their cytotoxic potential on the human SK-MEL-37 melanoma cell line.
Ultra-structural analysis was also performead using transmission electron microscopy (TEM). In witro
cytotoxicity was evaluated by the 3-{4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
assay. The inhibitory concentration (ICg,) derived from the sigmoidal dose response curve was
254 pg-iron/mL (95% confidence interval 239—-270 pg-iron/mL) for lauric acid-coated nanoparti-
clas. DMSA-coated nanoparticles did not exhibit a clear trend toward toxicity {IC., value is more
than 2260 £ 50g-iron/mL) and the 1Cg, value was about 433 +14 pg-iron/mL for citric-acid coated
nanoparticles. The cytotoxic response correlatad with both the hydrodynamic diameter and the zeta
potential suggests that the chain length of the carboxylic acid of the coating species may influ-
ence metabolic cellular process. Also the assayed nanoparticles can be considered non-cytotoxic to
human melanoma cells since 1Cg,; values ara higher tharr plasma concentration usually observed in
clinical use of contrast agents. Using TEM we verified that all assayad nanoparticles were internal-
ized by cells through endocytic vesicles. Aﬂdm&mlly. cells treated with lauric acid-coated nanopar-
ticles at high concentration (588 or 840 ug-iren/mL) ﬂ‘spiayed morphological features of apoptosis
(surface blebbing, intense vacuolization and chromatin condensation) or a typical DNA ladder pat-
tern when analyzed by TEM or agarose gel electrophorasis, respectively. Apoptotic events may be
operative, suggesting a promising therapeutic application for the lauric acid-coated nanoparticle in
the treatment of cancer cells.

Keywords: Anionic Maghemite Nanoparticles, SK-MEL-37 Malanoma Cells, Nanotoxicity.
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1. INTRODUCTION

Extensive experimental research has already demonstrated
the enormous potential of superparamagnetic iron oxide
nanoparticles (SPION) in supporting a wide variety of
biological and medical applications."? Products based on
SPION were marketed to support magnetic cell separa-
tion technologies and used as contrast agents for magnetic
resonance imaging (MRI).* Different SPION-hased mate-
rial systems are presently under development for testing

*Author to whom correspondence should be addressed.

J Nanoscl Nanotachnal 2008, Vol 8 No 5
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(in vitre and in vive) to support magnetothermocytoly-
sis technology, an approach in which low-amplitude AC
applied magnetic fields combined with SPION may be used
to destroy tumor cells via cellular magnetohyperthermia
(MHT).** In addition, the upcoming generation of mag-
netic drug delivery systems (MDDS) 1s being engineered
to entrap drugs in SPION-based complex material systems,
thus allowing external manipulation for site-localization
using gradients of magnetic field while being able to pro-
mote local MHT as an additional strategy for either cell
disruption or thermal-assisted drug delivery.®’

dioi:10.1 1 66/jnn. 2008.275 2385
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The knowledge of how SPION encapsulated as a MDDS
or simply functionalized with different molecules can
interact with cells is an important step towards the devel-
opment of new hiological and medical applications as
well as improvement toward already existing ones. The
efficiency of cultured cancer cells in absorbing func-
tionalized cationic-SPION  has been already reported,
demonstrating that the electrostatic interaction between
the positively-charged SPION and the negatively-charged
plasma membrane is a key interface.® Furthermore, no
SPION cytotoxic effect to human melanoma cells at
concentrations up to 120 pg-iron'mL was observed,
supporting the proposal of using SPION as an excel-
lent platform material to build more complex anticancer
MDDS.® In addition. functionalized anionic-SPION has
also exhibited high affinity for cationic sites on the cell
surface.” " The literature reports that anionic maghemite
nanoparticle coated with meso-2,3-dimercaptosuceinic
acid (DMSA} has been efficiently internalized by RAW
macrophages and Hela cells and may be successtully used
to label many other cells to comparable degrees.” ' Recent
in virre studies using DMSA -coated maghemite nanopar-
ticle have demonstrated that this particular functionalized
SPION produces a slight decrease in cell viability but no
genotoxic effects in cultured normal human fibroblasis. !t
Finally, magnetite nanoparticles surface-coated with a
double layer of lauric acid were recently used to treat
adenocarcinoma in cats.'? The application of an external
magnetic field for 20-30 min was enough to retain the
magnetic nanoparticle in the tumor area until the cancer
cells internalized them via endocytosis.!?

In the present study three distinet molecular surface-
coatings were used to functionalize the surface of the
nanoparticles and later be able to suspend them asy sta-
ble magnetic fluid (MF) sample. The three MF iamph:-s

[}
were biologically-tested using cultured human melanoma |

cells to draw conclusions in regarding to the non cell-
specific high level of mternalization of anionic maghemite
nanoparticles. All three molecular-coatings used in this
study (DMSA, citric acid, and lauric acid) present carboxyl
groups attached to different carbon-based backbones, thus
allowing the investigation of the biclogical response (cellu-
lar metabolic processes for instance) modulated by distinct
surface-coatings while keeping the same SPION-based
core material. Indeed, the DMSA-coating was included in
the present study in order to provide a nanotoxicity ref-
erence 1n addition to comparing our findings with resulis
previously reported in the literature.

2. MATERIALS AND METHODS

2.1. Maghemite Nanoparticle Preparation
and Functionalization

The precursor of the core SPION, namely magnetite
(Fe; ), was synthesized by mixing ferric and ferrous

2386

chloride aqueous solutions (2:1 molar ratio) with concen-
trated ammonia aqueous solution followed by vigorous
stirring, as described in the literature.”® The black mag-
netite precipitate was washed several times with water and
collected by a magnet. The nanoparticulate maghemite-
based (y-Fe,0,) sample was prepared by refluxing the
nanoparticulate magnetite sample in a mixwre of 2.0 M
nitric acid and 0.35 M Fe(NOy); for 2 h at 96 =C.
The brown precipitate was extensively washed using the
I M HCI and 3% NaCl and collected with the aid of
a magnet. The SPION sample produced was dispersed
in water and dialyzed against deionized water before the
functionalization step with one of these three different
coating molecules, namely meso-2,3-dimercaptosuccinic
acid (DMSA), citric acid, and lauric acid (see structures
in Fig. 1). The DMSA-coated maghemite nanoparticle
was prepared according to the protocol described in the
literature." Briefly, the DMSA {Acros Chemicals) stock
solution (0.3 M) was added to the freshly-precipitated
maghemite sample at 3:1 molar ratio (DMSA:Fe) and
shaked for 12 h at room-temperature. Then, the dispersion
was dialyzed for 12 h against deionized water to elimi-
nate any free DMSA remaining in the bulk solution. The
pH was adjusted to 7.0-7.2 and the MF sample was puri-
fied by centrifugation at 3000 rpm for 5 min o remove
large aggregates. A similar procedure was carried out to
prepare the MF sample based on citrate-coated maghemite
nanoparticle.

In order to produce maghemite nanoparticles function-
alized with a double layer of lauric acid, bare maghemite
nanoparticles (6 g) were first dispersed in water at
7580 =C. Lauric acid (1 g) was then added under contin-
uous stirring for 20 min. Maghemite nanoparticles func-

* ltionalizéd with a single monolayer of lauric acid were

decanted and washed with deionized water. In this step,
nanoparticles became hydrophobic and floated on water
evidencing the functionalization with a single-layer of lau-
ric acid. In the next step, nanoparticles were collected by
centrifugation and extra addition of lauric acid (1 g) to the

OH

H,C o
& W

OH
OH

[A)

(B) HO

OH

HO o)

()

OH SH

5H OH

Fig, 1. Structures of the three molecular coatings employed. (A) Lauric
acid; (B) Citric acid; (C) DMSA.
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single-coated maghemite nanoparticle promoted the onset
of the double layer structure (see sketch in Fig. 1) thus
allowing the dispersion of the double-layered maghemite
nanoparticle as a water-based MF sample. The produced
MF sample was then dialyzed against deionized water and
the pH was adjusted to 7.0-7.2.'% The sample’s total iron
content was determined by atomic absorption spectrometry
using a Perkin-Elmer 5000 spectrophotometer. Stock mag-
netic fluid samples containing 2568 mg-wron/mL, corre-
spending to the range of 1.0-7.3 » 10" particle/mL, wers
produced for in vinro tests. Samples were filter-sterilized
{0.22 pm) or autoclaved.

2.2, Characterization of the Maghemite Nanoparticle

X-ray powder diffraction (XRD) data were recorded in
the range of 10-80°, in steps of 2° min~', using the
XRD-6000 {Shimadzu) X-ray diffraction system equipped
with a Cu-Ke radiation source. The average diameter of
the nanocrystalline domain () indicated on Table I was
determined from the corrected full-width at half maxi-
mum of the strongest {311) X-ray reflection peak using the
Scherrer’s formula.!”

