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RESUMO

Nanocarreadores magnéticos t€ém despertado elevado interesse no desenvolvimento de
estratégias terapéuticas inovadoras relacionadas ao direcionamento de biomoléculas através
da forca gerada por um campo magnético, aumentando a biodisponibilidade de farmacos.
Nanocapsulas magnéticas a base de hidroxietilamido foram sintetizadas para o carreamento
do bioativo hidrofilico oncocalixona A (onco-A) e sua vetorizagao pela aplicacdo de um
campo magnético externo, gerando um inédito nanocarreador magnético, cuja sintese por
reacdo de poliadigdo em miniemulsdo inversa, permitiu o encapsulamento simultineo de
nanoparticulas superparamagnéticas de oxido de ferro (SPIONs) e do bioativo onco-A,
responsaveis, respectivamente, pelo carater magnético e pela atividade anticancerigena do
nanocomposito sintetizado. Por microscopia eletronica de transmissao (TEM), observou-se
morfologia “core-shell” (casca-nucleo) bem definida e didmetro médio de 143 nm para as
nanocépsulas. A atividade anticancerigena desse nanocomposito foi avaliada in vitro mediante
determinagdo da concentragdo inibitoria (IC50 — 72h) em quatro linhagens de células tumorais
humanas: glioblastoma SNB-19 (1,010 pgmL™"), carcinoma de c6lon HCT-116 (2,675 pgmL-
1), prostata PC3 (4,868 pgmL™) e leucemia HL-60 (2,166 pgmL™). A toxicidade aguda (96h)
e o impacto na atividade locomotora foram avaliados usando zebrafish (Danio rerio) como
organismo modelo. Assim, o nanocompdsito sintetizado neste trabalho exibiu
biocompatibilidade (in vivo), perfil de liberacdo prolongada de bioativos, citotoxicidade
contra quatro linhagens cancerigenas humanas, além de responder mecanicamente a aplicagao
de um campo magnético externo, gerando um composito inédito com perspectivas
terapéuticas promissoras no campo da vetorizacdo magnética de bioativos. Adicionalmente,
avaliou-se o efeito da aplicagdo de um campo magnético na penetragdo transdérmica de
farmacos (direcionada ou nao ao foliculo piloso) por magnetoforese negativa, um estudo
inédito. Demonstrou-se que a presenga de um campo magnético intensificou a penetragao de
fluoresceina e adapaleno na pele em até 340%, em média, quando comparada a penetracao
passiva. Embora o mecanismo de intensificagdo da penetracdo ndo seja ainda elucidado, foi
possivel demonstrar que esse aumento de penetragdo ocorre nao somente por via folicular,
atuando também por vias de penetracdo transcelular e/ou intercelular do estrato corneo.

Palavras-chave: nanocarreadores magnéticos; magnetoforese negativa; oncocalixona A;

nanocapsulas de hidroxietilamido; SPIONSs; penetracao transdérmica.



ABSTRACT

Magnetic nanocarriers have been adopted as an innovative therapeutic strategy, enabling drug
targeting through magnetophoresis on different kinds of therapies, which can improve drug
bioavailability. Starch-based magnetic nanocapsules were synthesized for the targeted
delivery of a hydrophilic bioactive called oncocalyxone A (onco-A) through the application of
an external magnetic field. The synthesis by inverse miniemulsion technique allowed the co-
encapsulation of superparamagnetic iron oxide nanoparticles (SPIONs) and onco-A into the
same nanostructure, generating a magnetic behavior and anticancer activity, respectively, for
the synthesized nanocomposite. The synthesized nanocapsules exhibited a ‘“core-shell”
morphology and an average diameter of 143 nm. This nanocomposite showed potential
anticancer activity (ICso — 72h) against four human tumor cell lines: glioblastoma SNB-19
(1.010 pgmL™), colon carcinoma HCT-116 (2.675 pgmL™"), prostate PC3 (4.868 ugmL™) and
leukemia HL-60 (2.166 pgmL™). In vivo acute toxicity (96h) and locomotor activity were
evaluated in a zebrafish (Danio rerio) model. Thus, the synthesized nanocomposite exhibited
in vivo biocompatibility, prolonged drug release profile, in vitro antitumor activity, and also
responded to an applied magnetic field, generating a promising compound for magnetic
vectorization of drugs. Additionally, for the first time, it was evaluated the effect of a
magnetic field on the transdermal drug penetration (targeted, or not, to the hair follicle by
negative magnetophoresis), demonstrating an average of up to 340% higher skin penetration
of adapalene or fluorescein, under magnetophoresis, when compared to the passive
penetration. Furthermore, although the mechanism of penetration enhancement has not yet
been elucidated, it was evidenced that this penetration increase occurs not only through the
follicular pathway, but also through transcellular and/or intercellular routes through the

stratum corneum.

Keywords: magnetic nanocarriers; negative magnetophoresis; oncocalyxone A; hydroxyethyl
starch nanocapsules; superparamagnetic iron oxide nanoparticles; transdermal drug

penetration.
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CAPITULO I - NANOCOMPOSITOS MAGNETICOS NA INOVACAO DE
ESTRATEGIAS TERAPEUTICAS: UMA CONTEXTUALIZACAO SOBRE
RECENTES AVANCOS
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1.1 Apresentacio

O presente trabalho aborda, inicialmente, a sintese de um inédito
nanocomposito magnético voltado para aplicacdes biotecnoldgicas, visando a inovagao
e ampliagdo de estratégias terapéuticas. Na sintese desse nanocomposito,
hidroxietilamido foi utilizado como matriz polimérica precursora. Nanoparticulas
superparamagnéticas de magnetita com superficie funcionalizada por ions citrato
(Fe3Oas(@cit) foram empregadas na forma de ferrofluido magnético para incorporagao de
propriedades magnéticas a esse produto. Como bioativo hidrofilico modelo, utilizou-se
a oncocalixona A, uma quinona extraida da espécie Auxemma Oncocalyx, planta
denominada popularmente como “pau branco”, nativa da Caatinga, no nordeste
brasileiro.

Posteriormente, em colaboragdo internacional com a Universidade de
Genebra, aborda-se o efeito da aplicagdo de um campo magnético no direcionamento de
nanocarreadores, avaliando-se, de maneira inédita, a intensificacdo da penetragcdo de
farmacos na superficie da pele, por vias foliculares ou nao, um fendmeno denominado
de magnetoforese, que representa um inovador espectro de possibilidades terapéuticas
mediante o uso de nanocarreadores magnéticos.

Para fins didéticos, a divis@o deste trabalho est4 posta em trés capitulos:

No primeiro, realiza-se uma contextualizacdo sobre o emprego da
nanotecnologia aplicada as ciéncias biomédicas, abordando-se os fundamentos tedricos
pertinentes a execucdo deste trabalho e apresentando-se os seus objetivos. O segundo
capitulo dedica-se aos fundamentos metodoldgicos dos procedimentos experimentais,
bem como, a discussao dos resultados obtidos na sintese, caracterizacdo e ensaios
biologicos realizados para o inédito nanocompdsito magnético sintetizado neste
trabalho. Por fim, o terceiro capitulo discorre sobre experimentos de penetracdo e
quantificagdo de farmacos na pele, sob aplicacdo de campo magnético (magnetoforese
negativa), € em comparagdo com a penetracio passiva (auséncia de campo magnético),
considerando, ainda, a penetragao direcionada ao foliculo piloso.

Espera-se, dessa forma, que o presente trabalho venha a contribuir com o
emprego da quimica nanotecnologica em beneficio de solugdes terapéuticas para as

ciéncias biomédicas.
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1.2 Introducio

O advento da nanotecnologia tem impulsionado o surgimento de inovagdes
terapéuticas contra doencas desafiadoras. Estratégias envolvendo a aplicagao de
nanoparticulas multifuncionais t€ém se mostrado promissoras no combate ao cancer,
possibilitando ancoragem de anticorpos, acidos nucleicos, vitaminas e carboidratos na
superficie de nanocarreadores (GREWAL et al., 2021).

Uma variedade de medicamentos baseados em nanoparticulas, como
doxorrubicina lipossomal (Doxil®) e nanocompoésitos de albumina (Abraxane®), ja tém
sido adotados em uso clinico, enquanto outras centenas de candidatos continuam sendo
avaliados pela Food and Drug Administration (FDA) (GAO et al., 2021). Como
exemplo, grafeno e seus Oxidos tém sido investigados no combate ao cancer como
carreadores de varios tipos de farmacos, anticorpos, proteinas, DNA ¢ RNA (JAIN et
al., 2021). O uso de nanoparticulas de ouro (AuNPs) tem possibilitado o
desenvolvimento de varias plataformas nanométricas para a entrega de radioisdtopos
clinicamente relevantes para terapia e diagnostico de cancer (SILVA; CAMPELLO;
PAULO, 2021). Nanoparticulas de silica mesoporosa (MSNs) tém atuado como
plataformas de carreamento de farmacos melhorando a estabilidade, eficiéncia na
administracdo de doses e liberacdo dos bioativos (MOODLEY; SINGH, 2021).

Nesse sentido, formulagdes terandsticas exploram a atuagdo simultinea de
procedimentos diagnosticos e terapéuticos (WANG et al.,, 2019), desempenhando
elevada eficiéncia em tratamentos anticancer. Uma Unica nanoplataforma pode servir
como agente de contraste em imagem de ressonancia magnética (MRI) e,
simultaneamente, entregar agentes quimioterapicos ao tecido alvo. Assim,
nanocompositos terandsticos ganham destaque por seu desempenho, ja que as pequenas
dimensdes permitem que eles penetrem barreiras bioldgicas e alcancem alta eficiéncia
terapéutica (HADADIAN et al., 2021; JT et al., 2021).

Nanoparticulas de 6xido de ferro, especialmente nanoparticulas de magnetita
(Fe304), ja sdo utilizadas na veiculagdo de farmacos de platina, em uma estratégia
teraputica na qual nanocarreadores de complexos de platina, ndo apenas reduzem
efeitos colaterais, ao inativarem temporariamente os farmacos durante o transporte no
sangue, mas também aumentam a absor¢do do tumor por carreamento direcionado do

farmaco (DUSZYNSKA et al., 2020; JIA et al., 2021).
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Especificamente, no campo dos nanocompdsitos magnéticos, nanoparticulas
de magnetita vém consolidando-se como promissoras candidatas para incorporagdo de
propriedades magnéticas em formulagdes terapéuticas, uma vez que essas
nanoparticulas ja sao seguramente empregadas em diversas formulagdes aprovadas pela
FDA para uso clinico em humanos de todos os niveis de fun¢do renal, tais como
Feraheme® (NDC 59338-775-10), Ferumoxytol® (NDC 0781-3154-01) e INFeD®
(NDC 0023-6082-10) (AJALLI et al., 2022; COLBERT et al., 2022; ESLAMI et al.,
2022).

Dessa forma, evidenciando-se um contexto global de intensa demanda por
materiais nanotecnoldgicos que promovam beneficios terapéuticos, o presente trabalho
busca contribuir para o desenvolvimento de um novo nanocompoésito magnético com
potencial para aplicagdes biomédicas voltadas ao carreamento magneticamente
vetorizado de farmacos. Na sintese desse inédito nanocompoésito, utilizou-se
hidroxietilamido como matriz polimérica precursora para encapsular, simultaneamente,
nanoparticulas de magnetita ¢ um bioativo hidrofilico com propriedades anticancer,
denominado de oncocalixona A, resultando em uma nanocépsula magnética de natureza
polimérica e morfologia “core-shell” para estratégias de drug delivery. Posteriormente,
também se avaliou qualitativa e quantitativamente o efeito da aplicacdo de um campo
magnético na penetracao de farmacos na pele quando carreados por nanocarreadores

magnéticos.
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1.3 Fundamentac¢io tedrica

1.3.1 Estratégias de carreamento de farmacos

Estudos relativos a aplicagdes da nanomedicina em tratamentos
quimioterdpicos sugerem que, normalmente, apenas cerca de 0,7% de doses
administradas por via intravenosa atingem especificamente o tumor, sugerindo que a
baixa eficiéncia de entrega de drogas ao tecido alvo ¢ um importante obstaculo a
atuacdo clinica da nanomedicina (JIANG et al., 2017). Dessa forma, grande parte da
medicacdo aplicada em um paciente se dispersa por diferentes regides do organismo,
possibilitando o surgimento de multiplos efeitos colaterais. Para superar ou minimizar
esses obstaculos, diversas estratégias vém sendo constantemente desenvolvidas com os
avangos nanotecnoldgicos na producdo de biomateriais a base de polissacarideos
(MENG et al., 2022).

Uma grande variedade de plataformas, como microesferas de quitosana
carregadas com docetaxel (KANOJIA et al, 2020; WANG; XU; ZHOU, 2014),
nanoparticulas lipidicas sélidas carregadas com quinonas (DE ALMEIDA et al., 2017;
DE MOURA et al.,, 2020), micelas e dendrimeros carregados com cianinas e
antocianinas (LI et al., 2021), lipossomas (SHUKLA; GUPTA, 2020), bem como
nanocapsulas poliméricas (DA SILVA et al., 2020; DOS SANTOS et al., 2020) vém
sendo desenvolvidas para uma otimizacao no carreamento e entrega mais eficiente de
farmacos, possibilitando uma atuagdo mais concentrada do principio ativo no tecido
alvo.

Lipossomas, vesiculas constituidas por uma bicamada lipofilica e um nucleo
hidrofilico, oferecem aplicacdo como veiculo de transporte para agentes hidrofilicos e
lipofilicos, aumentando significativamente a eficidcia de entrega e a seguranca de
agentes quimioterapicos em comparacdo com suas formulagdes livres (ndo
lipossomais). Em recentes casos clinicos, a doxorrubicina (DOX) tem sido o agente
quimioterapico mais explorado para avaliacdo de diferentes aplicagdes lipossomais,
demonstrando excelentes resultados nos estagios cancerigenos mais avangados, em que
a remoc¢ao cirargica nao ¢ mais uma opg¢ao viavel (CHENG et al., 2022; MAKWANA et
al., 2021; SOLEIMANI et al., 2022).

Nanoemulsdes tém demonstrado elevada eficiéncia na protecdo oxidativa,

veiculacdo e entrega de farmacos como Clorambucil e TOCOSOL™, potencializando
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sua biodisponibilidade e aprimorando resultados contra carcinomas de mama e de
ovario (SINGH et al., 2017). Uma vez que diversos farmacos extraidos da natureza
possuem natureza lipofilica, sistemas de administragdo de drogas em nanoemulsio
representam uma ferramenta promissora para melhorar a biodisponibilidade desses
compostos (KUMAR et al., 2019).

Nanocarreadores magnéticos especificos para veiculagdo de proteinas,
desenvolvidos a base de nanoparticulas magnéticas coordenadas a 6xido de grafeno e
quitosana, tem diminuido a instabilidade oxidativa e degradagdo no carreamento
proteico, contribuindo no combate a uma ampla variedade de doengas como cancer,
disturbios metabodlicos e doengas autoimunes (REBEKAH et al., 2021).

Dessa forma, evidencia-se, pelo exposto, a existéncia de uma crescente
busca por estratégias que visam o aperfeicoamento da entrega de bioativos a um tecido
alvo, contribuindo na obtencdo de melhores resultados terapéuticos. Nesse sentido,
novos conceitos de nanocompdsitos multifuncionais baseados em estruturas organicas
de morfologia “core-shell” vém sendo considerados como bastante promissores para o
desenvolvimento de novas plataformas carreadoras, buscando alta area de superficie,
alta capacidade de carregamento de farmacos e baixa toxicidade (KRASKOUSKI et al.,
2022; ZHAO et al., 2021).

