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RESUMO

Os tumores cerebrais, principalmente os glioblastomas (GBs), representam um
desafio para a ciéncia médica atual, tendo em vista a ineficacia e as limitagdes
das terapias convencionais, bem como o diagnostico tardio. A fisiologia do
cérebro apresenta caracteristicas distintas e, para supera-las, varias estratégias
utilizando sistemas de distribuicdo estdo sendo desenvolvidas, incluindo
nanoprodutos poliméricos como nanoparticulas e nanofibras. Questdes
relacionadas a quimioterapia atual, como toxicidade sistémica, resisténcia a
drogas e biodistribuicdo n&do especifica, podem ser resolvidas utilizando o
adequado sistema de entrega de drogas. Além disso, esses sistemas
normalmente sao estaveis em fluidos bioldgicos, tornando-os uma abordagem
promissora para fornecer liberagdo controlada de drogas, reduzindo assim a
toxicidade apdés a administracdo sistémica. Nanoprodutos precisamente
desenvolvidos e biofuncionalizados sdo promissores para o0 uso no transporte
direcionado e eficiente, acarretando melhores resultados clinicos. Alteragdes
moleculares sao extremamente importantes para entender os GBs e,
potencialmente, poderiam ser usadas para uma terapia direcionada.
Recentemente foi descrito que a proteina Nek1 esta superexpressa em
diferentes linhagens de gliomas e o nivel de expressdo esta diretamente
relacionado com o grau de severidade do tumor, a taxa de proliferacdo e a
resisténcia a temozolomida. Neste trabalho, objetivou-se produzir nanoprodutos
poliméricos, nanoparticulas (NP) e nanofibras (NF), utilizando o alcool polivinilico
e drogas quimioterapicas, dacarbazina e temozolomida, e inibidor da proteina
Nek1 para o tratamento de glioblastomas. Os nanoprodutos foram
caracterizados em relagdo a suas morfologias, a suas propriedades mecanicas
(viscoelasticidade), quimicas (interagdes quimicas) e fisicas (transicoes de
estado fisico), a suas taxas de liberacdo das drogas, a suas eficacias e ao seu
impacto na terapia do cancer cerebral in vitro utilizando a linhagem U87MG. As
NP e as NF apresentaram maior eficiéncia no tratamento antitumoral em
comparagao com as drogas quando testadas isoladamente. Foi possivel concluir
que os nanoprodutos produzidos podem trazer melhorias na eficiéncia dos
medicamentos quimioterapicos tradicionais e apresentam um grande potencial

de translacao clinica.
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ABSTRACT

Brain tumors, particularly glioblastomas (GBs), are an unresolved clinical
problem and a challenge for current medical science given the limitations of
conventional therapies and late diagnosis. The physiology of the brain has distinct
characteristics, and to overcome it, several strategies using distribution systems
are being developed, including polymer nanoproducts such as nanoparticles and
nanofibers. Issues related to current chemotherapy such as systemic toxicity,
drug resistance and non-specific biodistribution can be resolved using the
appropriate drug delivery system. In addition, such systems are usually stable in
biological fluids and are a promising approach to provide controlled drug release,
thereby reducing toxicity following systemic administration. Precisely developed
and biofunctionalized nanoproducts are promising for use in targeted and efficient
transport resulting in better clinical outcomes. Molecular changes are extremely
important to understand GBs and could potentially be used for targeted therapy.
It has recently been reported that Nek1 protein is overexpressed in different
glioma lines and the level of expression is directly related to the degree of tumor
severity, proliferation rate and resistance to temozolomide. In this work, the
objective was to produce polymeric nanoproducts, nanoparticles (NP) and
nanofibres (NF), using polyvinyl alcohol and chemotherapeutic drugs,
dacarbazine and temozolomide and Nek1 protein inhibitor for the treatment of
glioblastomas. Nanoproducts were characterized in terms of their morphology,
their mechanical (viscoelasticity), chemical properties (chemical interactions) and
physical properties (state transitions), their drug release rates, their efficacy and
their impact on in vitro brain cancer therapy by using U87MG cell line. NP and
NF showed greater efficiency in antitumor treatment compared to drugs when
tested singly. It was possible to conclude that the nanoproducts produced can
bring improvements in the efficiency of the traditional chemotherapeutic drugs

and present a great clinical potential.

Keywords: Nanoproducts. Nanoparticles. Nanofibers. Nanotechnology. Drug

delivery systems. Glioblastoma. Nek1.






1. INTRODUCAO

O cancer é uma doenga complexa e uma das principais razdes de morbidade
e mortalidade humana. A projecdo de novos casos do GLOBOCAN 2012 no
mundo foi de 14,1 milhdées por ano, com estimativa de aumento para 19,3
milhdes até 2025 (Ferlay et al., 2012). Cirurgia, radioterapia (RT), quimioterapia
(QT) e imunoterapia sdao as principais abordagens utilizadas para terapia do
cancer (Masood, 2016). Para erradicar canceres localizados, cirurgia e RT
funcionam relativamente, porém, quando ha metastase associada, a QT e a
imunoterapia sdo os principais tratamentos funcionais (Aftab et al., 2018).
Porém, a alta toxicidade, a quantidade insuficiente de agentes terapéuticos
liberados, a insolubilidade em agua de algumas drogas, a circulagao erratica, a
biodistribuicdo inespecifica e a liberagdo do farmaco tanto para as células
cancerigenas quanto para as nao tumorais sdo as principais limitagdes da QT
(Cho et al., 2008; Masood, 2016). Consequentemente, abordagens inteligentes
e eficientes sdo necessarias para diminuir essas estatisticas de mortalidade
(Ferlay et al., 2012).

1.1 VISAO GERAL DO GLIOBLASTOMA

Os tumores cerebrais desenvolvem-se a partir de varios tipos diferentes de
células. Os gliomas, por exemplo, sdo tumores cerebrais semelhantes as células
gliais tipicas, como astrécitos, oligodendrdcitos e células ependimarias (Glaser
et al., 2017). Em geral, esses tumores séo incuraveis e altamente resistentes a
QT e RT. Os gliomas podem infiltrar-se através das regides cerebrais e séo
essencialmente categorizados de acordo com a sua semelhanga morfolégica
com as correspondentes naturezas celulares gliais, citoestrutura e imuno-
histologia (Glaser et al., 2017). O sistema de classificacéo do glioma, segundo a
Organizagdo Mundial de Saude (OMS), diferencia os astrocitomas em quatro
graus (I, Il, 11l e IV) e oligodendrogliomas, em dois graus (Il e Ill). O astrocitoma
grau IV, conhecido como glioblastoma (GB) € o glioma mais prevalente e com

pior progndstico (Glaser et al., 2017).
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O Instituto Nacional de Cancer (INCA) estima que para cada ano do biénio
2018/2019, sejam diagnosticados 11.320 novos casos de tumores
cerebrais/sistema nervoso central (SNC), 5.810 em homens e 5.510 em
mulheres, no Brasil (INCA, 2017). Esses numeros correspondem a um risco
estimado de 5,62 novos casos a cada 100 mil homens e 5,17 para cada 100 mil
mulheres. O GB € um dos tipos mais frequentes e agressivos de cancer do SNC
em adultos (Brandes et al., 2008), compreendendo 16% dos tumores cerebrais
primarios. Além disso, por ser um cancer cerebral maligno primario
majoritariamente recorrente, € responsavel por 77% de todos os céanceres
cerebrais malignos (Ching et al., 2015; Thakkar & Misra, 2014).

Caracteristicas clinicas e malignidade s&o utilizadas para categorizar os
gliomas, tendo o GB uma histopatologia que compreende pleomorfismo celular,
alta taxa mitética e celularidade com nucleos incomuns. Além disso, o GB pode
ser distinguido pela heterogeneidade das células, resisténcia das células
cancerosas ao tratamento com quimioterapicos, desenvolvimento de necrose e
angiogénese (Ostrom et al., 2015). Embora os GBs se desenvolvam
essencialmente apenas no cérebro, eles podem ocorrer em alguns casos na
medula espinhal, no cerebelo e no tronco encefélico (Associagdo Americana de
Enfermeiras de Neurociéncia - AANN, 2014). Inicialmente, acreditava-se que o
GB resultava exclusivamente de células gliais, porém estudos mais recentes
propdem que os GBs podem se desenvolver a partir de varias células com
caracteristicas tronco neural (Davis, 2016).

GBs se desenvolvem primordialmente em pacientes com uma idade média
de 64 anos (Thakkar & Misra, 2014). A sobrevida média em pacientes com GB
€ inferior a 50 semanas, mesmo com 0 manejo exaustivo o qual inclui ressecgéo
cirargica, CT e RT (Stupp et al., 2005). O protocolo clinico atual para GB € um
procedimento combinatério de doses de RT e entrega sistematica de drogas
anticancer (Kim et al., 2014). A recomendagdo do BC Cancer Agency
Management Guidelines (protocolo: CNAJ12TZRT) para o tratamento de GB
inclui tratamento concomitante de TMZ e RT por cinco dias, com folga de dois
dias de RT, totalizando 7 dias de exposig¢ao. Este ciclo, no protocolo clinico de
pacientes € repetido por seis semanas (BC Cancer Agency Management
Guidelines, 2018). Embora o tratamento combinatério seja mais eficaz, o mesmo

acarreta em efeitos colaterais frustrantes. Dadas as caracteristicas complexas
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das células de GB e a presenga de barreiras fisioldgicas, particularmente a
barreira hematoencefalica (BHE), a cura desse cancer permanece um desafio
(Pourgholi et al., 2016; Lapointe et al., 2018).

1.1.1 ASPECTOS MOLECULARES DO GLIOBLASTOMA

Os GBs apresentam um perfil genético complexo. O projeto Atlas do Genoma
do Cancer analisou o perfil genémico do GB de duzentas espécimes tumorais e
aproximadamente 600 genes estavam superexpressos (Chen, McKay & Parada,
2012). Com base nesta analise, estabeleceu-se trés principais vias de
sinalizagao proteica: (a) a proteina tumor protein 53 (p53), (b) o receptor tirosina
quinase/Ras/fosfoinositideo 3-quinase e (c) as vias relacionadas com
retinoblastoma (Parsons et al., 2008). Devido a modificagbes nessas vias
proteicas, tumores primarios e secundarios, predominantemente, tém
proliferagédo celular descontrolada. Isso permite que as células malignas evitem
os pontos de verificacdo do ciclo celular e os processos de morte celular, como
senescéncia e apoptose (Chen, McKay & Parada, 2012).

Os GBs primarios e secundarios exibem padroes complexos de expressao
génica: a superexpressdao do receptor do fator de crescimento epidérmico
(EGFR), as mutagdes na phosphatase and tensin homolog (PTEN) e a perda do
braco longo do cromossomo 10 sdo exemplos de alteragbes genéticas e
moleculares caracteristicas do GB primario. Por outro lado, mutagcbdes na
isocitrato desidrogenase 1 (IDH1) e p53, bem como e perda do brago longo do
cromossomo 19 sdo comumente observadas no GB secundario (Young et al.,
2015; Wilson et al., 2014; Alifieris & Trafalis, 2015).

Nek1 é uma proteina que esta associada com resisténcia tumoral em gliomas
(Zhu et al., 2016). Essa proteina pertence a familia das Nima related kinases
(Nrk). Esta familia abrange proteinas ortélogas a Never in Mitosis A (NIMA), uma
serina treonina cinase identificada em Aspergilus nidulans que possui um papel
central na mitose, uma vez que sua delecao impede a entrada nessa fase. Em
humanos existem 11 Nrks, conhecidas como Nek1 a Nek11, e elas sado ortélogas
a NIMA, pois o dominio catalitico dessas proteinas cinases €& bastante

conservado. No entanto, a regido C-terminal € bem variada, em tamanho e
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sequéncia (O’Connell, 2003). A necessidade de 11 proteinas em humanos para
desempenhar o papel de apenas uma em fungos sugere possiveis papéis
adicionais. Ja foram descritas, por exemplo, funcbes na mitose, resposta aos
danos de DNA e associagao com vias de reparo de DNA (Melo-Hanchul et al.,
2017). Os papéis fisioldgicos destas proteinas ainda estdo sendo esclarecidos,
mas estudos recentes indicam que Neks podem ter um papel importante na
progressao e resisténcia ao processo apoptoético do tumor (Zhu et al., 2016).
Recentemente foi descrito que Nek1 esta superexpressa em diferentes
linhagens de gliomas e, interessantemente, o nivel de expressdo esta
diretamente relacionado com o grau de severidade do tumor, a taxa de
proliferacéo e a resisténcia a temozolomida. Além disso, analisando amostras de
pacientes, observou-se a associagdo com prognostico de sobrevida (p = 0.03)
(Zhu et al., 2016). Um segundo estudo, avaliando Nek1 em células de tumor
renal, concluiu que o aumento da expressao de Nek1 esta vinculado a uma falha
no processo de degradacdo. Esse estudo também descreveu a relagao de Nek1
com apoptose pela interacdo com VDAC1, uma proteina de membrana
mitocondrial, e mostrou que o knockdown de Nek1 impede a célula de progredir
no ciclo celular e diminui o recrutamento de Ku80 a cromatina (Chen, 2014).
Nek1 também esta listado entre os genes relevantes na base genética do
adenocarcinoma pancreatico (Smith et al., 2016). O papel de Nek1 com reparo
de DNA foi explorado por Spies, et al. (2013), em que um envolvimento com a
recombinagdo homoéloga foi proposto. Neste trabalho, demonstrou-se que, em
G2, Nek1 fosforila Rad54 na S572, promovendo o desacoplamento de Rad51 do
DNA. Além disso, Nek1 parece ter um papel na sinalizacdo de dano, pois
promove a ativagdo de ATR, possibilitando a interagdo ATRIP/ATR (Lio, 2013).
Inibidores da atividade cinase desta proteina ja foram testados (Moras et al.,
2015; Melo-Hanchul et al., 2017) visando inibir a resposta de danos no DNA
sinalizados por Nek1 (figura 1). Apesar dos resultados indicarem que Nek1 esta
de alguma forma relacionada ao processo tumoral, ainda faltam muitas

informacdes necessarias para identificar seu real papel na resisténcia tumoral.
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ﬁ <« Inibidores

ATR ——;! ATR / ATRIP

Sobrevivéncia <= Reparo —» Apoptose

Figura 1 - Atuagdo de Nek1 no reparo de lesbes no DNA. Inibidores da proteina
diminuem a eficiéncia de reparo e aumentam a morte celular. Imagem cedida por Pablo
Arantes.

Tendo em vista todas as complexas alteragdes nas vias de sinalizagao destas
células tumorais, os GBs se tornaram um grande obstaculo na oncologia com
diversos desfechos de progressao e sobrevida. Essas alteragdes moleculares
sao extremamente importantes para entender os GBs e, potencialmente,
poderiam ser usadas para uma terapia direcionada (Wang et al., 2015, Verhaak
et al., 2010 e Brennan, 2013).

1.2 O DESAFIO IMPOSTO PELA BARREIRA HEMATOENCEFALICA
(BHE)

A BHE é uma barreira cerebral que apresenta desafios em termos de

permeabilidade, uma vez que nas células endoteliais que revestem o lumen dos

capilares do cérebro ha uma auséncia de processos de pinocitose e fenestracdes
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devido a existéncia de complexos de jungdes estreitas (Papademetriou & Porter,
2015).

Dadas as caracteristicas da BHE, a entrega de medicamentos através dela é
quase impossivel. As quatro principais razdes sao:
(a) a vasculatura cerebral da composigao de células da BHE é formada por linhas
endoteliais estreitas. Essas células endoteliais podem desenvolver uma forte
conexao entre células vizinhas. Portanto, o transporte paracelular do cérebro é
restringido por esse limite fisico (Yang, 2010);
(b) a presengca de enzimas especificas que degradam alguns farmacos,
impedindo que eles atinjam o local especifico no cérebro;
(c) os transportadores ativos de efluxo, que enviam os medicamentos de volta
ao sangue, acarretando na sua metabolizagdo e consequente incapacidade de
chegarem ao destino (Papademetriou & Porter, 2015).
(d) os prolongamentos dos astrécitos formam uma rede de lamelas proxima e
aderida na superficie externa do endotélio da BHE (Cardoso et al., 2010).

As juncbes estreitas entre as células na BHE sao essencialmente
compostas de ocludinas e claudinas (Haseloff et al., 2015). O ultimo grupo é
critico para a restricdo de pequenas moléculas. Por exemplo, a claudina 5
restringe moléculas menores que 800 daltons. Além disso, o prejuizo no
funcionamento de algumas claudinas, como a claudina 3, esta associado a maior
penetrabilidade da BHE na vasculatura do cancer (Wolburg et al., 2003). No
entanto, nos gliomas infiltrantes e micro-metastaticos, a barreira permanece
intacta. Esse aspecto importante indica que a modulagdo da permeabilidade
nesses locais é fundamental e pode ser usada para aumentar a eficacia do
tratamento.

As duas principais formas de transporte através da BHE sao o transporte
mediado por transportadores e o transporte mediado por receptores. Além disso,
o transporte molecular através da BHE é especificamente limitado a particulas
maiores que 12 nm (Papademetriou & Porter, 2015). Calcula-se que quase a
totalidade das moléculas pequenas e grandes ndo conseguem atravessar a
barreira; esta é a razédo pela qual varios farmacos promissores nao chegam ao
local do tumor em concentragdes suficientes (Pardridge, 2005).

Devido a isso, a BHE impede a rota de inumeras drogas antitumorais para os

locais do cérebro, fazendo da QT em GB um dos maiores desafios entre os
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atuais tratamentos contra o cancer. Com o objetivo de melhorar o transporte de
medicamentos ou evitar a BHE, muitos grupos de pesquisa vém desenvolvendo
novas nanotecnologias para superar esses obstaculos. Uma opgédo para
transportar farmacos para o cérebro, controlando as limitagcdes citadas, é a
utilizacdo de nanocarreadores (Patel et al., 2012). Altera¢des bioquimicas em
farmacos e nanocarreadores tém sido propostas por pesquisadores, permitindo
a liberagcdo local de farmacos em concentragbes suficientes, evitando a

exposicao ao sistema e superando as limitagcbes da BHE (Aftab et al., 2018).

1.3 ESTRATEGIAS ATUAIS NO TRATAMENTO DE GB

O tratamento de GB recentemente detectado envolve uma abordagem
multidisciplinar. Atualmente, a terapia padrao para o tratamento de GBs utiliza
resseccgao cirurgica, seguida por RT e QT simultdneas com temozolomida (TMZ),
conhecida como Temodal®, e QT adjuvante com TMZ (National Comprehensive
Cancer Network - NCCN, 2015). Os GBs sdo normalmente tumores invasivos e
localizam-se regularmente em locais importantes do cérebro, como as areas
responsaveis pelo controle dos sentidos, funcdo motora e fala, portanto, a
resseccao cirurgica € arriscada. Além disso, esses tumores sao altamente
invasivos; portanto a resseccdo completa da massa tumoral ndo é viavel. As
células malignas remanescentes e infiltrantes persistem consistentemente no
interior do cérebro, levando a progressdo tumoral avangada e até recidiva da
doenga (Wilson et al., 2014). Existem varias complicagdes relacionadas com o
manejo do GB, incluindo a entrega insuficiente de medicamentos, lesdo de
tecidos saudaveis e resisténcia a QT. Entre as abordagens existentes, a QT, a
imunoterapia e a RT podem, até certo ponto, auxiliar os pacientes com GB; no
entanto essas estratégias apresentam caracteristicas desfavoraveis (Piroth et
al., 2007).

1.3.1 IMUNOTERAPIA
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Na dultima década, aumentou-se o interesse no desenvolvimento de
abordagens imunoterapéuticas para responder a malignidade do tumor. Entre os
varios métodos imunoterapéuticos, linfocitos estimulados, medicamentos virais,
vacinas baseadas em peptideos, citocinas e tratamento de células dendriticas
parecem ser abordagens prosperas para uso na terapia de GB (Polyzoidis et al.,
2015). Um amplo numero de estudos concentra-se na administragdo de
bevacizumabe, um anticorpo monoclonal humanizado anti-fator de crescimento
endotelial vascular (anti-VEGF), que age sobre a angiogénese. Quando
combinado com TMZ em pacientes recém diagnosticados, nao foi capaz de
aumentar a sobrevida total dos pacientes (Gilbert et al., 2014).

Outra estratégia de tratamento é o uso de uma vacina anti-EGFRUVIII. Esta
abordagem, denominada Rindopepimute, foi demonstrada satisfatoria no estudo
de fase Il combinada a TMZ com uma sobrevida de 21,8 meses (Choi et al.,
2009), porém o estudo de fase Il foi descontinuado em 2016 apds a segunda
analise parcial demonstrar falha em aumento da sobrevida comparado ao padrao
(20,1 vs 20 meses) (Elsamadicy et al., 2017). Outro tratamento imunoldgico para
terapia é a utilizagdo de um anticorpo que inibe o receptor de morte programada
1 de célula T (PD-1) ou o seu ligante (PD-L1) (Xue et al., 2017). O inibidor de
PD-1 (pembrolizumabe) ja acarretou respostas satisfatérias em pacientes com
melanoma avangado, cancer de pulmao de ndo pequenas células e carcinoma
renal (Polivka et al., 2017). Em gliomas, um estudo clinico foi iniciado em 2014,
com data de término estimada para 2018, mas ainda nao apresenta resultados
parciais (NCT02017717).

Embora as imunoterapias sejam opg¢des interessantes para o tratamento,
existem algumas complicagdes, como a selegao do paciente para desenvolver
ensaios clinicos, o monitoramento da resposta corporal e a avaliacdo dos efeitos
colaterais e consequéncias clinicas (Polyzoidis et al., 2015). Além disso, existem
questdes que precisam ser avaliadas: primeiro, os resultados pré-clinicos
eficazes devem ser cuidadosamente analisados, pois € crucial levar em
consideragao as variagdes interespecificas; em segundo lugar, a determinagéo
da dosagem maxima aceitavel ndo é alcangavel na maioria dos casos e,
finalmente, as respostas imunes durante o monitoramento in vivo sdo muito

complexas.
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1.3.2 RADIOTERAPIA

A opcao de tratamento inicial mais usual para pacientes com GB é a RT. No
entanto, existem inumeras desvantagens relativas ao uso desta abordagem. Um
aspecto importante é que a reacdo do tumor a RT é influenciada pelo seu
tamanho. Dada a biologia do tumor multifacetado, tumores grandes quase nao
respondem a RT, em contraste com amostras menores, e além disso, quanto
mais cedo o tratamento comecar, melhor sera o resultado, tendo em vista que a
RT é mais eficaz nos primeiros cinco anos apés a ressecc¢ao (Stupp et al., 2005).
Os efeitos colaterais da RT incluem efeitos agudos e crénicos. Os efeitos
colaterais agudos incluem esterilidade, abscessos gastrintestinais e danos nas
superficies epiteliais da boca e da garganta. Os efeitos tardios incluem doencgas

cardiacas, perda de cabelo, fibrose e linfedema (Piroth et al., 2007).

1.3.3 QUIMIOTERAPIA

A TMZ é o farmaco de escolha central para o tratamento do GB (Verma et
al., 2014), consistindo de uma imitatrazazina imitativa de segunda geracgao, e
seu efeito toxico é devido a metilagdo do DNA (Baumann et al., 2004). A TMZ é
um pro-farmaco, o que significa que ela € espontaneamente hidrolisada em pH
fisiologico e se converte no medicamento ativo, o 5-(3-metiltriazeno-1-il)imidazol-
4-carboxamida (MTIC) (Baumann et al., 2004).

A TMZ é administrada por via oral usada regularmente nos estagios iniciais
do tratamento com GB. Mesmo que a TMZ tenha beneficios na terapia com GB,
existem inumeras complicagdes, como por exemplo a existéncia da BHE, que
limita a entrega de farmacos a locais especificos, assim como a O°-metilguanina
DNA metiltransferase (MGMT), que pode gerar um reparo inadequado do DNA.
A Ultima consequéncia pode modificar o fenétipo celular e, consequentemente,
aumentar a resisténcia celular a TMZ (Hegi et al., 2008). Esses fenétipos podem
alterar a expressao de proteinas-chave, como p53, PTEN, EGFR, Mouse double
minute 2 homolog (Mdm-2) e galectina-1. Para superar essas complicagoes,
novas drogas que podem direcionar essas proteinas sdo necessarias. Por

exemplo, para inibir MGMT ¢é possivel usar O°-benzilguanina também, alguns
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inibidores de tirosina quinase podem suprimir EGFR e finalmente, nutlin-3 pode
atuar como um inibidor de Mdm2 (Bischoff et al., 2009; Sok et al., 2006).

A dacarbazina (DTIC) é outro agente antitumoral que apesar de demonstrar
uma absorgéo erratica e pouca solubilidade (Di Bei & Bi-Botti, 2009), vem sendo
estudada em GBs recorrentes, mostrando-se eficaz (Fazeny-Dorner et al., 2003).
Apesar disso, DTIC causa toxicidade severa em tecidos saudaveis (Di Bei & Bi-
Botti, 2009), por isso, novas formulagdes sao necessarias para diminuir a
toxicidade sistémica.