The zeta potential and hydrodynamic diameter measure-
ments were performed using the Nanosizer ZS (Malvern
Instruments). The zeta potential was obtained by light scat-
tering upon application of an alternating electrical field
into the measuring cell and analyzed at a scattering angle
of 173°. The hydrodynamic diameter (L)) of the surface-
coated maghemite nanoparticles were obtained by dynamic
light scattering measurements. The Nanosizer apparatus
was equipped with a He-Ne laser emitting at 633 nm with
a 4.0 mV power source. The instrument was used in the
backscattering configuration where detection was dome at, |
a scattering angle of 173 using an avalanche photodiode.

. - . - L [}
Data indicated on Table I were obtained from measure-"*

ments taken in double distlled water. PR

2.3. Cell Culture, Magnetic Labeling, and
Cell Viability Assay

The human melanoma cell line used in this study (SK-
MEL-37). originally provided by Dr. Lloyd J. Old from
Memorial Sloan-Kettering Cancer Center, New York,
USA, was routinely cultured in Modified Eagle's medium
(MEM) (Culuilab, Brazil) supplemented with 106 (viv)
fetal bovine serum (FBS) (Cultilab, Brazil). 100 U/mL

penicillin and 100 w/mL streptomycin (Gibco BRL, USA)
at 37 =C in a humidified atmosphere with 5% CO,.
All in wvitre experiments were performed at the expo-
nential growth phase. For the experiments, cells were
seeded on 24-well culture microplates at a concentration of
6000 cell/mL and incubated for 18 h for adhesion. Then,
different aliquots of the MF stock samples were added
directly to the medium and the plates were incubated for
24, 48, or 72 h. After treatment, cells were washed with
PBS and cell wiahility was determined with the MTT
assay 3-(4.5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium
bromide (Sigma Chemical Co., USA) which evalu-
ate mitochondrial function by spectrophotometry.'® The
absorbance readings were performed on a microplate
reader (Biotek, USA). Four replicates were measured and
values were expressed as percentage of untreated cells.

24. Transmission Electron Microscopy (TEM)

Cells grown on 10 cm-diameter culture dishes were treated
with' the. MF samples containing different nanoparticle
concentration and incubated for 72 h at 37 *C. Cells were
harvested by incubating with (.253% trypsin-EDTA solu-
tion, resuspended and fixed for 30 min in solution contain-
ing 2% (v/v) glutaraldehyde, 2% (wifv) paraformaldehyde,
and 3% (wt/v) sucrose in 0.1 M sodium cacodylate buffer
pH 7.2, After fixation cells were rinsed in the same buffer
and post fixed in 1% (wt/v) osmium tetroxide, 0.8% {(wt/v)
potassium ferricyanide, 5 mM CaCl, in 0.1 M sodium
cacodylate buffer pH 7.2. The material was dehydrated
through an acetone series (30 to 100%) (v/v) and embed-
ded in Spurr resin. Ultrathin sections were stained with
urany! acetate and lead citrate. The material was observed
with a JEOL 1011 transmission electron microscope oper-
|ating at80 kV.

- [
2.5. DNA Fragmentation Analysis

.I.rr

After treatment with the MF samples cells and super-
natants were mix together, collected by centrifugation,
washed with PBS, lysed with 500 pL-aliquot of lysis
buffer {10 mM Tris-HCI, 10 mM EDTA, 0.5% Tn-
ton X-100) and incubated with RNAse A (100 pg/mL.,
final) for 1 h. A further incubation with proteinase K
(200 wg/ml., final) for 1 h at 37 °C was also performed.
Total DNA was extracted with phenol-chloroform-isoamyl
alcohol. The aqueous phase was precipitated with 2 vol-
umes of cold ethanol and DNA was resuspended in 30 uL

Table I.  Physicochemical characteristics of the investigated anionic maghemite nanoparticles.

Hydrodynamic Zeta Iron stock Number of Crystalline
Coating diameter Dy (nm) potential mV concentration {mg/mL) particle/mL (¢ 10%)# diameter o (nm})
DMSA 42 —59.7 68 1.3 1.2
Citric acid 62 —52.1 26 23 N
Lauric acid 73 —324 25 L0 10.3
iMaghemite density of 4.8 glem® was used to estimate the number of particle/mlL.
J. Nanosci. Nanotechnol, 8, 2385-2391, 2008 2387
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of TE buffer (10 mM Tris-HCI. | mM EDTA) and ana-
lyzed by agarose gel electrophoresis.

2.6. Statistical Analysis

The results of cell viability were graphically presented
as the percentage of control and were referred to as the
mean £+ standard deviation (SD) for the four replicates.
Statstical analysis was performed using one-way analy-
sis of variance (ANOVA) followed by Tukey's pairwise
comparisons. The inhibitory concentration value (1C,;) and
95% confidence interval was derived from a nonlinear
regression model based on sigmoidal dose response curve
(variable slope) and computed using Prism 4 for Win-
dows (version 4.00), GraphPad Software, San Diego, CA,
www.graphPad.com).

3. RESULTS AND DISCUSSION

Structural characterization of the synthesized maghemite
nanoparticles are summarized in Table I The rough
estimation of the nanoparticle crystalline size (d) was
obtained from the powder XRD data, as indicated previ-
ously. The bigger core diameter value observed for the lau-
ric acid-coated nanoparticle may reflect the difference in
the synthesis process in comparison to the DMSA-coated
or citric acid-coated nanoparticles.

The zeta potential value for all investigated sam-
ples indicates high values of negative charge associated
with the surface-coated nanoparticles, which is attributed
to the nanoparticle’s surface-attached carboxylate groups
(COO™ ). The lowest negative zeta potential obhserved in
the lauric acid-coated nanoparticles may be strongly influ-
enced by the longest distance separating the imﬁzqd'c?r—
boxylate group facing the bulk solution and the core
nanoparticle surface, thus reducing the probability for
the core—shell negative charge sharing. Additionally; the
lauric acid-coated nanoparticle presented the biggest DH
value, which is expected due to both the biggest core
size nanoparticle and the longest carbon backbone of the
molecular coating.

Indeed, as we will discuss latter on in this paper, the
investigated physical parameters (which are related to the
coating structure), namely zeta potential and hydrody-
namic diameter may modulate cell viability and intracel-
lular signaling processes.

In order to evaluate the toxicity of surface-coated
maghemite nanoparticle, cells were mcubated with the
MF samples containing iron concentration in the range
of 43 pg-iron/mL to 2.26 mg-iron/mL. The results of
the MTT assay showed statistical differences among con-
trol and citrate-coated or lauric acid-coated nanoparti-
cles {Figs. 2(A and B)). Tukey's post test confirmed that
72 h after incubation the MF sample based on citrate-
coated maghemite (iron concentration of about 433 pug-
iron/mL, meaning [Fe] = 8.0 mM) caused 50% significant
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Fig. 2. Concentration-dependent inhibition of growth in human
melanoma cells by anionic maghemite nanoparticles. (A) Citric acid;
(B) Lauric acid. Inset: Sigmoidal dose response curve for 72 h incubation:
(C) DMSA-coated nanoparticles. The cell viability was achieved by the
MTT assay and expressed as percentage of untreated cells. Statistically
significant compared to control (*p = 0L.01; ***p < 0.001).

inhibition {(p < 0.01) of cell proliferation with respect to
the control cells (Fig. 2(A)). However, a more accurate
value of ICg, for the citrate-coated maghemite nanopar-
ticle could not be assessed due to strong nanoparticle
light scattering. This is because maghemite nanoparti-
cles are tightly adsorbed onto the cell surface at an
iron concentration above 606 pg-iron/mL, and could not
be completely removed before MTT addition, causing
interference on absorbance readings (Fig. 2(A)). In addi-
non, a significant decrease in cell viability was observed

J Nanosci. Nanotechnol. 8 2385-2391, 2008
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24 h, 48 h and 72 h after incubation with lauric acid-coated
maghemite nanoparticle for all tested iron concentration
higher than 232 pg-iron/mL (Fig. 2{B) and inset, p < 0.01
or p = 0,001} At the highest emploved iron concentration
of 840 pg-wron/mL ([Fe] = 15 mM), SK-MEL-37 viability
was significantly reduced to 10% after incubation for 72 h

{Fig. 2(B) nset, p < 0.001). The calculated 1C,, value for

the lauric acid-coated nanoparticle was 254 pg-iron/mL
{95% confidence interval 239-270 pg-iron/mL) and was
obtained from the dose response curve shown in the inset
of Figure 2{B). The high ICs; values observed for citric or
lauric acid-coated maghemite nanoparticles demonstrated

Fig. ». Transmission electron micrographs of human SK-MEL-37
melanoma cells after 72 h incubation with anionic maghemite nanoparti-
cles at 37 =C. (A) Control cell. (B—C) DMSA-MF-treated cells. Nanopar-
ticles ([Fe] = 1.58 mg/mL) are clustered on plasma membrane (B, arrow)
and within numerous endosomes (C, arrows); (D-E) Citric acid-MF-
treated cells. Nanoparticles ([Fe] = 606 pg/mL) are present outside the
cell near projected segments of the plasma membrane (D, arrows) or
within smooth short and large vesicles (E. arrow). Note intense inter-
nalization processes at the surface membrane (E. arrowhead). (F) Lau-
ric acid-MF-treated cells. Nanoparticles ([Fe] = 588 ug/mL) are also
engulfed by cytoplasm prolongments outside the cell (arrowhead). We
can observe an initial surface blebbing {arrows), intense vacuolization and
chromatin condensation at periphery of the nucleus (white arrowhead).
{m), nucleus.