1.3.2 Nanocdapsulas poliméricas de hidroxietilamido

O amido consiste em uma mistura de amilose [o(1,4)-D-glicopiranose]
linear, e amilopectina [a(1,4)-D-glicopiranose ramificada com a(1,6)-D-glicopiranose]
(KHAN; AHMAD, 2013), conforme ilustrado na Figura 1. A propor¢ao entre esses dois
polissacarideos varia de acordo com a origem botanica do amido. Normalmente, 20 a
35% de amilose ¢ encontrada no amido. Amidos “cerosos” podem conter menos de 15%
de amilose e amidos com alto teor de amilose podem ultrapassar 40% deste componente
(TESTER; KARKALAS; QI, 2004). Diversos estudos sugerem o desenvolvimento de
sistemas a base de amido para administragdo de farmacos antineoplasicos (TORLOPOV

etal., 2020; XU et al., 2018; ZHAO et al., 2017).
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Figura 1 - Representagdo estrutural dos componentes do amido (amilose e amilopectina

0‘2‘ 0
é//R)

Amilose Amilopectina

Fonte: Elaborada pelo autor.

O potencial para aplicagdes biomédicas do amido deve-se, principalmente, a
sua biocompatibilidade e biodegradabilidade. No entanto, especialmente no que se
refere a liberagdo prolongada de farmacos , o amido pode ndo ser uma opg¢ao
apropriada, ja que ¢ rapidamente biodegradado, podendo liberar o bioativo muito
rapidamente. Estrategicamente, supera-se essa limitagdo modificando sua estrutura para
alcancar melhores propriedades no seu emprego para liberacdo prolongada (KANG et
al., 2015; YU et al., 2021a). Hidroxietilamido (HES), por exemplo, ¢ mais hidrossolavel
do que o amido, exibe maior estabilidade a hidrélise e maior meia-vida quando in vivo
(PALEOS; SIDERATOU; TSIOURVAS, 2017).

HES ¢ um polimero derivado do amido em que grupos hidroxila das
posigdes C2 ou C6 sdo parcialmente funcionalizados por grupos hidroxietila, conforme
representado na Figura 2 (KANG et al., 2015; PEREIRA et al., 2020; VON ROTEN et
al., 2006). E comumente utilizado com seguranga em medicamentos para o tratamento
de choque hipovolémico e isquemia cerebral (BAIER et al., 2012). HES melhora a
microcirculagdao dentro do organismo, devido a regulagao da viscosidade do sangue. Seu
tempo de retencdo no plasma sanguineo, figado, pulmdes e bago ¢ significativamente
maior em comparag¢do com o amido. Seu tempo de eliminagdo renal também pode ser
prolongado com o aumento do grau de substitui¢do molar do grupo hidroxietila em sua
cadeia (BAIER et al., 2012). Depois de ser enzimaticamente hidrolisado no sangue pela
a-amilase para uma massa molecular (MM) menor que o limite de depuragao renal (~70
kDa), pode ser excretado pela urina (WANG et al., 2021). Cada diferente tipo de HES ¢
caracterizado pela sua massa molecular, grau de substituicdo (DS) e a propor¢do de

substituigdes entre os carbonos C2 e C6 (HITOSUGI et al., 2007; KANG et al., 2015).
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Substitui¢des na posicdo C3 podem ser raramente observadas (TORLOPOV et al.,
2020). Tais caracteristicas impactam diretamente em uma série de propriedades do
polimero, como solubilidade em dagua, estabilidade da solugdo, ¢ mais importante,
tempo da meia-vida in vivo (BESHEER et al., 2007).

Figura 2 - Representacdo estrutural do hidroxietilamido (cadeias de amilose e
amilopectina substituidas por grupos hidroxietil em posicdes C2 e C6)

Fonte: Elaborada pelo autor.

Aplicagdes biologicas do hidroxietilamido em carreamento de farmacos

incluem formacdao de micelas e vesiculas carregadas com doxorrubicina (DOX),
diciclohexil-carbodiimida e dimetilaminopiridina (YU et al., 2021a; ZHAO et al.,
2017). Nanocapsulas e hidrogéis baseados em HES também foram avaliados em
sistemas de carreamento de farmacos e proteinas (PALEOS; SIDERATOU;
TSIOURVAS, 2017). Nanocépsulas poliméricas a base de HES foram formadas a partir
de nanoemulsdes multiplas (Oleo/Agua/Oleo), com potencial para carreamento de

bioativos hidrofilicos e/ou lipofilicos (PEREIRA et al., 2020).

1.3.3 Nanoparticulas superparamagnéticas

SPIONs (do inglés superparamagnetic iron oxide nanoparticles) sao
particulas cristalinas em escala nanométrica, geralmente Oxidos de ferro como a
magnetita (Fe3O4) ou maguemita (Fe;O3) (LI et al, 2020), que podem ter suas
superficies modificadas para aquisicdo de estabilidade em meio aquoso, conforme
ilustrado a seguir na Figura 3. Nanoparticulas de magnetita constituem uma das opgdes
mais utilizadas para fins terapéuticos, possuindo sitios de coordenacio tetraédrica (Fe*)

e octaédrica (Fe’" ou Fe?") em sua estrutura cristalina. A funcionalizagio de superficie é

comumente realizada com acidos organicos ou polimeros hidrofilicos biocompativeis,
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como polietilenoglicol ou polissacarideos variados (RAMAZANOV; KARIMOVA;
SHIRINOVA, 2021).

Figura 3 - Representacdo de ferrofluido aquoso composto por nanoparticulas de
magnetita superparamagnéticas visualizadas por TEM
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Fonte: Elaborada pelo autor.

”

O acido citrico (CA) ¢ um ligante amplamente utilizado para modificar a
superficie de nanoparticulas de 6xido de ferro, onde os grupos COOH ou C—OH do CA
tornam o complexo solivel em dgua e estavel para aplicacdes bioldgicas. A molécula de
CA possui dois grupos COOH terminais, um grupo COOH central e um grupo C—OH,
que podem ser todos ativos no recobrimento de oOxidos de ferro por meio de

coordenagdes Fe—OH, conforme ilustrado a seguir na Figura 4 (ZHANG et al., 2019a).
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Figura 4 - Representagdo das interagdes envolvidas na funcionalizagdo da superficie das
nanoparticulas de magnetita (Fe3O4) por ions citrato (imagens fora de escala)

Fonte: Elaborada pelo autor.

Devido a sua morfologia, tamanho (geralmente por volta de 20 nm) e
caracteristicas de superficie, SPIONs também podem ser conjugados com farmacos e
anticorpos antitumorais, atuando a nivel celular e injetando particulas de forma
direcionada no tecido alvo, o que amplia significativamente suas aplicagdes medicinais
(DULINSKA-LITEWKA et al., 2019).

Em cancer 0sseo, por exemplo, as terapias mais modernas ainda encontram
grandes adversidades na administracao adequada de medicamentos anticancer ao 0sso,
porque as caracteristicas Unicas desse tecido reprimem a eficiéncia de penetracdo dos
agentes terapéuticos. O desenvolvimento de nanomateriais, incluindo SPIONS,
lipossomas e polimeros, atende a plataformas inteligentes e multifuncionais que sao
capazes de transportar agentes terap€uticos para as cé€lulas cancerosas alvo e gerar
imagens in vivo para diagnostico dsseo (PANG et al., 2021).

O glioblastoma multiforme (GBM) ¢ o mais comum e agressivo, além de ser
a variante mais maligna no espectro dos tumores cerebrais. Testes in vivo com
nanoparticulas poliméricas carregadas com SPIONs e doxorrubicina (DOX)
demonstraram um aumento da retengdo do farmaco no tumor, com uma diminui¢ao
significativa na sua taxa de crescimento (LUQUE-MICHEL; LEMAIRE; BLANCO-
PRIETO, 2021).

O superparamagnetismo ¢ uma propriedade comumente observada em

particulas de monodominio, caracterizando-se pela auséncia de histerese. Histereses sao
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curvas de magnetizagdo que representam o comportamento magnético de materiais de
varios dominios, como se pode observar na Figura 5, a seguir, pelas setas azuis (1 =2 2
2> 3 >4 > 5> 1). Observa-se a formagdo de uma histerese apds a magnetizagido de
saturacao (Ms) ser atingida e a intensidade do campo magnético (H) comegar a diminuir
(1 = 2). Uma vez que todos os dominios magnéticos da particula ndo retornam as suas
orientacdes originais, hd magnetizacdo remanescente, mesmo ja ndo havendo campo
magnético aplicado (2). A magnetiza¢ao remanescente pode ser removida (223) pela
aplicacdo de um campo magnético na dire¢do oposta ao campo original inicial, que ¢
definido como campo coercitivo (Hc). J& as nanoparticulas superparamagnéticas,
diferentemente dos materiais ferromagnéticos, possuem apenas um unico dominio
(monodominio), ndo exibindo um ciclo de histerese (0 = 1 > 0), ou seja, ndo
permanecendo magnetizadas quando o campo magnético ¢ removido (SANDLER;
FELLOWS; THOMPSON MEFFORD, 2019).

Figura 5 - Comparativo entre o comportamento ferromagnético (com histerese — setas
azuis) e superparamagnético (setas pretas)

Fonte: Elaborada pelo autor.

1.3.4 Hipertermia magnética

Terapias baseadas em hipertermia magnética utilizam-se do calor gerado por
SPIONs, sob ag¢do de um campo magnético em alternancia de sentido em alta
frequéncia, para aumentar a temperatura em areas especificas do tumor. Como células
saudaveis apresentam maior resisténcia ao calor, as células tumorais podem ser

seletivamente induzidas a apoptose em regides localizadas (entre 42 e 46 °C), sem
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danificar os tecidos saudaveis adjacentes, como ilustrado na Figura 6
(CASTELLANOS-RUBIO et al., 2020; PADYA et al., 2021; ZHANG et al., 2019c).

Figura 6 — Estudos sobre hipertermia magnética como estratégia terapéutica anticancer
' ' N 45°C

Fonte: (DHAR; SIRISHA MAGANTI, 2017).

Dessa forma, a hipertermia magnética representa uma eficaz linha terapéutica
anticancer, com efeitos colaterais minimos, projetando-se como uma alternativa para
quimio e radioterapia. Nanoparticulas de magnetita sao consideradas uma das melhores
escolhas para aplicagdes biomédicas devido a sua alta resposta magnética e sua boa
biocompatibilidade e biodegradabilidade. Formulacdes a base de magnetita ja foram
aprovadas para uso em humanos pela Food and Drug Administration (FDA) (PADYA
et al., 2021). Nesse contexto, nanocompoésitos magnéticos em forma de hidrogel tém
apresentado grande potencial para atuagdo simultdnea em quimioterapia e hipertermia
magnética de tumores soélidos, exibindo biocompatibilidade, perfil de liberagdo
prolongada e elevada magnetizagdo de saturacdo para vetorizacdo magnética de
bioativos (SOLEIMANI et al., 2021).

A teoria do relaxamento (ILG, 2019) ¢ a mais apropriada para explicar o
mecanismo de aquecimento de nanoparticulas de monodominio sob agdo de um campo
magnético externo. Quando um campo magnético ¢ aplicado, os momentos magnéticos
das nanoparticulas mudam de dire¢do, alinhando-se no sentido do campo. Quando o
campo magnético € posteriormente removido ou tem seu sentido alterado, os momentos
magnéticos voltam as suas posi¢des originais ou seguem a alteragdo, promovendo assim
o aquecimento local por meio dos mecanismo de relaxacdo de Néel e Browniano
(ZUVIN et al., 2019). Com base nesse modelo, o calor ¢ gerado pelas perdas de energia
dos processos de relaxamento de Néel e Browniano. O relaxamento de Néel

compreende a reversdo do dipolo magnético, enquanto o relaxamento Browniano resulta
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da rotacdo fisica das proprias nanoparticulas. Assim, o primeiro ¢ caracterizado pelo
tempo de retorno ao equilibrio magnético apés cessada a perturbacdo do campo, ao
passo que o relaxamento Browniano caracteriza-se pela viscosidade da rotacdo fisica
das nanoparticulas (LAURENT et al., 2011; YU et al., 2021Db).

Para se ter uma ideia dos avangos na aplicagdo dessa tecnologia nas terapias
medicinais, o primeiro ensaio clinico envolvendo hipertermia magnética foi realizado
em pacientes com carcinoma de prostata no renomado Charit¢é Hospital em Berlim,
Alemanha, em conjunto com a empresa MagForce® em 2006, em que a temperatura
intraprostatica maxima, a uma intensidade de campo de 4 a 5 kA.m™' foi de 48,5 °C. Em
2013, a MagForce® recebeu a aprovagdo da Agéncia Europeia de Medicamentos
(EMA) e do Instituto Federal Alemao de Farmacos e Dispositivos Médicos (BfArM)
para iniciar a utilizacdo da formulacdo NanoTherm® (ferrofluido magnético a base de
SPIONs) para o tratamento de glioblastoma. Mais recentemente, em 2018, a
MagForce® recebeu da FDA aprovagdo para iniciar um ensaio clinico com
NanoTherm® em pacientes com cancer de prostata nos Estados Unidos (ETEMADI,
PLIEGER, 2020).

Atualmente, a hipertermia magnética vem sendo empregada no tratamento de
numerosos casos de cancer, como prostata, Utero, pulmio e pescogco (FARZIN et al.,

2020).

1.3.5 Magnetoforese

Magnetoforese refere-se ao movimento de particulas em um meio liquido, em
uma direcao especifica, originada pela acdo de um campo magnético. A suscetibilidade
magnética das particulas, bem como do meio circundante, sdo parametros importantes
que afetam a magnetoforese, em que uma das grandes vantagens ¢ a ndo necessidade de
contato fisico direto entre as particulas e a fonte geradora de campo magnético. Assim,
imas podem gerar campos magnéticos que penetram por uma variedade de materiais,
incluindo tecidos organicos, para promover manipulacao indireta de particulas (SU et
al., 2021).

O direcionamento magnético de drogas ¢ uma tecnologia promissora para o
aperfeigoamento de terapias de cancer através do direcionamento e acumulo de SPIONs
carregando farmacos para um tecido alvo, pela aplicagao de um campo magnético capaz
de gerar uma forca de atracdo. Assim, conforme ilustrado na Figura 7, o campo

magnético representa potencialmente uma estratégia para exercer uma forga atrativa
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sobre os SPIONSs, concentrando-os no local alvo onde as drogas poderiam ser liberadas

(LINDEMANN et al., 2021).

Figura 7 - Representacao de direcionamento magnético de carreadores de farmacos pela

aplicagdo de um campo magnético

Vetorizagao
magnética

Fonte: Elaborada pelo autor.

Entretanto, ressalta-se que a entrega de drogas a um tecido alvo

frequentemente envolve a transposicdo de barreiras biologicas, onde o grau de

impedimento ao fluxo de movimento dessas drogas, bem como as abordagens para

supera-lo, dependem do tecido, da droga, e de muitos outros fatores envolvidos nos

complexos ambientes metabdlicos. Nesse contexto, a magnetoforese tém sido avaliada

como uma op¢ao em potencial para a vetorizacdo magnética de drogas no sentido de

aumentar o poder de transposicao dessas moléculas frente a barreiras biologicas (YANG

et al., 2017). Nesse sentido, estudos in vivo demonstraram maiores concentragdes de

DOX em tumores de camundongos que tiveram o carreamento desse farmaco induzido

pela aplicagdo de um campo magnético (Figura 8), levando a interrupcao do

crescimento e redug¢do tumoral mais acentuada, em comparacdo ao grupo controle que

teve o carreamento passivo (NIGAM; BAHADUR, 2018).
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Figura 8 — Estudos sobre magnetoforese como um método fisico de direcionamento de
farmacos

Fonte: adaptada de (NIGAM; BAHADUR, 2018).