A QT tem inumeros efeitos nocivos, como nauseas e vémitos, erupcao
cutanea, diarreia, perda de cabelo, insénia, infertiidade e danos nos nervos.
Atualmente, alguns relatos inferem que a QT em associacdo com diferentes
abordagens, principalmente RT, oferece a estratégia de tratamento de GB mais
eficiente (Charnley et al., 2009; Wong et al., 2007).

Imunoterapia, RT e QT apresentam resultados benéficos e prejudiciais.
Acredita-se que a associagao desses tratamentos pode melhorar os efeitos. Van
Linde e colaboradores (2015) aplicaram abordagem de manejo neo-adjuvante
para o GB recentemente identificado, que compreende um anticorpo monoclonal
quimérico, bevacizumab, seguido por RT juntamente com TMZ. Seus resultados
revelaram que este tratamento combinatério era seguro, no entanto, os

pacientes apresentaram uma baixa taxa de resposta (Messaoudi et al., 2015).

1.3.4 HIPERTERMIA

A hipertermia € uma abordagem alternativa ao manejo do GB (Gong et al.,
2011) e baseia-se na eliminagao de células malignas dependente da produgéo
de calor no local do tumor. Esse tratamento, portanto, induz alteragdes funcionais
nas células e isso pode levar a morte celular (Yang et al., 2008). A hipertermia
ocorre a uma temperatura de aproximadamente 45°C e estimula varios
mecanismos intra e extracelulares que incluem degradacao celular, agregacao
de organelas celulares e desdobramento de proteinas, mecanismos esses que
podem levar a apoptose (Hildebrandt et al., 2002).

Os parametros de tratamento, como a temperatura no local do tumor e a

duracao da exposicao, alteram expressivamente a eficiéncia desse tratamento
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(Baronzio et al., 2009). Entre as metodologias convencionais de indugédo de
hipertermia, as mais comuns sao irradiagcdo infravermelha, micro-ondas e
ultrassom (Mornet et al., 2004). No entanto, todos esses métodos apresentam
limitagbes, como a baixa difusdo de calor para as metastases tumorais.
Particularmente em tumores que sao bem vascularizados, o calor pode ser
dissipado pelo sangue e isso pode ser um problema porque os tecidos saudaveis
podem ser afetados. Com o objetivo de solucionar esses problemas, em 1957,
particulas magnéticas passaram a ser utilizadas para hipertermia (Gilchrist et al.,
1957) tornando-a conhecida como terapia de hipertermia magnética (THM). As
limitagdes que vém com o uso desta abordagem sao a preparagao dos materiais
e o custo dos mesmos (Gilchrist et al., 1957). Ainda, ao longo dos anos, muitas
pesquisas foram feitas para provar que a hipertermia € a unica abordagem que
falta para o sucesso da terapia GB. No entanto, muito poucos estudos
combinatérios foram relatados. Alguns dos estudos clinicos realizados até o
momento descreveram que a hipertermia poderia ser aplicada com seguranga e
com efeitos colaterais minimos (Grupta & Sharma, 2019).

Para desenvolver técnicas-alvo com baixa toxicidade para tecidos saudaveis,
varias abordagens diferentes estdo sendo investigadas, como
radioimunoterapia, radiocirurgia  estereotaxica, hiperfracionamento e
braquiterapia com iodo-125. No entanto, esses métodos ndo tém aumentado
significativamente a sobrevida dos pacientes (Barani & Larson, 2015). Devido a
algumas deficiéncias, como baixo acumulo de drogas no tecido, baixa
especificidade e toxicidade, os manejos convencionais do GB restringiram seu
uso em pacientes. Consequentemente, o uso de novas nanotecnologias é uma
abordagem promissora, uma vez que apresentam resultados promissores no

tratamento de GB.

1.4 ABORDAGENS NANOTECNOLOGICAS

A categoria de tecnologia que se dedica ao emprego, producao e analise de
materiais no tamanho nanométrico € conhecida como nanotecnologia. Esta
categoria utiliza nanomateriais para fins de praticamente todos os aspectos de
uso (Ganguly et al., 2014; Sohail et al., 2016; Peer et al., 2007; Wilhelm et al.,
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2016; Lamprecht et al., 2015; Vert et al., 2012; Aminabhavi & Deshmukh, 2016,
Jain et al., 2013, Xia et al., 2014, Aminabhavi et al., 2017). Os sistemas de
administracao de farmacos, do inglés drug delivery systems (DDS), baseados na
nanotecnologia apresentam caracteristicas farmacocinéticas melhoradas. Entre
eles é possivel citar elevada taxa de depuracéo, distribuicdo de grande volume
de farmacos e elevada biodisponibilidade de farmacos no tumor, devido ao maior
efeito de permeabilidade e retengdo (EPR). Além disso, métodos baseados na
nanomedicina podem transportar drogas através de barreiras biolégicas (Cheng
et al., 2011).

As formulacbes de nanocarreadores mais pesquisadas sao emulsoes,
dendrimeros, micelas, lipossomas e polimeros. Os nanoprodutos poliméricos
podem ser divididos em diferentes sistemas, incluindo nanoesferas,
nanocapsulas, nanoparticulas (NP) e nanofibras (NF) (Letchford & Burt, 2007).
O primeiro grupo é composto por particulas coloidais sélidas nas quais drogas
podem ser dispersas ou adsorvidas em uma matriz feita de polimeros. O
tamanho das nanoesferas varia de 100 a 200 nm (Reis et al.,, 2006). As
nanocapsulas, por outro lado, sdo sistemas vesiculares. Neste tipo de sistemas,
a droga é encapsulada por uma capsula de polimero. As nanocapsulas sdo um
sistema comum a ser utilizado no aprisionamento de substancias hidrofobicas e,
consequentemente, alguns homopolimeros que podem impedir a opsonizagéo
desses sistemas podem ser utilizados na formulagdo, como o acido polilactico
(PLA) (Pourgholi et al., 2016). Finalmente, as NP e NF s&o nanoprodutos sélidos
(tamanho entre 1 e 1000 nm) nos quais € possivel encapsular ou dissolver
drogas (Teixeira et al., 2005).

As NP e NF apresentam qualidades interessantes, uma vez que é possivel
utilizar esses carreadores para varios objetivos, como diagndstico e imagem,
entrega de genes e liberagdo de medicamentos. Devido a incorporagdo do
farmaco no material, os efeitos secundarios comuns dos farmacos podem ser
diminuidos e, assim como, a rapida degradagdo enzimatica do farmaco. Além
disso, esses produtos biofuncionalizados podem atingir os tecidos-alvo em maior
concentragdo, sendo uma boa escolha na entrega de substancias bioldgicas
como proteinas, peptideos, acidos nucléicos e antibidticos (Misra et al., 2003). A
figura 2 mostra uma representacdo esquematica das NP e sua

biofuncionalizagdo. Ainda, dependendo da composi¢cdo desenvolvida, esses

22



produtos, principalmente as NP, podem ser administradas por diversas vias,
incluindo intravascular, oral, nasal, transdérmica e intraocular (Tzeng & Green,
2013). Portanto, os DDS baseados em nanotecnologia podem ser abordagens

uteis em terapias relacionadas a doengas do SNC.

O Polymeric matrix

gm Short interfering RNA

« Hydrophilic coated shell

Figura 2. Representagdo esquematica de nanoparticulas poliméricas e opgdes de
biofuncionalizagédo, tais como: ligantes na superficie, RNA de interferéncia e
revestimento com substancias hidrofilicas. Figura elaborada pelo autor.

1.4.1 SISTEMAS DE ENTREGA DE DROGAS (Drug delivery systems -
DDS)

Numerosos obstaculos na terapia do cancer cerebral estdo sendo abordados
neste trabalho, tais como a baixa absorgao, biodisponibilidade e baixa
biodistribuicdo de drogas uma vez que resultados clinicos apropriados ndo sao
encontrados usando DDS convencionais (Xia et al., 2014). Para superar esses
problemas, o desenvolvimento de novos DDS capazes de melhorar as
propriedades farmacoldgicas das drogas € uma necessidade urgente. Nessa
questao, a nanotecnologia associada ao DDS poderia ser a melhor abordagem
na qual os sistemas devem prevenir os efeitos colaterais em células saudaveis

(Zhu et al., 2013), uma vez que DDS aprimorados sao capazes de melhorar a
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adesdo ao tratamento do paciente, além disso, podem aumentar a vida util do
farmaco e, consequentemente, diminuir os custos associados a assisténcia
médica (Aminabhavi et al., 2017). Posteriormente, o desenvolvimento de DDS
que apresentem propriedades controladas estd demonstrando grande potencial
e varias formulagdes nano-DDS estdo sendo oferecidas para tratamento do
cancer (Sun et al., 2016; Oh et al., 2010; Pan, 2013; She et al., 2013; Xi et al.,
2014, Man et al., 2014, Sun et al., 2014).

Para desenvolver um DDS eficiente, algumas caracteristicas sao essenciais,
tais como:
(a) um alvo especifico;
(b) um transportador de farmaco util;
(c) uma via de administragao adequada.

As caracteristicas fisico-quimicas do sistema DDS e do farmaco devem ser
claramente entendidas, dado que o objetivo é atingir as células cancerigenas e
evitar as células normais. Neste topico, outro aspecto importante é a
concentracdo do farmaco, pois os nano-DDS podem conter quantidades
menores de farmacos, diminuindo a toxicidade, e consequentemente, os efeitos
colaterais (Aftab et al., 2018).

Conforme descrito por Wen & Reardon (2011), apesar de todos os esforgos
para tratar GBs, nenhuma nova abordagem modificou o progndéstico da doenga,
justificando a necessidade de estudos sobre abordagens promissoras usando

nanocarreadores.

1.4.2 ELETROFIAGAO

Existem diversas metodologias associadas ao desenvolvimento de DDS.
Como exemplo, a eletrofiacdo (ou electrospinning) onde ha a remogéo do passo
da emulsdo que pode fazer com que os farmacos sensiveis percam a sua
atividade, o que difere de outros métodos para produzir nanocarreadores (Cao
etal., 2017). A eletrofiagdo € uma técnica utilizada para criar filamentos sintéticos
em tamanho nanométrico utilizando forgas eletrostaticas (Greiner e Wendorff,
2007).
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Essa técnica permite a producdo de NP e NF poliméricas com diametros
variando de 3 nm a 5 ym (Subbiah et al., 2005). Tais nanoprodutos tém varias
aplicagbes em nanocatalise, engenharia de tecidos, roupas protetoras e
membranas filtrantes (Frenot e Chronakis, 2003; Subbiah et al., 2005).

A eletrofiacdo € uma técnica interessante tendo em vista a robustez do
equipamento, o qual consiste em um suporte com a solugdo polimérica, uma
seringa conectada a uma agulha, uma bomba de pressédo cuja finalidade é
controlar o fluxo da solugédo, uma fonte elétrica de alta voltagem e um suporte
coletor produzido de material condutor (Ghorani & Tucker, 2015). O
desenvolvimento do nanoproduto da-se quando a solucdo € bombeada pelo
sistema e um campo elétrico de alta voltagem ¢é aplicado de forma a induzir a
repulsdo entre as cargas na solugao polimérica. Devido a voltagem aplicada,
ocorre uma deformagéo na gota formada na extremidade da agulha, alterando a
sua forma para uma estrutura semelhante a de um cone, chamado de Taylor
Cone (Taylor, 1964). Quando a forga eletrostatica supera a tenséo superficial do
polimero na extremidade da agulha, um jato (spray ou spin) é formado em
direcdo a placa coletora enquanto que o solvente evapora permitindo a
solidificagdo do material (Pham et al., 2006). Um esquema de um aparelho de

electrospinning pode ser visto na figura 3.

Cadeias poliméricas
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Nanofibras

1 L
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Figura 3: Esquema experimental da metodologia de eletrofiagdo. Adaptado de Ghorani
& Tucker, 2015.

As caracteristicas finais das fibras e particulas produzidas, tais como seu
didmetro, morfologia, grau de alinhamento e resisténcia mecanica podem sofrer

interferéncia de varios parametros ajustaveis na técnica. Para esclarecer esses
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efeitos, varios estudos tém sido realizados elucidando a correlacdo entre os
parametros utilizados e a fibra resultante. Pham e colaboradores (2006) em sua
revisdo indicaram as variagbes de morfologia e didametro das fibras em funcao
das mudangas nos parametros da eletrofiacdo (Pham et al., 2006). Lee e
colaboradores (2004) estudaram a influéncia do peso molecular sobre a
estrutura e propriedades de nanofibras de alcool polivinilico (PVA), e
demonstraram as condigdes 6timas para a obtengao de fibras uniformes (Lee et
al., 2004). Entre os parametros que afetam o processo estao: o polimero utilizado
e a conformacao da sua cadeia, o solvente, a viscosidade e a concentracao da
solucao, elasticidade, condutividade, polaridade e tensao superficial do solvente,
campo elétrico aplicado, distancia entre o capilar e o coletor, velocidade de fluxo
da solugao polimérica pelo sistema, temperatura e umidade relativa do ar (Frenot
e Chronakis, 2003; Huang et al., 2003).

Além disso, a estrutura resultante do nanoproduto, NF ou NP, normalmente
€ ditada pela concentracdo de polimero da solugdo. Particulas esféricas séo
produzidas em concentragcdes mais baixas de solugdo. Para encontrar a solugao
ideal, € importante ajustar sua viscosidade. Se a concentragdo da solugéao for
excessivamente baixa, ndo ha enredamentos de cadeias adequados dentro de
uma gota para estabilizar o desenvolvimento do NP durante o electrospray, no
entanto, se a concentragdo € alta ha uma quantidade aumentada de
emaranhados de cadeia que serve para estabilizar o jato, criando redes

poliméricas e producédo de fibras (Felice et al., 2015).

1.4.3 NANOCARREADORES POLIMERICOS

As propriedades do polimero, tais como cristalinidade, solubilidade,
composi¢cdo, peso molecular, polidispersividade e hidrofobicidade sé&o
caracteristicas importantes para desenvolver um DDS (Masood, 2016).

Considerando os numerosos beneficios das NP poliméricas (PNP), tais como
a administracao direcionada da droga, biodisponibilidade melhorada, diminuigao
dos efeitos colaterais dos medicamentos, protecéo da droga contra degradacgéo,
melhoria da solubilidade da droga e liberagdo sustentada do farmaco, seu uso

no diagnostico e tratamento de doengas do SNC é vantajoso (Zhang et al., 2013).
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O DDS direcionado pode ser descrito como um material capaz de liberar um
medicamento em um local preciso com dose apropriada. Essa abordagem pode
ser separada em passiva e ativa (Gullotti & Yeo, 2009). No primeiro sistema, a
liberacdo depende das diferencas entre tecidos saudaveis e ndo saudaveis.
Sabe-se que os tecidos lesados apresentam diversas alteracbes em uma
condigao fisioldgica através do efeito EPR (Guo et al., 2011). No entanto, os
locais de tumor normalmente apresentam altas concentragdes de drogas quando
comparados aos locais normais (Kumari et al., 2010). O segundo sistema,
usando técnicas de nanotecnologia, pode ser realizado adicionando ligantes
especificos na superficie dos PNP (Bazak et al., 2015). Conjugacao de acidos
nucléicos especificos, peptideos e anticorpos revestindo PNP levam ao
direcionamento especifico. Além disso, isso pode modificar as vias de
sinalizagao das células tumorais (Kim et al., 2014). A capacidade de modificar
facilmente a superficie € uma propriedade excepcional adicional dos PNP (Sohai
et al., 2016; Greineder et al., 2016). No entanto, para realizar a entrega desejada
da droga, é importante compreender a natureza das PNP e as propriedades da
droga. Conhecendo esses aspectos, é possivel predizer a biocompatibilidade e
a liberacéo (Aftab et al., 2018; Wang et al., 2008).

Polimeros tais como PLGA, poli (metacrilato de metila) (PMMA), poli
(etilenoiminas) (PEI), poliésteres, poli (metileno malonatos) (PMM) e poli (alquil
cianoacrilatos) (PACA) foram usados como transportadores de liberagdo de
drogas (Kulkarni et al., 2010). A escolha correta do polimero dependera do
objetivo do tratamento. Por exemplo, o PEG é um polimero biocompativel, inerte
e hidrofilico, tendo sido amplamente utilizado para projetar PNP, aumentando
sua estabilidade (Cole et al., 2011). No entanto, o dano oxidativo evita seus usos
a longo prazo (Jokerst et al., 2011). O PLA e o PLGA sé&o os polimeros mais
eficazes utilizados até o momento, uma vez que seus metabdlitos sao eliminados
pelo ciclo de Krebs, sendo, portanto, ndo sao toxicos (Danhier et al., 2012). O
PVA, um polimero hidrofilico ndo-toxico aprovado pela FDA (Food and Drug
Administration), € uma opgao interessante para projetar nanoprodutos, uma vez
que este polimero apresenta baixa citotoxicidade e é biodegradavel. O PVA
também tem um excelente histérico em aplicagdes biomédicas como hidrogels
principalmente (Chen et al., 2015; De Lima et al., 2015; Canillas et al., 2016).
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1.4.3.1 NANOPARTICULAS POLIMERICAS

As NP poderiam ser eficientes no tratamento GB em funcéo de suas varias
propriedades, entre as quais, biocompatibilidade, tamanho pequeno e a
producdo simples, rapida e de baixo custo (Pourgholi et al.,, 2016).
Adicionalmente, as NP podem melhorar varios aspectos da droga, incluindo
estabilidade e liberagéo (Dikpati et al., 2012). Existem inUmeras diversidades de
construcbes de NP e diferentes estratégias de design. A necessidade de
desenvolver DDS efetivos, tanto sistemas seguros quanto biodegradaveis, fez
das PNP uma das abordagens mais encorajadoras, alcangando reconhecimento
abrangente no campo de DDS, particularmente em terapias contra o cancer
(Tzeng & Green, 2013; Wilhelm et al., 2016).

As PNP sao particulas coloidais de tamanho submicrénico que podem
encapsular ou adsorver drogas, substancias de imagem e agentes biolégicos
dentro ou sobre sua superficie. Considerando que as estruturas da matriz PNP
permitem a adigdo de drogas, as superficies facilitam a distribuicdo do corpo.
Além disso, as PNP podem resolver limitagbes da QT, incluindo a resisténcia aos
medicamentos usuais e efeitos indesejaveis (Pourgholi et al., 2016).

As PNP podem ser sintetizadas a partir de polimeros sintéticos tais como
PVA, (poli (etilenoglicol) - PEG, poli (acrilamida) - PAM, €-poli (caprolactona) -
PCL e poli (acrilato) - PA) ou compostos naturais, como quitosana, gelatina,
polissacarideo e albumina (Wilczewska et al., 2012). PNP sintéticos, como PLA,
PLGA e PGA sao biocompativeis e degradam-se hidroliticamente (Couvreur et
al., 2002). Entre os PNP biocompativeis, a FDA aprovou PVA, PLGA e PCL. Para
entregar agentes a tumores cerebrais, principalmente polimeros catibnicos tém
sido utilizados, especialmente para transporte de acidos nucléicos, pois,
possuem cargas positivas que lhes permitem interagir com DNA e RNA (He et
al., 2011; Tzeng & Green, 2013).

As PNP podem ser alocadas em PNP biodegradaveis ou ndo biodegradaveis.
Dada a baixa imunogenicidade, alta biodisponibilidade e estabilidade, baixa
citotoxicidade e liberagdo administravel do medicamento, PNP biodegradaveis
sdo geralmente usadas para DDS e sdo a opgao apropriada para o
encapsulamento de drogas hidrofobicas (Pourgholi et al., 2016). Além disso,

essas PNP mostram melhor estabilidade em fluidos bioldgicos (Lee, 2017), e
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suas versdes biodegradaveis sdo frequentemente empregadas com a finalidade
de melhorar a solubilidade e a biodisponibilidade de substancias bioativas
(Kumari et al., 2010).

Embora as PNP sejam extensivamente estudadas para a entrega de
medicamentos GB, a BHE permanece um desafio (Ma et al., 2015). Resultados
significativos foram obtidos quando uma entrega intravenosa de NP de poli (n-
butil-2-cianoacrilato) (PBCA) foi testada (Lin et al., 2012). Além disso, diferentes
polimeros, como o PGA e o PLA, foram similarmente investigados como
transportadores aumentando a eficiéncia de entrega de farmacos (Mundargi et
al., 2008). Usando uma via ndo convencional, a administragéo intranasal que é
capaz de contornar a BHE, Sekerdag e colaboradores (2017) analisaram as NP
hibridas carregadas de acido farnesil tiosalicilico (FTA) lipidicas-PEG-PLGA em
ratos e estas PNP atingiram uma redug¢ao substancial da area do tumor.

Recentemente, Baghirov e colaboradores (2017) produziram uma nova
plataforma com microbolhas de ultrassom focalizado (FuS) e NP de poli
(cianoacrilato de 2-etil-butilo) que poderiam espagar a BHE e acumular-se no
parénquima cerebral. Nesta area, Mead e colaboradores (2016) estudaram em
ratos um método combinado com entrega de material genético com liberagao
continua. Notavelmente, este sistema alcangou resultados importantes sem

indugao de toxicidade ou ativagao de astrécitos.

1.4.3.1.1 PNP NO TRATAMENTO DO GLIOBLASTOMA

A primeira PNP usado para entrega de drogas ao SNC foi a PNP de PBCA
(Kreuter et al.,, 1995). Subsequentemente, o projeto de NP baseou-se na
capacidade das PNP de atingir a BHE e de distribuir drogas no local do tumor
usando endocitose mediada por receptores. Esse mecanismo faz com que
materiais enddgenos passem pela BHE. Além disso, mudangas na superficie das
PNP (figura 4), como cobertura de surfactantes ou ligacéo de ligantes aumentam
significativamente a captagdo celular, principalmente quando o ligante esta
associado a proteinas relacionadas ao receptor, que melhoram a ligagdo dos
receptores as células do SNC (Aftab et al., 2018).
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As modificagdes de superficie com surfactantes sdo uma abordagem muito
comum. Em 2010, Gelperina e colaboradores demonstraram que NP de PLGA
com uma superficie modificada com poloxamero-188 apresentam resultados
mais substanciais do que PNP sem a modificagao. Em outro estudo que utilizou
glioblastomas de ratos 101/18, Wohlfart e colaboradores (2011) mostraram que
NP de PLGA com poloxamero-188 e com doxorrubicina (DOX) foram capazes
de atingir o cérebro e atravessar a BHE. Em outro estudo, poli (isohexil
cianoacrilato) (PIHC) modificado com polissorbato-80 (P-80) foi testado in vitro
contra células de GB, apresentando um uso promissor como um tratamento néo
invasivo de GB. Uma alternativa ao revestimento de NP s&o as PNP revestidos
com glutationa. Geldenhuys e colaboradores (2011) apresentaram NP de PLGA

com paclitaxel (PTX) e revestidos com glutationa que aumentaram a capacidade

%0 Antibody
f Aptamers
’ Glycoprotein

{\’ Peptide

de atingir a passagem através da BHE.

Figura 4: Nanoparticulas poliméricas com modificagbes na superficie. Figura

elaborada pelo autor.

Modificagdes adicionais, como a ligacado de proteinas, podem levar a
melhores resultados. A transferrina (TF), um ligante da glicoproteina dirigida ao
cérebro que apresenta um receptor nas células endoteliais foi utilizada por Ren

e colaboradores (2010) na funcionalizagdo de PEG-PLA NP com resultados
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demonstrando que a formulagdo atinge células C6 e atravessa a BHE de
camundongos. A glicoproteina lactoferrina (LF) usada em NP de PEG-PLGA,
também se mostrou eficaz para alcangar o cérebro dos camundongos (Hu et al.,
2011). Son e colaboradores, em 2011, estudaram NP de PEI reticulados por
dissulfeto modificados com a glicoproteina do virus da raiva (RVG) (SS-PEI) que
foram usados para fornecer microRNA ao GB.

Uma NP revestida por membrana de glébulos vermelhos com a neurotoxina
candoxina (CDX), um peptideo que apresenta alta afinidade com receptores
expressos nas ceélulas endoteliais do SNC, tais como os receptores nicotinicos
de acetilcolina, também se mostraram eficientes (Chai et al., 2017). Devido a
estas NP serem muito flexiveis, este sistema de metodologia poderia ser usado
para varios tipos de membranas, atendendo diferentes propdsitos médicos.

Fang e colaboradores (2016) usaram a clorotoxina (CTX), uma neurotoxina
que se liga a membranas celulares, na superficie de uma PNP que continha um
nucleo de quitosana funcionalizado com biotina e PEG e foi covalentemente
conjugado com TMZ. As TMZ-CTX-PNP apresentaram maior captagédo pelas
células de GB e foram mais eficientes no tratamento do que PNP sem CTX. Elas
também foram capazes de atravessar a BHE e transportar a droga para o local
do tumor, demonstrando-se uma opg¢ao promissora para transportar a TMZ em
concentragdes significativas e evitar a toxicidade em células saudaveis (Fang et
al., 2016).