J. Nanosci. Nanotechnol. 8, 2385-2391, 2008

that these MF samples could be considered non cytotoxic
to human melanoma cells.

In regard to the DMSA-coated maghemite nanoparti-
cle we found that extracellular iron concentration as high
as 40 mM (corresponding to 2.4 = 10Y particle/mL or
2.26 mg-iron/mL) did not cause any significant effect
on cell viability (Fig. 2(C)), suggesung that the DMSA-
coated maghemite does not cause any toxicity to human
SK-MEL-37 melanoma cells. Riviere et al.'® have also
performed a quantitative analysis of the DMSA-coated
nanoparticle in normal smooth muscle cells and found no
cytotoxicity as well as no effect on cell growth with an
extracellular iron concentration of 5 mM. These MF sam-
ples also showed no cytotoxicity to cultured normal human
fibroblasis.!!

Ultra-structural analysis showed that melanoma cells
with no nanoparticle treatment exhibited nucleus with
homogeneously distributed chromatin and an  evident
nucleolus. Additionally, several cytoplasm prolongments
were observed in the cell surface. whereas the cytoplasm
appears occupled by mitochondria and small vacuoles
(Fig. 3{A)). Apparently, the three differemt nanoparti-
cle coatings investigated did not modulate the endocy-

~tosis internalization mechanism, through which the cell

fs some of the extracellular fluid including the
rticle suspended in it. So, we found that cells
ith 1.58 mg-iron/mL of DMSA-coated nanopar-
gs. 3(B-C)) or 606 pg-ron/mL of citrate-coated

es (Figs. 3(D-E)) demonstrated intact plasma
. The nucleus appears with chromatin homo-
distributed while a huge number of wvesicles
mtaining nanoparticles were observed in the cytoplasm.
Ciustcrs consisting of DMSA-coated nanoparticles were

" lobservedh in the cell surface (Fig. 3(B)). Eudoc:,ftosm
N 1311 mtﬂc-coaied maghemite nanoparticles for instance is
" aﬂe evident in Figure 3(E). In contrast, cells treated
n ]

Sﬁ‘ pg-ironfmL of lauric acid-coated maghemite
nanoparticles clearly presented surface blebs and large vac-
uoles, suggesting an operative apoptotic event (Fig. 3(F)).
Interestingly, all MF-treated melanoma cells exhibited no
maghemite nanoparticle in the nucleus (Figs. 3 B-F)).

Figure 4 shows the pattern of DNA content isolated
from a time course experiment of human melanoma cells
incubated with MF samples and analyzed by agarose gel
electrophoresis. We found that DNA isolated from 24 h
and 48 h treated cells did not show fragmentation of DNA
(Fig. 4, lanes 2. 3, 5, and 6). However, DNA isolated from
lauric acid-coated maghemite nanoparticles at 72 h incu-
bation (340 pg-wron/mL) showed a laddering pattern of the
DNA, characteristic of apoptosis (Fig. 4, lane 4). Citric
acid-coated nanoparticules (866 wg-iron/mL) at 72 h incu-
bation (Fig. 4, lane 7) and DMSA-coated nanoparticles
{not shown) did not reveal any DNA fragmentation.

This finding supports the proposal of using the lau-
ric acid-coated maghemite nanoparticle itself for cancer
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Fig. 4. Electrophoretic separation of DINA extracted from SK-MEL-37
cells treated with surface-coated anionic maghemite nanoparticles. Cells
were treated with lauric acid-coated maghemite nanoparticle at 840 yg-
iron/fmL (2 to 4) and citric acid-coated maghemite nanoparticles at
866 pg-ironfmL (5 to 7) for 24 h (2 and 5); 48 h (3 and &) and
T2 h {4 and 7), at 37 °C. Cells treated with DMSA-coated nanoparti-
cle showed similar results as cells treated with citrate-coated nanopar-
ticke. (M) 100 bp DNA ladder. Arrows indicate internucleosomal DNA
fragments.

treatment, without the coupling of an anticancer drug.
Considering apoptosis as a desirable event induced by
anticancer therapies and taking into account that apop-
tosis was evidenced in the present study at higher ron
concentration (above 800 pg-iron/mL in lauric acid-

- 2a i
coated maghemite-based MF samples), non-cytotoxic iton

concentration might be therapeutically employed. “Addi-
tionally, application of magnetic field gradients may be
used to modulate the maghemite nanoparticle concen-
tration at the target site in order to effectively induce
ApOpLOss.

4. CONCLUSION

Our study demonstrated that maghemite nanoparticles
surface-coated with either DMSA, citric acid or lauric
acid are taken up by human melanoma cells in culture.
The evaluated surface-coated maghemite nanoparticles are
non-cytotoxic to human melanoma cells since ICg; wval-
ues were all higher than plasma concentrations normally
attained by intravenous admimstration of superparamag-
netic iron oxide contrast agents for MRI (0.037 mg-
iron/mL).%" However, cell viability studies demonstrated
that parameters like the hydrodynamic diameter and the
Zzeta potential could influence cell metabolic processes.
Among all tested nanoparticles only the lauric acid-coated
ones could induce significant cell death through apoptosis

2390
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as shown by TEM and agarose gel electrophoresis. These
effects could only be ohserved at concentrations as high
as 588 and 240 pg-iron/mL. Nonetheless, a significant
cell death could be observed at lower concentrations
(252 pg-rron/mL), but probably the level of apoptosis
was not high enough to be detected by agarose gel elec-
trophoresis. Evaluation of the influence of nanoparticle
aggregates upon biological cellular events, including the
upper limits of nanoparticle concentration, is presently in
progress. Finally, our findings strongly suggest that lau-
ric acid-coated maghemite nanoparticles (with no anti-
cancer drug attached to them) could be successfully used
against human melanoma. Melanoma animal models are
intended to be used in the next experiments to validate this
hypothesis.
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Abstract

The in vitro growth of embryonic stem cells (ESCs) is usually obtained in the presence of
murine embryonic fibroblasts (MEF) as a feeder layer. However, due to their potential clinical
use in regenerative medicine, new methods of in vitro expansion of ESCs should be
developed. This study aims to establish a system to expand and maintain the pluripotency of
ESCs in the absence of MEF layer. For this purpose, magnetic nanoparticles (MNPs) were
used as a support for growing the murine embryonic stem cells (mESCs) in the presence of an
external magnetic field, thus creating the magnetic field-magnetic nanoparticles (MF-MNP)
system. The mESCs were cultivated in culture flasks placed over the magnet, and incubated at
37° C and 5% CO,. The growth characteristics were evaluated by counting cells and showed a
doubling time slightly higher for mESCs cultivated in the presence of the system than in the
presence of the MEF (20.67 += 0.19 vs. 15.95 + 0.21, respectively) (p= 0.001). The
undifferentiated state was characterized by RT-PCR, alkaline phosphatase activity and
electronic microscopy. The expression of Oct-4 and Nanog genes and analysis of
ultrastructural morphology demonstrated that the MF-MNP system did not interfere with the
signaling pathways maintaining the undifferentiated state as well as with processes that cause
structural changes in the cytoplasm or nucleus (e.g. apoptosis). Moreover, cells grown in the
MF-MNP system showed high alkaline phosphatase activity. The MF-MNP system can keep
the in vitro proliferation of ESCs in the absence of a MEF layer, providing a valuable tool for

expansion of ESCs, contribute to studies that aim to the therapeutic use of these cells.
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Introduction

Due to their capacity of self-renew and differentiation into several cell types, embryonic
stem cells (ESCs) are considered as an attractive option on the tissue regeneration area and
may also offer a wide range of alternative treatments for many degenerative diseases [1]. The
success of the clinical application of the ESCs, among other factors, depends specially on the
quality control of the in vitro culture system used for the expansion and differentiation of
these cells.

The standard system for the expansion of ESCs uses the co-culture of mitotically
inactivated embryonic fibroblast (MEF) layer [2]. However, the presence of animal cells in a
culture of human embryonic stem cells (hESCs) is not desirable since the contamination with

animal pathogens can occur, preventing the clinical application of the hESCs [3].

Although murine embryonic stem cells (mESCs) can be propagated in the absence of
MEF feeder since the medium is supplemented with leukemia inhibitory factor (LIF), this
cytokine is not sufficient to maintain the pluripotency of human embryonic stem cells
(hESCs) in the absence of MEF [4-6]. So, the development of a culture system in the absence

of MEF becomes necessary.

Currently, the magnetic nanoparticles (MNPs) have been used in a variety of
biomedical applications, since the MNPs have the property of reacting to an external magnetic
field. Among the various applications, we mention its use as contrast agent in magnetic
resonance image (MRI), cell separation, hyperthermia and tissue engineering [7]. In the field
of tissue engineering the MNPs were used to expand mesenchymal stem cells in the presence

of an external magnetic field [8].