Na magnetoforese, a mobilidade de microparticulas, em relagdo ao meio a sua
volta, pode se dar de duas formas, em dois sentidos opostos. A primeira ¢ a
magnetoforese positiva, que promove um movimento de atragdo das microparticulas
pela fonte geradora de campo magnético (ilustrado anteriormente pelas Figuras 7 € 8). A
magnetoforese positiva envolve microparticulas magnéticas (paramagnéticas ou
SPIONs) suspensas em um fluido diamagnético (ou seja, um fluido ndo magnético)
circundante (Figura 9a). A segunda possibilidade ¢ a chamada magnetoforese negativa,
que, ao contrario, gera um movimento de repulsdao das microparticulas, envolvendo
microparticulas diamagnéticas suspensas em um meio paramagnético circundante
(Figura 9b) (ALNAIMAT et al., 2018).

Dessa forma, no caso de aplicagdes sist€émicas, em que o nanocarreador ja se
encontra disperso na corrente sanguinea, por exemplo, a magnetoforese positiva
representaria uma possibilidade de atragdo dos nanocarreadores para o local de
interesse, pela aplicacdo de um campo magnético externo (ilustrado anteriormente pela
Figura 8). Diferentemente, no caso de aplicagdes toOpicas, em que o nanocarreador se
encontra na superficie da pele, por exemplo, a magnetoforese negativa representaria

uma possibilidade de repulsdo dos nanocarreadores no fluxo de penetragao da pele.



30

Figura 9 — Representacao esquematica de magnetoforese positiva (a) e negativa (b)

Fonte geradora de campo magnético (imas)
R A
QO9
\JJ\J vovov
ATRACAO REPULSAO
Magnetoforese Magnetoforese
positiva negativa

. % Microparticula
paramagnética [ Meio paramagnético ]
() Microparticula [ Meio diamagnético |
diamagnética

Fonte: Elaborada pelo autor.

Considerando que a forca ¢ uma grandeza vetorial, o significado fisico de seu

sinal (positivo ou negativo) esta relacionado com o sentido de aplicacdo dessa forga.
Assim, a forca promovida pela magnetoforese pode ser positiva ou negativa dependendo

da relacdo entre a suscetibilidade da particula e do meio circundante, de acordo com a

Equagdo 1, a seguir, em que a for¢a da magnetoforese sera positiva quando Xp for maior
que Xf, caso em que a particula sera atraida para os maximos do campo magnético. Do

contrario, caso Xp seja menor que Xf, tem-se a situacdo de magnetoforese negativa

(ALNAIMAT et al., 2018).

Vo Xp—Xr)

E, = (B.V)B (Eq. 1)

Em que Fm ¢ a forca magnética, Vp € o volume da particula, Xp e Xf s@o as
susceptibilidades magnéticas da particula e do fluido circundante, respectivamente, B e
VB sio a densidade de fluxo magnético e seu gradiente e po = 4m.107

Tesla.metro/Ampere.

1.3.6 Oncocalixona A

O uso de plantas na medicina tradicional remonta a antiguidade e, ainda hoje,
constitui uma importante fonte de novos medicamentos € metabolitos para aplicagdes

farmacoldgicas e biotecnologicas (MENEZES et al., 2020). Nesse sentido, o prémio
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Nobel de medicina e fisiologia em 2015 foi concedido a William C. Campbell e Satoshi
Omura, pela descoberta de produtos naturais microbianos (ivermectina) que reduziram
radicalmente a incidéncia de oncocercose (cegueira dos rios) e filariose linfatica
(elefantiase) e a Youyou Tu, pela descoberta do produto natural vegetal artemisinina,
um farmaco que reduziu significativamente as taxas de mortalidade em pacientes
portadores de malaria (SHEN, 2015).

Auxemma Oncocalyx ¢ uma espécie de planta arborea, pertencente a familia
Boraginaceae, endémica da Caatinga no nordeste brasileiro, onde ¢ comumente
conhecida como “pau branco”. A casca do seu caule ¢ adstringente e usada
popularmente em tratamento de feridas (FERREIRA et al., 2004).

Oncocalixona A (onco-A) ¢ uma quinona obtida da Auxemma Oncocalyx
(Figura 10), tendo sido selecionada como bioativo hidrofilico para o desenvolvimento
deste trabalho devido as suas diversas propriedades farmacoldgicas, como atividade
antiplaquetdria,  leishmanicida, antimicrobiana, analgésica, anti-inflamatdria,
hipoglicémica e antioxidante (TAVARES et al., 2019; XAVIER-JUNIOR et al., 2019).
Além disso, onco-A apresenta atividade anticancer contra varias linhagens de células
tumorais humanas (sarcoma 180, leucemia HL-60, leucemia L1210, pulmao SW1573 e
pele CCD922) (PESSOA et al., 2000; XAVIER-JUNIOR et al., 2019). Assim, o
presente trabalho busca dar énfase e projecdes de aplicabilidade para esse bioativo
natural oriundo da flora nordestina brasileira, visto que o mesmo apresenta tais
atividades farmacologicas.

Figura 10 - Estrutura molecular da quinona oncocalixona A, extraida da espécie
Auxemma Oncocalyx

Oncocalixona-A

Auxemma oncocalyx

Fonte: adaptada de (CARVALHO, 2008).
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1.4 Objetivos

1.4.1 Geral

Sintetizar e caracterizar nanocompositos magnéticos a base de
hidroxietilamido e magnetita, para aplicagcdes em liberagao prolongada de oncocalixona

A, bem como em direcionamento magnético por magnetoforese.

1.4.2 Especificos

Sintetizar nanoparticulas de magnetita por coprecipitacdo quimica e
modificacdo de sua superficie por ions citrato (Fe3Os@citrato) para aquisicdo de
estabilidade hidrofilica na forma de ferrofluido magnético aquoso;

Caracterizar o hidroxietilamido utilizado como matriz polimérica quanto ao
tamanhao de cadeia e grau de substitui¢ao;

Examinar o tamanho de particula, perfil de distribuicdo, estabilidade coloidal
e morfologia das nanoparticulas (FesOs@citrato) e dos nanocompdsitos magnéticos,
bem como o perfil magnético de suas respectivas histereses;

Acompanhar a ocorréncia da reagdo quimica de polimerizagdo interfacial e
formag¢ao das nanocéapsulas poliméricas;

Avaliar a eficiéncia de encapsulamento de oncocalixona A, bem como o
perfil de liberagdo desse bioativo pelo nanocompdsito magnético;

Performar testes de citotoxicidade in vitro dos nanocompositos sintetizados
frente a linhagens celulares cancerigenas;

Analisar a toxicidade in vivo (biocompatibilidade) dos nanocompoésitos
contendo oncocalixona A;

Verificar o efeito da aplicagao de um campo magnético no direcionamento de
compostos para penetracdo do estrato corneo da pele, quando carreados por formulagdes
magnéticas;

Examinar o efeito da aplicacdo de um campo magnético no perfil de
penetracao de fluoresceina na pele, considerando a biodistribuicdo em unidades de pele
com presenca e auséncia de unidade pilossebacea;

Avaliar o efeito da magnetoforese negativa na penetragdo de adapaleno na

pele, considerando a presenca ou auséncia de unidade pilossebacea.
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2.1 Introducao

Recentes avangos nanotecnoldgicos tém fomentado o desenvolvimento de
nanocompositos magnéticos com aplicagdes biomédicas extremamente promissoras €
inovadoras, tais como o carreamento ¢ rastreamento de RNA interferente em vacinas
contra cancer de mama (WU et al., 2021).

Além disso, conforme abordado no capitulo anterior, crescentes esforcos vém
buscando a viabilizagdo de nanocompoésitos magnéticos que promovam sinergismos,
atuando, simultaneamente, em quimioterapia, terapia fotodinamica e terapia fototérmica
(CHENG et al., 2021), gerando assim melhores resultados terapéuticos.

Dessa forma, em um evidente contexto global de crescente demanda por novos
materiais nanotecnologicos, o foco deste trabalho concentra-se no desenvolvimento de
uma nanocapsula magnética a base de hidroxietilamido com potencial para
direcionamento magnético de compostos hidrofilicos, gerando perspectivas de maior
concentragdo de farmacos em um tecido alvo, por meio de vetorizacdo magnética e,
simultaneamente, possibilitando atuagdo terapéutica por liberacdo prolongada e
hipertermia magnética. Oncocalixona A foi o bioativo hidrofilico selecionado para o

desenvolvimento deste trabalho.
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2.2  Metodologia

2.2.1 Materiais

Hidroxietilamido (HES) [> 99%, massa molecular (MM) = 260 kDa, grau de
substitui¢do (DS) = 0,15], cloreto de ferro (II) tetra-hidratado (FeCl..4H2O, > 99,0%),
cloreto de ferro (III) hexa-hidratado (FeCl;.6H20, > 99,0%), citrato de sddio di-
hidratado [HOC(COONa)(CH>COONa), . 2H>O, > 99,0%], tolileno-2,4-diisocianato
(TDI, = 95,0%), dodecil sulfato de sodio (SDS, 99%), solu¢do salina tamponada com
fosfato (PBS, pH 7,4), nitrato de sdédio (NaNO3, 99%), brometo de potéassio (KBr, 99%),
oxido de deutério (99,9% D,0) foram adquiridos da Sigma-Aldrich® e utilizados como
recebidos. Hidréxido de amonio (NH4OH, 30%) e ciclo-hexano (99%) foram adquiridos
da Synth® e usados como recebidos. Poliricinoleato de poliglicerol (PGPR Grindsted®)
foi doado pela DuPont Danisco®. Agua destilada e ultrapura (sistema Milli-Q
Advantage A-10, Millipore®) foi utilizada neste trabalho. O bioativo oncocalixona A
foi extraido e isolado como um po6 vermelho escuro a partir do extrato de etanol do
caule de A. Oncocalyx, conforme previamente descrito (FERREIRA et al., 2008), e
gentilmente cedido pela Profa. Dra. Otilia Deusdénia Loiola Pessoa, coordenadora do

Laboratério de Analise Fitoquimica de Plantas Medicinais II (LAFIPLAM II) da UFC.

2.2.2 Sintese de nanoparticulas de magnetita com superficie modificada por ions

citrato (Fe30@citrato)

Nanoparticulas de magnetita funcionalizadas com ions citrato (Fe3O4(@citrato)
foram obtidas pelo método de coprecipitagdo quimica, adaptado de metodologias
previamente adotadas (DE ALMEIDA et al., 2017; DUSZYNSKA et al., 2020),
conforme ilustrado na Figura 11.

Assim, sob agitagdo constante, 9,2 g de cloreto de ferro (II) tetra-hidratado e 15
g de cloreto de ferro (III) hexa-hidratado foram dissolvidos em 250 mL de agua
deionizada a temperatura de 50 °C, durante 10 min. Posteriormente, foram adicionados
30 mL de NH4OH (12 mol/L), formando um precipitado escuro (Fe3O4). Em seguida,
20 mL de solugdo aquosa contendo 5 g de citrato de sédio foram adicionados. Essa
mistura foi aquecida a 80 °C durante 1 h. Com auxilio de um iman, foi efetuada uma
separacao magnética de Fe3Oas@citrato, seguido da retirada do sobrenadante e da
redispersao do solido em solucdo acetona/dgua (2:1 v/v). Esse procedimento foi

repetido trés vezes para eliminar o excesso de citrato de sddio e amdnia. Finalmente, as
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nanoparticulas de Fe3Os@citrato foram submetidas a secagem em dessecador e
posteriormente redispersadas no menor volume possivel de 4gua deionizada.
Centrifugou-se essa solucao final para retirada de quaisquer nanoparticulas precipitadas,
armazenando-se o sobrenadante, na forma de ferrofluido (Figura 11), a temperatura
ambiente. As nanoparticulas de magnetita foram analisadas quanto a sua estabilidade
coloidal, morfologia, distribuicdo de tamanho, estrutura cristalina e propriedades
magnéticas.

Figura 11 - Esquema representativo das etapas de sintese de nanoparticulas magnéticas
de Fe3Os(@citrato na forma de ferrofluido aquoso
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Fonte: Elaborada pelo autor.

2.2.3 Sintese de nanocdpsulas magnéticas a base de hidroxietilamido (HES)

carregadas com oncocalixona A

As nanocépsulas de HES foram sintetizadas em um sistema de miniemulsao
inversa (agua em o6leo), com adaptagdes realizadas a partir de metodologias prévias
(KANG et al., 2015), conforme ilustrado na Figura 12. Assim, a fase organica (FO) foi
preparada dissolvendo-se 50 mg de PGPR (surfactante hidrofoébico) em 14,5 g de ciclo-
hexano. A fase organica foi homogeneizada em banho de ultrassom por 5 min e
separada em trés por¢des distintas (FO1=7,5 g; FO2=5,0 ge FO3 =2 g). A fase aquosa
foi preparada pela dissolucdo, em 4mL de dgua deionizada, de 100 mg de HES, 2 mg de
oncocalixona A e 30 uL (2,7 mg) de FesO4@citrato. A fase aquosa foi gotejada sobre a
FO; a 500 rpm, seguido por emulsificacdo em ultrassom de sonda a 70% de amplitude

por 3 min em regime de pulsos (Branson Sonifier W-450-Digital com ponta de 'z ).
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Na emulsdo resultante deste processo foi gotejada a FO» e repetido o procedimento de
ultrassom. Em seguida, 50 mg de TDI (agente reticulante) foram adicionados a FOs, e
gotejados a emulsdo final. Esse sistema, entdo, foi mantido sob agitacdo mecanica de
500 rpm por 24 horas a temperatura ambiente. Apos esse periodo, ocorrida a reacdo de
poliadi¢do interfacial, a dispersdo de nanocapsulas em ciclo-hexano foi centrifugada a
3000 rpm por 10 min, descartando-se o sobrenadante a fim de se remover o excesso de
PGPR e TDI. Esse procedimento foi repetido por 3 vezes e o precipitado final de
nanocapsulas foi redispersado em 20 mL de ciclo-hexano. Posteriormente, em banho de
sonica¢do (Bandelin Sonorex, tipo RK 52H), 1 mL da dispersdo de nanocapsulas em
ciclo-hexano foi gotejada em SmL de solugdo aquosa de surfactante hidrofilico SDS
(0,1% m/m) sob agitacdo de 500 rpm. Essa agitacdo foi mantida por 24 horas a
temperatura ambiente para permitir a evaporagao do ciclo-hexano, resultando em uma
formulagdo aquosa do nanocomposito magnético.

Figura 12 - Esquema representativo das etapas de sintese do nanocompoésito magnético
de HES e magnetita, carreado com oncocalixona A
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Fonte: Elaborada pelo autor.

As nanocapsulas magnéticas foram analisadas quanto a sua estabilidade
coloidal, morfologia, distribuicdo de tamanho, composi¢do quimica, perfil de liberagao
de onco-A, propriedades magnéticas, atividade citotdxica (in vitro) e toxicidade aguda

(in vivo).
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2.2.4 Estudos de liberacdo de oncocalixona A

O perfil de liberacdo de onco-A das nanocéapsulas foi avaliado através da
utilizacao de células verticais de difusdo de Franz, adaptadas de protocolos anteriores
(MARTO et al., 2018). Uma membrana de dialise (4rea de permeagio: 1,75 cm?) com
massa molecular de corte (cutoff) de cerca de 12 kDa foi fixada entre o compartimento
receptor e doador. 2 mL de amostra foram adicionados ao compartimento doador. O
compartimento receptor foi preparado com 14 mL de solucdo tamponada (tampao
fosfato, pH = 7,4). O ensaio de liberagao foi realizado, de forma independente para as
nanocépsulas e para onco-A livre, na mesma solu¢do tamponada. As amostras retiradas
do compartimento receptor foram analisadas por espectroscopia UV-Vis. Os estudos de
liberacdo foram desenvolvidos em dois experimentos independentes realizados em
triplicata. A absorbancia foi interpolada em curva de calibra¢dao previamente construida,
respeitando-se as mesmas condi¢des de andlise (Absorbancia = 0,02775 [onco-A] -
0,00134; com R? = 0,9992). Os espectros eletronicos de UV-vis foram obtidos usando

um espectrofotdmetro Hewlett-Packard, modelo 8453 Diode-Array.