Ainda, Liu e colaboradores (2017) construiram um lipossoma contendo TF
(TF-CPP-SSL) no nucleo via PEG. Estas TF-CPP-SSL PNP exibiram uma
penetracao pela BHE eficiente, aumentaram a circulagdo do farmaco in vivo e
foram capazes de atingir o tumor. Além disso, mostraram alta captagao celular e
conseguiram evitar a degradacgao lisossémica.

Um aspecto importante para analisar o prognéstico em pacientes com GB é a
resseccdo necessaria. No entanto, é dificil estabelecer um nivel seguro de
resseccao devido a malignidade do GB. Em um estudo recente, os autores
desenvolveram uma cirurgia guiada por fluorescéncia, permitindo uma
resseccao segura do GB. Tang e colaboradores conjugaram um aptamero 32 a
uma NP peguilada produzindo uma sonda de aptamero capaz de se ligar

especificamente as células cancerigenas (Tang et al., 2017).
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A descoberta de alvos moleculares promissores para tratar GB € um desafio
de pesquisa, no entanto, estimulou o desenvolvimento de abordagens de
tratamento genético (Tabela 1). O baixo sucesso das terapias disponiveis esta
relacionado com a incapacidade dos vetores de chegar ao cérebro (Aftab et al.,
2018).
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Tabela 1: Nanoparticulas poliméricas no tratamento de glioblastomas.

Revestimento

NP Ligante Droga Resultados Referéncias
da superficie
MPEG PLA Folato PTX Acido félico induziu aumento na absorgao celular. Wang et al. (2010)
AS1411 Circulagéo da droga prolongada e acumulo de PTX no tecido
,um
PLGA PEG PTX tumoral. Aumento na inibigdo do crescimento de gliomas em Guo et al. (2011)
aptémero de DNA ) ]
ratos e aumento da sobrevida do animal.
F3 e tLyp-1 Acumulo da droga no tecido tumoral, aumento na penetragao
PLGA PEG ) PTX . ] ) Hu et al. (2013b)
peptideos no tecido e aumento da sobrevida do modelo animal.
PEG-co- ) .
PCL MMP-2/9 PTX Aumento da eficacia de PTX. Aumento da sobrevida animal. Gu et al. (2013)
Poloxamero .
PLGA 188/ DOX/ Aumento da eficacia do tratamento devido a parametros da Gelperina et al.
lopeamida formulagdo como: surfactantes, droga e estabilizante. (2010)
Polisorbato 80
PLA PEG transferina As NP funcionalizadas conseguiram penetrar no tecido tumoral. Ren et al. (2010)
PLGA PEG lactoferrina Testes de viabilidade demonstraram baixa toxicidade sistémica. Hu et al. (2011)
GNRs PEG Arg-Gly-Asp Devido a ligagdo ao avpf3 houve um aumento da citotoxidade. Verna et al. (2014)
PEG-PCL PTX Aumento da toxicidade via estabilizacdo dos microtubulos. Xin et al. (2012)
PLGA celecoxib  Inibigdo da ciclo-oxygenase-(COX). Yoo et al. (2014)
c-Met )
PEG-SLN RNA Inibicdo o c-Met e diminuigao da proliferagado celular. Jin et al. (2011)
si
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PEG

. DOX Aumento da difusdo de DOX pela BHE. Steinigh et al. (2005)
lipossomal
Poloxamero
PLGA 188 DOX Acumulo de DOX no glioma. Agarwal et al. (2011)
PAMAM mir-21
Aumento da eficacia de 5-FU e da apoptose em GB. Ren et al. (2010)
dendrimero 5-FU
Poloxamero
PLGA 188 DOX Entrega eficaz de DOX pela BHE. Wohlfart et al. (2011)
] - Geldenhuys et al.
PLGA Glutationa PTX Aumento da habilidade de transporte pela BHE. (2011)
micro-
SS-PEI RVG RNA Aumento da habilidade de transporte pela BHE. Jon et al. (2011)
PIHC Polisorbato 80 DOX Potente vetor para o uso em terapias nio invasivas. Wohlfart et al. (2011)
MNP PEG CTX Aumento da eficacia da droga. Sun et al. (2008)
SPION PEG CTX Aumento da absorgéo celular e diminuigdo da invasao tumoral.  Veiseh et al. (2009)
PEG e ) Sistema ideal para entrega de material genético na presenga de )
MNP CTX siRNA Veiseh et al. (2010)
chitosan um campo magnético.
PLGA celecoxib  Aumento da atividade antitumoral. Suzuki et al. (2013)
PEG-co- 2-deoxy-d- .
Aumento da absorgéo celular. Jiang et al. (2014)
PTMC glucose
PEG, chitosan
MNP PE| CTX GFP Aumento da absorgéo celular e da expressédo de GFP. Kievit et al. (2010)
e
MNP PEG Arg-Gly-Asp Alvo-especifico de células GB. Cabada et al. (2012)
MNP PEG DOX Liberagdo da droga promovida por luz infravermelha. Agarwal et al. (2011)
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AuNP PEG Aumento do dano no DNA de células GB apoés RT. John et al. (2013)

AuNP PEG DOX Aumento da absorgio celular e da meia vida da droga. Ruan et al. (2015)
PTX

PEG-PCL ] Aumento da habilidade de transporte pela BHE. Dilnawez et al. (2012)
Angiopep

NP: nanoparticulas; MPEG: metoxi-polietilenoglicol; PLA: acido polilactico; PTX: paclitaxel; PLGA: acido polilactico-co-glicolico; PEG: poli (etileno glicol); PCL:
policaprolactona; MMP-2/9: metaloproteinase da matriz-2/9; DOX: doxorrubicina; GNRs: nanorods de ouro (gold nanorods); SLN: nanoparticula lipidica sélida;
c-Met: proteina tirosina cinase Met; BHE: barreira hematoencefalica; 5-FU: 5-fluorouracil; GB: glioblastoma; PAMAM: poliamidoamina; SS-PEI: polietilenimina
dissulfureto; RVG: glicoproteina do virus da raiva; PIHC: ceramica hibrida infiltrada de polimero; MNP: nanoparticula magnética; SPION: nanoparticula de éxido
de ferro superparamagnética; CTX: clorotoxina; PTMC: poli (carbonato de trimetileno); GFP: green fluorescent protein; Au: ouro.
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O PTX é usado para prevenir a mitose porque promove a congregagao € a
estabilizacdo dos microtubulos. No entanto, PTX € uma substancia altamente
hidrofébica e ndo é capaz de atravessar a BHE. Para resolver este problema, o
PTX pode ser absorvido em uma PNP (Hu et al., 2013c). O angiopep (ANG1005)
€ um peptideo com 19 aminoacidos que € conjugado com o taxano, um inibidor
mitético. As PEG-PCL-NP conjugadas com angiopep e com PTX foram testados
na terapia de glioma, reduzindo a proliferagéo de células do GB e aumentando
a apoptose celular (Xin et al., 2012). Ainda, usando PLA NP, Wang e
colaboradores (2010) produziram um alvo de folato modificado com monometoxi-
PEG-PLA-PTX-NP que aumentaram a citotoxicidade contra as linhagens
celulares HelLa e C6.

Em um estudo usando o AS1411 (Ap), um aptédmero de DNA, os autores
produziram uma NP para a entrega de siRNA que diminuiram significativamente
a proliferagao celular devido a liberagéo prolongada do farmaco e apresentaram
uma melhor biodistribuicao do farmaco no local do tumor em comparagao com o
farmaco (Taxol®) (Guo et al., 2011). Em um estudo diferente com PEG-PLA-NP,
o peptideo F3, que similarmente ao Ap, se liga a nucleolina, foi usado para atingir
as células tumorais promovendo um aumento na captagao celular. Estas PNP
exibiram maior acumulagéo, infiltragdo no local do tumor e sobrevida do modelo
animal (Hu et al., 2013Db).

Gu e colaboradores (2013) conjugaram a protamina de baixo peso molecular
ativada MMP-2/9 com PEG-co-PCL-NP, estas NP melhoraram a captagdo em
células, enquanto os resultados in vivo mostraram a acumulagao de NP no local
do tumor. Além disso, camundongos com implante de C6 e tratados com a
formulagdo apresentaram maior tempo de sobrevida quando comparados aos
grupos controle.

Um inibidor da ciclo-oxigenase (COX-2), o celecoxibe, apresenta sua agao
promovendo a morte celular e diminuindo a proliferacéo celular (Suzuki et al.,
2013). De um modo dose-dependente, as PLGA-NP com celecoxib
apresentaram atividade contra linhagens celulares U87MG e C6. Esses
resultados revelam essas NP como uma escolha eficiente para a entrega de
medicamentos no GB (Kim et al., 2011).

Outra estratégia promissora sdo os dendrimeros de poli amidoamina

(PAMAM) utilizados como transportadores de 5-fluorouracil (5-FU) e
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oligonucleotidio anti-sentido miR-21 (as-miR-21) para locais especificos no GB
(Yan et al., 2012). Quando testadas em células U251, a co-entrega de 5-FU e
as-miR-21 aumentou expressivamente a citotoxicidade e a morte celular.
Consequentemente, a co-administragdo de drogas e vetores moleculares,
principalmente se o tumor apresentar uma superexpressao génica conhecida, &
uma abordagem interessante e eficaz no tratamento do GB (Ren et al., 2010).

Uma abordagem interessante é regulagao negativa da proteina tirosina cinase
Met (c-Met) que € um receptor de tirosina quinase que pode interagir com o fator
de crescimento de hepatdcitos e essa interagdo leva a um aumento na
proliferacdo celular, corroborando com a invasividade e a resisténcia do GB a
QT. Portanto, usando siRNA é possivel suprimir c-Met e isso pode melhorar a
terapia. A formulagdo PEG/c-Met-siRNA inibiu significativamente a resisténcia
tumoral a farmacos e proliferagao celular (Jin et al., 2011).

Liu e colaboradores (2017) apresentaram uma PNP que transporta e protege
com sucesso siRNAs. As PNP formuladas envolveram AuNP PEGuiladas
revestidas com PEI e quitosana. O siRNA para Ape1 foi adicionado a formulacao
e as NP foram testadas em células de cancer cerebral mostrando que a reducéao
da expressao do Ape1 esta relacionada a uma intensificacdo do dano ao DNA
apos a exposicao a radiagao.

Recentemente, @ Wadajkar e  colaboradores (2017) formularam
nanocarreadores particulados utilizando PLGA e PEG ligando o receptor Fn14,
geralmente superexpresso em GB invasivo, na superficie. O aumento da eficacia
observado sugere que essas PNP otimizaram o fornecimento de medicamentos
para tratar GBs invasivos. Em outro estudo, os pesquisadores desenvolveram
uma PNP usando poliestireno (PS) com uma superficie funcionalizada com um
anticorpo que se liga ao Fn14. Os resultados mostraram que esta PNP foi capaz
de penetrar no tecido tumoral visando seletivamente as células de GB (Schneider
et al., 2015). Apesar desses estudos com PNP parecerem promissores, 0s
métodos usuais de preparagao sio por vezes inconsistentes e complexos, o que
prejudica a producdo em série. Por outro lado, a eletrofiagdo € um método
interessante para produzir NP sem o emprego de surfactantes e em grande

escala.
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1.4.3.2 NANOFIBRAS POLIMERICAS

Eventualmente, praticamente todo tumor recorre (Stupp et al., 2009). Os GB
recorrentes sdo menos responsivos a QT do que o tumor original e sao
extremamente invasivos. Tendo em vista que o GB pode recorrer e invadir areas
funcionais do cérebro, a segunda resseccgao cirurgica é arriscada. Apesar da
aplicagado de todas as estratégias dos tratamentos, GB continua sendo uma
doencga incuravel e a sobrevida global dos pacientes € entre 12 e 15 meses do
diagndstico inicial (Weller et al., 2013). Estudos de autdpsia sugerem que GB
recorrentes sao principalmente locais e aparecem dentro de 2 centimetros do
local inicial do tumor (Campos et al., 2016). Portanto, QT localizada que pode
ser administrada durante a cirurgia e diretamente no local do tumor fornece um
DDS alternativo para o tratamento do GB reduzindo significativamente os efeitos

colaterais sistémicos, podendo prevenir a recorréncia do tumor.

1.4.3.2.1 NANOFIBRAS POLIMERICAS NO TRATAMENTO DO
GLIOBLASTOMA

Apesar desta opcao de tratamento ser extremamente promissora, poucos
estudos foram realizados utilizando NF no tratamento de GB (Tabela 2). Como
citado anteriormente, o PTX apresenta uma série de dificuldades em sua
aplicagado (Hu et al., 2013a), por isso, uma aplicagdo local da droga € uma
escolha interessante para melhorar sua eficacia. Em um estudo, PLGA e PTX
foram utilizados para fabricar submicro e microfibras. Ambas as formulagdes
mostraram liberagdo prolongada de PTX in vitro ao longo de 80 dias, em que
submicrofibras apresentaram maior taxa de liberagdo em comparacao
microfibras devido a maior area superficial e maior taxa de degradacéo do
polimero. A superioridade das NF sobre a administracao sistémica de Taxol® em
termos de apoptose também foram relatados. Além disso, a inibicao tumoral em
camundongos revelou que os animais tratados com fibra tinham tumores
menores no dia 24 (até 44%) e no dia 32 (até 61%) pos inoculagdo do tumor
comparada com animais tratados com Taxol®, indicando vantagens significativas

da liberagdo prolongada de PTX (Ranganath & Wang, 2008). Em um estudo
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similar, NF de PLGA carregadas com PTX com uma liberagdo de alta
concentragao de drogas apresentaram uma penetragao de drogas no cérebro de
ratos a 5 mm do local do implante, mesmo apés 42 dias pds implante. Ainda, as
NF demonstraram inibicdo tumoral e um baixo indice de proliferacdo tumoral
apos 41 dias de tratamento em modelos animais em comparagao com o placebo
(Ranganath et al., 2010).

Recentemente, Ramachandran e colaboradores (2017) desenvolveram NF
de PLGA-PLA-PCL contendo TMZ, implantadas em modelo ortotépico de GB,
que demonstraram uma liberacdo constante de droga (116,6 mg/dia), com um
pequeno extravasamento para o sangue periférico (< 100 ng), indicando 1000
vezes maior concentracdo do farmaco no local do tumor em comparagao com
sangue periférico.

BCNU [1,3-bis (2-cloroetil) -1-nitrosoureia] (carmustina) € um dos agentes
antineoplasicos mais comuns utilizados para terapia de GB que pode penetrar
na BHE (Mehta et al., 2015). Seu mecanismo de agao é baseado na formagao
de crosslinks no DNA e RNA levando a inibicao da sintese de DNA, producéo de
RNA, e traducédo de RNA (Xu et al., 2006). No entanto, a perfusdo intravenosa
de BCNU esta frequentemente associada a efeitos adversos, incluindo
supressao medular, disfuncao hepatica e fibrose pulmonar. Além disso, sua curta
meia vida plasmatica (aproximadamente 20 min in vitro € menos de 15 min in
vivo) limita a eficacia da aplicacéo sistémica do BCNU (Xu et al., 2006). Gliadel®
€ um wafer biodegradavel de poli (carboxifenoxi-propano/acido sebacico) que
libera BCNU; pode ser implantado na cavidade do tumor apds a ressecgao
cirurgica (Bregy et al., 2013). O medicamento foi aprovado pelo FDA para uso
clinico e tem mostrado algumas melhorias na sobrevivéncia de pacientes de até
dois meses a mais do que aqueles que nao receberam o tratamento (Bregy et
al., 2013). No entanto, a liberagao rapida da maior parte da droga e a rigidez do
wafer sdo importantes desvantagens. Tendo em vista isso, Tseng e
colaboradores (2013) desenvolveram NF de PLGA que liberam altas
concentracdes de BCNU por mais de seis semanas no cérebro de ratos. Além
disso, nenhuma reacéo inflamatdria foi observada no tecido cerebral.

Em um estudo, a MMP-2 foi selecionada como um alvo terapéutico. Um
plasmideo de RNA suprimindo a expressao de MMP-2 em células tumorais foi

desenvolvida e complexada com PEI. O gene e PTX foram encapsulados em NF
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de PLGA para alcangar a prolongada liberacdo de ambos, demonstrando
inibicdo tumoral significativa em modelos de tumor intracraniano comparados
com NF carregadas com PTX e tratamento comercial de PTX, indicando efeitos
terapéuticos sinérgicos do gene e do PTX (Lei et al., 2013).

Em outro estudo, trés agentes quimioterapicos (bis-cloroetilnitrosoureia,
irinotecan e cisplatina) e um agente antiangiogénico (combretastatina) foram
carregados em NF de PLGA. Os agentes quimioterapicos foram rapidamente
liberados das NF, enquanto a combretastatina mostrou um perfil de liberagao de
2 semanas. Esta formulacgao foi considerada eficaz diminuindo o crescimento do
tumor e prolongando a sobrevivéncia em ratos com GB em comparagao com NF
sem o agente antiangiogénico (Tseng et al., 2016).

Embora tenha se observado um aumento no interesse de pesquisadores em
desenvolver fibras que podem fornecer uma liberagdo mais gradual de drogas
durante um longo periodo de tempo para melhorar os efeitos das mesmas, as
concentragdes utilizadas nas formulagdes sao muitas vezes toxicas. Além disso,
o procedimento experimental testado nos animais nao reflete o que de fato
acontece na clinica, tendo em vista que ndo sao realizadas ressecgoes

cirargicas.
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Tabela 2: Nanofibras poliméricas no tratamento de glioblastoma.

NF Droga Resultados Referéncias
PLGA PTX Liberagéo prolongada de PTX até 80 dias no qual submicrofibras demonstraram liberagao mais Ranganath &
rapida do que microfibras. Wang (2008)
. _ Ranganath et
PLGA PTX Aumento da penetragao da droga (5 mm) observada apos 42 dias apés implante. . (2010)
al.
PPC-Ca-
alginato PTX, TMZ Efeito sinérgico das drogas. Ni et al. (2014)
MPs
PCL-Diol- ) Irani et al.
T™MZ Liberagao prolongada de TMZ até 30 dias.
b-PU (2018)
Tavakoli et al.
PCL T™MZ NF upregularam p53 e Bax mais do que apenas TMZ. (2018)
PLGA, ™MZ Animais tratados com as NF com liberagao prolongada demonstraram maior sobrevida (> 4 meses) Ramachandran
PLA, PCL do que aqueles tratados com NF de liberagéo curta (74 dias). et al. (2017)
) . Huang et al.
PCL T™MZ Inibiu o crescimento tumoral e favoreceu a diferenciagdo de neurdnios para reconstrugéo tecidual. (2016)
PCL-Diol-
Irani et al.
b-PU-CS TMZ e Au NP Aumento da atividade antitumoral.
(2017)
NP
PCL-Diol- Irani et al.
TMZ e Au NP Aumento da atividade antitumoral.
b-PU (2017)
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PEG-PLLA BCNU BCNU apresentou toxicidade apenas apds 72 horas devido a liberagéo controlada. Xu et al. (2006)
. Tseng et al.
PLGA BCNU NF apresentaram liberagdo de BCNU por mais de 6 semanas em cérebros de ratos. (2013)
I Wang et al.
PEO, PLA Rapamicina Diminuigao da viabilidade celular apds tratamento. (2016)
Acido . _ Han et al.
PC, PVP Fibras preparadas com electrospinning coaxial demonstraram liberagdo gradual da droga.
micofendlico (2017)
Lian & Meng et
PCL Daunorubicina Liberagao controlada e prolongada da droga.
al. (2017)
Bis-
cloroetilnitrosurea o ) .
Diminuigdo da malignidade tumoral, do crescimento tumoral e aumento da sobrevida do modelo Tseng et al.
PLGA , irinotecan,
) ) animal. (2016)
cisplatina,
combretastatina
Zhu et al.
PCL-GT SN-38 Aumento da citotoxidade apés 72 horas.
(2015)
MMP-2 mRNA e ] ]
PLGA,PEI pTX Significante regressdo do crescimento tumoral no tratamento com fibras com droga e gene. Lei et al. (2013)
Bago et al.
PLA TRAIL NF liberaram a proteina TRAIL acarretando redugéo do volume tumoral em camundongos. (2016)
. . Guo et al.
PCEC Curcumina Blogueio de vias de sinalizagao de proliferagéo celular. (2011)

NF: nanofibras; PLGA: acido polilactico-co-glicélico; PTX: paclitaxel; PPC: polipropileno copolimero; Ca: calcio; MPs: nanoparticulas magnéticas; TMZ:
temozolomida; PCL: policaprolactona; PU: poliuretano; p53: tumor protein 53; Bax: proteina X associada a BCL-2; PLA: acido polilactico; CS: chitosan; NPs:
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nanoparticulas; PEG: poli (etileno glicol); PLLA: acido polilatico; Au: ouro; BCNU: 1,3-bis (2-cloroetil)-1-nitrosoureia; PEO: poli (6xido de etileno); PC:
policarbonato ; PVP: polivinilpirrolidona; GT: gluotationa; PEI: polietilenimina; PCEC: PCL-PEG-PCL.
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1.4.3.3 EFEITOS ADVERSOS DOS NANOCARREADORES

Normalmente, a maioria dos estudos que desenvolvem nanoprodutos utilizam
materiais biocompativeis e biodegradaveis. Por isso, os efeitos nocivos dos
nanocarreadores devem ser minimos. No entanto, existem alguns efeitos adversos
descritos que podem estar relacionados com a area de superficie do produto,
porque, esta superficie pode resultar na formagao de espécies reativas de oxigénio
(EROs), como o anion superoxido e o peroxido de hidrogénio (Nel et al., 2006).
Devido a existéncia de sitios de receptores de elétrons e doadores na superficie de
transporte que podem reagir com as moléculas de oxigénio, isso pode levar a
oxidagdo de compostos quimicos mais préximos ou mesmo de organelas (Nel et
al., 2006). Portanto, um fator essencial para analisar ao avaliar os efeitos colaterais
dos nanoprodutos € sua area de superficie.

Além disso, um efeito colateral frequente sé&o as reacdes de hipersensibilidade
que alguns pacientes descrevem apos a injecao intravenosa. Esse efeito adverso
€ comum nao apenas para as formulagdes de NP, mas também para varias outras
drogas e pode ser evitado com a administragcao de outra medicagao aos pacientes
ou diminuindo a taxa de infusdo (Allen & Cullis, 2004). Geralmente, as reagdes de
hipersensibilidade sdo maiores na administracdo de medicamentos livres quando
comparadas as formulagdes de DDS. Um exemplo interessante € a administragéo
da DOX. Sabe-se que este farmaco induz um efeito de cardiotoxicidade que pode
ser diminuido quando se aplica uma formulagdo DDS. Além disso, é importante
avaliar a possivel toxicidade relacionada a substancia transportadora
remanescente. Por causa disso, polimeros biodegradaveis com uma expectativa
de vida conhecida sédo essenciais para produzir formulagées seguras (Senter &
Springer, 2001; Aftab et al., 2018).
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2. OBJETIVOS

2.1 Objetivo Geral

Desenvolver e caracterizar nanofibras e nanoparticulas, contendo drogas
antitumorais (dacarbazina e temozolomida) associadas a inibidor proteico de Nek1
produzidas utilizando a técnica de eletrofiacéo, e avaliar o potencial terapéutico in

vitro.

2.2 Objetivos Especificos

Producao de nanoparticulas utilizando alcool polivinilico e dacarbazina pela técnica
de electrospray.

Producao de nanofibras utilizando alcool polivinilico, dacarbazina, temozolomida e
inibidor da proteina Nek1 pela técnica de electrospinning.

Caracterizagado de nanoprodutos em relagdo a suas morfologias.

Caracterizacado quimica os nanoprodutos e seus contentes.

Anaalise da liberacado dos farmacos pelos nanoprodutos.

Avaliagao da viabilidade de células normais frente aos nanoprodutos.

Investigagdo do potencial antitumoral dos nanoprodutos em células de

glioblastomas.

45



CAPITULO 1: Freezé-thaw electrospun PVA-Dacarbazine
nanoparticles: preparation, characterization and

anticancer evaluation

Artigo aceito no periodico International Journal of Polymeric Materials

and Polymeric Biomaterials



The International Journal of Polymeric Materials and Polymeric Biomaterials - Decision on Manuscript ID GPOM-2019-4894

International Journal of Polymeric Materials and Polymeric Biomaterials <onbehalfof@manu
scriptcentral.com>

Dom, 07/04/2019 08:19

luizasteffens@live.com ¥

07-Apr-2019
Dear Dr. Reinhardt:
Ref: Freeze-thaw electrospun PVA-Dacarbazine nanoparticles: preparation, characterization and anticancer evaluation

Our referees have now considered your paper and have recommended publication in The International Journal of Polymeric Materials and Polymeric Biomaterials. We are
pleased to accept your paper in its current form which will now be forwarded to the publisher for copy editing and typesetting. The reviewer comments are included at the
bottom of this letter.

Once copy editing and typesetting is completed for your manuscript, you will receive proofs for checking from the publisher. You will receive these proofs for checking, and
instructions for transfer of copyright in due course. The publisher requests that, once you receive these proofs, they are checked and returned within 48 hours of receipt.