Therefore, this study aims to establish a system to expand mESCs in the absence of

MEF. For this, magnetic iron oxide nanoparticles functionalized with citrate are used as a
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support for growing murine embryonic stem cells, in the presence of an external magnetic
field (neodymium), thus creating the magnetic field-magnetic nanoparticles (MF-MNP)

system.

Materials and Methods

Isolation and culture of murine embryonic fibroblasts

Murine embryonic fibroblasts (MEF), used as a support to expand the mESCs were
derived of mouse’s embryos. For their isolation, females were sacrificed between the 13™ and
14™ day of conception. The embryos were isolated and placed in PBS, and after the heads and
limbs were removed. The carcasses were washed with PBS, dissociated in 0.25%
trypsin/EDTA (Cultilab, Brazil), and placed in culture flasks containing medium DMEM
(Gibco-Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS; Cultilab, Brazil),
penicillin (100 Ul/ml)/streptomycin (100 pg/ml) (Gibco-Invitrogen, USA) and kept at 37°C
and 5% CO,. After a few days, fibroblasts became visible and are left to grow near the
confluence, when they were ready to be frozen and stored for later use. In our hands, a high
viability was obtained by freezing fibroblasts directly in a solution containing DMEM (Gibco-
Invitrogen, USA), 20% FBS (Cultilab, Brazil) and 10% DMSO (Invitrogen, USA). For using
as a feeder for mESCs propagation, MEF were cultivated in culture flasks previously coated
with 0.1% gelatin (Sigma-Aldrich Chemical Co., USA) containing DMEM (Gibco-
Invitrogen, USA) supplemented with 10% FBS (Cultilab, Brazil), 2mM L-glutamine (Gibco-
Invitrogen, USA) and penicillin (100 Ul/ml)/streptomicin (100 pg/ml) (Gibco-Invitrogen,
USA). Subcultures were routinely performed every 2 days using 0.05% trypsi/EDTA

(Gibco-Invitrogen, USA). The day before mESCs seeding, MEF were mitotically inactivated
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with 10 ug/ml mitomycin C (Sigma-Aldrich Chemical Co., USA) for 3 h at 37°C and 5%

COa,. The isolation and expansion of MEF was according to standard protocols [2].

Murine embryonic stem cells culture

Murine embryonic stem cell line (USP-1) was kindly donated by Dr. Lygia da Veiga
Pereira (Department of Genetics and Evolutionary Biology, University of Sdo Paulo -USP).
These cells were propagated in DMEM (Gibco-Invitrogen, USA) supplemented with 1000
U/ml murine LIF (Esgro, USA), 2mM L-glutamine (Gibco-Invitrogen, USA), 0.ImM -
mercaptoethanol (Gibco-Invitrogen, USA), 0.ImM nonessential amino acids (Gibco-
Invitrogen, USA), 2mM sodium pyruvate (Gibco- Invitrogen, USA), penicillin (50
Ul/ml)/streptomicin (50 pg/ml) (Gibco-Invitrogen, USA), 20% FBS (Hyclone, Logan, USA)
and maintained in a incubator at 37°C and 5% CO,. For subcultures, cells were removed from
flasks by 0.05% trypsin/ETDA treatment (Gibco-Invitrogen, USA) and seeded at 1:10

passage ratio every 48 hours (doubling time was approximately 14-15 hours).

Synthesis of magnetic nanoparticles functionalized with citrate

Maghemite nanoparticles (y-Fe,O3) were prepared by co-precipitation of ions Fe (II)
and Fe (III) in aqueous solution by alkaline hydrolysis reaction, following protocols provided
by Van Euijk et al. [9]. Maghemite nanoparticles were functionalized with citrate according to
Morais et al. [10]. Both synthesis and functionalization were carried out by the team of Dr.
Emilia Celma de Oliveira Lima (Laboratory of Chemistry/Federal University of Goias-UFG).
Previous studies were conducted by us to determine the non cytotoxic concentration to be

used in this study [11].
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Expansion of murine embryonic stem cells in the magnetic field-magnetic nanoparticles

system

Murine embryonic stem cells were treated with functionalized magnetic nanoparticles
(43 pg-iron/ml) and grown in culture flasks (25 cm?) previously coated with 0.1% gelatin.
The culture medium was the same for mESCs cultivated with MEF layer. Flasks were put
over a neodymium magnet (4000 Gauss) and kept at 37° C with 5% CO, (Fig.1). For
comparative purposes, the cells were subcultured every 72 hours, and monitored 24, 48, and
72 hours, over six passages. As controls, mESCs were cultured only in: 1) MEF layer (positive
control) and ii) 0.1% gelatin (negative control). Cells were routinely cryopreservated in a
solution containing DMEM (Gibco-Invitrogen, USA), 20% FBS (Cultilab, Brazil) and 10%

DMSO (Invitrogen, USA).

Determination of proliferation parameters

For these experiments, murine embryonic stem cells cultivated in the presence of the
MF-MNP system as in the presence of MEF were counted before seeding using a
hemocytometer (Neubauer chamber). After a determined period (see Table 2 and 3), cells
were enzymatically dissociated and counted again. To calculate the doubling time (tg), we

applied the formulae: N = N, x 2"

Where:  N=number of cells after the incubation time (T)
N,o=number of seeded cells
n= number of generations

Once determined the number of generations, the t; was easily calculated according to

the formulae: ty = T/ n, where T is the total incubation time.
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Although relatively simple to the majority of cells, the calculus of t4 for the embryonic
stem cells comprehends some considerations: when mESCs were grown in the presence of
MEF it is necessary to deduct the number of these cells in N and N,. Three independent
experiments were performed and results were expressed as a mean + standard deviation (SD).
Statistical analysis was assessed by Student’s t-test using Prism 4 for Windows (version 4.00

GraphPad Software, San Diego, CA, www.graphPad.com).

Prussian blue reaction

The presence of nanoparticles into the cells was confirmed by the Prussian blue essay,
used to demonstrate ferric iron. Prussian blue reaction consists of a solution containing equal

parts of 2% potassium ferrocyanide and 6% hydrochloric acid [12].

For the assay, the cells were fixed with 4% paraformaldehyde, washed with PBS and
incubated with the Prussian blue reagent for 30 minutes. The blue color is a characteristic of

the reaction between the iron and the reagent.

Transmission electron microscopy (TEM)

The ultrastructural morphology of cells grown in the MF-MNP system was analyzed
by transmission electron microscopy (TEM). For analysis, mESCs were treated with magnetic
nanoparticles as described above. After 72 hours incubation, cells were fixed for 30 minutes
in a solution containing 2% glutaraldehyde, 2% paraformaldehyde, and 3% sucrose in sodium
cacodylate buffer (0.1 M pH 7.2). Then, the cells were rinsed in the same buffer and post
fixed in 1% osmium tetroxide, 0.8% potassium ferricyanide, SmM of calcium chloride in
sodium cacodylate buffer (0.1 M pH 7.2). The material was dehydrated through acetone series

(30 to 100%) and embedded in Spurr resin. Ultrathin sections were stained with uranyl acetate
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and lead citrate. The material was observed in transmission electron microscopy JEOL 1011

operating at 80 kV.

RT-PCR analysis
The characterization of the undifferentiated state of the mESCs grown in the presence

of the MF-MNP system was performed by RT-PCR.

Total RNA was extracted from mESCs using Trizol (Invitrogen, USA), and quantified
using a fluorimeter (Qubit™, Invitrogen, USA). Two micrograms were DNase-treated
(Invitrogen, USA) for 15 minutes at the room temperature. Samples were equally fractionated
where one microgram of DNase-treated RNA was reverse-transcribed using Thermo Script
RT-PCR™ kit (Invitrogen, USA), according to manufacturer’s specifications. RT-negative

controls (not reverse-transcribed) were also included.

PCR reaction mixture was composed of 0.25 uM of each primer (Table 1), 2 mM
MgCly, 0.1 mM of each dNTPs, 2.5 U Tag Polymerase in 1X PCR buffer (Invitrogen, USA)
and 2 uL ¢cDNA in a total volume of 25 pL. The following cycle conditions were applied: an
initial 4 min denaturation at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 56°C and 30
s at 72°C and a final extension of 10 min at 72°C, according to Shi et al. [13]. The amplified
products: 314 bp (Oct-4) and 192 bp (Nanog) were analyzed by electrophoresis on 1.5%
agarose gel containing ethidium bromide (1 pg/mL). As negative controls, MEF cDNA and a

sample without cDNA were also used in the PCR reaction.

Alkaline phosphatase staining

An assay was also performed in order to determine the alkaline phosphatase activity,

in mESCs cultivated in the MF-MNP system.
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A solution of 5-bromo-4-chloro-3-indol phosphate/nitro blue tetrazolium (BCIP/NBT)
(ROCHE) was prepared, according to manufacturer’s specifications. Analysis was performed
on cells previously fixed with 4% paraformaldehyde for 15 min at room temperature. After
rinsing with PBS, the BCIP/NBT solution was added and fixed cells were incubated for 30
min in a dark environment. Cells with alkaline phosphatase activity showed a dark blue

coloration.