2.2.5 Eficiéncia de encapsulacgdo de onco-A

A avaliacdo da eficiéncia de encapsulagdo de bioativos foi realizada baseando-
se em metodologias previamente publicadas (DA SILVA et al., 2020; DOS SANTOS et
al., 2020). A formulagdo final de nanocapsulas foi centrifugada a 9000 rpm por 10 min,
usando um filtro de ultracentrifugacdo de tamanho de poro de 3 kDa para separar as
nanocédpsulas magnéticas da onco-A livre em solucdo. Em seguida, em ensaios
independentes realizados em triplicata, o filtrado aquoso nao magnético foi analisado
por espectroscopia UV-Vis. Assim, a eficiéncia de encapsulagdo de onco-A foi
determinada pela diferenca entre a quantidade inicial de bioativo adicionado para a
sintese da formulagdo de nanocapsulas e a quantidade livre, observada apds o processo
de filtragao na fragdo ndo magnética, conforme representado pela Eq.1:

EE(%) = [[(M(total) — M(onco livre)]/M(total)] x 100  (Eq.1)

Onde M (total) representa a concentragdo total de onco-A adicionada a
formulagdo de nanocapsulas e M (onco livre) representa a fracdo ndo encapsulada de

onco-A obtida na fragao filtrada e ndo magnética.
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2.2.6 Citotoxicidade in vitro (determinacdo de 1C50)

A atividade citotoxica do nanocompoésito foi avaliada (in vitro) pela
determinagdo da concentracao inibitéria ICso em 72h (concentragdo capaz de inibir 50%
do crescimento celular) contra quatro linhagens de células tumorais humanas:
glioblastoma SNB-19, carcinoma de célon HCT-116, préstata PC3 e leucemia HL-60,
fornecidas pelo National Cancer Institute (Bethesda, MD, EUA).

Todas as linhagens de células tumorais foram mantidas em meio RPMI 1640
suplementado com 10% de soro fetal bovino, 2 mM de L-glutamina, 100 U.mL™! de
penicilina e 100 ug.mL™! de estreptomicina, a 37 °C com 5% de CO». Para os ensaios de
MTT, as células foram plaqueadas em placas de 96 pocos (0,1 x 10° células/poco para
as linhagens PC3 e SNB-19; 0,3 x 10 células/pogo para HL-60; e 0,7 x 10° células/pogo
para HCT-116). Oncocalyxone A (bioativo livre e nanoencapsulado) foi testada em
concentragdes crescentes (maior concentragdo de 50 pg.mL! para bioativo livre ou 12
ug.mL! para todos os sistemas). A concentra¢io final de dimetilsulféxido (DMSO) no
meio de cultura foi sempre mantida abaixo de 0,1% v/v.

A viabilidade celular foi determinada pelo ensaio MTT, no qual o corante
amarelo 3- (4,5-dimetil-2-tiazol) -2,5-difenil-2H-tetrazolio brometo (MTT) ¢ reduzido a
um produto de formazan azul por células metabolicamente ativas (MOSMANN, 1983).
Ap6s incubagdo (72h a 37°C / 5% COy), as placas foram centrifugadas e o sobrenadante
foi substituido por meio fresco (100 uL) contendo 0,5 mg.mL! de MTT. Trés horas
depois, as placas foram centrifugadas e o produto MTT formazan foi dissolvido em 100
uL de DMSO. A absorbancia foi medida em um leitor multiplaca (DTX 880 Multimode
Detector, Beckman Coulter, Inc. Fullerton, Califérnia, EUA) a 525 nm. As absorbancias
obtidas foram utilizadas para calcular os valores de IC50 de cada amostra por regressao
nao linear, utilizando o programa GraphPad Prism® 8.0. Todos os tratamentos foram

realizados em triplicata em pelo menos quatro experimentos independentes.

2.2.7 Toxicidade aguda e atividade locomotora in vivo

Todos os procedimentos experimentais in vivo com zebrafish (Danio rerio)
foram aprovados pelo Comité de Etica em Uso de Animais da Universidade Federal do
Ceara (CEUA n° 5639090320).

Zebrafish com idade de 60 a 90 dias para ambos os sexos (fenotipo de

nadadeira curta), com tamanhos de 3,5 a 1,5 cm e pesando de 0,3 a 0,5 g foram
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adquiridos da Agroquimica Comércio de Produtos Veterinarios LTDA (Fortaleza,
Cear4d, Brasil). Os peixes foram aclimatados por 24 h a 25 °C em aquarios de vidro com
pH = 7,0 contendo agua desclorada (ProtecPlus®) e bombas de ar com filtros
submersos, sob ciclo circadiano de 14:10 h (claro/escuro). Os peixes receberam ragao
ad libitum 24 h antes dos experimentos. Apds os experimentos, os animais foram
sacrificados por imersdo em agua gelada (4 °C) por 10 min até a perda dos movimentos
operculares (SILVA et al., 2020). O estudo de toxicidade aguda (96 h) foi realizado de
acordo com as metodologias propostas por (HUANG et al., 2014). O teste de campo
aberto (AHMAD; RICHARDSON, 2013), foi realizado para avaliar a coordenagdo
motora dos animais. Apds 1 hora dos tratamentos orais, os animais foram transferidos
para placas de Petri marcadas com quatro quadrantes, contendo a mesma agua do
aquario. A atividade locomotora foi analisada pela contagem do nimero de cruzamentos
de linha (LC) por 5 min, utilizando o valor LC do grupo Naive como referéncia (100%).
Os resultados biologicos sdo expressos como a média + erro padrdo para cada grupo
testado. Apo6s a confirmagao da distribuigdo normal ¢ homogeneidade dos dados, as
diferencas entre os grupos foram submetidas a analise de variancia (one-way ANOVA),
seguida do teste de Tukey. Todas as andlises foram realizadas usando GraphPad Prism

v. 8.0. O nivel de significancia estatistica foi estabelecido em 5% (P < 0,05).

2.2.8 Procedimentos de caracterizacdo

2.2.8.1 Difragado de raio-X

A difracdo de raio-X foi realizada para avaliar as fases cristalinas das
nanoparticulas de magnetita sintetizadas (SPIONs). Os padrdes de raios-X foram
coletados em um difratobmetro Bruker D2 Phaser. O software de medi¢ao foi operado a
30 kV e 10 mA com geometria de reflexdo Bragg-Brentano com radiacdo CoKa (1 =

1,7880 A), usando uma faixa de 26 de 10° a 90° em uma taxa de varredura de 2° min'.

2.2.8.2 Ressondncia magnética nuclear (NMR)

O grau de substitui¢do (DS) do HES (Eq.2) foi avaliado por '*C-RMN (CHEN
et al., 2020; CUENCA; FERRERO; ALBANI, 2020). Para o experimento de '*C-RMN,
30 mg de HES foram dissolvidos em 600 uL. de DO e registrados em um Avance DPX
de 500 MHz (Bruker) com um total de 16.000 transientes. O espectro final foi

processado usando o software TopSpin 3.6.2.

A(Xns)

DS = Xo+ Xe; Xn = AXns+ Xnus)

Eq.2
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Onde n ¢é o nimero do carbono; ns é o nimero do carbono substituido, nus ¢ o nimero

do carbono nao substituido e A representa a area de cada pico.

2.2.8.3 Cromatografia de permeagdo em gel (GPC)

A massa molecular do hidroxietilamido (HES) foi avaliada por Cromatografia
de Permeagdo em Gel (GPC). As amostras foram preparadas em agua deionizada,
solubilizadas por 24h na concentracdo de 0,2 % (m/m) e filtradas em membrana
Millipore® de 0,45 um. O volume injetado de amostra foi de 20 pL, eluida a 40 °C por
uma fase movel de NaNO; 0,1 M a uma taxa de fluxo de 1,0 mL.min"' em coluna
Ultrahydrogel (7,8 x 300 mm - PolySep-GFC-P Linear) em um equipamento
SHIMADZU LC- 10AD com detector de indice de refragdo RID-10A. A massa
molecular média (MM) foi obtida a partir da equagdo log (MM) = -0,96Ve + 13,49; 1? =
0,9987.
2.2.8.4 Espectroscopia vibracional na regido do infravermelho (FTIR)

Os espectros de FTIR foram obtidos em um espectrofotometro Shimadzu
IRTracer-100, com amplitude de varredura de 400 a 4000 cm!. As amostras foram
dispersas em pastilhas de brometo de potassio (KBr) e os espectros foram capturados

em temperatura ambiente pela média de 64 varreduras.

2.2.8.5 Microscopia eletronica de transmissdo (TEM)

Todas as medicdes de TEM foram realizadas em um equipamento Hitachi
HT7700 TEM no Laboratério de Microscopia do Centro para el Desarrollo de la
Nanociencia y la Nanotecnologia (CEDENNA) na Universidade de Santiago do Chile,
operando a uma tensao de aceleracdo de 120 keV. As amostras foram depositadas em
um suporte de amostra de grade de cobre revestido de carbono (Formvar Carbon F/C
200Cu). O histograma de distribui¢do de tamanho de particulas foi gerado pela medigao

de 200 particulas escolhidas aleatoriamente, utilizando o software Imagel.

2.2.8.6 Magnetometria de amostra vibrante (VSM)

As histereses magnéticas foram obtidas no Laboratério de Magnetismo da
Universidade de Santiago, utilizando um magnetdmetro de amostra vibrante caseiro a
300 K. O equipamento foi calibrado utilizando um material de referéncia padrao
(Yttrium Iron Garnet Sphere) do Instituto Nacional de Padrdes e Tecnologia (NIST).
Ap6s a calibracdo, quando todas as amostras estdo centralizadas na posi¢do correta, a

repetibilidade ¢ semelhante a equipamentos comerciais (melhor que 2%), a
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sensibilidade é 1E emu, a frequéncia de oscilagdo ¢ 37 Hz ¢ a amplitude é 2 mm para
tal equipamento. Para todas as medi¢des, 0 momento magnético obtido para cada campo

aplicado foi normalizado pela massa da amostra.

2.2.8.7 Espalhamento dindmico de luz (DLS)

Distribui¢ao de tamanho hidrodindmico de particula, medi¢des de indice de
polidispersividade (PDI) e Potencial Zeta foram realizadas utilizando-se um Zetasizer
Nano ZS, modelo ZEN 3600, Malvern Instruments, Reino Unido, equipado com
tecnologia de espalhamento dindmico de luz (DLS). As medidas de DLS foram
realizadas a 25 °C e em um angulo fixo de 90°. Todas as amostras foram dispersas em
solucao SDS a Img / mL em agua deionizada.
2.2.8.8 Analise Termogravimétrica (TGA)

A anélise termogravimétrica (TGA) foi conduzida em equipamento de andlise
termogravimétrica/térmica diferencial modelo DTG — 60H Shimadzu®, em fluxo de ar
sintético (40 mL.min"!) a taxa de aquecimento constante de 10 °C.min!, até a

temperatura maxima de 800 °C, utilizando cadinho de alumina como porta amostra.

2.3 Resultados e discussao

2.3.1 Obtencgdio dos SPIONs (Fes30@citrato)

A fim de se confirmar a identidade estrutural das nanoparticulas de
Fe3O4(@citrato, sintetizadas pelo método de coprecipitagcdo, procedeu-se com avaliagdes
por difragao de raios-X (Figura 13). As nanoparticulas de magnetita foram sintetizadas
com e sem superficie modificada por ions citrato, procedendo-se com a andlise de
ambas para fins de comparagdo. Sinais de XRD com picos agudos foram exibidos,
indicando uma alta cristalinidade para as amostras de magnetita obtidas. Os picos foram
comparados com padrdes comerciais, sendo observados em (111), (220), (311), (400),
(422), (511) e (440), que podem ser atribuidos aos planos cristalinos de uma estrutura
cubica do tipo espinélio inverso (ICSD numero 065339) (HRDINA et al., 2010; LI et
al., 2017; PAREDES-GARCIA et al., 2013). Observou-se ainda, conforme abordado na
Figura 13, que a funcionalizacdo de ions citrato na superficie das nanoparticulas de
magnetita ndo promoveu alteragdes da natureza cristalina do composto, indicando a
preservagdo de suas propriedades magnéticas originais (LATHA et al.,, 2021;

MOSIVAND, 2021). Além disso, ¢ possivel constatar que ndo foram observados picos
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adicionais, revelando a auséncia de fases secunddrias relacionadas a presenca de
impurezas ou processos de oxidacgao relativamente comuns em nanoparticulas de 6xido
de ferro, indicando, dessa forma, boa eficiéncia do método de coprecipitagcdo utilizado
para a sintese de SPIONS.

Figura 13 - Padroes de difragdo de raios-X das nanoparticulas de Fe3;O4 e Fe;Os@citrato
sintetizadas pelo método de coprecipitagao
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Fonte: Elaborada pelo autor.

O ion citrato ¢ um ligante amplamente utilizado para modificar a superficie de

nanoparticulas de 6xido de ferro, uma vez que os grupos COOH e OH do citrato tornam
o complexo mais hidrofilico e estavel quando as ligacdes Fe-OH sdo formadas na
funcionalizagio de revestimento das nanoparticulas (DUSZYNSKA et al., 2020).

Os ensaios de FTIR mostrados na Figura 14, revelaram uma pequena banda em
1270 cm™!, associado a vibragdes C—OH do ion citrato niio coordenado (Figura 14, linha
verde), que desapareceu quando o citrato foi coordenado nas nanoparticulas de 6xido de
ferro (Figura 14, linha azul) (ZHANG et al., 2019b). Conforme esperado para
magnetitas, vibragdes de estiramento dos sitios tetraédricos de Fe—O foram identificadas
em 580 cm ! (HRDINA et al., 2010; SLAVOV et al., 2010). Os grupos OH do citrato
que recobriram as nanoparticulas de magnetita (Figura 14, linha azul) puderam ser
observados em torno de 3400 cm ' (BARRETO et al., 2013; ZHAO et al., 2019).

Além disso, ions citrato apresentam uma banda intensa em 1590 cm™! (Figura
14, linha verde) que pode ser atribuida ao estiramento assimétrico de grupos COO, no
entanto, quando o citrato é funcionalizado na superficie das nanoparticulas de
magnetita, esse estiramento assimétrico de COO é representado em torno de 1620 cm™

(Figura 14, linha azul), o que explica o aumento da intensidade relativa desta banda para
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Fe3Os@citrato quando comparado com o Fe3Os ndo revestido (Figura 14, linha preta)
(DUSZYNSKA et al., 2020).

Finalmente, as vibragdes de estiramento CH do citrato sdo vistas em torno de
2900 cm™ (Figura 14, linha azul) que, aliado aos resultados obtidos pela difracio de
raios-X, sugerem que os fons citrato funcionalizaram com sucesso a superficie das
nanoparticulas de Fe;Os4 sem afetar estruturalmente essas nanoparticulas (HUI et al.,
2008).