Thank you for your contribution to The International Journal of Polymeric Materials and Polymeric Biomaterials and we look forward to receiving further submissions from
you.

Sincerely,

Dr Munmaya Mishra

Editor in Chief, The International Journal of Polymeric Materials and Polymeric Biomaterials
munmaya@gmail.com

47



Freeze-thaw electrospun PVA-Dacarbazine nanoparticles: preparation,

characterization and anticancer evaluation

Luiza Steffens®, Bor Shin Chee?, Zhi Cao?, Dinara Jaqueline Moura®, Michael

Nugent®

a. Athlone Institute of Technology, Materials Research Institute, Athlone, Co. Westmeath,
Ireland

b. Laboratory of Genetic Toxicology, Federal University of Health Sciences of Porto Alegre
— UFCSPA, Sarmento Leite Street, n° 245, Lab.714, Porto Alegre City, Rio Grande do
Sul State, Brazil

* Corresponding author. Address: Athlone Institute of Technology, Dublin road
Athlone, Co. Westmeath, Ireland

E-mail address: MNugent@ait.ie (Michael Nugent)

E-mail addresses: luizasteffens@live.com (L. Steffens), b.schee@research.ait.ie
(B.S Chee), zcao@research.ait.ie (Zhi Cao), dinaram@ufcspa.edu.br (D.J. Moura),
MNugent@ait.ie (M. Nugent).

48



freeze-thawing

GRAPHICAL ABSTRACT

® encapsulated drug

_ PVANP

electrospinning

e

DTIC in amorphous
ANDTIC solubility
DTIC continuous

Acell uptake

ANDTIC anticancer

49



ABSTRACT
Dacarbazine (DTIC) is an antitumor agent that has limited clinical applications due
to its insolubility, instability and toxicity to normal cells. One possibility to achieve
controlled release is PVA-based NPs. This work presents electrospun NPs that
combines PVA and DTIC. The results showed that DTIC NPs had mean particle
sizes of 458.2+113.6 nm, suggested the presence of DTIC in an amorphous state
and showed a burst in vitro drug release followed by constant release. The
cytotoxicity evaluation showed that DTIC NPs were effective against glioblastoma
cells. This study indicates that the formulated NPs improved DTIC solubility and

efficacy.

Key-words: Electrospinning; Dacarbazine; Nanoparticles; Polyvinyl alcohol;

Anticancer activity; Freeze-thaw.

Abbreviations: ANOVA: one-way analysis of variance, ATR-FTIR: attenuated total
reflectance Fourier transform infrared spectroscopy, DMEM: dulbeco’s modified
eagle medium, DMSO: dimethyl sulfoxide, DSC: differential scanning calorimeter,
DTIC: dacarbazine, EE%: percentage encapsulation efficiency, FBS: fetal bovine
serum, F/T: freeze/thaw, MTIC: methyldiazonium, MTT: 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, MW: molecular weight, NP: nanoparticles, OD:
optical density, PBS: phosphate-buffered saline, PNPs: polymeric NPs, P-80:
polysorbate-80, PVA: polyvinyl-alcohol, Rho-B: rhodamine-B, SEM: scanning
electron microscope, Tm: melting point, Tg: glass transition, UV: ultraviolet, XRD: x-

ray diffraction.

1. INTRODUCTION

Dacarbazine (DTIC) is an antitumor drug analog of AICA ribonucleotide (5-
aminoimidazole-4-carboxamide), which is an intermediate in the formation of
inosine monophosphate in the purine biosynthesis [1]. By reason of that, DTIC was

designed as an antimetabolite originally [1]. Though, given the action of its
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metabolite, methyldiazonium (MTIC), which methylates DNA, DTIC has a significant
cytotoxic activity [1].

Currently, DTIC is used as a chemotherapy drug against metastatic malignant
melanoma [2,3]. Furthermore, it is used in combination with different drugs in the
treatment of Hodgkin’s disease, soft tissue sarcoma and can be used to treat
recurrent glioblastoma, neuroblastoma and Kaposi's sarcoma, as an alternative
treatment [4,5]. However, DTIC has some serious issues. Normally the
administration route is intravenous, which results in low patient compliance, due to
its associated pain. Moreover, the DTIC absorption in the body is generally
inconsistent, slow and partial. Additionally, the drug has poor solubility, instability,
photosensitivity and severe toxicity to non-cancerous cells, meaning that its medical
applications are limited [6].

To encapsulate this drug using nanocarriers or nanoparticles (NPs) systems
intended for controlled drug delivery is a promising approach to overcome these
issues. NPs are nanosized materials that can bypass normal cells while delivering
continuous doses of therapeutic substances into tumor cells. Moreover, NPs can
improve the chemotherapy addressing issues, such as drug resistance, non-specific
biodistribution and undesirable side effects [7]. Interesting NPs studies have been
developed focus on the admission of NP-based treatments into clinical trials during
the past decade [8].

Due to the capacity for targeting tumors, polymeric NPs (PNPs) are one of the most
encouraging approaches to use in cancer therapy [9]. PNPs are also biocompatible;
they normally present small sizes and the production is relatively simple and with
low cost when compared to other drug delivery approaches [9]. PNPs can be
separated into biodegradable and non-biodegradable. Biodegradable PNPs are
usually used for drug delivery systems owing to several characteristics, such as low
immunogenicity and significant encapsulation. In addition, they can improve some
drug characteristics, for example, they can increase the stability, bioavailability and
release rate of the drug [9]. Given the low systemic toxicity of the PNPs as drug
delivery systems, they are an appropriate option in the delivery of hydrophobic
medicines as DTIC. In this context polyvinyl alcohol (PVA) is a viable choice, since

this polymer is very biocompatible, non-toxic and has an outstanding history when
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used as bioproducts [10,11,12]. Owing their appropriate mechanical and swelling
features, freeze/thaw (F/T) hydrogels can be produced with significant potential for
using as delivery systems. These F/T hydrogels are produced by exposing
PVA/water solutions to cycles of freezing and thawing; this process results in the
formation of stable gels by the presence of crystalline regions [13,14].

Among the diverse categories of nanotechnologies to produce NPs, electrospinning
has proved its effectiveness in producing nanoproducts in a one-step
straightforward manner [15]. Even though the electrospinning method has an easy
implementation, this method also has potential for generating NPs with multifaceted
structures in an industrialized scale [16]. In addition, electrospinning can produce
PNPs with different sizes, porosity, drug loading and release rate, leading to an
opportunity of adapting the drug release rate for each usage [17].

The present study presents the first production and characterization of F/T
electrospun PVA NPs for the encapsulation and controlled release of DTIC that
could eventually be used to improve drug stability, efficacy, and safety in cancer

treatment.

2. MATERIALS AND METHODS

2.1 Materials
PVA (MW 13000-23000, 90% hydrolyzed), Dacarbazine (DTIC), Rhodamine B
(Rho-B), Ethanol, Acetic Acid, Methanol, Dimethyl sulfoxide (DMSO), Polysorbate-
80 (P-80) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma e Aldrich (Arklow, Ireland). Trypan blue, phosphate
buffered saline (PBS), Dulbecco’s modified eagle medium (DMEM), fetal bovine
serum (FBS), L-glutamine, trypsin-EDTA and penicillin/streptomycin and were
purchased from Gibco-BRL (Dublin, Ireland).

2.2PVA nanoparticles preparation
PVA solutions were prepared by dissolving PVA (molecular weight of 13,000-
23,000) at 10% concentration (wt/vol) in distilled water, at 90°C with continuous
stirring until the complete solubilization of PVA was accomplished. Then, for
samples containing drugs the temperature was decreased to 50°C and dacarbazine

(10 mg) or rhodamine (10 mg) were mixed. After the solutions cooled down, ethanol
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(10%) and polysorbate-80 (1%) were added. Then, the solutions were frozen (-
80°C) for 1 h (Innova U535 freezer, New Brunswick Scientific, Edison, NJ). The
samples were then thawed to room temperature. The solutions were electrospun
using a blunt-end 20-gauge needle and a flow rate of 0.5 ml/h. 12 kV was applied
to the tip of the needle and the needle tip to collector distance was 5 cm. For
comparison proposes, two PVA solutions in the same concentration were prepared.
One solution, PVA hydrogel, was submitted to the FT process and let dry at room
temperature, the other solution, PVA film, was let it dry at room temperature without

the FT process.

2.3 Determination of viscosity
The viscosity of the hydrogel solutions was measured by using a Discovery HR-2
rheometer (TA instruments, DE, USA). As the heating component, a Peltier plate
was used at a temperature ramp and a 60 mm steel plate was used as the top
geometry. The solutions were transferred into the plate of rheometer and viscosity

of the samples was analyzed as a function of the temperature ramp (10-40°C).

2.4 Analysis of particle size and morphology
The NPs shape was studied using a scanning electron microscope (Tescan mira
XMU SEM, TESCAN, Brno, CZ) in back scattered electron mode. The
magnifications used ranged from 10kX to 80kX. The samples were sputtered with
gold for 110 s at 0.1 mBar vacuum before testing. After the images recording,
Imaged software was used (Imaged Version 1.48v) to determine the NP mean

diameter. More than 200 DTIC NPs were evaluated.

2.5Determination of loaded amount and encapsulation efficiency of DTIC
To evaluate the percentage encapsulation efficiency (EE%) of the loaded DTIC in
the NPs, DTIC-NPs were completely dissolved in dH,O to ensure that only free drug
was quantified and the solutions were filtered. The amount of released DTIC was
measured by ultraviolet (UV) light on Shimadzu UV 1280 spectrometer at 323 nm.
The EE% of the DTIC was determined using a calibration curve of DTIC and the
equation below:

EE(%) = actual amount of loaded DTIC in NPs %100
™ theoretical amount of loaded DTIC in NPs
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In this equation the actual amount of released DTIC in NPs was measured and the
theoretical amount was calculated according to the concentration of DTIC added in
the PVA solution.

2.6 Fourier transform infrared spectral study
Aiming to investigate the possible chemical interactions between DTIC and PVA
after electrospray, attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was used. The analysis was accomplished using a Perkin
Elmer Spectrum One fitted with a universal ATR sampling accessory (Perkin Elmer,
Dublin, Ireland). The data were analyzed in the range of 4000-650 cm™ using 4
scans per sample. Following investigation was performed using Spekwin32

software.

2.7 Differential scanning calorimetry
The physical state of DTIC after encapsulation in PVA NPs was examined using
differential scanning calorimeter (DSC). The results were acquired by using a DSC
TAQ2000 (TA instruments, DE, USA). The samples weights were measured and
then, they were fitted in sealed aluminum pans, with weights between 5 and 10 mg.
A temperature ramped from 20°C to 270°C was tested at a rate of 10°C per min with
an empty pan as a reference. The results were plotted as a function of heat flow

(W/g) against temperature (°C).

2.8 X-Ray Diffraction analysis
The molecular structure of the samples was examined by X-ray diffraction (XRD)
analysis. The X-ray diffractograms were obtained in an X'Pert MPD PRO
diffractometer (PANalytical, Netherlands) with Cu Ka radiation (A = 1.54060 A) in
the 208 range of 10-60-. The intensity and voltage applied were 40 mA and 40 kV,

respectively.

2.9In vitro drug release studies
Drug dissolution profiles were achieved using a Distek Model 2500 Dissolution
System (Distek, Inc., USA). A phosphate buffer solution (pH 7.4 at 37°C) was used
to test the samples. The stir rate was set to 50 rpm with 900 ml of buffer used per

sample vessel. Samples were taken at set periods and evaluated by UV light on
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Shimadzu UV 1280 spectrometer at 323 nm. In this experiment sink conditions were
used aiming to allow the complete dissolution of DTIC since sufficient media was
used to ensure un-impaired dissolution, therefore, after each period of sample

collection, the same amount of media was added in the vessel.

2.10 Cell uptake
The glioblastoma cells (U87) were kindly provided by Dr. Brona Murphy
(Department of Physiology and Medical Physics, Royal College of Surgeons in
Ireland). Cells were cultured in 10% FBS DMEM with antibiotics at 37°C in a
humidified atmosphere containing 5% CO,. The cellular uptake of NPs was studied
in a time-dependent way. Frist, Rhodamine-B, a fluorescent probe, was loaded in
the NPs. Then, glioblastoma cells were treated with Rho-B-NPs (1mg/mL) and
incubated for different time points. After treatment, cells were washed with PBS and
completely dissolved in Acetic Acid:Ethanol:dH20 (1:49:50, respectively). The NPs
uptake was acquired using a plate reader (BioTek Synergy HT, Swindon, UK) at
543 nm. The quantity of NPs into the cells was calculated using the subsequent
formula:
amount of Rho — B taken up by cells

. _ X 100
% cellular uptake total amount of Rho — B added

Furthermore, the cells were seeded in six-well culture plates and then, incubated
with Rho-B-NPs or Rho-B for 2, 6 and 24 hours. After treatment, cells were washed
with PBS and fixed in methanol. Fluorescence images were acquired using the
Leica DM 2000 confocal microscope with an x40 oil lens (Leica Microsystems,

Ireland). Image acquisition was performed by LAS V3.8 software (Leica).

2.11Cell viability evaluation
The NPs cytotoxicity was analyzed by using MTT colorimetric assay. U87 cells
(1x10* per well) were seeded in 96-well culture plates and incubated at standard
conditions. Cells were exposed to different concentrations of blank NPs and DTIC-
loaded NPs for 24 hours or 5 days. Cells were then treated with MTT reagent for 3
hours at 37°C. To dissolve the formazan crystals, DMSO was added to each well.

The absorbance was recorded at 540 nm in a plate reader (BioTek Synergy HT,
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Swindon, UK), and percentage of cell viability was calculated. The cytotoxicity of

blank NPs was evaluated using 3T3 cells (as a control cell line).

2.12 Statistical analysis
The results were expressed as mean value + SD. The statistical analysis was
executed using one-way analysis of variance (ANOVA) following by Tukey posttest
or two-way ANOVA following by Bonferroni posttest using GraphPad Prism 5
software (La Jolla, CA, USA). P-value (<0.05) were considered to be statistically

significant.

3. RESULTS AND DISCUSSION
3.1 Fabrication and characterization of electrospun nanoparticles

To establish a controllable drug delivery system, DTIC-encapsulated NPs were
fabricated using the electrospray method. Electrospray removes the emulsion step
that can cause sensitive drugs to lose their activity, what differs from other methods
to produce NPs [18]. Electrospinning equipment can produce NPs and nanofibers,
the resulting structure of the nanoproduct is dictated by polymer concentration of
the solution. Spherical particles were produced at lower solution concentrations.
When higher concentrations were used, nanofibers with beads started to be visible
on the support material (data not shown). To find the optimal solution, it is important
to adjust its viscosity. Felice et al. built a solution screening using two PVAs with
different molecular weights (MW) (low and high) and several concentrations. They
suggested that the morphology transitions of the nanoproduct occur due to changes
of MW or polymer concentration and that the leading underlying mechanism that
effects the variation is the number of chains entanglements which accordingly
causes modifications in solution viscosity. For electrospraying, it is essential to
prepare solutions that have concentrations varying from the critical chain overlap
concentration to entanglement concentration. If the concentration is excessively low
there are not adequate chain entanglements inside a drop to stabilize the NP
development and it loses its structure, however, if the concentration is high there is
an augmented quantity of chain entanglements which serves to stabilize the jet,
creating polymeric networks and producing fibers [39].

PVA, an FDA-approved non-toxic hydrophilic polymer, was used to produce the
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NPs. Given that decreasing PVA MW, the solubility, flexibility and water sensitivity
increase, PVA 13-23 kDa was selected. Moreover, low MW PVA solution presents
low viscosity and facilitate the production of a spray [18, 39]. The NPs were coated
with polysorbate-80 (P-80) to improve the cell absorption, given that there have
been numerous reports of NPs coated with P-80 and these NPs presented a
significant improvement in the anticancer drugs delivery to the brain [19,20,21].
DTIC was chosen as a model drug to be combined in the PVA NPs since DTIC is
an unstable antineoplastic drug however, it has several anticancer applications.
The characteristics of PNPs should be analyzed under their assembly, mechanical
properties and functionalization in generating a worthy drug delivery system. By
utilizing PVA and electrospinning, it is possible to produce PNPs with customizable
composition, size, drug loading and controlled release rate [17]. However,
thermosensitive compounds that are not stable in temperatures around 50°C are
not indicated to be used with our preparation method. Additionally, for comparison
proposes, two PVA solutions in the same concentration were prepared (PVA
hydrogel that was submitted to F/T process and PVA film). It is important to compare
control PVA samples with electrospun samples and evaluated its chemical and
behavior modifications, because it is the first time that a NP was produced using
electrospray from an F/T solution, and our results suggested that the F/T gave the
adequate viscosity to produce NP and, even that the F/T process increases
crystallinity of polymers, our NPs showed greatly improved solubility.

To investigate the outcome of PVA concentration different PVA solutions were
tested (data not shown) and the F/T 10wt% hydrogel was chosen because had the
optimal viscosity to use in the electrospray equipment, since solutions with low
viscosity do not have sufficient chain entanglements inside a drop in the Taylor cone
to stabilize the NP formation, losing its shape when arriving in the collector plate;
while high viscosity, there is an enlarged amount of chain entanglements which
stabilizing the spray throughout the process given the increased surface tension.
Moreover, particle size presents an important dependency on solution viscosity
where higher viscosities involve more chain entanglements. Thus, using solutions
with high viscosity is possible to obtain larger NPs. Previous studies with PVA NP
production showed that low MW PVA is more suitable than high MW PVA for the
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preparation of electrosprayed NP [39]. Additionally, taking into considerations that
sustained release profile is desired over a slower one, the concentration of 10wt%
provided stable NPs with controlled release.

Figure 1A shows the viscosity of a PVA hydrogel that was submitted to F/T method
in comparison with a control PVA hydrogel, the higher viscosity of F/T hydrogel
permitted a stable jet flow during the electrospray process (figure 1B). It is well
known that PVA hydrogels prepared by F/T methods show improved mechanical
strength when compared with most hydrogels given the presence of crystalline
regions [13]. These regions function as physical crosslinks [13,14]. Moreover, water
solutions are not suitable for electrospraying due to the high surface tension of the

solvent, thus ethanol was added, mainly because of its safety.
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Figure 1: Viscosity analysis of the hydrogel solutions (A) Rheometer analysis of hydrogels
viscosity (B) Taylor cone and resulting spray emanating from the needle tip at 12 kV (image

taken with FlyCapture2 2.8.3.1 Software by Point Grey Research, Inc.).

Morphology and particle size play a substantial role in the evaluation of NPs designs
[22]. Particle size has an important influence on the release of the drug, given that,
smaller the size of the NP, larger the surface area, and consequently faster is the
drug delivery [23]. The morphology of the NPs was observed by using SEM (figure
2A and B). The SEM images revealed that the particles were spherical and the

average size was 458.2+113.6 nm (figure 2C).
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Figure 2: Characterization of the NPs (A) SEM images of NPs with 30kx of magnification
(B) SEM images of NPs with 80kx of magnification (C) Particle size distribution of NPs.

FTIR was used to examine the characteristic chemical band of PVA electrospun
NPs. FTIR fingerprints of PVA and DTIC have been reported in the literature
[24,25,26]. It is possible to observe in all samples the characteristic bands of PVA.
These peaks normally correspond to alcohol and carboxylic acid groups (figure 3).
The large peak between 3500 and 3200 cm™ was owing to the stretching O-H. The
electrospun process resulted in more defined peaks and increase the 3302 cm’
band which indicates the presence of more hydrogen bonding as compared to
hydrogel sample, also 2948, 2850 cm™ peaks are sharper. No significant shift

alterations in the major peaks corresponding to PVA can be observed for DTIC NPs
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when compared to Blank NPs, indicating that there are no chemical interactions
between DTIC and PVA. If a band shift is detected this phenomenon is interpreted
as the manifestation of changes in the FTIR associated with a specific chemical

bond under the influence of molecular interactions [27, 41].

=== DTIC NP = Blank NP — P\/A == Hydrogel

.......

Figure 3: FTIR spectra of the PVA film (black line), PVA Hydrogel (green line), Blank NPs
(blue line), DTIC NPs (orange line).

The thermal behavior of NPs loaded with DTIC in comparison with thermogram of
DTIC powder is demonstrated in figure 4. It is crucial to evaluate the amorphous
and crystalline properties of the samples, since the aim of the NP is to increase the
solubility of the drug, therefore the comparison between different approaches (NP,
hydrogel, film) with different complexity is important to understand which sample
presents the best delivery properties. Additionally, it is interesting to study how the
thermal transition of PVA varies after electrospinning process to evaluate if the
sample preparation changed the thermal transitions of the polymer. Furthermore,
one key aspect is the determination of whether the resulting blend samples results
are miscible or not is the evaluation of thermal behavior of the NP with DTIC [42].

A thermogram of pure PVA film, PVA hydrogel and PVA NPs is shown in figure 4A.
The sharp peak at 220°C represents the melting point (Tm) of the PVA. The a-
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relaxation which characterizes the glass transition (Tg) of PVA is exemplified by the
step change at around 40°C to PVA film and PVA NPs and 59°C to PVA hydrogel.
These values are substantially different than the value described in previous studies
[28], nevertheless, according to Hirankumar [29] this is due to the incidence of water
and its plasticizing consequence on the polymer and for PVA crosslinked hydrogels
it was found a Tg in the region of 55°C to 70°C [30]. The B-relaxation that
characterizes secondary crystalline relaxation can be observed at 89, 113, 118°C
to PVA NPs, PVA hydrogel and PVA film, respectively. These different transitions

are probably due to microcrystallites or the evaporation of water [13].
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Figure 4: DCS curve obtained from (A) PVA film (black line), PVA Hydrogel (green line)
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powder form.

The NPs (figure 4B) also presented an exothermic peak around 180°C probably due
to the elimination of adsorbed ethanol and/or water. Another hypothesis is due to
the decomposition of residual organic matter and the hydroxide groups given the
chemical rearrangement after the electrospinning process [31] since they lost
15.8%13.9% (DTIC NPs) and 14.8%15.1% (Blank NPs) of weight after the DSC
process, while the PVA film and the PVA hydrogel lost 4.5%+2.1% and 5.3%+3.4%,
respectively. The thermogram of DTIC powder (figure 4C) reveals a sharp
exothermic peak at 213°C equivalent to its melting point. This indicates its crystalline
state [6]. DTIC NPs shows an endothermic melting peak at 216°C, similar to the
blank NPs. This result indicates that, probably, DTIC is incorporated in semi-
crystalline state in the PVA NP construction. It is well known that modifying the
physical state of a drug can change its energy state. In this case, an amorphous
state of DTIC can lead to a high energy state and consequently in a high disorder
and this can result in an enhanced solubility of DTIC [27,32]. This result is in
agreement with the drug release analysis (figure 6).

Itis possible to alter, in most polymers, the mechanical characteristics. For instance,
given the constant arrangement of the polymer chains, a crystalline polymer
probably will degrade and solubilize slower than an amorphous polymer.
Nevertheless, amorphous polymers retain reduced mechanical robustness and in
another hand, crystalline polymers are usually less suited for use in delivery systems
[27]. Given that, the combination of both crystalline and amorphous polymer forms
are more suitable to use as drug delivery systems [27].

It is recognized that the PVA polymer shows a semi-crystalline configuration with
peaks at the 2 A angles of 20 and 40- [33]. Figure 5 shows a large crystal peak at 2
A of 20- in the PVA film. Given the physical crosslinked F/T process in the PVA
hydrogel, where the crystalline domains of PVA act as knots of the gel network
increasing the crystallinity [33] the peaks intensity augmented. It is possible to notice
a greatly reduced of PVA crystal peaks intensity in the NPs diffractograms. This
implies that submitted the hydrogel solution to electrospinning significantly

increased the polymer amorphous region domain. This assumption is in agreement
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with the DSC results (figure 4).
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Figure 5: X-Ray diffraction of PVA film, PVA hydrogel, Blank NPs and DTIC loaded NPs.

It is possible to observe an effective DTIC encapsulation given the absence of
crystallinity characteristic peaks of DTIC [6]. Additionally, during electrospinning,
there is fast solvent evaporation consequently, the PVA NP sample solidified very
quickly, leading to a decrease in the flexibility of DTIC molecules; this is in
agreement with prior studies where the authors suggested that some drugs could
lose or change the crystalline structure after the electrospun process. Depending on
the drug content, these drugs can exist in amorphous from or semi-crystalline
[32,34,35,36].

3.2Drug release and encapsulation efficiency
The resulting drug release from the polymer environment strongly depends on the
polymer selected for the matrix composition. In this study, PVA NPs presented a
continuous release profile for DTIC during an interval of time. The hydrophobic
domain of PVA mainly interacts with the hydrophobic domains of DTIC, and
consequently presents a constant release, while the PVA hydrophilic domains
enhanced the diffusion, permeability and degradation on the NPs. DTIC EE(%) was

recorded as 59.7%+2.2%, which inferred that greater amount of DTIC was
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encapsulated into PVA NPs. The sustainability of DTIC in the NPs was studied by
using in vitro drug release method in physiological pH (7.4) at different intervals
(figure 6).