Results

Murine embryonic stem cells morphology

When cells are growing in the presence of the MF-MNP system, some distinct
morphological characteristics are observed according to the localization of the magnetic field
(Fig. 1). Cells that grew away from the magnetic field (in the middle of the flasks, Fig. 1E)
showed signs of differentiation. As cells approach the magnetic field, its morphology is more
similar to undifferentiated cells (Fig. 1C and 1D).

In addition, were performed comparative studies by monitoring the morphology of the
cells, each day after subculture (e.g. 24, 48, and 72 hours). The results are shown in figure 2.
For 24 and 48 hours, we observed that cells grown on both MEF layer and in the presence of
the MF-MNP system (Fig. 2A and 2B), showed approximately identical number of
undifferentiated colonies (Al vs. B1; A2 vs. B2 in Fig. 2). However, after 72 hours cells
cultured on a MEF layer had already morphological signs of differentiation, while cells grown
in the presence of the MF-MNP system, still showed the undifferentiated morphology (A3 vs.
B3 in Fig. 2).

As a negative control, was seeded mESCs in 0.1% gelatin. In Figure 2C, cells showing

a lot of differentiation can already be clearly seen after 24 hours of monitoring.
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Cells cultivated in MF-MNP system retained growth characteristics after recovery

from the freeze-thaw process.

Growth Characteristics

To minimize the source of error, the final count of cells (to obtain N) was performed
for two different times (T): 48-49 hours or 69 hours, since the doubling time (tg) should not
change significantly during the exponential growth phase (Table 2 and 3).

As expected, cells counts performed for mESCs in MEF layer at 48 and 69 hours did
not show significant differences (p= 0.09) (Table 2). The mean value for three independent
experiments was 15.95 + 0.21 hours. The same was observed for cell counts performed for
mESCs growing in the MF-MNP system, where the doubling time calculated at 49 and 69
hours did not change significantly (p= 0.91) (Table 3). The mean value for three independent
experiments was 20.67 £ 0.19 hours.

However, when comparing the doubling time for cells grown in the presence of MEF
and in the presence of MF-MNP system, a significant difference (p= 0.001) was observed,

indicating a slightly slower growth of cells in the presence of MF-MNP system.

Detection and ultrastructural localization of iron oxide nanoparticles in murine embryonic
stem cells

To assess localization of iron oxide nanoparticles in mESCs, cells were fixed and
staining with Prussian blue reagent (Fig. 3). A dark blue coloration can be seen at the
periphery of colonies, as well as into individual cells after enzymatic dissociation (Fig. 3B
and 3C).

In addition, the analysis of mESCs ultrastructural morphology by TEM revealed that

nanoparticles were endocited by the cells, and were localized inside structures similar to
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vesicles (Fig. 4B and 4C), and at the outer face of the plasma membrane (Fig. 4D). But, we
not observed nanoparticles inside the nucleus or the presence of apoptotic bodies and

fragmented chromatin.

Activity of Alkaline phosphatase in murine embryonic stem cells
The mESCs cultivated in the MF-MNP system showed high activity of alkaline
phosphatase, as can be seen in Figure 5B. A dark blue stain has been also obtained for mESCs

in the presence of a MEF, as expected (Fig 5A).

Oct-4 and Nanog expression.
Gene expression analysis of pluripotency markers by RT-PCR revealed high levels of
Nanog and Oct-4 expression (Fig. 6). We also observed that the level of expression was

maintained over the six subcultures (data not shown).

Discussion

Human embryonic stem cells need feeder cells to keep them in culture in
undifferentiated state [4,14]. In protocols for conventional cultivation, hESCs are maintained
in MEF for long periods without losing the pluripotency. However, the spread of hESCs in
MEF allows the possibility of transmission of animal pathogens, which would be an obstacle
to clinical applications. To solve this problem, several studies have been focused on
developing a support system for the hESCs using human feeder cells [15-17]. But there is also

a risk of contamination by human pathogens causing the emergence of new diseases.



53

In this study, we have developed a culture system for mESCs, in which magnetic
nanoparticles are added to culture medium supplemented with LIF using Corning™ flasks
placed above a neodymium magnet at 37°C in a 5% CO, atmosphere.

The magnetic nanoparticles used in this study were maghemite nanoparticles that have
been functionalized with citrate in order to form a stable aqueous dispersion. Besides
stabilizing the particle, the citrate provides carboxyl groups in the particle surface [18]. In
addition, the carboxylate functionality on the surface provides further surface modification
with fluorescent dyes, proteins or hormone for possible cell-binding, bioimaging, tracking,
and targeting [19-20].

Previous studies to assess the cytotoxic activity of these nanoparticles have been
performed by our group [11]. Results demonstrate that maghemite nanoparticles
functionalized with citrate were not cytotoxic to cultured cells.

Magnetic nanoparticles had already been used for expanding in vitro mesenchymal
stem cells by using a magnetic field [8]. In this system, the cells grew at the periphery of
culture dishes. This was also observed in our study, probably due to the greater magnetic
force in this region.

Ito et al. [21] also used this system to build tubular structures such as urethra (from
urothelial cells) and blood vessels (from aortic endothelial cells, aortic smooth muscle cells
and fibroblasts).

It has been reported that biomaterials can be used as support for growing mESCs in
vitro [22-23]. As reported by Nur-E-Kamal et al. [23], a nanofibrillar matrix was used (Ultra-
Web™) to expand mESCs in medium supplemented with LIF. The results showed an increase

in proliferation of these cells when compared to the control cultivated on feeder cells.
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We have chosen to work with mESCs since several studies have already been
conducted to understand the biology of these cells. Factors responsible for maintaining the
undifferentiated state as well as for inducing their differentiation are well established.

The results presented here showed that the morphology of mESCs grown in the MF-
MNP system was similar to the cells grown in MEF feeder layer. In addition, although the
doubling time was slightly higher in the presence of the system than in the presence of the
MEF, the cells remained undifferentiated for several passages. Cells growing in MF-MNP
system also exhibited a high alkaline phosphatase activity. The results demonstrate that MF-
MNP system did not interfere with ‘stemness’ characteristics.

According to the literature, the differentiation of mESCs depends on transcription
factors that act as a molecular switch that activates or represses the expression of specific
genes [24]. One of these factors is the Oct-4, which is a transcription factor containing a POU
dominion encoded by Pou5fl gene [25]. The Oct-4 activity is an essential characteristic of
pluripotency found in the mammals’ embryos cells [26]. This factor has been detected in vitro
only in embryonic carcinoma cells, embryonic stem cells and embryonic germ cells [27].

Another important factor expressed in ESCs is NANOG, a homeoprotein that can
sustain the undifferentiated state of the mESCs in the absence of LIF [28].

In our study, expression of Oct-4 and Nanog genes in mESCs grown in the MF-MNP
system was confirmed by RT-PCR. Moreover, the level of expression remained high over the
six subcultures.

Cells cultivated in the presence of the MF-MNP system were also analyzed by TEM in
order to detect structural alterations caused by the nanoparticles. The results showed that
clusters of MNPs are formed on the plasma membrane. Nanoparticles can be also seen inside
vesicles, probably formed by endocytosis. In addition, ultrastructural studies demonstrate that

citrate functionalized magnetic nanoparticles did not cause any damage to cells, since was not
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observed any alterations in the plasma membrane, nucleus nor mitochondria. Probably, the
iron in MNPs is re-used/recycled by biochemical pathways of iron metabolism.

Cytotoxic studies have been demonstrated that internalization of MNPs did not affect
the cell viability of murine embryonic stem cells [29], human mesenchymal stem cells
(hMSC) [30] and human neural stem cells (hNSC) [31]. In addition in vivo studies showed
that the MNPs did not cause necrosis nor apoptosis in a guinea pig model [32].

To date, it has not yet been reported a similar use of this system to expand embryonic
stem cells. The results showed here open the the possibility for expanding human embryonic

stem cells in the absence of MEF feeder layer contributing to future clinical uses.
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Tables

TABLE 1. Sequence of primers used in RT-PCR analysis.

Gene Primer sequence Product References
(bp)
Oct-4 F: GGCGTTCTCTTTGGAAAGGTGTTC 314 [13]

R: CTCGAACCACATCCTTCTCT

Nanog F: AGCCAGGTTCCTTCCTTCTT 192 [13]
R: GCACCCGACTGCTCTTCCGA
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TABLE 2. Proliferation parameters of murine embryonic stem cells cultivated in MEF feeder

layer.

Total cells | Seeded cells Recuperated cells | Time of Generation | Duplication
number number @ number (N) incubation | number (n) | Time ®

(x 105 4SD | (x 10°)+SD | (x 10°+SD (hours) (T) (ta), hours
2.23+0.10 |2.23+0.10 3.76 +0.45 69 4.1 16.3+0.5©
1.61+£0.10 | 1.61 +£0.10 1.37+0.12 48 3.1 15.6 £ 0.3

@ Cells were passaged at two cell densities performed in duplicates. These data are representative of one of three
set of independent experiments. © Doubling time was determined from three independent experiments. ' No
significant difference was found by t-test (p= 0.09).

TABLE 3. Proliferation parameters of murine embryonic stem cells cultivated in MF-MNP

system.