Figura 14 - Medigdes espectroscopicas de FTIR para: a) Fe3Os (linha preta),
Fe3Os@citrato (linha azul) e citrato de sodio (linha verde)

Fe304 \ = i

Fe304@(§?itra te

: 2900(CH)

3400(-OH)

1620(C0O0):

' Transmitancia (%)

 1580(Fe-0)

Fer AT
i

4000 I 35I00 | 3()'00 ‘ 2Sl00 I 20100 I 15I00 ' 10I00 I Sll]l]
Numero de onda (cm™)

Fonte: Elaborada pelo autor.
A avaliagdo morfolégica e de distribuicdo de tamanho de particulas foi
realizada por Microscopia Eletronica de Transmissdo (TEM). As nanoparticulas de
Fe304 e FesOs@citrato mostraram uma distribuicdo de tamanho de particulas que
predominou entre 12 e 10 nm, conforme abordado nas Figuras 15a e 15b,
respectivamente. Sugere-se ainda que a modificagdo da superficie pelo recobrimento
com fons citrato (FesOs(@citrato) evita pequenas agregacdes do nanomaterial. Em
ambos os casos, foi possivel observar um perfil morfolégico relativamente esférico e
uma distribuicdo polidispersa de tamanho de particula (BARRETO et al., 2013).
Salienta-se ainda que cada histograma de distribui¢do de tamanho de particulas foi

gerado pela medicdo de pelo menos 200 particulas escolhidas aleatoriamente em
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diferentes imagens obtidas da mesma amostra, conforme ilustrado na Figura 16,
utilizando-se o software ImageJ.

Figura 15 - Imagens de TEM com histogramas de distribuicao de tamanho de particula
para: a) Fe;O4 ndo revestido e b) FesOs@citrato
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Fonte: Elaborada pelo autor.

Figura 16 - Microscopia Eletronica de Transmissdo de nanoparticulas de magnetita
funcionalizadas com citrato

Fonte: Elaborada pelo autor.
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2.3.2 Obtencgdio do nanocompdsito magnético

No que se refere a sintese das nanocapsulas poliméricas de hidroxietilamido,
salienta-se que, visando maior estabilidade em meio aquoso, apenas as nanoparticulas
de magnetita funcionalizadas com ions citrato (Fe3Os@citrato) foram utilizadas para a
incorporacao de carater magnético ao nanocomposito.

A técnica denominada de sintese em miniemulsdo inversa (goticulas de agua
dispersas em um meio organico) possibilita a formacao de nanocapsulas poliméricas de
estrutura “core-shell” por meio de uma reacao de poliadicdo na interface das goticulas
(FICHTER et al., 2013; TAHERI et al., 2014; WANG et al., 2021). Nesta reagdo
interfacial, os grupos OH estericamente mais disponiveis do hidroxietilamido
(solubilizado no nucleo aquoso das gotas) reagem com grupos NCO de um agente
reticulante (TDI) previamente solubilizado no meio organico em que as gotas estdo
dispersas (face externa das gotas). Assim, conforme ilustrado na Figura 17, as gotas da
miniemulsdo atuam como nanoreatores para a reacdo quimica de formacdo das
nanocapsulas poliméricas e, dessa forma, a sintese do nanocomposito magnético
permitiu o encapsulamento simultaneo das nanoparticulas de magnetita e do bioativo
onco-A, representado na Figura 18.

Figura 17 - Representacdo do processo de formagdo das nanocépsulas poliméricas de
HES por meio de uma reagao interfacial em miniemulsdo inversa
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Fonte: Elaborada pelo autor.
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Figura 18 — Representacdo ilustrativa da formacdo do nanocomposito magnético
carregado com bioativo onco-A e SPIONs (imagens fora de escala)

Fonte: Elaborada pelo autor.

Esse processo de formagao das nanocapsulas foi avaliado por FTIR (Figura

19). A casca (shell) polimérica da nanocapsula foi gerada pela reagcdo quimica entre o
agente reticulante (TDI) e uma porc¢ao dos grupos OH do HES. Isso levou ao consumo
de parte dos grupos OH do HES que pode ser observado pela diminui¢do da intensidade
relativa da banda em torno de 3400 cm™ (Figura 19, linha cinza), que esta relacionada
ao modo vibracional de estiramento assimétrico de grupos OH (TORLOPOV et al.,
2020). Além disso, o aparecimento de bandas em 1740 cm' (estiramento C=O dos
grupos carbonila) e 1546 cm™!' (deformacio NH) sugere a formagdo de ligagdes de
uretano, principal grupo constituinte das nanocépsulas (DOS SANTOS et al., 2020;
STEINMACHER et al., 2017, ZHANG et al.,, 2017), ndo sendo observados nas
moléculas de HES antes da reacdo (Figura 19, linha preta). A banda intensa em 2.920
cm’! ¢ caracteristica de estiramento C-H (sp®) (TAHERI et al., 2014; ZHANG et al.,
2017). A banda em 2280 cm™ é atribuida aos grupos NCO do TDI (STEINMACHER et
al., 2017; TAHERI et al., 2014), podendo sugerir algum excesso de agente reticulante.
Virias bandas presentes na onco-A livre (Figura 19, linha résea), como bandas de
estiramento CH em torno de 2850 cm !, vibragdes de estiramento C=C ¢ C=0 em 1600

e 1230 cm™!, respectivamente (HADJ-HAMOU et al., 2014), também foram observadas



48

no nanocomposito magnético final (Figura 19, linha cinza), sugerindo a presenca de
onco-A no nanocomposito magnético sintetizado.

Figura 19 - Medicdes espectroscopicas de FTIR para: HES livre (linha preta),
nanocomposito magnético de HES carregado com onco-A (linha cinza) e onco-A livre
(linha rosea)
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Fonte: Elaborada pelo autor.

A massa molecular do HES utilizado na sintese das nanocapsulas foi avaliada
por GPC, resultando em um valor médio de 260 kDa (Figura 20) (KILICARISLAN
OZKAN; OZGUNAY; AKAT, 2019), enquanto o grau de substituicdo foi determinado
por 1)C-RMN, resultando em 0,15 de acordo com a Figura 21 e aplicagio da Eq.2
(CHEN et al., 2020; CUENCA; FERRERO; ALBANI, 2020). Portanto, a partir desses
resultados, concluiu-se que as caracteristicas estruturais do HES utilizado como matriz
polimérica neste trabalho assemelham-se as mesmas caracteristicas de formulagdes que
j& encontram amplo emprego para fins medicinais, tais como PENTASPAN®
(Pentastarch) que ¢ indicado para expansao do volume plasmatico em casos de

hemorragias e traumas diversos (GOI et al., 2015; RIOUX et al., 2009).
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Figura 20 - Cromatograma de Permeacdo em Gel para o hidroxietilamido
(HES)
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Fonte: Elaborada pelo autor.

Figura 21 - Espectro *C-NMR para hidroxietilamido em DO
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Para as nanocdpsulas magnéticas, obteve-se uma morfologia “core-shell” bem
definida em que os SPIONs (Fe3O4@citrato) puderam ser observados dentro do nucleo
como pontos mais escuros, € a nanocapsula como uma estrutura esférica carreadora.
Essas estruturas foram observadas em diferentes imagens de TEM, apresentando um
didmetro médio de 143 nm (Figura 22).

A morfologia “core-shell” observada condiz com a natureza do processo de
formacdo da nanocapsula (sintese em miniemulsdo inversa). Nesse processo, como a
reacdo de polimerizacdo ocorre na interface de goticulas nanométricas, obtidas por
ultrassom (KANG et al., 2015; SINGH et al., 2017), o agente reticulante (TDI) reage
com os grupos hidroxila do HES, gerando a casca polimérica da nanocapsula por
ligagdes de uretano no formato da propria gota, detalhado anteriormente na Figura 17
(DOS SANTOS et al., 2020; KANG et al., 2015).

Figura 22 - Imagens de TEM com histograma de distribui¢do de tamanho de particula
de nanocompositos carregados com onco-A e SPIONs (linha vermelha corresponde a
distribui¢do gaussiana)
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Fonte: Elaborada pelo autor.
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As nanocédpsulas também foram avaliadas em solugdo por espalhamento
dindmico de luz (DLS) (Figura 23), apresentando um didmetro hidrodindmico médio de
264 nm. Este diametro médio esta relacionado com as flutuacdes brownianas em
solucdo e o raio hidrodinamico (SOARES et al., 2020), sendo, portanto, esperado um
valor superior ao observado por TEM, onde as nanocapsulas foram medidas em
condi¢des de secagem completa (CHAMORRO RENGIFO et al., 2019; ZHANG et al.,
2019c). Em solugao, o indice de polidispersividade (PDI) e o potencial zeta, resultaram
em 0,307 e -37 mV, respectivamente, sugerindo uma amostra polidispersa e com alta
carga elétrica superficial, que contribui para minimizar o processo de agregacdo de
particulas em suspensao.

Figura 23 - Distribuicdo de didmetro hidrodinamico por DLS para os nanocompoésitos
magnéticos carreados com onco-A
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Fonte: Elaborada pelo autor.

As propriedades magnéticas observadas em nanoparticulas sdo altamente
influenciadas pelos seus tamanhos da particula e estruturas de dominio. Um Unico
dominio permite que essas nanoparticulas possam exibir um comportamento
denominado de superparamagnético (sem magnetizagdo remanescente apos a agao de
um campo magnético) (MOGHADAM ZIABARI et al., 2020), conforme foi observado
em loops de histerese obtidos por medigdes de VSM em temperatura ambiente (Figura
24). A superficie organica revestida nas nanoparticulas de magnetita agregou a elas uma
massa de grupos citrato, entretanto, ¢ possivel supor que essa massa ¢ relativamente
pequena, ja& que ndo levou a uma mudanga significativa nas histereses das

nanoparticulas magnéticas (Figura 24a). Os valores de magnetizacdo de saturacdo
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obtidos foram 58,98 e 56,21 emu/g para Fe;O4 e Fe3Os@citrato, respectivamente, que
corresponde com a faixa de valores (30 a 80 emu/g) relatados para poés de magnetita
sintética (NOVAL; CARRIAZO, 2019).

JA& no caso das nanocapsulas magnéticas, evidenciou-se um valor de
magnetizacdo muito menor (Figura 24b) quando comparado as amostras de magnetita.
Isso ¢ esperado devido a incorporagdo dos materiais organicos ndo magnéticos
formadores da nanocépsula, o que reduz a porcentagem de massa magnética na amostra,
enquanto aumenta a massa total (efeito denominado de dilui¢do de massa). Porém,
apesar da menor magnetizagdo de saturag@o obtida para as amostras de nanocompositos,
as nanocapsulas ainda mantiveram o carater magnético, respondendo a uma vetorizagao
magnética pela aplicagdo de um campo magnético externo (Figura 25).

Figura 24 - Histereses magnéticas a 300 K para a) Fe3O4 (linha preta) e FesOs@citrato
(linha azul); b) Nanocompdsito magnético carregado com onco-A (linha vermelha);
(Inserido nos painéis: vista ampliada da regido do pequeno campo de -400 a 400 Oe).
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Figura 25 - Visualizagdo macroscopica de a) nanoparticulas de Fe3Os@citrato na
presenca de um campo magnético externo; b) nanocapsulas magnéticas sem onco-A; c)
nanocdpsulas magnéticas sem onco-A sob um campo magnético externo; d)
nanocapsulas magnéticas com onco-A na presenga de um campo magnético externo.

Nanocompdsito
magnético com onco-A

iman

Fonte: Elaborada pelo autor.

2.3.3 Estudos de liberacdo

Para quantificacdo da liberagdo de bioativo do nanocomposito, medi¢des de
absorbancia do espectro eletronico da onco-A foram realizadas em diferentes
concentragdes conhecidas através de varreduras de absor¢do no comprimento de onda
UV-Vis (Figura 26a). Assim, construiu-se uma curva de calibragdao (Figura 26b) para
quantificagdo de onco-A em solugdo. De acordo com a Eq.l, a eficiéncia de
encapsulamento da onco-A foi EE = 92,43%. Portanto, essa elevada EE (%) sugere que
0 mecanismo sintético proposto de miniemulsdo inversa foi eficaz para o co-
encapsulamento de onco-A e nanoparticulas magnéticas em uma Unica nanoplataforma

de liberagao de farmacos.
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Figura 26 - a) Varreduras de absor¢do para onco-A em diferentes concentragdes em
PBS 0,1 mol.L! (pH = 7,4) a 310 K; b) curva de calibracdo para [onco-A] em 282nm;
c) perfil de liberagdo de onco-A das nanocépsulas, onco-A remanescente (ndo liberada)
e onco-A (bioativo livre) em PBS 0,1 mol.L™! (pH = 7,4) a 310 K; d) ampliagdo do
perfil de liberagdo entre 1 a 6 horas para onco-A liberada e remanescente
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Fonte: Elaborada pelo autor.

O perfil de liberacdo de onco-A a partir dos nanocompdsitos foi avaliado por

72 horas em meio PBS, usando uma célula de difusdo vertical de Franz equipada com
uma membrana de didlise. Em seguida, o comportamento de liberagdo das nanocapsulas
foi comparado com o comportamento da onco-A livre (Figura 26c¢, linhas pretas e
azuis). Assim, constatou-se que durante as 6 horas iniciais do experimento, cerca de
65% da onco-A livre foi liberada do compartimento doador para o receptor (Figura 26¢,
linha azul). No mesmo periodo, apenas 40% do farmaco foi liberado das nanocapsulas
(linha preta). Adicionalmente, concluiu-se que apds 24 horas, a libera¢do de onco-A das
nanocépsulas ¢ minima, ja que um patamar de estabilizacdo ¢ atingido em torno de 80%
do farmaco liberado (Figura 27). A casca polimérica da nanocapsula desempenha um
papel significativo no perfil de liberacdo, protegendo o bioativo incorporado e
prolongando o processo de liberagdo. Nesse contexto, comportamento muito semelhante

ja& foi relatado em outros sistemas de nanocédpsulas de parede polimérica, onde
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aproximadamente 70% do farmaco foi liberado dos nanocarreadores em até 30 horas
apos o inicio dos testes de liberagdo (MORA-HUERTAS; FESSI; ELAISSARI, 2010).

Os dados coletados em todos os experimentos de liberagdo foram ajustados a
diferentes modelos cinéticos, obtendo-se valores representativos tanto para um
comportamento cinético condizente ao modelo de Higuchi (Figura 26d), como também
ao modelo de Korsmeyer-Peppas (Figura 27d), com R? igual a 0,9760 e 0,9740,
respectivamente. No entanto, o modelo de Higuchi encontraria aplicagdo mais adequada
para o estudo do perfil de liberagdo de farmacos sélidos incorporados a matrizes solida
(liberagao de uma superficie plana ou pastilhas esféricas de matriz homogénea), em que
a taxa de liberagdo diminui com o tempo (HIGUCHI T., 1963). Por outro lado, para
sistemas de liberacdo de nanocapsulas a base de HES (PEREIRA et al., 2020), o
comportamento de liberagdo ¢ afetado por mudangas conformacionais,
intumescimento/desintegracdo ou solubilizagdo das cadeias poliméricas dos
nanocarreadores pela clivagem hidrolitica ou pela introdu¢do de grupos ionizaveis, o
que expande o volume, gerando maior porosidade a liberagdao do farmaco (PEREIRA et
al., 2020; PRAMANIK et al., 2018), seguindo assim Korsmeyer-Peppas como modelo
cinético mais adequado.