100+
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© 60 — L —+ DTICPVA
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Figure 6: DTIC loaded formulations and DTIC in powder form in vitro drug release studies.
Results of release studies are expressed as mean percentage * standard error median of

three independent experiments.

Drug dissolution procedure entails the release of individual drug molecules from the
solid state into an aqueous environment. The essential factors related to this release
are the chemical reactivity, solubility of the drug, system diffusion and kinetics
behavior [40]. The principle behind Distek drug dissolution is to evaluate the rate of
release of a substance from the dosage form. Due to NPs are usually used to
enhance the bioavailability of these substances improving the dissolution rate of
drugs, the DTIC by itself was also evaluated for comparison proposes. The release
measurements of DTIC, DTIC NPs, DTIC/hydrogel and DTIC/film were recorded as
44.7%, 76.0%, 55.0% and 52.3% at 1 h, respectively. The release profile of the DTIC
NPs exhibited an initial burst release (> 50% after 20 min) followed by a constant
DTIC release during the following interval. This characteristic could be explained
due to the dispersion of DTIC that is incorporated into the NPs but also adsorbed at
the NPs surfaces and furthermore due to the resulted nanopores in the NP shell

consequence of the electrospray process during the solvent evaporation [18,34,35].
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To achieve an appropriate antitumor treatment, it is necessary to have an initial burst
in the drug release following by a continuous release aiming to treat the resistant
glioblastoma cells that persist in the primary contact with the drug [36]. Given that,
DTIC NPs is appropriate for cancer management and can be used to achieve a
continuous release for antitumor treatment. Hence, in spite of the capacity of the
DTIC NPs to offer a hydrophilic dissolving environment that improves DTIC
dissolution frequency, the distributed state and the solubility of incorporated DTIC,
expressively influence the drug release rate [34]. Regarding a poorly water-soluble
drug, such as DTIC, the release may be a function of DTIC diffusion and erosion of
the PVA in the NP matrix [34].

Aiming to analyze the in vitro drug release kinetics, the release profiles of the
samples were analyzed using various kinetic models. Given the hypothesis that
DTIC was homogeneously dispersed in the NPs, hydrogels and films, the samples
were modeled as systems where the drug is assumed to be loaded into PNP by a
packing of the drug and polymer [34]. The drug release data were fitted into
Higuchi’'s and Korsmeyer-Peppas models [37] to evaluate which mechanisms were
related in DTIC releasing from the samples. As shown in table 1, the curves made
by using both kinetic models are in accordance with the release of DTIC from PVA

[{e})

samples (R? > 0.9027). The exponential factor “n” values were recognized to be
between 0.4617 and 0.6324, demonstrating an anomalous drug transport, also
known as non-Fickian diffusion-controlled drug release. In this kinetic model, both
diffusion and erosion mechanisms are influencing the release [37], while DTIC, the
drug by itself, presented an “n” value lower (0.2370), it shows that Fickian diffusion
is the main mechanism of DTIC release.

These mathematical models of drug delivery systems have a substantial potential
to assist understanding complex bioproducts evaluation, nevertheless, it is
improbable to use a unique mathematical model to all types of drug delivery systems
[38]. Although the release mechanisms of the PVA matrices need to be more
clarified, this study demonstrated that DTIC is released from the electrospun PVA

NPs in an initial burst followed by continuous release.
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Table 1: Release behavior of DTIC loaded formulations and DTIC in powder form.

Sample Model
Korsmeyer-Peppas Higuchi
DTIC n 0.2370 K 33.6480
R? 0.7357 R? 0.8722
DTICNP n 0.5543 K 10.3000
R? 0.9628 R? 0.9766
DTIC n 0.6324 K 48.8800
Hydrogel  R? 0.9840 R? 0.9299
DTICPVA n 0.4617 K 17.6220
R? 0.9043 R? 0.9027

Where, R? = regression coefficient, n = release exponent, K = Higuchi rate constant.

3.3Cell uptake profile

To explore the cellular uptake potential of the NPs, DTIC was replaced with Rho-B.
Rho-B is commonly used to analyze the NP behavior in cell culture, given that
fluorescence probes enable researches to evaluate cell uptake of substances and
particles [43,44]. However, its evaluation provides only an estimation of the behavior
of drug delivery systems. As seen from figure 7A, Rho-NPs showed significant
uptake mostly after 1 hour of treatment and a continuous uptake until 24 h after.

By using fluorescent microscopy, the cellular uptake was additional confirmed.
Nuclei were stained with SYBR Green and a rhodamine-B solution was used as
control (figure 7B and C). It is possible to observe that the cells exhibited a shiny
fluorescence after 2 hours of treatment and, although it is not statistically significant,
given the controlled release of the PVA NPs, after 6 and 24 hours, the fluorescence
intensity was higher in the Rho-NP treated cell when compared with the cell treated

with a Rho solution.
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Figure 7: Cell Uptake evaluation (A) Cellular uptake of Rho-NP measured by
spectrophotometry at 543 nm (B, C) Fluorescence intensity of Rho-NP and Rho solution.

Results are shown as mean percentage in Rho-NP treated cells compared to Rho treated
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cells £+ standard error median of three independent experiments.

3.4 Cytotoxicity assay

Aiming to evaluate if the Blank NP could induce toxicity to normal cells (non-
tumoral), 3T3 murine cell line was used to ensure that PVA NP is harmless and it
could be used without cause side effects. The cells were treated with NPs at four
different concentrations and incubated during 24 hours or 5 days. Figure 8A shows
that blank NPs did not induce substantial toxicity when compared to the negative
control (NC), given that the cell viability endured around 80% in all concentrations.
This result indicates that the blank NPs are biocompatible and are appropriate for
systemic administration in the cancer therapy.

The cytotoxic effect of DTIC NPs was estimated in U87 glioblastoma cancer cells
by using MTT assay (figure 8B and C). The cytotoxic effect of DTIC NPs was
estimated in U87 glioblastoma cancer cells by using MTT assay (figure 8B and C).
The results showed a concentration (dose) dependent in vitro where the cytotoxic
effect was obtained by the specific increase in the amount of tested substances. It
was observed that after 24 hours, DTIC treatments were statistical more effective
than DTIC NP in the concentrations of 0.2 and 0.6 mg/mL, however after 5 days of
treatment DTIC NP treatments were more cytotoxic being statically significant in the
concentration of 0.8 mg/mL. The concentration of 0.8 mg/mL was selected to test
the Blank NPs. Moreover, after the 5-day treatment, the IC50 value of DTIC NP was
0.23 mg/mL and the IC50 of DTIC was 0.32 mg/mL, indicating that the NPs improved
the efficacy of DTIC after prolonged exposure. It was possible to observe that after
5 days of treatment cells were detaching from the bottom of the plate (figure 8C).
Moreover, the DTIC treatment of 0.2 mg/mL image suggest a formation of cell
agglomerates, this is a typical protection mechanism of cancer cells related to stem-
like properties. The same is not possible to perceive with the NP treatment, this may
indicate that the NPs treatment can modify cell morphology. However, more
experiments are needed to prove this hypothesis. These results indicate that cells
are able to repair the damage induced by DTIC after its treatment, however,
probably given the slower release of the NPs, cells are continuing to be treated for

a prolonged period and are not able to perform a proper repair.
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Figure 8: Cytotoxic effects of Blank NP, DTIC NP and DTIC in 3T3 and U87 cells after 24
h and 5 days exposure by MTT assay (A) Cytotoxic evaluation of Blank NPs in 3T3 cells
(B) DTIC and DTIC NPs in U87 cells (C) U87 cells images over exposition to Blank NP,
DTIC NP, DTIC and without treatment. The results are represented as mean percentage in
blank NP, DTIC NP, DTIC treated cells compared to non-treated cells (negative control -

NC) % standard error median of three independent experiments.

Despite the extensive research to design efficient drug delivery treatments, drug
efficacy in treating tumor cells, especially glioblastomas, remains restricted by the
relatively trivial quantity of drug distribution and release in existing systems. Given
that, these results suggest that the DTIC NPs have a considerably anticancer

potential against glioblastoma cells.
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4. CONCLUSION
DTIC was effectively entrapped in PVA NPs by using electrospinning method. The
NPs particle size distribution indicated an average size of 458.2+113.6 nm, and the
NPs were spherical. It could be established from characterization analysis that DTIC
NPs were in an amorphous state. The cytotoxicity evaluation showed that DTIC NPs
were more effective against glioblastoma cells than DTIC solution. It can be
concluded that F/T electrospun PVA NPs show the potential drug release system of
hydrophobic DTIC by improving its solubility and its cytotoxicity in glioblastoma cells.
The future studies will incorporate in vivo evaluation and further refinement of the

process.
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ABSTRACT
Malignant glioblastoma (GB) treatment consists of resection surgery followed by
radiotherapy and chemotherapy. Despite several implications, such as systemic
toxicity and low efficacy, CT continues to be used for GB therapy. Aiming to
overcome the blood brain barrier (BBB) limitations, one of the most promising
approaches is the use of drug delivery systems (DDS) to treat the cancer cells in
situ. Dacarbazine (DTIC) is an antitumor agent that has limited application given its
high toxicity to healthy cells. However, it is effective against GB recurrent cells. In
this study, DTIC polymeric nanofibers (NF) were successfully prepared,
characterized and the anticancer efficacy was determined. This system
demonstrated a high drug loading of 83.9 + 6.5%, good stability and mechanical
properties and sustained release with improved drug release in tumor pH (6.8). This
controlled release prolonged the uptake of GB improving DTIC antitumor effects
such as DNA damage and cell death by apoptosis. Molecular dynamics simulations
revealed that DTIC interact with PVA, possibly explaining controlled release of the
drug. Therefore, DTIC NF brain-implant could be a promising drug delivery system

for GB therapy.

Key-words: Electrospinning. Dacarbazine. Nanofibers. Polyvinyl alcohol.

Glioblastoma.
1. INTRODUCTION

Currently, standard therapy of malignant glioblastoma (GB) consists of resection
followed by radiotherapy and adjuvant chemotherapy (CT). Several problems are
related to CT including systemic toxicity, non-effective drug concentrations in the
tumor site due to the blood brain barrier (BBB) and inability to sustain therapeutic
drug concentration in the tumor site [1]. To overcome the BBB limitations, one of the
most promising approaches is the use of drug delivery systems (DDS) to transport
CT drugs to tumor.

Eventually, a high proportion of tumor recurs [2]. Recurrent GB are less responsive
to CT than the original tumor and extremely invasive. This means that GB can recur

and invade functional brain areas however, a second surgical resection is risked [3].
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Despite the application of numerous treatment strategies, GB remains an incurable
disease and the patients’ overall survival is between 12 and 15 months after initial
diagnosis [3]. Autopsy studies suggest that recurrent GB are mainly local and
appear within 2 centimeters of the initial tumor site [4]. Therefore, localized and
controlled CT directly into the tumor site can provide an alternative DDS in GB
treatment.

The CT drug, dacarbazine (DTIC), is a well-tolerated imidazotetrazine derivate with
established efficacy in recurrent GB [5]. However, DTIC presents some severe
limitations. The CT drug is unstable and has poor solubility, DTIC is usually
administered intravenously and this route is painful and usually the patients become
non-compliant. Additionally, DTIC absorption is normally erratic and the drug
induces severe cytotoxicity to healthy tissues [6]. To improve the treatment efficacy
with DTIC, directly DDS could be administered during surgery, with systemic side
effects reduction associated with a prevention of tumor recurrence.

Due to its biocompatibility, polymeric DDS are one of the most encouraging
approaches for use in tumor treatment [7], since it exhibits low toxicity and controlled
release properties, which makes this system a suitable DTIC delivery choice. In this
regard, DDS using polymeric micro and nanoproducts has been intensely studied
to treat GB because of its potential for sustained release [8,9,10,11,12,13,14,15,16].
Our research group focus is on the study of polyvinyl alcohol (PVA), which has an
excellent history of biomedical applications [17,18,19]. PVA is an interesting option
to design nanoproducts, since presents low cytotoxic and is biodegradable.

Here, we report the development and characterization of polymeric brain-implant
prepared using PVA electrospun nanofibers for the controlled release of DTIC and
its in silico and in vitro evaluation. We employed a combination of quantum
mechanics (QM) calculations, molecular modelling techniques and molecular
dynamics (MD) simulations to study conformational properties, such as the
interaction and the dynamics of PVA in presence of DTIC. Improvements on the
parameters of DTIC torsional angles were achieved. Our molecular dynamics (MD)
simulations analysis showed the interaction of PVA with DTIC which can justify the
controlled release. The PVA-DTIC in vitro analysis showed that it is effective in

inducing cytotoxicity in GB cells.
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2. MATERIALS AND METHODS

2.1 Materials
PVA (Mw 78K, 90% hydrolyzed), dacarbazine (DTIC), rhodamine-B, ethanol, acetic
acid, methanol, isopropanol (IPA), 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), paraformaldehyde, triton X-100, tryptone soy
broth (TSB) and fluid thioglycolate medium (FTM) were obtained from Sigma e
Aldrich. Dulbeco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
phosphate-buffered saline (PBS), L-glutamine, trypsin-EDTA, antibiotics (penicillin
and streptomycin) and Trypan blue were purchased from Gibco Life Sciences. Dead

Cell Apoptosis Kit with annexin V FITC and Pl was acquired from Invitrogen.

2.2PVA nanofibers preparation
PVA hydrogels were made by dissolving PVA at 5% concentration (wt/vol), and
dacarbazine (10 mg) or rhodamine (10 mg) in distilled water (dH20), at 90°C with
continuous stirring until the whole solubilization of the polymer, after the solutions
were colder ethanol (10%) was added. The solutions were electrospun using a
blunt-end 20-gauge needle. The flow rate was set 0.5 mL/h using 10 kV. The needle
tip to collector distance was 5 cm. Neat PVA hydrogel was also prepared and

electrospun for comparison purposes.

2.3 Analysis of nanofiber size and morphology
By using scanning electron microscope (SEM, Tescan Mira XMU, TESCAN, Brno,
CZ), the morphology of the NFs was observed. Back scattered electron mode was
used with magnifications ranged from 10kX to 30kX. Previous to the analysis, the
NFs were sputtered with gold. For NF size analysis, the ImagedJ software was used
(Imaged Version 1.48v) and more than 200 NFs were analyzed to extract the mean

diameter.

2.4Solid-state NMR
The stability of the drug subsequent to encapsulation in PVA NFs was assessed
using nuclear magnetic resonance (NMR) spectroscopy. The evaluation was

performed using Bruker 400 MHz Avance Ill HD equipped with a 3.2 mm H/X
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CPMAS probe.

2.5Mechanical properties
The NFs mechanical properties of the NFs was measured by using a Discovery HR-
2 rheometer (TA instruments, DE, USA). The experiments were performed by using
the parallel plate method. As a heating component, a Peltier plate was used and as
the top geometry, a 60 mm steel plate was used. The samples were loaded on the
Peltier plate after 15 minutes in PBS buffer (pH 6.8 and 7.4). After an equilibration
step, the viscoelastic properties: elastic modulus (G’) and viscous modulus (G”) as
function of frequency were measured through frequency sweep testes over a range
from 0.01 to 10 Hz. To build flow curves of apparent viscosity data of each sample,

steady shear evaluations were performed in the shear rate range 1 — 100 s,

2.6 Determination of loaded amount and encapsulation efficiency of DTIC
To measure the percent encapsulation efficiency (EE%) and the total amount of
loaded DTIC, DTIC-NFs were completely dissolved in dH,O and the quantity of
released DTIC was measured by ultraviolet (UV) light on Shimadzu UV 1280
spectrometer at 323 nm. The EE (%) of the DTIC was determined as follows:

actual amount of loaded DTIC in NFs

EE(%) = X100
(%) theoretical amount of loaded DTIC in NFs

2.7 In vitro drug release studies
Drug dissolution profiles were achieved using a Distek Model 2500 Dissolution
System (Distek, Inc., NJ, USA). The samples were tested in PBS (pH 7.4 or 6.8) at
37°C. 900 ml of dissolution media were used per vessel and the stir rate was
established to 50 rpm. Samples were taken at set intervals and evaluated by UV

light on Shimadzu UV 1280 spectrometer at 323 nm.

2.8Fourier transform infrared spectral study
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
were taken to investigate the possible chemical interactions between DTIC after
conjugating with PVA. The study was performed on a Perkin Elmer Spectrum One

fitted with a universal ATR sampling accessory. All samples were evaluated in the
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spectral range of 4000-650 cm-" using 4 scan per sample cycle. Following analysis

was carried out using Spekwin32 software.

2.9 Thermal properties
The physical state of DTIC entrapped into the NFs was characterized using
differential scanning calorimeter (DSC TAQ2000 from TA instruments). The sample
weights were measured (between 5 and 10 mg) and encapsulated in sealed
aluminum pans. The temperature ramped was set from 20°C to 270°C at a rate of
10°C/min with an empty pan as a reference. All results were plotted as a function of

heat flow (W/g) against temperature (°C).

2.10 Nomenclature and software

The IUPAC proposed recommendations for nomenclature and symbols were used.
Regarding MD simulations, the GROMACS 2018 simulation suite [20] was
employed, along with the GROMOS 53A6 force field [21] and the GROMOS
53A6GLYC force field [22,23]. For DTIC imidazole ring, the parameters of previous
work were chosen [24]. For the manipulation and construction of the whole molecule
of PVA the Assemble! [25] tool was used. This tool makes it easier the simulation of
polymeric systems in Gromacs. Using either a GUI or console commands,
Assemble! [25] allows for the creation of polymers from monomer building blocks
with a user-defined force field. For the manipulation and visualization of structures,
the softwares VMD [26] and PyMOL [27] were employed.

2.11 Generation of new torsional parameter for DTIC
The QM torsional profile for the dihedrals within the DTIC structure were obtained
using Gaussian03 [28]. Compounds similar to DTIC were chosen for these analyzes
(more details are described in results). These QM calculations were carried out
using the scan routine combined with the convergence criterion tight, at MP2 level
with the 6-31G* basis set, obtaining the relative energy associated with the rotation
of dihedral by increments of 30°. Analogue MM calculations were performed in
GROMACS 2018, using the force field parameter set 53A6, as described previously
[22,23,29]. The QM and MM profiles were fitted in Rotational Profiler server [30],
providing proper torsional parameters for MM calculations to yield a torsional profile

similar to the QM. These new parameters were then implemented in the DTIC
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topology for MD simulations.

2.12 Parametrization strategy and topology construction
In order to describe PVA-DTIC interaction through molecular mechanics’
techniques, a set of molecules commonly found in GROMOS 53A6 [21] and the
GROMOS 53A6GLYC [22,23] force fields were selected to act as building blocks in
this work. Topologies were constructed for PVA using the potentials for bond
stretching, bond-angle bending, improper dihedral deformation and proper dihedral,
as well as van der Waals interactions terms retrieved directly from GROMOS53A6
[21] and the GROMOS 53A6GLYC [22,23] set. Moreover, in order to maintain
compatibility with the general GROMOS force field, and due to its highly charged
nature, the potentials for the DTIC imidazole ring were adapted from previous study
[24], that used GROMOS force field to simulate the dynamical behavior of aromatic
rings (including an imidazole) mostly commonly used in drug design. All MD
simulations and analyses were performed using the GROMACS simulation suite
[31], version 2018 [32]. Each DTIC molecule was analyzed separately on the

systems studied.

2.13 Molecular Dynamics Simulations
The PVA chosen for the study is the PVA with molecular weight 78K, which
corresponds to a polymer with 1765 units. The system was constructed using the
Assemble! tool [25], with the concentration of experimental data: 1 molecule of PVA
(1765 units) was considered as 5% and the DTIC as 0.1%, resulting on eight
molecules of the drug for 1 molecule of PVA. Two structures were constructed, PVA
with eight molecules of DTIC and eight drug molecules in water. As previously
described [33,34,35], in order to randomize the structure and relax local stresses
further, the PVA chain was subjected to the steepest descent energy minimization
and 1 ns of molecular dynamics pre-equilibration of the polymer around the drug.
Following the pre-equilibration steps, the dodecahedron box was then solvated with
SPC water model [36] and periodic boundary conditions. Before this process, to
retain the physiological ionic strength 0.15 M NaCl was added to the aqueous
solution. The LINCS algorithm [37] was chosen to constrain covalent bond lengths.

This way, an integration step of 2 fs was applied. As for the electrostatic interactions,
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calculations were performed by the particle mesh Ewald (PME) method [38]. The
pressure barostat chosen was Parrinello-Rahman [39,40], with a 2.0 ps coupling
constant, while the temperature thermostats chosen were V-rescale (NVT step) [41]
and Nosé—Hoover (NPT equilibration and production MD) [42,43], with a coupling
constant of T = 0.5. Constant temperature of 298 K and constant pressure of 1 atm
were also implemented. Steepest Descent algorithm was used in the energy
minimizations performed. First, two simulations of equilibration were performed with
position restraints: an NVT and an NPT of 2 ns and 5 ns, respectively. Subsequently,
500 ns of unrestrained NPT MD simulations were performed for each system (DTIC
and PVA-DTIC), generating the production run from which data were collected.
Each system was simulated in three independent runs, with different starting
velocities, to filter low probability conformational events [44,45]. For analysis,
coordination number is the total number of neighbors of a nitrogen atom on a DTIC
imidazole ring, extracted from optimal binding distance calculated by radial

distribution function.

2.14 Nanofiber Sterilization and Sterility Validation
NF samples were sterilized prior to cell culture applications. NF were immersed in
100% IPA for 1 hour into a sterile petri dish. Then, samples were put in the over at
60°C for 1 hour. The sterilization method was validated following USP protocol 71
[The United States pharmacopeia, USP 34, NF 29], with minor adjustments.
Staphylococcus aureus (ATCC 25923), Candida albicans (ATCC 10231) and
Aspergillus niger (ATCC 6275) were chosen as test microorganisms for assessing
aerobic, anaerobic and fungal growth conditions respectively. TSB was used as
aerobic and fungal growth media, and FTM was used as anaerobic growth media.
Both sterilized NF and untreated NF were assessed. Samples of NFs were
dissolved in PBS and transferred to test tubes of growth media (sterility assay) and
growth media with 100 cfu of appropriate microorganism (method suitability).
Positive control tubes of growth media were inoculated with 100 cfu of appropriate
test microorganism and negative (sterility) control tubes with only growth media
were prepared. Tests tubes were incubated at either 37°C (aerobic, anaerobic) or
25°C (fungal) for a total of 14 days. All tubes were examined daily for growth or

changes in turbidity.
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2.15 Cell uptake

The GB cells (U87MG) were kindly provided by Dr. Brona Murphy (Department of
Physiology and Medical Physics, Royal College of Surgeons in Ireland). Cells were
cultured in DMEM supplied with 10% FBS and antibiotics at 37°C in a humidified
atmosphere containing 5% CO,. To perform the experiments two different pH of the
media: 6.8 and 7.4 were used. The cellular uptake of NFs was studied on cells in a
time-dependent manner. The fluorescent dye loaded in the NFs was rhodamine-B
(Rho-B). The cells were treated with Rho-B/NFs (1 mg/mL) and incubated for
several time points. After treatment, cells were washed three times with PBS to
remove unbound NFs and fixed in methanol. Fluorescence images were acquired
using the Leica DM 2000 confocal microscope with a x40 oil lens (Leica
Microsystems, Ireland). Image acquisition was performed by LAS V3.8 software
(Leica) and fluorescence analysis was carried out using ImagedJ software (ImageJ
Version 1.48v).

2.16 Cell viability evaluation
The NFs cytotoxicity potential was determined by using MTT colorimetric assay.
Cells were treated with several blank and DTIC-loaded NFs formulations at several
concentrations during 1 or 5 days. After treatment, cells were incubated with MTT
for 3 hours at 37°C. To dissolve the formazan crystals, DMSO was added to each
well. The absorbance was recorded at 540 nm in a microplate reader (BioTek
Synergy HT, Swindon, UK), and percentage of residual cell viability was determined.

The cell viability was calculated using the control cells as 100%.

2.17 DNA damage evaluation
After treatment, cells were trypsinized, fixed with 3.7% paraformaldehyde for 15 min
and permeabilized with 0.5% (v/v) Triton X-100 in PBS for 15 min followed by
blocking with 10% (v/v) FBS in PBS for 1 h. Then, the samples were incubated
overnight at 4°C with following antibody at a dilution of 1:75: Alexa Fluor 488 Mouse
anti-H2AX (pS-139) (BD Biosciences, SP, Brazil). The samples were added in a
glass slide and each slide was dropwise added with Hoechst 33258 stain

(ThermoFisher Scientific, SP, Brazil), covered with a coverslip, and mounted with
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nail polish. The slides were stored at —20 °C until used for microscopic observation.
Finally, the cells were imaged using an INCell analyser 2200 (GE Heathcare Life

Sciences, Piscataway, NJ, USA).

2.18 Cell death analysis
After treatment, cells were trypsinized, collected, resuspended in 100 yL of binding
buffer 1x with 3 yL Annexin V-FITC plus 1 pL of Pl (100 ug/mL) and incubated at
room temperature for 15 min. After this period of incubation, 400 uL of binding buffer
were added. Data were collected and analyzed using a FACS Calibur flow cytometer
(Becton Dickinson, San Jose, CA, USA) with CellQuest software. A total of 10.000

events per sample were collected.