Total cells | Seeded cells Recuperated cells | Time of Generation | Duplication
number number ® number (N) incubation | number (n) | Time ®

(x 10 +SD | (x 10°)+SD | (x 10°)+SD (hours) (T) (ta), hours
3.73+0.33 | 1.49+0.21 1.43+£0.12 69 3.26 20.7+0.7©
3.22+0.12 | 6.44+£0.16 3.45+0.10 49 242 20.6 £ 0.4

@ Cells were passaged at two cell densities performed in duplicates. These data are representative of one of three
set of independent experiments.  Doubling time was determined from three independent experiments. ' No
significant difference was found by t-test (p=0.91).



Figures

FIG. 1. Magnetic field-magnetic nanoparticle system (MF-MNP) used to grow the mESCs.
(A) Neodymium magnet matches exactly to the area from the bottom of Corning™ 25 cm*-
culture flasks. (B) Flask placed over the magnet where mESCs are growing in the presence of
magnetic nanoparticles. A closer look at cells growing: (C) on the extremities, (D) near the
edge and (E) in a middle area of the flask. Due to differences in strength of the magnetic field,
nanoparticles are located at the extremities of the flask, where the field lines of the magnet are

concentrated. The nanoparticles can be viewed as a brown background (*). (Magnification

x100).
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FIG. 2. Murine embryonic stem cells growing in MF-MNP system and monitored at 24 (1),
48 (2) and 72 hours (3). (A) Murine embryonic stem cells growing on a MEF feeder layer.
Murine embryonic stem cells can be clearly seen as a syncial mass (arrows) over a layer of
MEF (arrowhead). (B) Murine embryonic stem cells growing on MF-MNP system (arrows).
Note the brown background due to the presence of nanoparticles (*). (C) Murine embryonic
stem cells growing in 0.1% gelatin-coated flask (arrow). Note that colonies shown signs of
differentiation (cells are spreading out and colonies does not have a well defined border). This

is a representative result from the six subcultures. (Magnification x100).
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FIG. 3. Prussian blue staining of murine embryonic stem cells grown in the presence of

MF-MNP system. (A) Living cells before staining. Prussian blue reaction was
performed in (B) fixed colonies followed by (C) enzymatic dissociation to visualize

individualized cells. (Magnification x200).
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FIG. 4. Transmission electron micrographs of murine embryonic stem cells grown in the
presence of MF-MNP system for 72 h at 37°C and 5% CO,. (A) murine embryonic stem cells
grown in the presence of MEF (positive control); (B-C) Magnetic nanoparticles can be seen as
agglomerates inside vesicles in cytoplasm (arrows). (D) Besides the presence in the cytoplasm
(thin arrow), magnetic nanoparticles can be also observed at the outer face of the plasma

membrane (large arrow). Nucleus (n).



FIG. 5. Alkaline phosphatase staining of mESC grown in the presence of: (A) a mytotically

inactivated murine embryonic fibroblasts (positive control); (B) MF-MNP system. Dark
areas represent high level of alkaline phosphatase activity (arrows). (C) On the other hand,
cells grown in the presence of 0.1% gelatin (negative control), were not stained, since they
present a differentiated morphology (arrowheads). All experiments conducted over a period

of 48 h incubation at 37°C and 5% CO,. (Magnification x200).
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600
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FIG. 6. RT-PCR analysis of genes associated with pluripotency. (A) Oct-4 (314 bp) and
(B) Nanog (192 bp) expression of mESC grown in the presence of MF-MNP system
(lane 1) and in the presence of mitotically inactivated murine embryonic fibroblasts
(lane 3). As controls murine embryonic fibroblasts samples were also included (lane 2).
(M) 100 bp DNA ladder. (C) Sample without cDNA (negative control of the PCR
reaction). In a companion gel (not show), PCR products of all RT-negative controls

were not detected, ruling out the possibility of genomic DNA contamination.
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Abstract

Embryonic stem (ES) cells are derived from the inner cell mass (ICM) of embryos in the
blastocyst stage. Methods for the in vitro isolation of ES cells from murine blastocysts are
well established. However, it is important that ES cells are isolated from other animals, as
cattle, thus contributing to expand the knowledge of the biology of these valuable cells. The
objective of this study was to isolate ES cells from the ICM of bovine blastocysts and
characterize its pluripotency. For this purpose, 31 fresh blastocysts obtained by in vitro
fertilization were used. They are immediately dissected to mechanical removal of the ICM.
The i1solated ICMs were transferred to a monolayer of murine embryonic fibroblasts (MEF)
mitotically inactivated and placed in a CO, incubator at 37°C. Six of these 31 ICMs could
attach and expand forming several colonies. Ten days after, colonies were mechanically
cutted into small pieces and transferred to a new MEF layer. Of these six ICMs, we managed
to isolate a cell line with ES-like morphology. Cells could be passaged six times over a 60
days period. The pluripotency of the bovine ES-like cells was confirmed by RT-PCR of Oct-4
and STAT-3 gene markers. In addition, differentiation genes as GATA-4 and Flk-1 were not
expressed in our culture. The colonies were weakly stained for alkaline phosphatase.
Embryoid bodies were spontaneously formed just after the seventh passage. Our results
indicate that ICM could be mechanically isolated from developed blastocysts in vitro to derive

cells with embryonic stem-like features.
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Introduction

The derivation of embryonic stem cells from the inner cell mass (ICM) of murine
blastocysts [1] has opened a door to a better understanding of some important human
diseases, by improving the techniques for the attainment of transgenic animals [2].

The research for the establishment of new ES cell lines from animals is undoubtedly
important for studying the basic mechanisms of the biology of such cells, what will bring
significative contributions to the regeneration of species under extinction, to genetic
improvement and to cure many animal diseases [2].

Embryonic stem cells were already isolated from other animals, such as: mice, hamster
[3], pig [4], rat [5], mink [6], cattle [7], equine [8], sheep [9], rabbit [10], nonhuman primates
[11], dogs [12], common marmoset [13] and humans [14].

Besides the interest of the agri-business in the use of bovine embryonic stem cells for
generating transgenic animals, the isolation and proliferation of these cells in culture amplify
the field of research with human stem cells, once cultured bovine ES cells present properties
more similar to human ES than the mouse ones [15].

Several methods for isolating ICM have been used to obtain embryonic stem cells. The
most popular method is named immunosurgery [16-18]. However this method is not very
efficient for the isolation of the ICM from bovine embryos, since the antibodies used are not
specific to this animal model [19]. Thus, for obtaining bovine embryonic stem cells, some
authors have adopted the mechanical isolation of ICM, since this method has provided good
results [20,15].

In this study we aim to isolate and characterize embryonic stem cells from fresh
bovine blastocysts obtained by in vitro fertilization. We have chosen to obtain mechanically

the ICM, describing a simple technique that could facilitate the isolation of these cells.
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Materials and Methods

Embryos

A total of 31 embryos at blastocyst stage were kindly donated from In Vitro Brazil
Ltda. Of these, 17 were expanded (Fig. 1A) and 14 were hatched blastocysts (Fig. 1B).
Blastocysts were obtained from in vitro fertilization (IVF) and examined under a
stereomicroscope for classification regarding stage of development according to the
International Embryo Transfer Society standards. All procedures of the embryo development
were performed at In Vitro Brazil Ltda, enterprise specialized in IVF. Blastocysts were
transferred to PBS supplemented with 10% FBS and immediately processed for isolation of

the ICM.

Isolation and culture of murine embryonic fibroblasts

Murine embryonic fibroblasts (MEF), used as a support to expand the mESCs were
derived of mouse’s embryos. For their isolation, females were sacrificed between the 13" and
14™ day of conception. The embryos were isolated and placed in PBS, and after the heads and
limbs were removed. The carcasses were washed with PBS, dissociated in 0.25%
trypsin/EDTA (Cultilab, Brazil), and placed in culture flasks containing medium DMEM
(Gibco-Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS; Cultilab, Brazil),
penicillin (100 Ul/ml)/streptomycin (100 pg/ml) (Gibco-Invitrogen, USA) and kept at 37°C
and 5% CO,. After a few days, fibroblasts became visible and are left to grow near the
confluence, when they were ready to be frozen and stored for later use. In our hands, a high
viability was obtained by freezing fibroblasts directly in a solution containing DMEM (Gibco-
Invitrogen, USA), 20% FBS (Cultilab, Brazil) and 10% DMSO (Invitrogen, USA). For using

as a feeder for bovine ES-like cells propagation, MEF were cultivated in culture flasks
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previously coated with 0.1% gelatin (Sigma-Aldrich Chemical Co., USA) containing DMEM
(Gibco- Invitrogen, USA) supplemented with 10% FBS (Cultilab, Brazil), 2mM L-glutamine
(Gibco-Invitrogen, USA) and penicillin (100 ULl/ml)/streptomycin (100 pg/ml) (Gibco-
Invitrogen, USA). Subcultures were routinely performed every 2 days using 0.05%
trypsin/EDTA (Gibco-Invitrogen, USA). The day before mESCs seeding, MEF were
mitotically inactivated with 10 pg/ml mitomycin C (Sigma-Aldrich Chemical Co., USA) for 3
h at 37°C and 5% CO,. The isolation and expansion of MEF was according to standard

protocols [21].