Figura 27 - a) Perfil de liberagdo (linha preta) e remanescente (linha vermelha) até 72 h
de experimento em PBS 0,1 molL™! (pH = 7,4) a 310 K; b) grafico de log(massa onco-
A) vs tempo; c) Grafico de massa de onco-A vs log(tempo); d) Graficos de log(massa
onco-A) vs log(tempo)
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2.3.4 Ensaios bioldgicos

Para se avaliar o potencial anticincer da formulacdo de nanocompdsito
magnético com onco-A, procedeu-se com teste de citotoxicidade in vitro pelo método
de reducdo do MTT. Dessa forma, através do ensaio MTT foram determinados os
valores de IC50 para onco-A livre e encapsulada, contra quatro linhagens de células
tumorais humanas (Tabela 1). Os dados sdo representados em valores de IC50 (ug.mL"
) e correspondem a média + Desvio Padrio de pelo menos quatro experimentos
independentes realizados em triplicata.

De acordo com os resultados da Tabela 1, a onco-A livre exibiu citotoxicidade
para todas as linhagens de células tumorais testadas, apresentando maior eficacia contra
linhagens leucémicas, ou seja, menores valores de IC50 para células HL-60. Observou-
se, ainda, que a atividade citotoxica foi maior para os nanocompodsitos magnéticos
carregados com onco-A, em comparagdo com o bioativo livre. Além disso, a agdo
anticancer foi ainda maior para as nanocdpsulas carregadas com onco-A sem
Fe3O4@citrato (sistema C). Consequentemente, o sistema C exibiu a maior atividade
antitumoral em todas as linhagens testadas, o que pode sugerir que os SPIONs
incorporados a nanocapsula parecem diminuir a citotoxicidade dos nanocompositos
(comparando os sistemas B e C). No entanto, apesar de que essa constatacdo ndo possa
ser descartada, a influéncia dos SPIONs nos valores de IC50 ndo ¢ preocupante, uma
vez que o sistema B ainda apresenta baixos valores de IC50 (na ordem de ug.mL™) e,
consequentemente, um grande potencial para aplicagdes anticancer. Portanto, o
principal objetivo desempenhado pelos SPIONs no nanocomposito sintetizado ¢
responder a um campo magnético externo, gerando perspectivas de direcionamento
magnético de farmacos encapsulados.

Além disso, uma amostra de controle branco (sistema D), consistindo na
formulagdo de nanocompositos magnéticos sem onco-A também foi avaliada. O sistema
D também exibiu citotoxicidade, mas com menos poténcia do que as nanocépsulas
carregadas com onco-A (sistema C), para todas as linhagens de cé€lulas tumorais
testadas. Dessa forma, a citotoxicidade observada no sistema D (sem onco-A) pode ser
explicada provavelmente pela concentracdo de SDS remanescente (0,1% p/p) na
formulagdo do nanocompoésito, podendo atuar como um detergente, rompendo a
membrana celular e causando, consequentemente, a morte celular (AVILA-

CALDERON et al., 2020). Qualquer TDI residual do processo de sintese também pode
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estar contribuindo para a citotoxicidade do sistema branco, embora o poliuretano
(composicdo da parede da nanocapsula) seja um reticulante biocompativel (BARMAN
et al., 2020).

Quando a toxicidade aguda da formulagao final foi avaliada por um ensaio de
toxicidade in vivo (modelo zebrafish), nenhuma morte foi observada em nenhum dos
grupos testados (Tabela 1), mesmo em uma concentragio muito maior (75 pg.mL™) do
que aquelas testadas nos experimentos in vitro, enfatizando a biocompatibilidade e o
potencial da formulagdo para futuras aplicagdes anticancer in vivo. Os dados da Tabela
1 encontram-se representados de forma comparativa na Figura 28.

Tabela 1 - Atividade antiproliferativa de onco-A livre e encapsulada contra quatro
linhagens tumorais humanas avaliada pelo ensaio MTT em 72h. Estudo de toxicidade
aguda (96) de nanocomposito magnético a base de HES carregado com onco-A em
modelo zebrafish

Mortalidade de Zebrafish

MTT (I .mL1)—-72h
(ICso pg.mL™) -7 (ug.mL1)-96 h

B-

Sistemas PC3 ST9 HCT-116 HL-60 Controle 25 50 75 LCso
A o A 1299+ 30.26+ 10.68 = 326+
ncoAdlivre) 513 603 1.42 0.75
Nanocompdsito 4.87 + 1.01 + 217+

B magnético com R o 2.68£0.44 o 0 0 0 0 >75
onco-A 1.77 0.48 0.49
Nanocapsulas com 250+ 071+ 1.24 +
C onco-A (sem 0' 431_ 0 14_ 1.45+£0.34 (')21_

SPIONS) : : :

Nanocompésito 476+ 095+ 356+
D  magnético (sem S o 225£055 S
onco.A) 1.33 0.23 1.44

Fonte: Elaborada pelo autor.

Figura 28 - Atividade antiproliferativa de onco-A livre e encapsulada contra quatro
linhagens tumorais humanas avaliada pelo ensaio MTT em 72h

407 BN PC3
I SNB-19
30-
BN HCT-116
HL-60

Valores de IC5,
N
o
1

-
o
1

o
1
o
4
4
i
i
’4
—

Fonte: Elaborada pelo autor.
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A toxicidade in vivo da formulagdo aquosa de nanocompdsitos foi avaliada
pela primeira vez utilizando o modelo zebrafish. Os peixes (n = 8/grupo) foram
selecionados aleatoriamente e tratados oralmente (Figura 29a) com 20 upL das
formulagdes de nanocomposito (25, 50 ou 75 pg onco-A / mL) ou 20 uL da amostra de
controle que consiste em uma solucdo apenas de SDS (veiculo de formulagdo 0,1% p /
p, sem nanocompdsito). Um grupo de animais sem nenhum tratamento foi incluido
(Naive). Apos 96 h, foi registrado o nimero de peixes mortos em cada grupo e
determinada a concentracgdo letal capaz de matar 50% dos animais (LCso). Para todos os
grupos testados, nenhuma morte foi observada (Tabela 1), sugerindo uma potencial
biocompatibilidade da formulagdo desenvolvida para futuras aplicagdes in vivo.

A atividade locomotora ¢ wum importante indicador para a analise
comportamental de farmacos que afetam o sistema nervoso central, avaliando se a
amostra testada pode causar comprometimento locomotor (Lira et al., 2020). Os efeitos
dos nanocompositos na atividade locomotora do zebrafish adulto foram avaliados
(Figura 29b). Os resultados sugerem que, para o grupo controle (auséncia de
nanocompositos), a solugdo de SDS causou impacto moderado no sistema nervoso
central dos animais, promovendo uma agdo calmante. No entanto, para as formulagdes
de nanocompositos, esse impacto foi mantido, ndo se observando qualquer aumento de
acdo calmante pela presenca dos nanocompositos nas concentragdes testadas (25, 50 e
75 ngmL!) (Figura 29c¢), sugerindo que o impacto observado na atividade locomotora é
devido ao agente surfactante, mas nao diretamente relacionado aos nanocompositos.
Assim, a diminuicdo da concentragdo de SDS remanescente na formulacdo final de
nanocompdsitos ¢ desejavel no sentido de se minimizar os impactos da formulagdo na

atividade locomotora.
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Figura 29 - a) Representagdo do tratamento oral realizado em zebrafish; b)
representacdo de teste de campo aberto (atividade locomotora); c¢) Efeito das
formulagdes na atividade locomotora de zebrafish adulto: Naive: animais ndo tratados.
Controle: solu¢ao SDS 1mg/mL (sem nanocompdsito) em agua destilada (20 uL)
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3 CAPITULO III - MAGNETOFORESE COMO ESTRATEGIA DE
DIRECIONAMENTO MAGNETICO DE FARMACOS EM APLICACOES
TOPICAS
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3.1 APRESENTACAO

Os resultados obtidos e abordados nos capitulos anteriores serviram de base,
juntamente como os conceitos relativos a direcionamento magnético de farmacos, para
elaboragdo de um projeto de pesquisa independente, submetido ao Departamento
Federal de Assuntos Econdmicos, Educagdo e Pesquisa do governo da Suica. O referido
projeto foi entdo selecionado e contemplado pelo programa “Swiss Government
Excellence Scholarships”, resultando em um estdgio de pesquisa em parceria
internacional com o Molecular Therapeutics Delivery Group, da Universidade de
Genebra, Suigca, grupo detentor de renomada expertise de exceléncia no
desenvolvimento de novas estratégias de entrega de drogas em diferentes barreiras
biologicas, tais como a pele, o olho, o intestino e a mucosa bucal.

Assim, o Capitulo III deste trabalho dedica-se a abordagem dos aspectos
envolvidos nesse estdgio de pesquisa, conciliando a aplicabilidade de nanocarreadores
magnéticos com estratégias de potencializa¢do da biodisponibilidade de farmacos frente
a barreiras biologicas, especificamente, o estrato corneo.

De maneira inédita, o presente estudo avaliou a penetracao transdérmica de
farmacos, direcionada, ou ndo, ao foliculo piloso, por influéncia do fendmeno da

magnetoforese negativa.
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3.2 INTRODUCAO

3.2.1 Penetracdo transdérmica de farmacos

A pele € o maior 6rgdo do corpo, tendo como principais fungdes a regulacao da
temperatura corporal, redu¢ao de perda de agua e protecdo do organismo através de
mecanismos de controle de transporte, impedindo a entrada de matéria exdgena
(inclusive microrganismos patogenos) e regulando a saida de moléculas endogenas. A
epiderme fornece essa fungao protetora através da estrutura de tijolo e argamassa de sua
camada mais externa, o estrato corneo (SC), onde os cornedcitos proteinaceos sao
incorporados em uma matriz lipidica multilamelar (modelo brick & mortar),
representado a seguir pela Figura 30 (SINGHAL et al., 2019).

Doencas de pele representam um problema de saude publica global que,
frequentemente, geram impactos fisiologicos, psicologicos e sociais. Algumas das
doencas de pele mais comuns incluem acne, alopecia, dermatite atopica, pigmentagdo
facial, psoriase e diferentes tipos de cancer de pele (QU et al., 2022).

Figura 30 — Corte histologico da pele humana

Estrato corneo
(15 - 20 pm)

_ . s - | Derme
yaow D o mm e g e 1 (1000 - 2000pm)
—‘ - % o - -. -’ -
1 it \ - " Y ‘aﬁ- -' '
L] " - - - g r 'qf e #
- P - ad o A

Fonte: adaptada de (SINGHAL et al., 2019).

Terapias topicas, em geral, apresentam elevados niveis de adesdo terapéutica

pelos pacientes, sendo muitas vezes a modalidade mais recomendada e eficaz, em
compara¢do com administracdo oral de medicamentos. No entanto, no que se refere a
administracdo transdérmica de farmacos, o SC constitui uma poderosa barreira de
difusdo cuja arquitetura molecular e composicdo garantem que apenas farmacos
extremamente potentes possam penetrar a pele em doses farmacologicamente relevantes
(GRATIERI et al., 2013). Aliado ao impedimento imposto pelo estrato corneo, diversas

propriedades como massa molecular, solubilidade aquosa e coeficiente de parti¢do
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octanol/dgua (logP) influenciam na disponibilidade de uma molécula para aplicagdo
transdérmica. Por esse motivo, o mercado de adesivos terapéuticos transdérmicos
compreendia, ainda recentemente, produtos baseados em apenas 18 farmacos
(PASTORE et al., 2015).

Sistemas nanocarreadores para entrega transdérmica de drogas oferecem
multiplas vantagens ao farmaco encapsulado, tais como aumento de solubilidade, maior
estabilidade fisico-quimica, aumento da biodistribui¢do, maior permeagdao na pele,
acumulagdo direcionada e entrega controlada de medicamentos. Assim, nanomateriais
podem efetivamente aumentar a permeacgdo de moléculas ativas através do SC e permitir
sua penetra¢cdo nas camadas mais profundas da pele (ZOABI; TOUITOU; MARGULIS,
2021). Os nanocarreadores topicos mais amplamente explorados para entrega de drogas
incluem lipossomas, nanoparticulas lipidicas solidas, nanoemulsdes, microemulsdes,
nanog¢éis, dendrimeros e micelas (QU et al., 2022).

Recentemente, micelas poliméricas tém ganhado destaque como
nanocarreadores para aplicacdes topicas na pele (BANGIA et al., 2019; LAPTEVA et
al., 2019; QUARTIER et al., 2021). Especialmente, nanocarreadores baseados em
micelas poliméricas podem ser aplicados na entrega direcionada ao foliculo piloso para
melhorar os resultados de tratamentos topicos de algumas doencas de pele de origem
folicular, tais como alopecia e acne (DAHMANA et al., 2021; KANDEKAR et al.,
2018; LAPTEVA et al., 2015). O foliculo piloso, a haste capilar e a glandula sebacea
formam, coletivamente, a unidade pilossebacea (PSU) (WEINER, 1998).

Além das contribui¢des oriundas da utilizacdo de sistemas nanocarreadores,
métodos ativos, como iontoforese e eletroporagdo, tém demonstrado resultados
significativamente melhores para penetracdo na pele de drogas de elevado peso
molecular, ou para moléculas com estruturas acentuadamente polares (NIKOLIC et al.,
2022). Nesse contexto, diferentes métodos de penetracdo ativa, como ablacdo por laser,
ultrassom, iontoforese, microagulhamento e magnetoforese (Figura 31) tém sido
investigados e aperfeicoados para fornecerem uma variedade de terapias topicas de
penetracao do estrato corneo da pele (YANG et al., 2017).

A magnetoforese (especialmente abordada no topico 1.3.5 do capitulo I) se
trata de um método completamente ndo invasivo, ja que consiste na aplicagdo de um
campo magnético que, ao contrario de outras técnicas, ndo gera qualquer dano ao tecido.

O efeito do campo magnético no fluxo de difusdo transdérmica do medicamento pode



64

ser aumentado com o respectivo aumento de intensidade do campo. Assim, o aumento
da penetracdo de lidocaina na pele foi demonstrado em diferentes intensidades de
campo magnético (30, 150 e 300 mT) (AKHTAR et al., 2020; MURTHY; SAMMETA;
BOWERS, 2010).

Figura 31 — Métodos ativos de penetracao transdérmica de farmacos
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Fonte: (YANG et al., 2017).
O campo magnético constitui, portanto, uma possibilidade de agdo externa que
tem sido explorada em aplicacdes de entrega de medicamentos, oferecendo penetracao
tecidual profunda com perfil de seguranca confirmado clinicamente. Em comparagao
com outras formas de estimulos fisicos, a magnetoforese se destaca pelo fato que o
tecido biologico € magneticamente inerte e, portanto, ao contrario da luz, ultrassom ou
corrente elétrica, os campos magnéticos normalmente ndo agem diretamente nas
barreiras biologicas. Assim, as forgas magnéticas normalmente ndo seriam tao
atenuadas pelo tecido, o que ¢ benéfico para evitar a deposicdo excessiva de energia e
consequentes danos fisicos no tecido saudavel (FARZIN et al., 2020; SUN et al., 2020).
Nanocarreadores magnéticos podem atuar fortemente como veiculos para
acumulacdo aprimorada e liberacdo controlada de drogas. Estudos transdérmicos in
vitro demonstram que compositos magnéticos podem penetrar profundamente na pele
através da a¢do de um campo magnético externo. (RAO et al., 2015).
Com base no exposto, o presente trabalho busca, pela primeira vez, avaliar o
efeito da aplicacdo de um campo magnético na penetracao transdérmica direcionada, ou

ndo, ao foliculo piloso, investigando-se, especificamente, a penetragdo sob condi¢des de
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magnetoforese negativa em comparacdo com a penetracdo passiva. As nanocapsulas
abordadas no capitulo II, bem como outra formulagdo a base de micelas poliméricas,

serdo objeto da presente investigacao.