2.19 Statistical analysis
Quantitative data were expressed as the mean value + standard deviation (SD).
Statistical analysis was carried out using one-way analysis of variance (ANOVA)
following by Tukey post-test or two-way ANOVA following by Bonferroni post-test
using GraphPad Prism 5 software (La Jolla, CA, USA). Statistically significant

results were considered when the P-value < 0.05.

3. RESULTS AND DISCUSSION

3.1Development and characterization of electrospun nanofibers
With the objective of achieving a more potent DDS to treat GB, in the present
research, DTIC-encapsulated NF were developed to accomplish a controlled
release of the drug. The NFs morphology evaluated by SEM is show in figure 1A.
The average fiber diameter revealed that the NFs had 275.3 + 96.2 nm (figure 1B).
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Figure 1: Characterization of the NFs (A) SEM images of NFs with 10 kx of
magnification (B) Fiber diameter distribution of the NFs.

The stability of DTIC after encapsulation into the NFs, determined by *C NMR
spectrum, to PVA hydrogel (figure 2A), PVA powder (Supplementary 1A) and PVA
NF (figure 2B), reveal a sharp peak related to CH; (around 45 ppm) and three typical
peaks (I, Il and IIl) of CH (between 60 and 80 ppm). No significant differences were
found in PVA NFs. The DTIC powder spectrum exhibited peaks ranging from 36 to
165 ppm. These peaks shifted toward 34 to 162 ppm after encapsulation in PVA-
NFs, which can br result of weak interactions including hydrogen bonds between
DTIC and the PVA-NF [46,47,48]. However, no significant variance was observed
in the spectrums of DTIC powder and DTIC NFs. The results suggested the stability
of DTIC moreover, this means that DTIC bioactivity is preserved after NF

encapsulation [46].
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Figure 2: ">°C NMR spectra of (A) PVA hydrogel (B) PVA NF (C) DTIC powder and
(D) DTIC loaded NFs,

It is well known that GB maintain an acidic extracelular (6.5-6.8) pH [49,50]. This pH
stimulates tumor progress and increases the CT resistance. The increased
extracellular acidification in tumors is due to the metabolic alteration in the cells
because they switch from oxidative phosphorylation to glycolysis (Warburg effect),
in which the cells release lactate and H" [49,50]. Highest tumor invasion sites
correspond to lowest pH sections [51]. Therefore, it is assumed that acidic pH
stimulates invasive tumor progress and metastasis. Given the application of the NF
as a brain implant to treat brain cancer, we performed some analyses using two
different pHs: acid, 6.8 and physiological, 7.4.

Rheological properties of the NFs were measured through oscillatory tests to
determine the dependence of viscoelastic properties with frequency and through
steady state experiments to determine the viscosity of NF as a function of shear
rate. Figure 3A shows the flow curves at 37°C of the DTIC NF and Blank NF after
15 min of incubation in buffers with pH 6.8 and 7.4. The Blank NFs and DTIC NFs
presented similar viscosities with the apparent viscosity decreasing over several

order of magnitudes with increasing shear rates. The viscoelastic properties elastic

87



(G’) and viscous (G”) moduli at 37°C, recorded from 0.01 to 10 Hz, are represented
in figure 3B. The NFs showed similar G’ and G” values, also, they were frequency-
dependent and varied up to several orders of magnitude within the rage of studied
frequencies. The DTIC NF (pH 7.4) showed the highest values of G’ and G”, with
the curves exhibiting a cross-over point around 0.5 Hz (i.e. G’=G”), beyond which
the viscoelastic become predominantly elastic (G’>G”). Similar outcomes were
found by Yang et al (2017), when studying electrospinning solutions [52].

NFs are controlled release nanoproducts with swelling properties. The water
absorption during the swelling leads to expansion of the polymer, this expansion
direct affects the drugs diffusion and significantly impacts the release kinetics. The
capacity of drugs to migrate through the polymer matrix and the macromolecular
relaxation of the polymer can be analyzed to determine the release rate of polymeric
NFs [53]. Figures 3C and D show the swelling profiles evaluation of PVA NFs under
different pHs. The results suggested that the alteration of pH from 6.8 to 7.4 has
resulted in a diffusion rate reduction. This result can be justified by the intensification
of ionic strength that is expected to neutralize the acetate groups negative charges
[53].

Therefore, swelling analysis suggested that PVA NFs were sensitive to pH
alteration, in the pH range assessed. Some researchers have described PVA as
almost neutral after pH stimuli, however the insertion of PVA moieties normally
improves its pH sensitivity [54]. Moreover, the addition of DTIC decreased the
swelling, given the formation of weak interactions between the PVA polymer chain
and the drug. Consequently, it is PVA NFs could be used in controlled release
system.

The resulting drug release from the NFs depends on the polymer used in the
nanoproduct formulation. In this study, the NFs provided a continuous release profile
for DTIC over 5 days (figures 3E, F, G). DTIC EE (%) was recorded as 83.9 + 6.5%,
which implied that a substantial amount of DTIC was encapsulated in the NFs. The
sustainability of DTIC in the NFs and hydrogels was calculated by in vitro drug
release in physiological pH (pH 7.4) and tumor pH (pH 6.8) at different time intervals
(figures 3E, F, G). The release percentages of DTIC NFs in acid pH were higher in

comparison with neutral pH, which is in accordance with the swelling results. This
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suggested that the performance of the DTIC NFs is suitable for GB management
and it is a promising approach to achieve a sustained drug delivery for GB therapy.
In order to achieve an appropriate treatment using antitumor drugs, an initial burst
is fundamentally required, together with a sustained drug release aiming to treat the
cells that survived in the early stage [55]. The release profile of DTIC NFs displayed
an initial burst release (around 58% in pH 6.8 and 33% in pH 7.4) followed by a
sustained release during six days. The burst release can be explained due to the
diffusion of DTIC absorbed in the polymeric matrix or present at the NF surfaces
and owing to the nanopores present in the NF surfaces resulted from the solvent
evaporation during the electrospinning [56,57,58]. Given that DTIC is a hydrophobic
drug, the drug release could be a function of PVA matrix erosion and DTIC diffusion
[57]. To analyze the release profiles of the samples, in vitro release kinetics models
were used. The samples were modelled on the hypothesis that DTIC was uniformly
distributed in the NFs and hydrogels, in this system the drug is loaded into the matrix
by a simple combination of both [57].

The drug release results were investigated using Korsmeyer-Peppas model, in
which it is calculated the Log cumulative percentage of drug released versus log of
time, and using Higuchi model, where the cumulative percentage of drug released

is plotted against the square root of time [59].
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Figure 3: NFs mechanical and release properties. (A) Flow curves of NFs; (B)
Frequency dependence of elastic (G’) and viscous (G”) moduli of NFs; (C) Swelling
studies of Blank and DTIC NFs in pHs 6.8 and 7.4; (D) Swelling percentage of DTIC
NFs; (E) DTIC release of NFs; (F) DTIC release of samples in pH 6.8; (G) DTIC
release of samples in pH 7.4; (H) Percentage of swelling and DTIC release of DTIC
NFs in pHs 6.8 and 7.4.
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Table 1: Release behavior of DTIC loaded formulations and DTIC in powder form.

Sample Model
Korsmeyer-Peppas Higuchi
DTIC pH 6.8 n 0.0083 K 71.528
R? 0.6901 R? 0.5316
oH 7.4 n 0.0117 K 73.897
R? 0.5192 R? 0.6742
DTIC NF pH 6.8 n 0.2330 K 78.399
R? 0.9353 R? 0.5402
oH 7.4 n 0.2250 K 21.606
R? 0.9576 R? 0.9845
DTIC pH 6.8 n 0.0626 K 166.66
Hydrogel
R? 0.7418 R? 0.8653
oH 7.4 n 0.0338 K 115.27
R? 0.9091 R? 0.9265

Where, R? is the regression coefficient, K is the Higuchi rate constant and n is the

release or, slope exponent.

Figure 4A and figure S1B displays the FTIR spectra of PVA NF, PVA hydrogel and
PVA powder. All PVA main peaks associated to acetate and hydroxyl groups were
observed. The bands detected between 3500 and 3000 cm™ are related to O-H
stretching from the intramolecular and intermolecular hydrogen bonds. Additionally,
the band observed between 2900 and 2860 cm™ are due to C-H stretching from
alkyl groups and finally, the peaks between 1745 and 1730 cm™ are related to C=0
and C-O stretching from acetate groups from PVA [51]. The intensity of the carbonyl
groups was found stronger in PVA NF, suggesting that the PVA degree of hydrolysis
is lower in the NF. In addition, the intensity of the 1141 cm™ peak is influenced by
the crystalline part of the chains of the polymer, and the results clearly showed that
this peak is missing in the NF. The degree of crystallinity of a polymer is a result of
the uniform arrangement of its chains within the network structure; a crystalline

polymer degrades slower than an amorphous one, while the amorphous is more
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suitable for drug delivery systems [60]. Moreover, no significant changes were
observed for DTIC NF when compared to Blank NF (figure 4B), indicating that there
are strong chemical interactions between DTIC and the polymer that could modify

drug structure [60].
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Figure 4: FTIR spectra obtained from (A) PVA control samples: Blank NF and PVA
hydrogel (B) Blank NFs, DTIC NPs and DTIC in powder form.

A thermogram of PVA hydrogel is shown in figure 5A, in which the sharp peak at

220°C characterizes the melting point (Tm). The PVA a-relaxation (glass transition
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— Tg) is displayed in the step change at around 30°C to the hydrogel, Blank NF,
DTIC NF and PVA powder (figures 5A, B and D and supplementary 1C). The (-
relaxation can be seen at 116, 102, 81 and 77°C to PVA powder, PVA hydrogel,
Blank NF, and DTIC NF, respectively. These transitions are probably due to
microcrystallites or the evaporation of water [61].

The NFs (figures 5B and 5D) moreover showed an exothermic peak around 170°C
probably due to the removal of chemically adsorbed alcohol and water. Another
study suggested that this phenomenon could happen given the decomposition of
residual organic matter and the hydroxide groups given the chemical rearrangement
after the electrospinning process [62]. The DTIC powder thermogram (figure 5C)
exhibits a sharp exothermic peak at 212°C corresponding to its Tm, demonstrating
its crystalline inherent characteristic [6]. DTIC NF shows endothermic melting peak
at 218°C, this suggests that DTIC is present in non-crystalline form in the NF
formulation, which can be related to formation of a drug amorphous state. It is known
that transforming the drug’s physical state from crystalline to amorphous leads to
high-energy state and high disorder. This results in faster dissolution due to the
increased solubility [60,63], that is in accordance with the drug release analysis
(figure 3F and G) and the FTIR analysis (figure 4).
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Figure 5: DSC thermogram obtained from (A) PVA hydrogel (B) Blank NFs (C)
DTIC in powder form (D) DTIC NFs.

3.2Torsional potential and force field calibration for DTIC
While some of the torsional potentials were preserved from the GROMOS 53A6
parameter set for PVA, the conformation of the DTIC was reevaluated based on
fitting to QM data. The functional form of the potential energy term, associated with

the torsion around dihedral angle m, is given in GROMOS by:
Vo,m = Kom[1 + cOSOmCOS(Nmepm)]

where ¢m is the dihedral angle value, nm the multiplicity of the term, ém the
associated phase shift, and kem, the corresponding force constant, which are
applied. It is worth noting that a given dihedral angle may be described by more than
one torsional potential energy term with different multiplicities and/or phase shifts.
The compounds 1, 2 and 3 (figure 6) were chosen due to their similarity to DTIC,
and these parameters were then implemented in the DTIC topology for MD
simulations. Accordingly, the classical energy profiles obtained from Compound 1,

2 and 3 angles rotations were compared to energy profiles obtained from QM
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calculations. Analyses of the dihedral angle showed important divergences between
QM-calculated and GROMOS 53A6 energy profiles for dihedral angles (figure 6).
Although, the Compound 1 presents the same minimum-energy geometry, at 180°,
the conformational barriers obtained for the current GROMOS 53A6 parameters are
too high to properly describe the rotation of the dihedral correctly. Additionally, on
Compound 2, the 90° and 240° conformers are described as the energy local
minimum, instead of a global maximum (figure 6). The barriers obtained for
Compound 3 also show divergences, counting with two conformers at 90° and 270°,
described as the local minimal, instead of energy global maximum (figure 6). On the
basis of these data, eight new torsional dihedral potentials associated with the
rotation of the dihedrals angles were obtained by fitting the corresponding classical
energy profiles to energy profiles obtained from QM calculations (figure 6). The
resulting potentials (table 2), were shown to adequately reproduce the QM-obtained

energy profile related to such torsion.
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Figure 6: Comparison of energy profiles calculated at classical (GROMOS53A6)
and QM (MP2/6-31G*) levels in the gas phase. The fitting has generated parameters
that reproduce well the QM potential energy in the MM calculations.
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Table 2: Torsional parameters obtained based on QM calculations.

o K¢,m
0 7.893
0 -14.201
0 -11.795
0 18.121
0
0
0
0

Compound

Compound 1

-5.252

-18.737
24.150

-32.380

Compound 2

Compound 3

N ON = O = oS

3.3Polymeric Network and Drug Interaction

In order to evaluate the PVA-DTIC interaction, two systems were simulated: (1)
DTIC and (2) PVA-DTIC in water. Each system was simulated in three independent
runs to filter low probability conformational events [38,39], and the obtained data is
presented as an average of these three simulations.

Regarding the possibility of PVA interaction with the drug, we explored the
exposition of all DTIC molecules to solvent with different techniques. These include,
the coordination number (CN) of water molecules, total energetic contribution for the
interaction between PVA-DTIC and solvent-accessible surface area (SASA)
surrounding DTIC (figure 7A and figure S4), as well visual examination of drug
during the MD simulations (figure 7B). Accordingly, when complexed to polymer,
DTIC exposition to solvent is diminished (figure 7A-B and figure S4 C-G) and the
interaction energy of drug with PVA is closer to energy the interaction of DTIC with
water (figure 7A and figure S4 C-G). When compared the two systems (PVA-DTIC
and DTIC in water), the drug total energy interaction with water is smaller on system
with PVA, showing the influence of PVA on DTIC. Not only that, the coordination
number (CN) of water molecules are in agreement with SASA results (figure 7A and
figure S4 C-G), reinforcing the drug complexation with PVA. The visual examination
(figure 7B) confirm the interaction of polymer with DTIC, possibly through hydrogens
bonds. This picture shows the polymer folding and binding scaffold for the drug. It
is noticeable that not all drug molecules, during the MD simulations, interact with

PVA (figure S4 A and B). This behavior could explain the controlled release system
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of the DTIC, some molecules are accessible to solvent and others are complexed

with PVA and will be release more slowly.
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Figure 7: (A) Coordination number of water molecules (CN) on nitrogen atom of
DTIC imidazole ring, total interaction energy between PVA-DTIC and PVA-Water
and average of solvent accessible surface area (SASA) on drug during the
molecular dynamics simulations. In blue the system of DTIC in water, in red and
black the system with PVA-DTIC in water. The black line is total interaction energy
between PVA-DTIC and in red and blue total interaction energy between Water-
DTIC in each system. Each point in the graphs represents the average of three
simulations for each system. (B) Interaction between the polymer and the DTIC. The
PVA and the drug are presented as sticks highlighted in green and pink,
respectively. The frame was retrieved at 250 ns of MD simulations.

3.4Nanofiber Sterility Validation
Preceding cell testing, it is essential to certify absolute sterility of the samples.
Aiming to analyze if the sterilization procedure used in DTIC NF was efficient, we
contaminated it with bacteria and used IPA for decontamination. The inoculated
tubes exhibited growth after 2 days’ incubation in aerobic and anaerobic growth
conditions, whereas the fungal growth conditions displayed growth following 5 days’

incubation. The TSB inoculated with S. aureus and incubated at 37°C exhibited
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strong growth, causing very evident turbidity throughout the media with growth
formations observed at the bottom of the tubes. TSB tubes inoculated with A. niger
at 25°C became turbid with some growth observed at the top of the media. The FTM
inoculated with C. albicans displayed positive signs of anaerobic growth, with large,
white formations on the bottom of the test tubes. There was no observable growth
in any of the un-inoculated tubes, including those containing the non-treated
nanofibers. These results show that the IPA sterilization method was adequate in

eliminating bacterial and fungal contaminants (figure S2-3).

3.5Cell uptake profile
Rhodamine-B (Rho) was added into the NFs to investigate the cellular uptake
potential of the NFs. Figure 8 shows the cell uptake after 6, 24 and 48 hours of
exposition of Rho solution and Rho-NF. Rho-NF showed an increased uptake
mostly after 24 hours of treatment and a continuous uptake until 48 hours. In
opposition, Rho solution uptake is higher after 6 hours and then decreased in the
following time. The results indicated that the controlled release of the NF is in

accordance if the cell uptake.
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Figure 8: Cell Uptake evaluation (A) Fluorescence intensity of Rho-NF and Rho
solution (B) Cells images of Rho-NF treatment after 6 and 48 hours of exposure.
Results are exhibited as mean fluorescence intensity of cells treated with Rho
solution or with Rho-NFs + SD.
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3.6 Cytotoxicity, DNA damage and cell death analysis

The cytotoxic effect of DTIC NFs was evaluated in GB cells by using MTT assay in
media with pH 6.8 (figure 9A) and pH 7.4 (figure 9B). The results clearly showed
that the blank NF is not cytotoxic, since the percentage of cell viability was greater
than 90% after 1 day and 5 days of treatment. The absence of cytotoxicity indicates
a biocompatibility, as well as, that its use would be suitable for the treatment of
cancer. In other hand, DTIC NF significantly decreased the cell viability in both pHs
and it was statistical different from DTIC alone in the pH 6.8 media, decreasing the
viability after 5 days (figure 9A), indicating that the NFs improved the efficacy of
DTIC after a prolonged exposure. However, the comparison between the NFs in the
different medium was not significant (figure 9C).

Figure 9D shows the cells images over exposition to Blank NF, DTIC NF and DTIC
alone in pH 6.8 media. Traditionally, GB cell lines propagate faster with longer
protrusions and grow as monolayers. It is possible to observe that after 1 day of
treatment with DTIC NFs the cells formed multilayer spheroids and started to grow
extremely slowly given that only small members of cells could migrate outside their

spheres.
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Figure 9: Cytotoxic effects of Blank NF, DTIC NF and DTIC in U87 cells after 1 and
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5 days’ exposure by MTT assay (A) Cytotoxic evaluation in pH 6.8 media and (B)
pH 7.4 media (C) Comparison between treatment of DTIC NFs in pH 6.8 and 7.4
media (D) Cells images over exposition to Blank NF, DTIC NF, DTIC and without
treatment in pH 6.8 media. Results are expressed as mean viability percentage in
treated cells compared to negative control (NC) + SD. Statistical analyses were
performed using two-way ANOVA and Bonferroni post-test. Data was considered
significant different when compared to NC at *p < 0.05 and ***p < 0.001.

It is known that DTIC is an agent that causes DNA damage given its methylation
and cell cycle arrest [64], which can results in double-strand break (DSB). When
DSB establishes in DNA, several molecules of histone H2AX existing in the
chromatin flanking the DSB site and they are phosphorylated (y). The yH2AX foci
usually increases in size rapidly for half an hour after formation and remains until
the repair of the break [65]. Confocal microscopy showed significantly more yH2AX
foci percentage in cells treated with DTIC NF compared to NC and DTIC (figure
10A-B) after 1 and 5 days of treatment. Figure 10C shows cells images without
treatment and over exposition to DTIC and DTIC NF. The white arrows show yH2AX
foci, indicating that over DTIC NF exposition there is more DNA damage.

Moreover, previous studies have demonstrated that DTIC treatment results in cell
death through apoptosis [64,66]. Therefore, the present study evaluated, using
Annexin V assay, whether DTIC NFs increases cell death pathways rate when
compared to DTIC. As shown in figure 10D and 8E, cells treated with DTIC NFs
presented a higher apoptosis and late apoptosis percentages (19.9 and 32.8%,
respectively) when compared to DTIC by itself (15.8 and 14.2%, respectively), after
5 days. Additionally, when compared to the negative control, DTIC NF presented 7-
fold increase in the apoptosis and 3.1-fold increase in the late apoptosis, while DTIC
presented 2.1-fold and 3-fold increase, respectively. Thus, data from DNA damage
and cell death indicate that the NF facilitated drug uptake and enhanced

accumulation of DTIC into the GB cells improving its genotoxic and cytotoxic effects.

100



I*

w
&
S

w
o
o
]
Fluorescence intensity (a.u.)

N

=]

=]

1

n w
=] =]
=] =]
=] =]

o
S

Fluorescence intensity
(% of negative control)
<]
o
o

(=]

o

DTIC NF
D 100+ r . ) E 1001 )
Il Necrosis = W Necrosis

80 Il Late apoptosis 804 I Late apoptosis
o} 3 Live ko) 3 Live
S 60 [ Apoptosis S 60 [ Apoptosis
R R
7] 72}
= 40 = 404
8 8

201 20

0- 0-

eo '\\Q V\Q o 4\\(’ \§<
© <® S <©
) Q

Figure 10: DNA damage and cell death evaluation. yH2AX fluorescence intensity
in U87 cells after 1 and 5 days’ treatments. (A) Fluorescence intensity percentage
of negative control; (B) Fluorescence intensity arbitrary units; (C) Cells images over
exposition to DTIC, DTIC NF, and without treatment. White arrows indicate yH2AX
foci; (D) Type of cell death analysis after 1 day of exposure and (E) after 5 days of
exposure. Results are expressed as mean in treated cells compared to negative
control (NC) £ SD. Statistical analyses were performed using one-way ANOVA and
Tukey post-test when # and two-way ANOVA and Bonferroni post-test when *. Data
was considered significant different when compared to NC at *or#p < 0.05, **or##p
< 0.01 and ***or###p < 0.001.
4. CONCLUSION

Despite its moderate effect, DTIC continues to be used for cancer treatment. Given
its limited efficacy and several side effects there appears to be a need for the
development of effective drug delivery strategies. In this study, DTIC polymeric NF
were successfully prepared, characterized and its anticancer efficacy was
determined. This system demonstrated a high drug loading, which extended drug
release and allowed prolonged exposure of the GB cells to the treatment improving

its antitumor effects. The present work demonstrated, through a series of molecular
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dynamics simulations, that DTIC is able to interact with PVA, as well as explaining
the extended drug release. These results represent the first atomic level indication
of PVA-DTIC complexation. The in vitro results suggested this approach as efficient
against GB cell, therefore DTIC NF drug delivery system could be a promising vector

for a novel brain implant therapeutic therapy.
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Figure 1: PVA powder analysis. (A) NMR, (B) FTIR and (C) DSC.
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Figure 2: Test tubes of TSB incubated at 37 °C for 14 days. Test microorganism used was
S. aureus. (A) Negative (Sterility) control, (B) Untreated NF (C) Sterilized NF (D) Positive
(Growth) control of S. aureus (E) Untreated NF + S. aureus (F) Sterilized NF + S. aureus.
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Figure 3: Test tubes of FTM incubated at 37 °C for 14 days. Test microorganism used was
C. albicans. (A) Negative (Sterility) control, (B) Untreated NF (C) Sterilized NF (D) Positive
(Growth) control of C. albicans (F) Untreated NF + C. albicans (E) Sterilized NF + C.

albicans.
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Figure 4: Coordination number of water molecules (CN) on nitrogen atom of DTIC imidazole
ring, total interaction energy between PVA-DTIC and PVA-water and average of solvent
accessible surface area (SASA) on drug during the molecular dynamics simulations. In blue
the system of DTIC in water, in red and black the system with PVA-DTIC in water. The black
line is total interaction energy between PVA-DTIC and in red and blue total interaction
energy between water-DTIC in each system. Each point in the graphs represents the
average of three simulations for each system. (A-G) other drug molecules present in the
systems studied.
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ABSTRACT

Malignant glioblastoma (GB) is the most prevalent brain tumor in adults, with an
overall survival of less than 15 months. The GB standard therapy includes surgery
followed by radiotherapy and adjuvant chemotherapy with temozolomide (TMZ).
However, this approach has proved ineffective. Therefore, localized and controlled
approaches that treat recurrent GBs straight into tumor site provides an alternative
to enhance chemotherapy efficacy and reduce systemic toxicity. Moreover, the
discovery of powerful genetic and protein targets has stimulated clinical
development of these therapy approaches to treat patients with GB. Nek1 is a
protein related to DNA repair and mitosis. Recently, it was shown that Nek1 might
be a novel and important oncotarget in glioma cells and its role in the GB malignance
seems to be related to cell growth and TMZ-resistance promotion. In this study we
report a polyvinyl alcohol (PVA) nanofiber (NF) brain-implant prepared using
electrospinning for the controlled release of TMZ and Nek1 inhibitor (iNek1) and
evaluation of its in vitro efficacy. We incorporated TMZ in lipid nanoparticles (NPs).
These carriers presented mean size of 519.5 £ 52 nm, zeta potential was found to
be -31.6 £+ 0.7 mV and encapsulation efficiency (EE%) of 79.8 + 6.8. Then we
produced TMZ + iNek-PVA NF with distribution size of 2900 £ 1142 nm and iNek1-
PVA with TMZ NPs inside distribution size of 2723 + 684 nm. In the 'H and °C NMR
studies no shifting peaks were observed, therefore these results suggested the
stability of the drugs into the formulations and because of that, TMZ and iNek1
bioactivities are probably preserved after encapsulation into NF and NP. The
nanoproducts presented adequate viscosity and mechanical properties observed by
using rheometer analysis. The EE% of TMZ into the NP was 79.8 + 6.8 and the EE%
of iNek1 into the NFs was 79.2 + 7.3. The NFs with dissolved TMZ presented an
EE% of 75.2 £ 5.9. The resulting drug release from the nanoproducts provided a
continuous release profile of TMZ and iNek1 over 8 days and showed that NP inside
of NF presented a slower release of TMZ when compared to TMZ + iNek- NF. Before
cell testing we performed NF sterility analysis by using isopropanol (IPA) and we

found 100% of efficacy. Aiming to verify if Nek1 responds to TMZ treatment we
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analyzed the expression of Nek1 in GB cells. The results showed a translocation of
Nek1 to nucleus and a small increase of its expression. The cytotoxic effect of
nanoproducts was evaluated and TMZ + iNek1 NF and TMZ NP + iNek1 NF showed
great efficacy at all treatment points (2 days, 5 days and 5 days + 2 days of recover).
Consequently, the produced NF brain-implants could be a promising drug delivery

system for GB therapy.