Mechanic isolation of the ICM and culture of bovine embryonic stem-like cells

The ICM was isolated manually by microsurgical removal, using two metal needles
under a stereomicroscope (Nikon -1500) (Fig. 1C and 1D). One needle was used to hold the
blastocyst and the other to cut out the ICM, leaving the ICM free of zona pellucida (ZP) and
trophoblast (TE) (Fig. 1E-H). This technique is applied manually, and it does not require any
expensive equipment.

The morphologically intact ICM were transferred to a feeder layer of mitotically
inactivated murine embryonic fibroblast (MEF) in minimum essential medium o (a-MEM;
Invitrogen, USA), supplemented with 15 % FBS (Hyclone; Logan, UT), 0.1 mM 2-
mercaptoethanol (Invitrogen, USA), human leukemia inhibitory factor (LIF) at 10 ng/ml
(Esgro, USA), penicillin (100 IU/ml), and streptomycin (50 pg/ml) and maintained at 37°C
with 5% CO,. The ICM was allowed to grow on the MEF feeder layer for 10 days before the
first transfer to a new MEF feeder layer.

Splitting of the bovine ES-like colonies was always performed mechanically at 10 day

intervals. Colonies were cut with a housekeeping knife into small pieces and then transferred
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onto fresh feeder cells. For passages, only undifferentiated colonies were chosen, as judged by

morphology.

Alkaline phosphatase staining

An assay was also performed in order to determine the alkaline phosphatase activity in
bovine ES-like cells.

A solution of 5-bromo-4-chloro-3-indol phosphate/nitro blue tetrazolium (BCIP/NBT)
(ROCHE) was prepared, according to manufacturer’s specifications. Analysis was performed
on cells previously fixed with 4% paraformaldehyde for 15 min at room temperature. After
rinsing with PBS, the BCIP/NBT solution was added and fixed cells were incubated for 30
min in a dark environment. Cells with alkaline phosphatase activity showed a dark blue

coloration.

RT-PCR analysis

The characterization of the undifferentiated state of the bovine ES-like cells was
performed by RT-PCR.

Total RNA was extracted from bovine ES-like cells using Trizol (Invitrogen, USA),
and quantified using a fluorimeter (Qubit™, Invitrogen, USA). Two micrograms were DNase-
treated (Invitrogen, USA) for 15 minutes at room temperature. Samples were equally
fractionated where one microgram of DNase-treated RNA was reverse-transcribed using
Thermo Script RT-PCR™ kit (Invitrogen, USA), according to manufacturer’s specifications.
RT-negative controls (not reverse-transcribed) were also included. PCR reaction mixture was
composed of 0.25 uM of each primer (Table 1), 2 mM MgCl,, 0.1 mM of each dNTPs, 2.5 U
Tag Polymerase in 1X PCR buffer (Invitrogen, USA) and 2 uL ¢cDNA in a total volume of 25

uL. The following cycle conditions were applied for STAT-3, GATA-4, Flk-1 primers: an
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initial 5 min denaturing at 94°C, followed by 40 cycles of 15 s at 94°C, 30 s at 55°C, 1 min at
72°C and final extension of 10 min at 72°C [22]. Cycle conditions for Oct-4 primer were 5
min at 94°C, followed by 40 cycles of 15 s at 94°C, 30 s at 57°C, 45 s at 72°C and final
extension of 7 min at 72°C [8].

The amplified products: 314 bp (Oct-4), 531 bp (STAT-3), 510 bp (GATA-4) and 197
bp (Flk-1) were analyzed by electrophoresis on 1.5% agarose gel containing ethidium
bromide (1 pg/mL). As negative control, sample without cDNA were also used in the PCR

reaction.

Results and Discussion

Procedures for isolating ICM and bovine ES-like cells

A total of 17 expanded and 14 hatched blastocysts were used for ICM isolation (Fig.
2A). Within the initial 48 hours six isolated ICM’s from 17 expanded blastocysts became
attached to MEF layer (Fig. 2B). The ICM’s continue to grow (Fig 2C) culminating with the
formation of a button in the middle of a large colony (primary colony, Fig. 2D). Ten days
after, the primary colony was mechanically dissected as described in Material and Methods,
originating the putative ES-like cells (Fig. 2E and 2F). Again, after ten days, these colonies
were mechanically dissected into small pieces (Fig. 2G). The pieces were disaggregated into
smaller cell clumps by pipetting up and down before transfer onto a new feeder layer. These
cells grew and formed flat colonies with well defined boundary (Fig. 2H-J).

These cells were classified as embryonic stem cells according to their morphology,
characterized by a small ratio cytoplasm/nucleus, a nucleus with multiple nucleoli, and
cytoplasmic vesicles [23-25]. One lineage with these characteristics were established and

maintained by six passages for two months in our study. After this period, spontaneous
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differentiation has occurred (Fig. 2K) and culminated with the formation of embryoid bodies
(EB) (Fig. 2L).

Differentiation could be due to decrease/absence of expression of auto-renewal factors
after the first passages, becoming thus difficult the attainment of a permanent cellular line
[26]. This was also observed in a study carried by Yadav et al. [27], where isolated bovine

ES-like cells were cultivated for a period of two months without exceeding seven passages.

Expression of plurypotency markers by bovine embryonic stem like-cells

In an attempt to characterize these cells, we examined the expression of pluripotency
markers.

In our study, colonies did not stain for alkaline phosphatase (AP) (data not show).
Alkaline phosphatase activity has been used to identify pluripotent cells in cultures derived
from livestock species [28-29]. However, conflicting results have been reported in relation to
AP staining in bovine embryonic stem cells. Cao et al. [30] have detected a strong AP activity
in both primary bovine ES-like colony and trophoctoderm cells. Yadav et al. [27] have
observed a weak or absent AP activity in bovine embryonic ES-like cells. Therefore, AP
activity might not be a good pluripotency marker for bovine embryonic stem cells.

We have further examined the level of Oct-4 and STAT-3 gene expression. Results
can be seen at Figure 3. Fragments of 314 bp (Oct-4) and 531 bp (STAT-3) were amplified,
thus indicating that our colonies were formed by cells in undifferentiated state. Oct-4 is a
critical POU transcription factor frequently used as marker for undifferentiated cells. High
expression levels have been found in human ES cells [31], mouse ES cells [32], equine ES

cells [8] and bovine ES cells [20].
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Kurosaka et al. [22], showed that the Oct-4 mRNA expression pattern was restricted to
ICM cells in bovine blastocysts. Therefore, Oct-4 transcription factor was a suitable marker
for the identification of pluripotent cells in cattle.

STAT-3 is another key regulator for self-renewal of ESC in mouse [33] and it was also
expressed in bovine ES cells [20].

Some endoderm and mesoderm gene markers as GATA-4 and Flk-1, respectively,
were also assayed by RT-PCR, since they have been used to in vitro progression of ESCs
cultures to EB formation [34]. These genes were not expressed in our ES-like cells grown
until the seventh passage confirming the undifferentiated state of these cells.

However, as reported recently by Cao et al. [30], the pathways needed to maintain the
undifferentiated state of bovine ES cells seem to differ from that ones for mouse and human.
Therefore it is important that further studies aimed at isolation of bovine stem cells are
encouraged.

Future studies will be carried by us to optimize the derivation technique to expand the

culture period and increase the number of passages.
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Tables

TABLE 1. Sequence of primers used in RT-PCR analysis.

Gene Primer sequence Product References

(bp)

Oct-4 F: GGTTCTCTTTGGAAAGGTGTTC 314 [22]
R: ACACTCGGACCACGTCTTTC

STAT-3  F: TCTGGCTAGACAATATCATCGACCTTG 531 (8]
R:TTATTTCCAAACTGCATCAATGAATCT

GATA-4 F: CTCTGGAGGCGAGATGGGACGGG 510 [8]
R:GAGCGGTCATGTAGAGGCCGGCAGGCATT

Flk-1 F:CTGCCTACCTCACCTGTTTCCTGTATGG 197 (8]

R:GGATATCTTGAAATGTTTTTACACTCAC

84
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Figures

FIG. 1. Bovine ICM isolated mechanically. (A) Expanded blastocysts. (B) Hatched
blastocysts. (C-D) Microsurgical removal of ICM using two metal needles for manual
operation under a stereo-microscope. (E) One expanded blastocysts showing ICM (i) and
trophoblast cells (t). (F) One needle (n) was used to hold the blastocyst and (G) another
needle to make a hole in the zone pellucida (z) to open up the blastocyst and (H) to separate

the ICM from the zona pellucida and trophoblasts cells.
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FIG. 2. Phase contrast micrographs of bovine ES-like cells and their differentiated
derivatives. (A) A fresh isolated ICM over a MEF layer. (B) ICM expansion after attachment
to MEF layer. (C) ICM outgrowth after 48 h isolation. (D) Formation of a button in the
middle of a large colony (primary colony). (E) Bovine ES-like cell colony after the first
passage. Note the defined demarcation boundary of colony (arrow). (F) A higher
magnification at the middle of the colony shown in (E). (G) Mechanical cut of bovine ES-like
colony. (H-J) Flat colonies of bovine ES-like cells. (K) Bovine ES-like colony undergoing
spontaneous differentiation. (L) Embryoid body (EB) from differentiated bovine ES-like cells.
(Magnification: x200 (A-C, F) and x100 (D-E, G-L).
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FIG. 3. RT-PCR analysis of genes associated with pluripotency during isolation of bovine
ES-like cells. PCR product of DNase-treated RNA reverse-transcribed (lane 1) and without
reverse-transcriptase to rule out genomic DNA contamination (lane 2). (A) Oct-4 (314 bp)
and (B) STAT-3 (531 bp). (M) 100 bp DNA Ladder. (E) Sample without cDNA (negative

control of the PCR reaction).
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6. CONSIDERACOES FINAIS E PERSPECTIVAS