3.2.2 Adapaleno em micelas poliméricas de TPGS

O succinato de D-a-tocoferol polietilenoglicol 1000 (TPGS) ¢ um derivado da
vitamina E conjugado com polietilenoglicol ja aprovado pela Food and Drug
Administration como ingrediente farmacéutico, tendo sido utilizado como excipiente
em diversos produtos comercializaveis. Também ja foi aprovado pela Agéncia Europeia
de Medicamentos para o tratamento de colestase cronica congénita ou hereditdria
(Vedrop®). Recentemente, resultados encorajadores confirmaram que micelas
poliméricas de TPGS proporcionaram o desenvolvimento de formulagdes aquosas para
distribuicdo epidérmica direcionada de sirolimo (droga imunossupressora) em
angiofibromas faciais (QUARTIER et al., 2021).

Adapaleno (ADA) ¢ um retindide de 3 geracdo, derivado do acido naftdico,
usado no tratamento topico de acne (acne vulgaris) leve a moderada (MILLIKAN,
2000). Contudo, ADA ¢ excepcionalmente lipofilico (logP = 8,1) e praticamente
insoluvel em 4gua (<4 ng.mL™"), encorajando o desenvolvimento de formula¢des em
estratégias de solubilizagdo e veiculagdo para seu uso topico. Nesse contexto,
nanocarreadores a base de micelas poliméricas de TPGS permitiram a entrega
direcionada de ADA ao foliculo piloso, gerando melhores perspectivas para terapias de
doengas foliculares (KANDEKAR et al., 2018).

ADA mostra uma forte fluorescéncia nativa em 389 nm (emissdo) quando
excitado em 312 nm. Métodos fluorimétricos demonstraram elevada sensibilidade para
quantificagdo de ADA, mesmo em pequenas concentragdes na faixa de ng.mL"!, em
alternativa a métodos sofisticados e de alto custo, como cromatografia liquida de alta
performance (HPLC) (TOLBA; EL-GAMAL, 2016).

Dessa forma, considerando formulagdes de micelas poliméricas a base de
TPGS carregadas com ADA, j& desenvolvidas e investigadas pelo grupo de pesquisa
parceiro (KANDEKAR et al., 2018), o presente trabalho avaliou, de maneira inédita, o
efeito da magnetoforese negativa no direcionamento magnético de adapaleno para o

foliculo piloso, utilizando métodos fluorimétricos de quantificagao.



66

3.3 METODOLOGIA

3.3.1 Material

Fluoresceina foi obtido da Sigma Aldrich (Buchs, Suica). ADA foi adquirido da
Hangzhou Dayangchem Co. Ltd, (Hangzhou, PR China). TPGS, cloreto de s6dio e
potassio, fosfato de soédio e potassio e Tween 80 foram adquiridos da Sigma-Aldrich
(Buchs, Suica). Eukitt® foi adquiridos da Sigma-Aldrich (Steinheim, Alemanha).
Dodecil sulfato de so6dio (SDS) e 4,6-diamino-2-fenil-indol (DAPI) foram adquiridos de
Applichem Axon lab AG (Baden-Dittwil, Suiga). Solugao Dulbecco (salina tamponada
com fosfato sem cloreto de calcio e cloreto de magnésio; DPBS) foi obtida da Life
TechnologiesTM (Zug, Suica). Acetona grau HPLC foi adquirida da Fisher Scientific
(Reinach, Suica). Agua ultrapura (Millipore Milli-Q Gard 1 Purification Pack

resistividade > 18 MQ cm; Zug, Suica) foi usada para preparar todas as solugoes.

3.3.2 Sintese das formulacoes

3.3.2.1 Nanocapsulas poliméricas carregadas com fluoresceina

Nanocapsulas de hidroxietilamido (HES) foram sintetizadas em um sistema de
miniemulsdo inversa (agua em 6leo), conforme descrito no topico 2.2.3 do capitulo II.
Adaptagdes foram realizadas para estudos da viabilidade desse nanocarreador em
aplicagdes de penetracao transdérmica por magnetoforese negativa. Assim, encapsulou-
se o composto fluoresceina ao invés de onco-A. Além disso, os SPIONs nao foram
coencapsulados na estrutura polimérica, sendo adicionados livres na solucao final das
nanocapsulas, formando assim uma formulacao de nanocapsulas diamagnéticas envoltas
em um meio paramagnético (0,45 mg SPIONs/mLformulacao), 1deal para aplicagdes em

magnetoforese negativa, conforme abordado no capitulo I, topico 1.3.5, Figura 9b.

3.3.2.2 Micelas de TPGS carregadas com ADA

Micelas a base de TPGS carregadas com adapaleno foram desenvolvidas e
optimizadas pelo grupo parceiro em estudos anteriores pelo método de evaporacao do
solvente (KANDEKAR et al.,, 2018). Resumidamente, adapaleno e TPGS foram
dissolvidos em 4 mL de acetona. A mistura foi adicionada, gota a gota, a 4 mL de dgua
ultrapura sob sonicagdo (Branson Digital Sonifier® S-450D; Carouge, Suica).
Posteriormente, a acetona foi lentamente evaporada a 40 °C por rotaevaporagao (Biichi
RE 121 Rotavapor®; Flawil, Suica). Ap6s repouso de 12h para equilibrio, a solug¢ao
micelar foi centrifugada a 10.000 rpm por 15 min (Eppendorf Centrifuge 5804;
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Hamburgo, Alemanha) para remocao de possiveis quantidades de farmaco precipitado,
coletando-se cuidadosamente o sobrenadante. Ao sobrenadante final, SPIONs foram

solubilizados a uma concentracao de 0,45 mg/mL formulacio-

3.3.3 Processamento de pele

Pele de orelha suina foi processada e usada para estudos in vitro em células de
difusdo de Franz. O fornecimento se deu a partir de um abatedouro local (CARRE;
Rolle, CH) sempre no mesmo dia de abate dos animais. Resumidamente ilustrado a
seguir pela Figura 32, as amostras de pele foram processadas com um dermatomo
elétrico Zimmer® (Miinsingen, Suica), acoplado a tubulagdo de ar pressurizado,
coletando-se amostras de pele com espessura proxima a 800 um (32a). Excesso de pelos
foi removido cuidadosamente da superficie da pele com auxilio de um aparelho de
barbear elétrico e discos circulares de 220 mm de didmetro foram entdo selecionados
(32b) para armazenamento em pelicula Parafilm® a -20 °C por um periodo nio superior
a 3 meses (32¢).

Figura 32 — Etapas do processamento de pele suina

Fonte: Elaborada pelo autor.

3.3.4 Experimentos de penetracdo transdérmica

O perfil de penetragdo transdérmica foi avaliado através da utilizagdo de
células verticais de difusdo de Franz, adaptadas de protocolos anteriores (LAPTEVA et
al., 2020). Discos de pele de orelha suina foram fixados entre o compartimento receptor
e doador (4rea de permeagdo: 2,0 cm?) com a face do estrato corneo voltada para o
compartimento doador. Ao compartimento doador foram adicionadas aliquotas de 0,4

mL das amostras a serem analisadas. Ao compartimento doador também foi adaptado a
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fixagdo de imas, quando necessdrio, promovendo um campo magnético de
aproximadamente 85mT sobre a superficie da pele (Figura 33a). O compartimento
receptor foi preparado com 10 mL de solu¢ao tamponada (tampao fosfato, pH = 7,3),
sob agitagdo magnética constante e banho termostatizado a 33 °C + 0,5. Para os testes
envolvendo ADA utilizou-se ainda Tween 80 (1%) no compartimento receptor. Ensaios
foram realizados em quintuplicata, sempre de forma independente para experimentos de
penetracao passiva (auséncia de campo magnético) e penetracdo com aplicagdo de
campo magnético externo (magnetoforese negativa) (Figura 33b). Os experimentos de
penetragdo foram performados por 24h ou 8h, depois do que as células de Franz foram
desmontadas e os discos de pele lavados cuidadosamente com agua corrente e algodao
umedecido com solucao tampao PBS pH 7,3 para remocao de eventual formulacao
remanescente na superficie do estrato corneo.

Figura 33 — Adaptagdo de células de Franz para ensaios de penetragdo transdérmica

Fonte: Elaborada pelo autor.

Para extracdo da droga penetrada na pele, os discos de pele foram entdo
seccionados em pequenos pedacos e acondicionados por 12h em tubo Falcon ou
Eppendorf, sob agitacdo em vortex, com 7,5 mL de tampao PBS (extracdo de
fluoresceina) ou 4,0 mL de etanol (extracdo de ADA). Extracdes referentes a PSU
foram performadas sempre com 1 mL do respectivo solvente. As solugdes entdo
passaram por filtros Millipore 0,22 pm para remo¢dao de possiveis particulas em
suspensdo provenientes da pele e a quantificagdo se deu por espectroscopia de

fluorescéncia.
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3.3.5 Bidpsia de discos de pele de Imm com e sem unidade pilossebdcea (PSU)

Amostras de pele foram cuidadosamente manipuladas, de acordo com
procedimentos previamente desenvolvidos pelo grupo parceiro (LAPTEVA et al.,
2020), de modo que a extremidade da PSU, a raiz do pelo e o seu angulo de implantagao
na pele pudessem ser considerados no procedimento de puncdo de porcdes epiteliais
(Imm) contendo ou ndo PSU, conforme representado pela Figura 34a. A coleta foi
entdo verificada quanto a integridade e quanto a presenga ou auséncia de PSU por meio
de um estereomicroscopio Leica S6D (Leica; Heerbrugg, Suica) (34b e 34c).

Figura 34 — Bidpsia de discos de pele de Imm com e sem unidade pilossebacea (PSU)

Fonte: Elaborada pelo autor.

3.3.6 Microscopia confocal de varredura a laser (CLSM)

Apds 24h de experimento de penetracdo transdérmica, amostras foram
seccionadas em espessura de 20 um através de um Criotome (Thermo Scientific
CryoStar™ NX70; Reinach, Switzerland) (Figura 35a). As sec¢des transversais de 20
pum de pele foram fixadas em laminas de microscopio Superfrost™ Plus com
formaldeido 4% por 15 minutos, lavadas em PBS e permeabilizadas em metanol por 5

min. Apds a remoc¢do do metanol por lavagem em PBS, os nucleos das células foram



70

corados com 1 pug/mL de DAPI (marcador fluorescente) por 5 min. As laminas foram
entdo finalizadas com meio de montagem Eukitt ¢ uma lamina de cobertura (35b). A
aquisicdo das imagens foi realizada no Bioimaging Core Facility, Faculdade de
Medicina, Universidade de Genebra. Sec¢des de pele foram examinadas com um
microscopio Axio Scan.Z1 (Zeiss, Alemanha) (35¢), em que cada imagem foi obtida
pela média de dez varreduras repetidas. O processamento das imagens foi realizado

através do ZEN 3.2 Imaging Software Blue edition. Comprimentos de onda de

excitacdo e emissdo para DAPI foram de 353 e 465 nm, respectivamente.

Figura 35 — Obten¢do de imagens de CLSM

Fonte: Elaborada pelo autor.

3.3.7 Espectroscopia de fluorescéncia

Espectros de fluorescéncia, bem como medidas de intensidade de fluorescéncia
foram obtidas a partir de um leitor de microplaca de alto desempenho BMG
CLARIOstar® Plus (BMG LABTECH, Ortenberg, Alemanha). As amostras foram
acondicionadas em microplacas de poliestireno preto de 96 pogos (OptiPlate-96),
sempre em volumes de 200uL em cada andlise. Diferentes curvas de calibragao,
abrangendo faixas de concentracdo de interesse, foram construidas sempre de forma
simultanea as analises das amostras, garantindo semelhantes condig¢des de temperatura e
parametros técnicos das lampadas e sensores Opticos. Softwares SMART Control e
MARS data analysis foram utilizados no tratamento de dados. Fluoresceina e adapaleno
foram excitados em 480 e 320 nm, respectivamente, tendo suas emissdes medidas em

530 e 370nm, respectivamente.



71

3.4 RESULTADOS OBTIDOS E DISCUSSAO

3.4.1 Nanocdapsulas poliméricas de hidroxietilamido (HES) carregadas com

fluoresceina

Com o objetivo de se avaliar a possibilidade de direcionamento magnético das
nanocépsulas de HES abordadas no capitulo II, investigou-se a performance desses
nanocarreadores na veiculagdo de um composto hidrofilico em penetracao transdérmica,
sob presenca e auséncia de campo magnético. Fluoresceina ¢ um composto amplamente
empregado como sonda fluorescente para diversas moléculas, tendo sido selecionada
como composto hidrofilico modelo para o presente estudo, devido a suas propriedades
luminescentes, como picos de emissdo de alta intensidade e altos coeficientes de
absor¢ao molar, que lhe conferem facil detec¢do, quantificacdo e geracao de imagem
(YAN et al., 2017). Espectros de absor¢ao e emissao para solu¢dao de fluoresceina em
tampao PBS demostraram 480 nm e 530 nm, respectivamente, como regides de
comprimento de onda de méxima intensidade.

Os experimentos de penetragdo transdérmica de fluoresceina foram
performados por 24h em células de Franz com é4rea de permeacdo de 2 cm? com
aplicagdo inicial de 400 pL de formulagdo magnética de nanocapsulas poliméricas de
HES carregadas com fluoresceina em concentragdo de 300 pg/mL, totalizando, dessa
forma, uma aplicacdo de fluoresceina na pele de 60 pg/cm?.

Transcorridas as 24h de experimento, as células de Franz foram desmontadas e
os discos de pele cuidadosamente lavados para se remover excesso de formulacao da
superficie. Devido a coloragdo bastante caracteristica da fluoresceina, foi possivel se
observar visualmente uma penetracdo mais acentuada nos discos de pele mantidos sob
campo magnético, em comparagao com os discos mantidos em condi¢des de penetragao
passiva (auséncia de campo magnético), conforme ilustrado pela Figura 36 (a e b).

Em seguida, procedeu-se com a quantificacdo da fluoresceina por meio de
processo de padronizacio de sua extragdo da pele em discos de 0,785cm?, priorizando-
se as regides mais centrais (Figura 36¢ e 36d), em detrimento das regides periféricas,
por estarem mais alinhadas com os imas afixados na parte central superior do
compartimento doador das células de Franz, para posterior quantificagdo por

espectroscopia de fluorescéncia.
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Figura 36 — Penetragdo transdérmica de fluoresceina por nanocépsulas de HES

Fonte: Elaborada pelo autor.
Testes de padronizagdo de extracdo de fluoresceina foram performados para se
garantir a eficiéncia da metodologia de extracdo adotada. Concentragdes conhecidas de
fluoresceina livre, solubilizada em tampao PBS, foram aplicadas em amostras de pele a
uma concentracdo de 60 pg/cm? e deixadas penetrar até completa secagem da superficie
e estabiliza¢do por 6h. Os solventes DMSO e tampao PBS foram entdo testados em
triplicata como candidatos a extracdo, observando-se uma eficiéncia de extracdo de
84,37% (= 0,58) e 72,33% (% 1,76), respectivamente (valores expressos em %média +
SD). Embora DMSO tenha apresentado uma maior eficiéncia, PBS também demonstrou
uma eficiéncia aceitavel de extracdo de fluoresceina da pele, tendo esse segundo
candidato sido escolhido devido a suas propriedades de menor volatilidade, odor e,
principalmente, menor risco de provocar intoxicacao acidental.
Os resultados da quantificagdo da penetracdo de fluoresceina na pele (Figura
37) demonstraram que nos experimentos de magnetoforese negativa foi possivel
observar uma penetragdo de 0,44 pg/cm? (= 0,11 SD). Nos experimentos de penetragio
passiva, observou-se uma menor penetracio de 0,23 pg/cm’ (£ 0,04 SD). Esses
resultados indicam uma penetragdo de fluoresceina, em média, 91% mais intensa para
discos de pele de 0,785cm? (Figura 36d) com a aplicacio de um campo magnético de 85
mT sobre a superficie da pele. A constatacdo desses resultados condiz com o raciocinio

teorico que sustenta a escolha da magnetoforese negativa como um método de auxilio a
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aplicagdo topica de medicamentos (BANI; BHARDWAJ, 2021), devido a sua
possibilidade de repelir nanoparticulas (ALNAIMAT et al., 2018; KUMAR et al.,
2016). Portanto, a hipotese aqui avaliada € se essa repulsdo gerada por magnetoforese,
quando aplicada em favor de um fluxo de penetragdo transdérmica, partindo de uma
fonte geradora de campo magnético na superficie externa da pele, poderia intensificar a
penetragdo de drogas de uso topico.