Key-words: Electrospinning. Temozolomide. Nima-related kinase 1. Nanoparticles.

Nanofibers. Polyvinyl alcohol. Glioblastoma.

1. INTRODUCTION

Malignant glioblastoma (GB) is the most prevalent brain tumor in adults, with an
overall survival of less than 15 months (Norouzi et al, 2016; Tseng et al, 2016;
Brodbelt et al, 2015; Rape et al, 2014). Currently, surgery followed by radiotherapy
and adjuvant chemotherapy are considered as the standard therapy for GB patients
(Tseng et al, 2015; Huang et al, 2016; Siegal et al, 2013). However, GB presents
high capacity to infiltrate in normal tissue and this makes almost impossible to
remove completely the tumor through surgical resection. After resection, the
recurrent GB invasive cells are able to form tumors within few centimeters of the
original site (Weller et al, 2013; Tseng et al, 2015; Huang et al, 2016; Sawyer et al,
2006). In addition, the presence of the blood-brain barrier (BBB) and its tight
capillary cellular junctions restricts efficient drug delivery to the brain making
chemotherapy inefficacious (Sun et al, 2017; Irani et al, 2017; Wei et al, 2014; Fan
et al, 2015; Park et al, 2017). Several drugs fail to achieve therapeutic
concentrations at the tumor site, even at toxic systemic level concentrations (Tseng
et al, 2015; Tseng et al, 2013). Therefore, localized and controlled approaches that
treat recurrent GBs straight into tumor site provides an alternative to enhance
chemotherapy efficacy and reduce systemic toxicity (Ranganath & Wang, 2008; Han
et al, 2017; Kuramitsu et al, 2015; Hirschberg et al, 2013).

Due to its biocompatibility, polymers are one of the most promising resources to use
in the production of drug delivery systems (DDS) (Di Bei & Bi-Botti, 2009). Several
DDS, such as micro and nanoproducts and wafers have been developed to provide

adequate drug release into the tumor site (Ahmed et al, 2006; Ranganath & Wang,
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2008; Kumar et al, 2007; Hérnan et al, 2013; Scott et al, 2011; Kim et al, 2007; Hua
et al, 2011, Ramachandran et al, 2014; Ramachandran et al, 2017; Ranganath &
Wang, 2008; Irani et al, 2017; Jativa & Cena, 2017; Cheng et al, 2014; Mangraviti
et al, 2016). Nevertheless, given the high interstitial pressure in the brain, micro and
nanoparticles can be easily expelled from the target site, and also, these products
usually present burst release of loaded drugs and this can cause neurotoxicity (lrani
et al, 2017). Additionally, hydrogels and wafers have low surface areas resulting in
inappropriate and inconsistent drug dissolution (Ranganath & Wang, 2008; Norouzi,
2018). Recently, nanofibers (NF) produced by using electrospinning have attracted
attention as a novel alternative approach for drug delivery in the brain tumor. Our
research group focus is the research of polyvinyl alcohol (PVA). PVA is a noteworthy
choice for designing NFs, since this polymer is biodegradable and presents very low
toxicity (Pourgholi et al, 2016; Ahmed et al, 2006; Ranganath & Wang, 2008). Newly,
we produced Dacarbazine-PVA NFs to treat glioblastomas and this product showed
great mechanical and delivery properties (data not published).

Temozolomide (TMZ) is an alkylating agent and is currently used for the treatment
of GB by oral administration (Denny et al, 1994). Adjuvant therapy with TMZ after
surgery has been widely accepted as the most effective and well-tolerated option
(Akbar et al, 2009). To improve the therapy efficacy with TMZ and decreased its
side effects such as hematologic toxicities (Stupp et al, 2005; Corsa et al, 2006;
Mutter & Stupp, 2006; Vera et al, 2004), directly DDS can be administered to prevent
tumor recurrence. Moreover, the discovery of powerful genetic and protein targets
has stimulated clinical development of these therapy approaches to treat patients
with GB (Zhu et al, 2016). Lack of success in the clinic has been attributed to the
inability of conventional vectors to achieve tumor site throughout highly
disseminated tumors, however, it is extremely import to bio-functionalize the DDS
with oncotargets (Westphal et al, 2011). Nek1 is member of Nek family kinases (Patil
el al, 2013; White & Quarmby, 2009). The role of Nek1 has been related to mitosis
(Patil el al, 2013; White & Quarmby, 2009) and in DNA damage repair (Surpili et al.,
2003; Liu et al., 2013; Spies et al., 2016). More recently was showed that Nek1
might be a novel and important oncotarget of glioma cells since its role in the GB

malignance is related to cell growth and TMZ-resistance (Zhu et al, 2016).
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The aim of this study was to develop and characterize a PVA NF brain-implant
prepared using electrospinning with stearic acid NP for the controlled release of
Nek1 inhibitor (iNek1) and TMZ, respectively, and to evaluate its effectiveness in

glioblastoma cells.

2. MATERIALS AND METHODS

2.1 Materials
PVA (Mw 146-168K, 90% hydrolyzed), Temozolomide, rhodamine-B, curcumin,
Ethanol, methanol, Isopropanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), paraformaldehyde, Triton X-100, tryptone soy
broth (TSB) and fluid thioglycolate medium (FTM) were obtained from Sigma and
Aldrich. Dulbeco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
phosphate-buffered saline (PBS), L-glutamine, trypsin-EDTA, antibiotics (penicillin
and streptomycin) and Trypan blue were purchased from Gibco Life Sciences. Jun
N-terminal kinase (JNK) Inhibitor Il used as inhibitor of Nek1 was obtained from

Merck Millipore.

2.2Preparation of temozolomide based nanocarriers
TMZ-loaded stearic acid nanocarriers were produced by solvent diffusion method
according to Hafeez (2017) with minor modifications. TMZ (10% wt/wt) and stearic
acid were suspended in an organic phase prepared using acetone:ethanol mixture
(1:1). Then, the aqueous phase was prepared by heating up to 70°C distilled water
(dH20) on a continuous stirring. Finally, the organic phase was mixed into the
aqueous phase during 30 min. After cooling at room temperature the mixture, it was
ultrasounded during 5 min and froze overnight. Later, the mixture was lyophilized in
a freeze dryer (Heto, LyoLab 3000). For comparison proposes Blank nanocarriers

were prepared by using only stearic acid.

2.3Particle size and zeta potential
Particle Size analysis and Zeta potential analysis was carried out on the Beckman
Coulter Delsa Nano C. For particle sizing, the sample was run 9 times to ensure that

results were statistically relevant. Analysis was carried out on the measured
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autocorrelation functions using the Non-negative Least Square algorithm. Very large
aggregate results (above 5 um) were removed from the analysis as the fitting and
algorithm cannot provide accurate results at this size. For Zeta potential, the sample
was run 3 times (as each run is repeated 10 times and averaged to provide the

result). The applied voltage on the electrodes of the cell was 60 mV.

2.4Preparation of nanofibers
PVA hydrogel solutions were produced by mixing PVA at 10% concentration (wt/vol)
in dH20, at 90°C with continuous stirring, after solubilization, 10% of ethanol 10%
was added. Then, different solutions were prepared by adding known amounts of
TMZ, Nek1 inhibitor (iNek1) solution in DMSO or nanocarriers into the PVA solution.

For details see below the table 1:

Table 1: Hydrogels solutions.

10% PVA solution Composition
1 -
2 Stearic acid nanocarriers (Blank NP)
3 T™Z
4 iNek1
5 TMZ + iNek1
6 TMZ + stearic acid nanocarrier (TMZ
NP) + iNek1

The solutions were electrospun using a blunt-end 26-gauge needle and it distance

to the collector plate was set 5 cm. The flow rate was set 0.5 mL/h using 9 kV.

2.5Analysis of nanofiber size and morphology

The morphology of the nanoproducts were analyzed by using scanning electron

116



microscope (SEM) (Tescan Mira XMU SEM, TESCAN, Brno, CZ). Back scattered
electron mode was used with magnifications ranged from 10 kX to 30 kX. Firstly, the
NP and NF were sputtered with gold. For NF mean diameter size analysis, 200 NF
were observed in the Imaged software (Imaged Version 1.48v). Fluorescence
images of the NFs were acquired using the Leica DM 2000 confocal microscope
with a x40 oil lens (Leica Microsystems, Ashbourne, Ireland). Image acquisition was
performed by LAS V3.8 software (Leica) and fluorescence analysis was carried out

using ImagedJ software (ImagedJ Version 1.48v).

2.6Solid-state NMR
The stability of the drugs after encapsulation in PVA NFs or stearic acid NP were
evaluated using nuclear magnetic resonance (NMR) spectroscopy. The assessment
was executed using Bruker 400 MHz Avance Ill HD equipped with a 3.2mm H/X
CPMAS probe.

2.7 Mechanical properties
The mechanical properties of the NFs were measured by using a Discovery HR-2
rheometer (TA instruments, DE, USA). The analysis was accomplished by using the
parallel plate method. The samples were loaded on the Peltier plate after 30 minutes
in PBS buffer. After an equilibration step, the viscoelastic properties: elastic modulus
(G’) and viscous modulus (G”) as function of frequency were measured through
frequency sweep testes over a range from 1 to 40 Hz. The flow curves of apparent
viscosity data of each sample were produced using steady shear evaluations were

performed in the shear rate range 1 - 50 s™.

2.8Determination encapsulation efficiency of TMZ and iNek1
To quantity the percent encapsulation efficiency (EE%) of loaded-TMZ and iNek1
nanoproducts, NF or NP were completely dissolved in DMSO and the amount of
released drug was measured by ultraviolet (UV) light on Shimadzu UV 1280
spectrometer at 328 and 407 nm, respectively. The EE% was determined as follows:
actual amount of drug release in nanoproduct

EE% = X100
% theoretical amount of loaded drug in nanoproduct
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2.9In vitro drug release studies
In vitro drug release profiles were evaluated using a Distek Model 2500 Dissolution
System (Distek, Inc., NJ, USA). NF and NP were tested in PBS (pH 6.8 and 7.4) at
37°C. The stir rate was set to 50 rpm and 300 ml of dissolution media were used
per vessel. The amount of 3 mL of samples were taken at set intervals and assessed
by UV light on Shimadzu UV 1280 spectrometer.

2.10 Nanofiber Sterilization and Sterility Validation
Isolated colonies of Escherichia coli (E. coli) (NC 12241) and Staphylococcus
aureus (S. aureus) (NC 12981) from stock strains cryogenized on -80°C freezer
were obtained through isolation seeding and grown overnight. Each colony of each
bacteria, were separately suspended in 5 mL of sterile PBS (Phosphate buffered
saline solution) and standardized with Spectrophotometer by 0.5 McFarland scale
(1.5 x 108 CFU/mL in 600 nm wavelength). After that, 50 L of standardized bacterial
suspension were add into each polymer sample (1 cm? each sample) on 3 cm?
diameter sterile plates. Contaminated samples were sterilized by total immersion in
500 pL of isopropyl alcohol 70% for a few seconds, and subsequently drained. Serial
dilution of samples was conducted in a 96-well sterile microplate previously filled
with 270 pL of sterile PBS until the 5™ well. Each sample was dispersed into 1 mL
of sterile PBS and briefly mixed. From this dilution, 30 yL was taken out and
transferred to the 1% well in microplate, briefly mixed, being now the 10 ™' dilution.
And this went through until the 10  dilution. This procedure was repeated for each
sample separately. From each dilution 100 uL was taken and inoculated through
spread plate method in agar plate with 20 mL of solid Nutrient agar (NA) with a bent
rod at once. Other three replicates were made with micro drop technique (10 pL) in
NA plates. Plates were then incubated at 37°C for 24 hours. After the first reading,
the plates were left on incubator for 2 weeks to analyze the growth possibility and

no growth was observed on sterilized plates.

2.11Nek1 protein expression
The GB cells (U87MG) were cultured in DMEM supplied with 10% FBS and
antibiotics at 37°C in a humidified atmosphere containing 5% CO,. Cell were
submitted to a treatment with TMZ (75 uM) for 24 h. After treatment, U87 cells were
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trypsinized, fixed with 3.7% paraformaldehyde for 15 min and permeabilized with
0.5% (v/v) Triton X-100 in PBS for 15 min followed by blocking with 10% (v/v) FBS
in PBS for 1 h. Then, the samples were incubated overnight at 4°C with following
diluted antibodies: 1:100 Alexa Fluor 488 Mouse anti-yH2AX (pS-139) (BD
Biosciences, SP, Brazil), 1:50 anti-vinculin-FITC (Sigma-Aldrich Ltda., SP, Brazil)
and 1:100 anti-Nek1 (Sigma-Aldrich Ltda., SP, Brazil), the secondary antibody for
Nek1 staining was anti-rabbit Alexa Fluor 594 at a dilution of 1:500. The samples
were added in a glass slide and each slide was dropwise added with Hoechst 33258
stain (ThermoFisher Scientific, SP, Brazil), covered with a coverslip, and mounted
with nail polish. The slides were stored at —20°C until used for microscopic
observation. Finally, the cells were imaged using an INCell analyser 2200 (GE
Heathcare Life Sciences, Piscataway, NJ, USA). Protein extracts were also
prepared by using lysis buffer and western blot was performed, then the membranes
were blocked with 5% skim milk in TTBS for 1 hour and incubated overnight at 4°C
with following antibodies at a dilution of 1:500 anti-Nek1 (Sigma-Aldrich Ltda., SP,
Brazil) and anti-B-actin (Santa Cruz Biotechnology, SP, Brazil). The secondary
antibodies used were 1:3000 mouse anti-rabbit and goat anti-mouse (Santa Cruz
Biotechnology, SP, Brazil). The membranes were incubated with Luminol-based

Enhanced Chemiluminescent (ECL) mix and exposed to films to develop.

2.12 Cell viability evaluation
To perform the experiments two different pH of the media: 6.8 and 7.4 were used.
The drugs screening and the NFs cytotoxicity potential was determined by using
MTT colorimetric assay. Firstly, TMZ and iNek1 solutions diluted in DMSO were
tested during 48 h aiming to select the I1Cs, for using in the following experiments.
After this screening, cells were treated with several NFs formulations at the 1Cs
previously determined and with the neat drugs during 2, 5 and 5+2 recovery days.
After treatment, cells were incubated with MTT for 3 hours at 37°C. Then, to dissolve
the formazan crystals, DMSO was added to each well. The absorbance was
recorded at 540 nm in a microplate reader (BioTek Synergy HT, Swindon, UK), and
percentage of residual cell viability was determined. The cell viability was calculated

using the control cells as 100%.
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2.13 Statistical analysis
The results were expressed as the mean value * standard deviation (SD). Statistical
analysis was perfomed using one-way analysis of variance (ANOVA) following by
Tukey post-test when * or two-way ANOVA following by Bonferroni post-test when
# using GraphPad Prism 5 software (La Jolla, CA, USA). Statistically significant

results were considered when the P-value < 0.05.

3. RESULTS AND DISCUSSION
3.1Nanocarriers Preparation and Characterization
In this study, we have incorporated TMZ in nanostructured lipid NPs by using the
emulsion method. TMZ is poorly soluble in water, has stunted half-life in blood
circulation along with side effects (Stupp et al, 2005; Corsa et al, 2006; Mutter &
Stupp, 2006; Vera et al, 2004). Considering these characteristics of TMZ, the current
study was designed for the controlled release of TMZ for in loco delivery.
Morphology and particle size and its distribution play preliminary role in the
evaluation of NP formulations (Zeng et al, 2016). NP size has a significant effect on
the release of the drug. In our experiments, TMZ NPs presented mean size of 519.5
1+ 52 nm and circular shape analyzed by SEM (figure 1). Additionally, the NP surface
charge determines its interaction with biological environments and its interaction
with biologically active compounds (Giri et al, 2014). In general, optimum colloidal
stability, where there is no particle aggregation, is greater when zeta potential is
more positive or negative, around + 45 mV (Krai et al, 2017). Zeta potential of TMZ
NP was found to be -31.6 + 0.7 mV. Therefore, we anticipated a high stability and

efficacy in the produced nanocarriers.
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Figure 1: TMZ NP characterization (A) SEM of TMZ NP. (B) NP size distribution. The
experiment was repeat 9 times.

It is known the Nek1 plays an important role in DNA damage signaling and that the
inhibition of this protein increases apoptosis in glioma cells during TMZ treatment
(Lio et al, 2013; Spies et al, 2016; Zhu et al, 2016). Therefore, we hypothesis that if
we inhibit Nek1 and then treat the tumor with TMZ with a slow and controlled release
DDS the treatment efficacy would improve. Given that, we produced PVA and Nek1
inhibitor (iNek1) hydrogel solutions with TMZ NP, then NF were developed by using

electrospinning (figure 2).
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Figure 2: Electrospun of NF with NP. White arrows show the NP inside of the NF during
electrospinning producing NF with iNek1 and TMZ NP aiming to first inhibit Nek1 and then
release TMZ from the NP.

The NF were characterized according their morphology and size using SEM (figure
3). NF made with TMZ and iNek1 mixture presented distribution size of 2900 + 1142
nm (figures 3A and E), while iNek1 NF with TMZ NP showed distribution size of
2723 + 684 nm (figures 3B and F). Figure 3C shows NF after 2 h of swelling in PBS

where the NF increased size 2-fold showing no significant water uptake which would
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be related to increased size during the application in situ. Figure 3D shows curcumin

NF with NP inside which could be used in future localized cell uptake in vivo studies.
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Figure 3: NF morphology and distribution. (A) iNek1 + TMZ NF (B) iNek1 NF with TMZ NP
(C) NF after swelling test (D) NF with curcumin (E) iNek1 + TMZ NF size distribution (F)
iNek1 NF with TMZ NP size distribution.

The stability of the drugs after nanoencapsulation was examined by using NMR
studies. Figure 4A and B shows the results of both 'H and ">*C NMR analysis of NP
samples. In the "H study it was observed that peaks of TMZ in the 1.9 ppm position
is presented in the TMZ NP without shift position (figure 4A). In the *C analysis
(figure 4B), stearic acid blank NP presented peaks in 14.7 ppm (C11), 32.5 ppm
(C3) and 182.1 ppm (C1) the other carbon peaks were not obtained. TMZ NP
presented these three peaks of stearic acid and peaks related to TMZ: 36.8, 128.1,
137.1, 140.3 and 164.9 ppm (Laszcz et al., 2013). Figure 4C presents '>°C NMR of
the produced nanoproducts. PVA presents four fingerprints peaks: a peak
associated to CH; (around 45 ppm) and three CH peaks (between 60 and 80 ppm);
it is possible to observe these peaks in all NF samples. No significant peaks related
to the drugs are visible given that the concentrations are very low however, the TMZ

NP + iNek1 NF sample presents the peaks related to stearic acid. In the '"H NMR
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analysis (figure 4D) it is possible to observe disperse peaks of TMZ NP and pure
TMZ around 1.9 to 8 ppm and two peaks around 2.5 and 3.4 ppm related to iNek1.
When closed analyzed, the NF with drugs present a disperse peak of TMZ and a
peak around 3.4 ppm of iNek1. No shifting peaks were observed, therefore these
results suggested the stability of the drugs into the formulations and because of that,
TMZ and iNek1 bioactivities are probably preserved after encapsulation into NF and
NP (Vashisth et al., 2015).
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Figure 4: NMR evaluation. (A) "H NMR of NP samples and TMZ (B) 3C NMR of NP samples
and TMZ (C) "*C NMR of nanoproducts and drugs (D) 'H NMR of nanoproducts and drugs.

Subsequently, we decided to investigate the rheological properties of the samples.
The experiment was used to analyze the viscosity of NF as a function of shear rate
and the oscillatory tests therefore it was possible to determine if the viscoelasticity
was depended of frequency. Figure 5A shows flow curves at 37°C of blank NF, TMZ
+ iNek1 NF and TMZ NP + iNek1 NF. The blank NFs and TMZ NP + iNek1 NF
demonstrated similar profile of viscosities with the apparent viscosity increasing with
increasing shear rates however, TMZ + iNek1 NF presented decreasing viscosity
with increasing shear rates. The viscoelastic properties elastic (G’) and viscous (G”)
moduli at 37°C, recorded from 10 to 40 Hz, are observed in figure 5B. The NF

present similar frequency-dependent G’ and G” values. The TMZ+iNek1 NF showed
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the highest values of G’ and G”, with the curves exhibiting a cross-over point around

20 Hz, after this frequency the viscoelastic was mainly elastic.
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Figure 5. Mechanical properties. (A) Flow curves of NFs (B) Frequency dependence of
elastic (G’) and viscous (G”) moduli of NFs.

To investigate the total percentage amount of encapsulated drugs into the
nanoproducts, the samples were totally dissolved in DMSO and the EE% was
measured by using absorbance values. The EE% of TMZ into the NP was 79.8
6.8 and the EE% of iNek1 into the NFs was 79.2 £ 7.3. The NFs with dissolved TMZ
presented an EE% of 75.2 £ 5.9. These results suggested that the methodologies
used to produce the nanoproducts are efficient because each EE% were found to
be higher than 50%.

Given that GB presents an acidic extracellular pH around 6.8 (Honasoge &
Sontheimer, 2013), we decided to investigate if the drugs using two different pH: 6.8
and 7.4. GB cells usually change them metabolic route from oxidative
phosphorylation to glycolysis and when it happens the cells release lactate and H+,
moreover the acid pH is being related to tumor progression and resistance
(Honasoge & Sontheimer, 2013; Estrella et al., 2013).

The resulting drug release from the nanoproducts provided a continuous release
profile of TMZ and iNek1 over 8 days (figure 6). TMZ and iNek1 presented 50% of
released after 1 day in the TMZ + iNek1 NFs in both pH: 6.8 (figure 6A) and 7.4
(figure 6C) however, the TMZ NP + iNek1 NF samples presented 50% of TMZ
released after 3 days in pH 6.8 (figure 6B) and 6 days in pH 7.4 (figure 6D). This

observation shows the interesting approach of NP inside of NF to slow the release
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of TMZ. Additionally, we tested the TMZ release from NPs and it was not observed

a significant difference (figure 6E). Although PVA is considered a neutral polymer,

previous results (data not published) from our research group found PVA to increase

its swelling and release properties in physiological pH when compared to acid pH.

Similar results were found by Mansur et al., 2008.
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Figure 6: Drug release studies during 8 days. (A-B) pH 6.8 buffer and (C-D) pH 7.4 buffer.
(A) TMZ + iNek1 NF (B) TMZ NP + iNek1 NF (C) TMZ + iNek1 NF (D) TMZ NP + iNek1 NF

(E) TMZ nanocarries in different pHs.

3.2Nanofiber Sterility Analysis

Prior to cell testing, it is necessary to ensure complete sample sterility. In order to

evaluate if the sterilization process used in nanoproducts was effective, NF were

contaminated with bacteria and IPA was used for decontamination. There was no

observable growth in any of the plates of the sterilization groups. These results

suggest that IPA sterilization process was suitable in

contaminants (figure 7).

removing bacterial

125



100
-o- S.aureus PC

- E.coliPC
-+ S.aureus + IPA
E. coli + IPA

Averange CFU/mL
(o))
2

0 * * 'S
1 2 3 4 5
Dilution

Figure 7: Serial dilutions of NF suspension contaminated with bacteria after and without
(positive control — PC) sterilization by using IPA.