Os estudos de viabilidade celular na presenca de NPM empregando-se o ensaio de
MTT demonstraram que células de melanoma humano tratadas com NPM funcionalizadas
com citrato apresentaram um valor para ICsy de 433 g de ferro/ml. Para células tratadas com
NPM funcionalizadas com 4cido laurico o valor encontrado foi de 254 pg de ferro/ml. Por
outro lado, ndo foi observado nenhum efeito significante na viabilidade celular para
concentragdes testadas (0,11 — 2,26 mg de ferro/ml) de NPM funcionalizadas com DMSA,
sugerindo que as mesmas ndo causam citotoxicidade em células de melanoma humano. O alto
valor de ICsy observado para as NPM funcionalizadas com citrato demonstrou que estas
poderiam ser consideradas como nio citotoxicas para células de melanoma humano.

Ap0s analise ultra-estrutural por microscopia eletronica de transmissdo de células de
melanoma tratadas com NPM funcionalizadas com DMSA na concentra¢do de 1,58 mg de
ferro/ml e com citrato na concentracdo de 606 ng de ferro/ml, foi possivel visualizar a
membrana plasmatica intacta e o nucleo com a cromatina homogeneamente distribuida,
observando-se a presenca de nanoparticulas somente dentro de vesiculas no citoplasma.
Células tratadas com NPM funcionalizadas com &cido ldurico na concentragdo de 588 ug de
ferro/ml claramente apresentaram blebs e grandes vactiolos sugerindo um evento apoptotico.

Os estudos de citotoxicidade foram complementados com experimentos de
eletroforese em gel de agarose de DNA extraido das células de melanoma tratadas com NPM
funcionalizadas com acido laurico na concentracdo de 840 pg de ferro/ml e citrato na
concentracdo de 866 ug de ferro/ml. Os resultados demonstraram que o DNA isolado apds 24
e 48 horas de incubacdo ndo apresentou fragmentacdo. O DNA isolado apds 72 horas de
incubagdo com nanoparticulas funcionalizadas com &cido laurico apresentou fragmentagao

caracteristica de apoptose. Diante dos resultados encontrados apos o estudo de citotoxicidade,
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conclui-se que, NPM funcionalizadas com acido l4durico apresentam um potencial para
estudos que visem ao tratamento do cancer.

Os estudos acima confirmaram a ndo citotoxicidade de NPM funcionalizadas com
citrato, sendo, portanto, utilizadas neste trabalho para expandir células mES na auséncia de
monocamada de MEF. Para o sistema de cultura, as NPM eram adicionadas em um frasco de
cultura contendo meio enriquecido com soro fetal e LIF. Nesse meio, as nanoparticulas se
ligavam as células mES, as quais, devido a presenca de um campo magnético externo,
aderiam ao frasco, podendo entdo ser cultivadas e mantidas no estado indiferenciado. A
morfologia das células mES cultivadas nesse sistema foi monitorada apos seis subcultivos, ao
longo de 24, 48 e 72 horas de incubagdo. Observou-se que células crescidas na monocamada
de MEF ou na presenga das nanoparticulas apos 24 e 48 horas de incubagdo, apresentavam
aproximadamente o mesmo nimero de colonias indiferenciadas. Porém, apds 72 horas, as
células cultivadas na monocamada de MEF ja apresentavam sinais de diferenciagdo, enquanto
que as células crescidas na presenga das nanoparticulas apresentavam morfologia de células
indiferenciadas. Ainda, as células mES cultivadas em frasco com 0,1% de gelatina na
auséncia de monocamada de MEF e nanoparticulas, apresentaram diferenciagdo com 24 horas
de incubagdo, como esperado.

O tempo de duplicag¢do das células mES cultivadas em monocamada de MEF foi de
15,95 + 0.21 horas e estava de acordo com o descrito pela literatura (BERRILL et al., 2004),
enquanto que, o tempo de duplicagdo para as células mES cultivadas na presenga de
nanoparticulas foi de 20,67 £+ 0,19 horas. Embora esse tempo fosse um pouco superior ao
encontrado para as células cultivadas em monocamada de MEF, ndo houve altera¢do da
morfologia das células, que continuaram no estado indiferenciado durante os seis subcultivos.

A presenga das NPM no interior das células mES foi confirmada pelo ensaio de

Prussian blue e andlise ultra-estrutural por microscopia eletronica de transmissdo. Foi possivel
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observar a localizacdo das NPM no citoplasma, bem como, na parte externa da membrana.
Nao foi observada a sua presenca no nucleo, assim como ndo observamos a formagdo de
corpos apoptoticos e/ou fragmentacdo da cromatina.

Células mES cultivadas na presenga de NPM mantiveram seu estado indiferenciado, o
que foi comprovado pela alta atividade de fosfatase alcalina e expressdo de altos niveis de
transcritos marcadores do estado indiferenciado tais como Oct-4 ¢ Nanog, por RT-PCR. Altos
niveis de atividade de fosfatase alcalina e expressdo dos transcritos de indiferenciagdo
também foram encontrados em células mES cultivadas em monocamada de MEF (controle
positivo).

Portanto, como demonstrado nesse estudo, células ES podem ser cultivadas na
presenga de NPM e campo magnético externo, abrindo assim a possibilidade de utilizagdo
desse sistema de cultivo para expandir hES na auséncia de monocamada de MEF, eliminando
o risco de contaminagdo por patdgenos animais, contribuindo assim para um futuro uso
clinico das células hES. Em adicdo, células hES marcadas com NPM poderiam ser
direcionadas através de um campo magnético externo para um local especifico do corpo,
permanecendo o tempo necessario para que ocorra a regeneracdo do tecido. Ainda, para a
efetiva diferenciagdo in vivo das células hES, proteinas e fatores de crescimento poderiam ser
associados a essas NPM e carreados ao tecido alvo.

Ainda com o objetivo de tentar elucidar alguns aspectos basicos da biologia das
células ES e padronizar uma metodologia de isolamento rapida e de baixo custo, uma
linhagem de células ES foi isolada a partir de 31 blastocistos bovinos frescos produzidos por
FIV.

A pluripoténcia das células bES isoladas foi determinada e confirmada pela expressdo

de transcritos marcadores de indiferenciacdo tais como Oct-4 e STAT-3, por RT-PCR. A
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expressdo de transcritos marcadores para endoderme (GATA-4) e mesoderme (Flk-1) néo foi
observada.

A linhagem foi mantida por seis subcultivos ao longo de um periodo de dois meses,
ocorrendo apds esse periodo uma diferenciacdo espontdnea com a formagdo de corpos
embridides, caracteristicos de células ES. A indugdo do processo de diferenciacdo pode ser
devido a diminuicdo ou auséncia da expressdo de fatores de auto-renovagdo logo apds as
primeiras passagens, tornando-se dificil a obtencdo de uma linhagem celular permanente.
Resultado semelhante também foi encontrado por Yadav et al. (2005), onde as células bES
isoladas foram mantidas ao longo de dois meses, ndo excedendo sete passagens.

Assim, futuros estudos devem ser realizados para aperfeigoar a técnica de isolamento.
Com isso, sera possivel aumentar o nimero de passagens, obtendo-se uma linhagem continua,
a qual poderia ser um modelo mais proximo ao humano em estudos envolvendo NPM e

células ES com finalidades terapéuticas.



92

7. CONCLUSOES

1. As nanoparticulas magnéticas funcionalizadas com &cido laurico possuem efeito
antiproliferativo in vitro sobre células de melanoma humano, fato ndo observado para

nanoparticulas funcionalizadas com DMSA e citrato.

2. Nanoparticulas funcionalizadas com citrato foram utilizadas como suporte para

expandir in vitro células tronco embriondria murinas.

3. A pluripoténcia das células tronco embrionarias murinas mantidas na presenga das
NPM foi confirmada pela expressdo de transcritos de indiferenciagdo (Oct-4 ¢ Nanog),
pela alta atividade de fosfatase alcalina e auséncia de alteragdes morfoldgicas ultra-

estruturais na célula.

4. Uma linhagem de células tronco embriondrias bovinas foi isolada e mantida por até
seis passagens, sendo a mesma caracterizada quanto a expressdo de transcritos de

indiferenciacdo (Oct-4 e STAT-3).
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