3.3Efficacy in glioblastoma therapy
Aiming to verify if Nek1 responds to TMZ treatment we analyze the expression of
Nek1 in GB cells (figure 8). Cells were treated with TMZ and co-incubate with
vinculin and Nek1 antibodies and the localization of Nek1 was observed. Results
showed a significant increase of Nek1 expression in nucleus (figures 8A B and E)
meaning that Nek1 translocated to nucleus after TMZ treatment probably because
its role in the DNA damage repair (DDR) signaling (Lio et al, 2013). During DNA
damage repair caused by TMZ there is a formation of double-strand break (DSB) in
the DNA and when a DSB establishes in DNA the histone 2AX flaks the damage
site and it is phosphorylated. Owing to yH2AX foci usually increases after DSB
formation (Nakamura et al., 2006), its expression was also verified after TMZ
treatment the intensity of fluorescence of yH2AX and Nek1 increased (figures 8C,
D and F). Nek1 expression was also analyzed by using western blot and the results

showed an increased expression although not significant.
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Figure 8: Nek1 and yH2AX expression analysis in GB cells (A-D) Immunofluorescence
evaluation of Nek1 and Vinculin where the first image is a merge and the second is the
bright field (A) without treatment and with (B) TMZ treatment. Immunofluorescence
evaluation of Nek1 and yH2AX (A) without treatment and with (B) TMZ treatment. (E) Nek1
fluorescence intensity quantification in the nucleus divide by the fluorescence in the
cytoplasm (F) Nek1 and yH2AX fluorescence intensity quantification (G) Nek1 expression
by western blot analysis (H) Nek1 expression quantification normalized by actin expression.
Results are expressed as mean in treated cells compared to negative control (NC) + SD.
Statistical analyses were performed using one-way ANOVA and Tukey post-test. Data was
considered significant different when compared to NC at * < 0.05, ** < 0.01 and *** < 0.001.

In this work we used an ATP-mimetic inhibitor (Moraes et al., 2015) to inhibit Nek1
aiming to improve GB treatment in vitro. This compound was validated by reducing

Nek1 kinase activity in almost 30% at a 50 uM concentration and its binding site was
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identified by in silico docking at the ATP-binding site (Moraes et al., 2015). A
screening of TMZ and iNek1 concentrations was perform to find the I1Csy of these
drugs. Figure 9A and B show a dose-response curve of both drugs, TMZ and iNek1,
with 1Csp of 76.3 and 54.4 pM, respectively.

The cytotoxic effect of nanoproducts was evaluated in U87 cells by using MTT assay
in pH 6.8 media at three different treatment points: 2 days, 5 days and 5 days + 2
days of recover (change of media) and the drugs ICso previously found. The results
(figure 9D-F) visibly showed that the blank NF is not cytotoxic, since the percentage
of cell viability was greater than 90% after all treatments. However, these NF may
not facilitate cell grown and this can explain the cell dead in the controls. TMZ and
iNek1 solutions were significant different after 2 days (p>0.05), 5 and 5 days + 2
days recover (p>0.01), TMZ NP, TMZ NF and iNek1 NF were statistically significant
at all points (p>0.05 for 2 days treatment and p>0.01 for 5 and 5 days + recover).
Moreover, TMZ + iNek1 NF and TMZ NP + iNek1 NF showed great efficacy at all
treatment points (p>0.0001). When close analyzed, it was possible to observe that
in comparison with TMZ + iNek1 co-treatment, TMZ NP + iNek1 NF were more
effective against GB cells (figure 9C). Figures 9G-N showed cells images after 5
days + recover, and it's possible to notice that TMZ + iNek1 NF and TMZ NP + iNek1

NF great induce cell dead with almost no cells in the wells (figure 9M and N).
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Figure 9: GB cell viability analysis (A) TMZ concentrations’ screening (B) iNek1
concentrations’ screening (C) Viability analysis of co-treatment of TMZ + iNek1 with and
without the formulations (D) Viability analysis of all formulations after 2 days of exposure
(E) 5 days of exposure (F) 5 days of exposure + 2 days of recover (G-N) Cells images after
treatment (G) Negative control (H) Blank NF (1) Blank NP (J) TMZ NP (K) TMZ NF (L) iNek1
NF (M) TMZ and iNek1 NF (N) TMZ NP + iNek1 NF. Results are expressed as mean in
treated cells compared to negative control (NC) + SD. Statistical analyses were performed
using one-way ANOVA and Tukey post-test when *. Data was considered significant
different when compared to NC at * < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001.

It is interesting to observe that co-treatment of TMZ + iNek1 significantly decreased
cell viability when compared to TMZ even without a formulation (figure 9). This result
suggests the importance of Nek1 in GB response to therapy. Currently, it is known
that Nek1 is required for activing DNA damage response pathway through ATR
activation (Liu et al., 2013; Melo-Hanchuk et al., 2017), moreover Nek1 expression
has an anti-apoptotic effect through phosphorylation and deactivation of the
mitochondrial voltage dependent anion channel (VDAC1) (Chen et al., 2009; Chen
etal., 2010; Chen et al., 2014). In addition, other DNA damage-related proteins, e.g.
Rad54 and Mre11, are associated with Nek1 (Surpili et al., 2003; Liu et al., 2013;
Spies et al.,, 2016). This implies the importance of inhibiting this protein during

therapies that involves DNA damage. Recent studies revealed Nek1 as an important
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oncotarget of GB cells and its knockdown significant decreased cell viability with co-
treatment of TMZ (Zhu et al, 2016). Our results strongly suggest that Nek1 inhibition
could improve therapy and, additionally, its role in GB malignancy should be further
elucidated.

When a formulation was tested (TMZ + iNek1 NF and TMZ NP + iNek1 NF), cell
viability decreased further after 5 days of treatment + 2 days after media
replacement, showing that for a prolonged and sustained treatment it is important

to use a DDS to control the release of a drug.

4. CONCLUSION

Given that GB presents high capacity of tumor recurrence, consequently, localized
and controlled approaches of treatment provide an alternative to enhance
chemotherapy efficacy and reduce systemic toxicity. In addition, GB resistance is
related to oncotargets’ expressions and their inhibition could improve tumor
treatment. One of these oncotargets is Nek1, a kinase related to cell growth and
TMZ-resistance. In this study, brain-implants prepared using TMZ NP and iNek1
polymeric NF were designed, produced, characterized and its in vitro effectiveness
was evaluated. This approach revealed adequate mechanical properties and high
drug loading concentration, which prolonged TMZ and iNek1 release and permitted
sustained drug exposure of the GB cells improving TMZ and iNek1 antitumor effects.
This system could be a promising approach for a novel in situ therapy. Our
forthcoming study aims in vivo efficacy evaluation and further improvement of the

nanoproduct production development.
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CONSIDERAGOES FINAIS

O GB é uma doenga extremamente agressiva, no entanto, a atual terapia para
tratar GBs ndo sugere resultados eficientes e a cura é uma realidade distante. O
uso da nanotecnologia pode ser visto como uma abordagem promissora para a
terapia GB; no entanto, existem varias respostas desconhecidas que precisam ser
mais investigadas. Pesquisadores ainda ndo conhecem todos os possiveis efeitos
quando utilizam abordagens DDS, como parametros de toxicidade e eficacia. Hoje
em dia, canceres como o GB, que s&o particularmente malignos e muito resistentes
a QT, podem ser tratados com nanocarreadores que melhoram a eficacia.
Atualmente, existem diversos vetores que estdo sendo investigados, no entanto,
apenas algumas formulacbes que usam essa abordagem inovadora estédo
comercialmente disponiveis. Mesmo assim, 0s nanocarreadores sao uma
estratégia promissora para a entrega efetiva de medicamentos com liberagéo
estavel nos locais do tumor por um periodo sustentado.

O presente estudo visou desenvolver e caracterizar nanoprodutos de PVA
produzidos pela técnica de eletrofiacdo para o tratamento de GBs. As NP
produzidas contendo DTIC apresentaram boa encapsulacido do farmaco, aumento
da solubilidade do sistema e liberagao controlada e prolongada acarretando o
aumento da eficacia da droga uma vez que células tratadas com estas NP
apresentaram menor viabilidade.

Tendo em vista que o GB pode recorrer e invadir areas funcionais do cérebro, a
segunda ressecgao cirurgica é arriscada. Estudos de autdpsia sugerem que os GB
recorrentes sao principalmente locais e aparecem dentro de 2 centimetros do local
inicial do tumor. Portanto, QT localizada e controlada diretamente no local do tumor
fornece um DDS alternativo para o tratamento do GB. Com o objetivo de superar
as limitagées da BHE, uma das abordagens mais promissoras € o uso de DDS para
tratar as células cancerigenas in loco. Para melhorar a eficacia do tratamento com
DTIC e TMZ, implantes cerebrais foram produzidos visando a durante a cirurgia.
Esta abordagem pode reduzir significativamente os efeitos colaterais sistémicos e
pode prevenir a recorréncia do tumor. Neste estudo, NF foram preparadas,

caracterizadas e sua eficacia anticancerigena foi determinada. Estes sistemas
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demonstraram uma elevada percentagem de encapsulagcdo, estabilidade
prolongada e propriedades mecanicas e perfil de libertagdo continua dos farmacos
com maior liberagdo do farmaco no pH do tumor. Isto sugere que o desempenho
das NF é apropriado para o manejo do GB e € uma abordagem promissora para
alcangar uma entrega controlada do medicamento para a terapia GB. Além disso,
as NF mostraram um aumento da absorcao celular. Ainda, tendo em vista a
liberagdo controlada, os efeitos antitumorais dos farmacos aumentaram
significativamente tanto para a NF com DTIC quanto para a NF com TMZ e iNek1.

Visando analisar a atividade de DTIC, este estudo avaliou a formacao de yH2AX.
Os resultados de microscopia confocal demonstraram significativamente mais foci
de YH2AX em células tratadas com DTIC NF em comparacdo com o controle
negativo e DTIC em solugdo apdés 1 e 5 dias de tratamento. Este dano foi
acompanhado por um aumento da apoptose. Células tratadas com DTIC NF
apresentaram maior percentual de apoptose e apoptose tardia quando comparadas
ao DTIC. Assim, os dados do dano ao DNA e da morte celular indicam que a NF
facilitou a absor¢ao do farmaco e aumentou o acumulo de DTIC nas células do GB,
melhorando seus efeitos genotdxicos e citotdxicos. Ainda, as NF com co-tratamento
de TMZ e iNek1 diminuiram consideravelmente a viabilidade celular. Portanto, os
implantes cerebrais produzidos sdao um sistema promissor para administragcao de
medicamentos na terapia de GB.

Embora muitos estudos como este tenham estabelecido bons resultados,
investigacdes adicionais sdo essenciais para desenvolver DDS bem-sucedidos. A
este respeito, desenvolver nanocarreadores com superficies biofuncionalizadas e
alvos moleculares se faz necessario para melhorar a entrega in vivo. Além disso,
desenvolver nanocarreadores funcionalizados pode fornecer multiplos alvos e
superar os problemas de BHE.

Outros aspectos importantes que precisam ser melhor compreendidos durante a
fabricacdo do DDS séo:

(a) o microambiente do GB, pois é importante elucidar as implicagdes moleculares
que podem afetar o carreador;

(b) as respostas do sistema imunoldgico.
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Devem ser realizados ensaios clinicos para analisar as caracteristicas
farmacoldgicas das formulagbes e a biodistribuicdo. Somente com esses tipos de
avaliagcbes é possivel obter terapias otimizadas. Em geral, também é essencial
desenvolver métodos inteligentes que possam avaliar os resultados da formulagéo
do DDS. Isso é extremamente necessario para entender as interagcdes celulares
apos a captacao do transportador e as mudangas no microambiente tumoral.

Além disso, analises de dindmica molecular, docking computacional e
modelagem molecular podem ser estratégias uUteis para avaliar o comportamento
das células e suas alteracbes moleculares apds o tratamento com carreadores,
uma vez que essas abordagens podem predizer as alteragbes dindmicas durante
a terapia do cancer. Finalmente, abordagens baseadas na nanotecnologia podem
ser usadas para melhorar e direcionar a entrega de drogas conhecidas e novas
para 0 manejo de varias doengas humanas. Pode-se concluir que os dias sao

présperos para estratégias baseadas em nanotecnologia.
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PERSPECTIVAS

Avaliagao da inibigao in vitro de Nek1 em células U87MG frente ao tratamento
com o inibidor.

Determinagao da resposta imune (pela medida de citosinas pré e anti-
inflamatdrias) frente ao tratamento com as formulagdes.

Investigacéo do potencial terapéutico dos nanoprodutos in vivo utilizando ratos
Wistar com implantes tumorais. O projeto in vivo foi aprovado pelo CEUA-
UFCSPA (protocolo n° 236/18).

Desenvolvimento de nanoprodutos biofuncionalizados com marcadores de
superficie, como por exemplo marcados de células-tronco tumorais: CD133, CD44

e CD15.
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w MARCHETTI, DESIREE PADILHA ; STEFFENS, LUIZA ; JACQUES, CARLOS E. ; GUERREIRO, GILIAN B. ; MESCKA,
CAROLINE P. ; DEON, MARION ; DE COELHO, DANIELLA M. ; MOURA, DINARA J. ; VIARIO, ALICE G. ; POLETTO,
FERNANDA ; COITINHO, ADRIANA S. ; JARDIM, LAURA B. ; VARGAS, CARMEN R. . Oxidative Imbalance, Nitrative Stress,
and Inflammation in C6 Glial Cells Exposed to Hexacosanoic Acid: Protective Effect of N-acetyl-I-cysteine, Trolox, and
Rosuvastatin. CELLULAR AND MOLECULAR NEUROBIOLOGY iR, v. 1, p. 1-1, 2018.
Citagdes: SCUPUS 1
w HENN, JEFERSON GUSTAVO ; STEFFENS, LUIZA ; SPEROTTO, NATHALIA DENISE DE MOURA ; DE SOUZA
PONCE, BETANIA B VERfSSIMO, RODRIGO MOISES ; BOARETTO, FERNANDA BRIAO MENEZES ; HASSEMER, GUSTAVO ;
PERES, VALERIA FLORES ; SCHIRMER, HELENA ; PICADA, JAQUELINE NASCIMENTO ; SAFFI, JENIFER ; MOURA, DINARA
JAQUELINE . Toxicological evaluation of a standardized hydroethanolic extract from leaves of Plantago australis and its
major compound, verbascoside. JOURNAL OF ETHNOPHARMACOLOGY iCR, v. 1, p. 1-1, 2018.
Citagdes: SCLUPUS 3

DA SILVA, CLAUDIA B ; GIL, EDUARDA S ; SANTOS, FABIANO DA SILVEIRA ; MORAS, ANA M ; STEFFENS, LUIZA ;
GONCALVES, PAULO F. B. ; MOURA, DINARA J ; LUDTKE, DIOGO S. ; RODEMBUSCH, FABIANO SEVERO . Proton-transfer
based azides with fluorescence off-on response for detection of hydrogen sulfide. An experimental, theoretical and
bioimaging study. JOURNAL OF ORGANIC CHEMISTRY IR, v. 1, p. acs.joc.8b02489-1, 2018.

W STEINMETZ, ALINE ; STEFFENS, LUIZA ; MORAS, ANA MOIRA ; PREZZI, FLAVIA ; BRAGANHOL, ELIZANDRA ;
SAFFI, JENIFER ; ORTIZ, RAFAEL SCORSATTO ; BARROS, HELENA M.T. ; MOURA, DINARA JAQUELINE . In vitro model to
study cocaine and its contaminants. CHEMICO-BIOLOGICAL INTERACTIONS iR, v. 285, p. 1-7, 2018.

BIANCINI, GIOVANA BRONDANTI ; MOR/\S, ANA MOIRA ; REINHARDT, LUIZA STEFFENS ; BUSATTO, FRANCIELE
FACCIO ; DE MOURA SPEROTTO, NATHALIA DENISE ; SAFFI, JENIFER ; MOURA, DINARA JAQUELINE ; GIUGLIANI,
ROBERTO ; VARGAS, CARMEN REGLA . Globotriaosylsphingosine induces oxidative DNA damage in cultured kidney cells.
NEPHROLOGY IR, V. 22, p. 490-493, 2017.

BORILLE, B. T. ; GONZALEZ, M. ; STEFFENS, L. ; ORTIZ, R. S. ; LIMBERGER, R. P. . CANNABIS SATIVA: A SYSTEMATIC
REVIEW OF PLANT ANALYSIS. Drug Analytical Research, v. 1, p. http://seer.ufr, 2017.

CALETTI, GREICE ; HERRMANN, ANA P. ; PULCINELLI, RIANNE REMUS ; STEFFENS, LUIZA ; MORAS, ANA MOIRA ;
VIANNA, PRISCILA ; CHIES, JOSE ARTUR BOGO ; MOURA, DINARA JAQUELINE ; BARROS, HELENA MARIA TANHAUSER ;
GOMEZ, ROSANE . Taurine counteracts the neurotoxic effects of streptozotocin-induced diabetes in rats. AMINO ACIDS
(WIEN. INTERNET) KR, v. 1, p. 1, 2017.

DA COSTA E SILVA, LIANA DANTAS ; PEREIRA, PATRICIA ; REGNER, GABRIELA GREGORY ; BOARETTO, FERNANDA
BRIAO MENEZES ; HOFFMANN, CLEONICE ; PFLUGER, PRICILA ; DA SILVA, LUCAS LIMA ; STEFFENS, LUIZA
REINHARDT ; MORAS, ANA MOIRA ; MOURA, DINARA JAQUELINE ; PICADA, JAQUELINE NASCIMENTO . DNA damage
and oxidative stress induced by seizures are decreased by anticonvulsant and neuroprotective effects of lobeline, a
candidate to treat alcoholism. METABOLIC BRAIN DISEASE iCR, v. 1, p. 1, 2017.

Citagdes: SCLPUS 1

DE SOUZA, VANESSA PEREIRA ; VENDRUSCULO, VINICIUS ; MORAS, ANA M. ; STEFFENS, LUIZA ; SANTOS,
FABIANO S ; MOURA, DINARA J. ; RODEMBUSCH, FABIANO SEVERO ; RUSSOWSKY, DENNIS . Synthesis and photophysical
study of new fluorescent proton transfer dihydropyrimidinone hybrids as potential candidates for molecular probes. NEW
JOURNAL OF CHEMISTRY iR, v. 1, p. 1-1, 2017.

Bancas

Participacao em bancas de comissdes julgadoras
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Outras participagoes

1. STEFFENS, L.. SciFest@College 2018. 2018. Athlone Institute of Technology.

2. STEFFENS, L.. III Mostra de Trabalhos de Ensino, Pesquisa e Extensdo. 2017. Fundagdo Universidade Federal de Ciéncias
da Satde de Porto Alegre.

Eventos

Participacdo em eventos, congressos, exposicoes e feiras

1.

2,

26th EORS Annual Meeting. ELECTROSPUN PVA NANOFIBERS FOR BONE DISEASE THERAPY USING MESENCHYMAL STEM
CELL. 2018. (Congresso).

43rd Institute of Chemistry of Ireland Congress. Eletrospun PVA-Dacarbazine nanoparticles: a novel drug delivery system for
cancer treatment. 2018. (Congresso).

ECP4 The European Composites, Plastics and Polymer Processing Platform a. Eletrospun PVA-Dacarbazine nanoparticles: a
novel drug delivery system for brain cancer treatment. 2018. (Congresso).

Research Presentations & Poster Day.Eletrospun PVA-Dacarbazine nanoparticles: a novel drug delivery system. 2018.
(Encontro).

Social & Ethical Responsibility of Third Level Colleges towards Community Ey Engagement across the Life Spectrum. 2018.
(Congresso).

11 Encontro do PPG Biociéncias & Encontro em Fisiologia do RS.0 TRATAMENTO COM OMEGA-3 PROMOVE A MELHORA DE
PARAMETROS METABOLICOS E DO ESTRESSE OXIDATIVO E INFLAMAGAO INTESTINAL EM MODELO EXPERIMENTAL DE
OBESIDADE INDUZIDO POR HIGH FAT DIET. 2017. (Encontro).

11 Encontro do PPG Biociéncias & Encontro em Fisiologia do RS.NIMA-RELATED KINASE 1 E SEU PAPEL NA RESIST ENCIA
TUMORAL. 2017. (Encontro).

11 Encontro do PPG Biociéncias & Encontro em Fisiologia do RS.ANALISE DE PARAMETROS BIOQUfMICOS, NO SANGUE E
TECIDOS METABOLICOS, DE FEMEAS QUE RECE- BERAM DIETA HIPERCALORICA OU RESTRITIVA NA GESTAGAO E
LACTAGAO. 2017. (Encontro).

1 Encontro do Programa de Pés-Graduag&o em Biociéncias, XIX Encontro de Geneticistas do Rio Grande do Sul e I Encontro
Regional Sul da Sociedade Brasileira de Genética Médica.Estresse oxidativo em linfoblastos de pacientes com Anemia de
Fanconi em resposta a cisplatina. 2016. (Encontro).

1I Mostra de Trabalhos de Ensino, Pesquisa & Extensdo da UFCSPA.Extresse Oxidativo em Linfoblastos de Pacientes com
Anemia de Fanconi em Resposta a Cisplatina. 2016. (Outra).

Toxicologia em Debate: A polémica dos efeitos da maconha. 2016. (Outra).

Toxicologia em Debate: Desastre em Mariana e suas consequéncias. 2016. (Outra).

Toxicologia em Debate: Diregdo veicular e drogas de abuso, isso combina?. 2016. (Outra).

XII Congresso da MutaGen-Brasil. 2016. (Congresso).

XXXI Reunido Anual da Federagdo de Sociedades de Biologia Experimental - FeSBE. Fanconi Anemia: Recent Remarks and
Model of Study Using Lymphoblastoid Cells from Patients. 2016. (Congresso).

Cellularised Scaffolds, Co-cultures and Bioreactors for Engineering the Vascular Wall: Potential for Tissue Regeneration.
2015. (Outra).

Formando Opinides. 2015. (Outra).

GE DAY UFRGS. 2015. (Outra).

I Mostra de Trabalhos de Ensino, Pesquisa & Extensdo da UFCSPA.Caracterizagdo de linhagens linfobldsticas derivadas de
pacientes com Anemia de Fanconi em resposta a agentes quimioterapicos. 2015. (Outra).

SolugBes para Preparo de Amostras e Separagdes Cromatograficas. 2015. (Outra).

Toxicologia em Debate: Acidentes em Massa. 2015. (Outra).

Toxicologia em Debate: Discutindo CSI. 2015. (Outra).

X Jornada do Programa de Pés-Gradugdo em Patologia. 2015. (Outra).

11T Semana Académica da Universidade Federal de Ciéncias da Satde de Porto Alegre. 2014. (Outra).

Organizacdo de eventos, congressos, exposicoes e feiras

1. MOURA, D. J. ; STEFFENS, L. ; BRAGANHOL, E. . II Encontro do PPG Biociéncias da UFCSPA e Encontro de Pesquisa em
Fisiologia do RS. 2017. (Outro).

2. MOURA, D. J. ; STEFFENS, L. . Curso Basico de Papiloscopia. 2016. (Outro).

3. STEFFENS, L.; MOURA, D. J. . II Jornada Académica da Toxicologia Analitica. 2016. (Outro).

4., MOURA, D. J. ; SAFFL, J. ; MORAS, A. M. ; SILVA, H. T. R. ; STEFFENS, L. . I Curso de Toxicidade Genética: Causas,
Consequéncias e Ensaios Pré-clinicos. 2015. (Outro).

5. MOURA, D. J. ; STEFFENS, L. . I Jornada Académica do curso de Toxicologia Analitica da UFCSPA. 2015. (Outro).

Orientagdes

Orientagdes e supervisdes concluidas
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Iniciagdo cientifica
1. Corentin Labbe. Investigation of the swelling effects of polyvinyl alcohol and polyacrylic acid to mimic the reaction of a
human muscle. 2018. Iniciagdo Cientifica - Athlone Institute of Technology. Orientador: Luiza Steffens Reinhardt.

Orientagoes de outra natureza
1. Vinh Nguyen. Conductive Hydrogel. 2019. Orientagdo de outra natureza - Athlone Institute of Technology. Orientador: Luiza
Steffens Reinhardt.

Inovagao

Projetos de pesquisa

Educacdo e Popularizagdo de C& T

Organizacdo de eventos, congressos, exposicoes e feiras

1. MOURA, D. J. ; SAFFL, J. ; MORAS, A. M. ; SILVA, H. T. R. ; STEFFENS, L. . I Curso de Toxicidade Genética: Causas,
Consequéncias e Ensaios Pré-clinicos. 2015. (Outro).

2. MOURA, D. J. ; STEFFENS, L. . Curso Basico de Papiloscopia. 2016. (Outro).

3. STEFFENS, L.; MOURA, D. J. . II Jornada Académica da Toxicologia Analitica. 2016. (Outro).

4. MOURA, D. J. ; STEFFENS, L. ; BRAGANHOL, E. . II Encontro do PPG Biociéncias da UFCSPA e Encontro de Pesquisa em
Fisiologia do RS. 2017. (Outro).

5. MOURA, D. J. ; STEFFENS, L. . I Jornada Académica do curso de Toxicologia Analitica da UFCSPA. 2015. (Outro).
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