Figura 37 — Quantifica¢io de fluoresceina em discos de pele de 0,785cm?
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Fonte: Elaborada pelo autor.

O desvio padrao observado de forma mais acentuada nos sistemas envolvendo
a magnetoforese pode ser explicado pela limitagao operacional de se garantir, para todos
os experimentos, a mesma distancia entre a superficie da pele e o iman adaptado ao
compartimento doador da célula de Franz. Uma diferenga micrométrica ja poderia
interferir na intensidade do campo magnético (LINDEMANN et al., 2021) na superficie
da pele e, consequentemente, gerar uma maior variacao de resultados entre os diferentes
experimentos envolvendo magnetoforese, ou seja, maior desvio padrao.

Experimentos de penetragdo também foram performados em grupos de
controle branco, aplicando-se formulagdes de nanocédpsulas de HES sem fluoresceina
durante as 24h de penetragdo. Nesses casos, a quantificagdo por espectroscopia de
fluorescéncia ndo observou, nos comprimentos de onda de interesse, sinais de emissao
de intensidade relevante para as amostras do grupo controle branco (Figura 37, barra

vermelha), demonstrando que nem a pele e nem qualquer outro constituinte das
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formulagdes, além da fluoresceina, poderiam ser responsaveis pelos sinais de emissdo
observados e utilizados para quantificacdo da penetracio de fluoresceina.

Além da quantificaco de fluoresceina em discos de pele de 0,785cm?, também
se investigou a quantificagdo em biopsias pele de Imm com e sem PSU (ilustrado
anteriormente pela Figura 34). Nesses casos, os valores obtidos em cada leitura
espectroscopica refletem a extracdo de fluoresceina acumulada em 5 bidpsias de Imm
(3,927mm?) para cada um dos experimentos performados em quintuplicata de forma
independente (Figura 38a). As concentragdes foram calculadas a partir de curva de
calibragdio construida simultaneamente as medi¢cdes com R? de 0,999 para a faixa de
concentracao aferida (38b).

Figura 38 — Quantificagcdo de fluoresceina em bidpsias de Imm
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Fonte: Elaborada pelo autor.
A quantificagdo de fluoresceina em biopsias de Imm também indicou, para
todos os experimentos, uma maior penetracdo quando o experimento se deu em

condicdes de magnetoforese negativa. Para as biopsias contendo PSU a média
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observada foi de 0,0092 pg de fluoresceina (+ 0,0025 SD) para cada 3,927mm? de pele,
na presenga de campo magnético, enquanto observou-se apenas 0,0042 nug de
fluoresceina (£ 0,0021 SD) nos casos de penetragdo passiva, indicando que para essas
unidades contendo PSU a magnetoforese negativa proporcionou um aumento de 119%
da capacidade de penetracdo de fluoresceina, em média. Para as bidpsias que ndo
continham PSU observou-se 0,0074 pg (= 0,0021 SD) e 0,0028 ug (£ 0,0017 SD),
respectivamente, para magnetoforese negativa e penetragdo passiva, revelando que
nesses casos 0 campo magnético promoveu um aumento de 164% de penetracdo. Dessa
forma, ao contrario do que se poderia supor, os resultados sugerem que o aumento
observado na capacidade de penetracdo de fluoresceina pela agdo do campo magnético,
parece nao ter exclusiva relacdo com entrega direcionada pelas vias de foliculo piloso,
ja& que a intensificacdo de penetracdo foi maior nas bidpsias sem foliculo piloso. No
entanto, os resultados ainda permitem observar que, tanto nos experimentos de
penetragdo passiva quanto em penetracdo por magnetoforese, as médias de fluoresceina
detectadas nas bidpsias contendo PSU foram superiores as médias detectadas nas
biopsias sem PSU, sugerindo que os nanocarreadores, tanto para penetragdo passiva
como para magnetoforese, experimentaram uma penetragdo mais acentuada pelas vias
de foliculo piloso, condizente com o que ja se encontra amplamente estabelecido em
estudos anteriores (DAHMANA et al., 2021; OTBERG et al., 2008; WEINER, 1998).
No presente estudo, contudo, considerando-se o desvio padrdo dos experimentos em
mesmo regime de penetracao (passivo ou magnetoforese), a diferenga de concentracao
entre as bidpsias com e sem PSU ndo apresentou uma qualidade estatistica significativa
quando submetida ao teste ANOVA (P > 0,05). Uma possivel explicagdo seria pelo fato
de que os experimentos foram performados durante 24h, tempo suficiente para que a
fluoresceina acumulada em PSU pudesse entao se difundir de forma lateral na pele para
regides com auséncia de PSU, mascarando entdo essa diferenga. Qualidade estatistica
superior foi obtida em experimentos envolvendo a penetracao de adapaleno, abordado
no proximo topico.

A possibilidade de difusao de fluoresceina através da pele foi constatada pelo
acompanhamento das concentragdes de fluoresceina no compartimento receptor da
célula de Franz, indicando que a fluoresceina foi capaz de transpor toda a espessura de

pele que separava o meio doador do receptor, conforme abordado pela Figura 39.
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Figura 39 — Acompanhamento espectroscopico da transposi¢do de fluoresceina para: a)

o meio receptor durante 24h de penetragdo transdérmica; b) Escala ampliada das 12h

iniciais; ¢) Curva de calibracdo utilizada no calculo das concentragdes
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Durante as 24h de penetragdo transdérmica, foram coletadas amostras de
solugdo tampao PBS do compartimento receptor das células de Franz, de tempos em
tempos, para andlise por espectroscopia de fluorescéncia (Figuras 39 e 40). Os
resultados indicaram que os experimentos de penetracdo transdérmica envolvendo a
magnetoforese negativa apresentaram uma transposi¢do de fluoresceina para o meio

receptor 87% mais acentuada, quando comparada a penetracdo passiva, depois de 24h,

Fonte: Elaborada pelo autor.

constatando-se ao final desse periodo uma concentracdo de 0,15 e¢ 0,08 pg/mL, em

média, na presenca e auséncia do campo magnético, respectivamente (Figura 39a).
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Figura 40 — Acompanhamento espectroscopico da transposicao de fluoresceina para o

meio receptor durante 24h de penetracio transdérmica
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Fonte: Elaborada pelo autor.

Corroborando os resultados anteriores, imagens de CLSM indicaram uma

maior intensidade de emissdo, referente a deteccdo de fluoresceina, em seccoes de pele

submetidas a magnetoforese negativa (41f), em detrimento da penetracao passiva (41d)
(plano-XZ, considerando a superficie da pele como plano-XY).

Figura 41— Micrografias de CLSM (estrato corneo voltado para o lado esquerdo): (a, b)

branco (sem fluoresceina); (c, d) penetracdo passiva; (e, f) magnetoforese; (b, d, f)

filtrada a emissdo referente ao corante celular DAPI, mantendo-se apenas a emissao

proveniente da fluoresceina.

Blanck control Passive penetration Magnetophoresis penetration

B Green signal: Fluorescein emission

Fonte: Elaborada pelo autor.
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Dessa forma, todos os experimentos realizados para penetragdo de
fluoresceina, demonstraram uma intensificagdo da capacidade de penetragdo
transdérmica sob condigdes de magnetoforese negativa, em comparagdo com a
penetracao passiva. Os resultados sugerem ainda que essa intensificagdo pode nao estar
exclusivamente relacionada com as vias foliculares. De fato, vias de penetragdo para
substancias fortemente hidrofilicas ainda estdo em discussdo, de modo que alguns
autores sugerem como vias preferenciais a penetracdo intercelular e/ou folicular,
enquanto outros autores hipotetizam um transporte transcelular de substancias

hidrofilicas (PATZELT; LADEMANN, 2020).

3.4.2 Micelas poliméricas de TPGS carregadas com adapaleno

Com o objetivo de se avaliar o potencial da magnetoforese negativa em
aplicagdes relacionadas a penetracdo transdérmica de drogas direcionadas ao foliculo
piloso, investigou-se a capacidade de penetracdo do composto hidrofébico adapaleno
(ADA) carregado por micelas poliméricas de TPGS, sob presenca e auséncia de campo
magnético, avaliando-se entdo, de forma comparativa, o impacto promovido pela
aplicacdo de um campo magnético na capacidade de um farmaco transpor o estrato
corneo.

Os experimentos de penetracdo transdérmica de ADA foram performados por
8h em células de Franz com 4rea de permeagio de 2 cm?, com aplicacdo inicial de 200
uL de formulagdo magnética de micelas de TPGS carregadas com ADA em
concentracdo de 250 pg/mL, totalizando uma aplicagdo de ADA na pele de 25 pg/cm?.
Transcorridas as 8h de experimento, as células de Franz foram desmontadas e os discos
de pele cuidadosamente lavados para se remover excesso de formulagdo em contato
com o estrato corneo. Teste realizados em triplicata demonstraram que foi possivel
extrair ADA dos discos de pele com etanol por agitagdo em vortex por 12h em um
rendimento de 75,81% + 2,02 (média + SD).

Na sequéncia, procedeu-se com a quantificacdo de ADA por espectroscopia de
fluorescéncia. Espectros de absorcdo e emissdo para solucio de ADA em etanol
demonstraram, respectivamente, 320 nm e 370 nm como regides de comprimento de
onda de méxima intensidade.

Nos experimentos anteriores, envolvendo fluoresceina, obteve-se a desafiadora
constatagcdo de que valores de desvio padrao (SD) foram mais elevados em

experimentos envolvendo a fixacdo de imas no compartimento doador da célula de
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Franz. Desse modo, uma vez que o objetivo do presente estudo foi avaliar a
possibilidade pratica da magnetoforese negativa intensificar a penetracdo topica de uma
droga ja aprovada comercialmente para uso clinico, adotou-se a execug¢dao de um maior
numero de repeticdes na experimentacao para se obter resultados com validacao
estatistica de maior qualidade.

Assim, resultados esquematizados na Figura 42 resumem a experimentagdo de
27 ensaios independentes, sendo 12 para penetragao passiva, 12 para penetragdo com
aplicacdo de campo magnético e 03 para o controle branco, revelando que a
magnetoforese negativa foi capaz de promover uma penetragdo de adapaleno, em
média, 130% maior em discos de pele de 0,785 cm?, quando aplicado um campo
magnético de aproximadamente 85 mT sobre a superficie da pele (P < 0,001 em teste
ANOVA). Em média, observou-se a penetracdo de 0,19 pgADA/cm? (£ 0,07 SD) na
presenca do campo magnético e 0,08 pgADA/cm? (£ 0,02 SD) nas condigdes de
penetragdo passiva.

Figura 42 — Quantificagio de ADA em discos de pele de 0,785cm?

Adapalene skin penetration (ug ADA/cm? ;)
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* P <0.001 in ANOVA g gy for n =12

Fonte: Elaborada pelo autor.

Experimentos de penetragdo também foram performados em grupos de
controle branco, aplicando-se formulagdes de micelas de TPGS sem adapaleno durante
as 8h de experimento. Nesses casos, a quantificacdo por espectroscopia de fluorescéncia
nao observou, na faixa espectroscopica de interesse, sinais de emissao relevantes para as
amostras do grupo controle branco (Figura 42, barra vermelha), sugerindo que, além de
ADA, nem a pele e nem qualquer outro constituinte das formula¢des, poderiam

impactar significativamente os sinais de emissao utilizados na quantificacao.
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Além da quantificagio de ADA em discos de pele de 0,785cm?, também se
investigou a quantificacdo em biopsias de discos de pele de Imm com e sem PSU.
Nesse caso, os valores obtidos em cada leitura espectroscopica refletem a extragao de
ADA acumulada em 5 bidpsias de Imm (3,927mm?) para cada um dos experimentos
performados, independentemente, em quintuplicata (Figura 43a).

A quantificagdo de ADA em bidpsias de Imm demonstrou, para todos os
experimentos, uma penetracdo mais acentuada quando o experimento se deu em
condi¢des de magnetoforese negativa.

Figura 43 — Quantificagcdo de adapaleno em biopsias de Imm: a) presenga e auséncia de

campo magnético (n = 5); b) apenas sob presenca de campo magnético (n = 13)
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Fonte: Elaborada pelo autor.
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Para as bidpsias contendo PSU, a média de penetragdo observada foi de 0,0082
ngADA (£ 0,001 SD) para cada 3,927mm? de pele, na presenca de campo magnético,
enquanto que na penetracdo passiva, observou-se apenas 0,0018 pgADA/3,927mm? (+
0,0008 SD), indicando que, para essas unidades contendo PSU, a magnetoforese
negativa proporcionou um aumento de 340%, em média, da capacidade de penetragdo
de ADA em 8h. Para as bidpsias que ndo continham PSU, observaram-se médias de
0,0061 pgADA/3,927mm? (£ 0,0009 SD) e 0,0014 ngADA/3,927mm? (+ 0,0007 SD)
para magnetoforese negativa e penetragdo passiva, respectivamente, revelando que
nesses casos de auséncia de PSU, o campo magnético, surpreendentemente,
proporcionou o mesmo aumento de 340%, em média, da capacidade de penetragdo de
adapaleno.

Dessa forma, os resultados mais uma vez sugerem que o aumento observado na
capacidade de penetracdo de adapaleno, parece ndo ter exclusiva relagdo com entrega
direcionada de drogas pelas vias de foliculo piloso, ja que um aumento de 340% de
capacidade de penetracdao foi observado tanto na presenca quanto na auséncia de PSU.
Nao obstante, a capacidade de nanocarreadores a base de micelas poliméricas de atingir
preferencialmente os foliculos pilosos ja foi demonstrada em estudos anteriores
(DAHMANA et al., 2021; LAPTEVA et al., 2014, 2015). Nesse sentido, investigacdes
adicionais do presente estudo, envolvendo 13 experimentos independentes,
demonstraram que, na presenca de campo magnético, vias de penetracao relacionadas
ao foliculo piloso continuam se confirmando como rota preferencial de penetracao para
as micelas poliméricas, uma vez que foi possivel se detectar, nas bidpsias contendo
PSU, uma concentracdo de ADA 57% superior, em média (0,0101 ugADA/3,927mm? e
0,0064 ngADA/3,927mm?, respectivamente, para biopsias com presenca e auséncia de
PSU), conforme observado na Figura 43b.

Portanto, avaliando-se os resultados compilados nas Figuras 42 e 43, ¢ possivel
demonstrar que a magnetoforese negativa exerceu um efeito intensificador na
penetracao transdérmica de adapaleno carregado por micelas poliméricas de TPGS, em
média, 130% (até 340%) superior quando comparado com a penetragdo passiva.
Adicionalmente, ¢ possivel sugerir, ainda, que esse efeito intensificador da penetracao
ocorreu de maneira generalizada na superficie da pele, ou seja, ndo apresentando uma
relagdo exclusiva com vias de penetragdo folicular, muito embora, essas vias foliculares

tenham se mostrado como vias de penetragao mais acentuada.
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4 CONCLUSAO

O presente trabalho demonstrou que um inédito nanocompdsito magnético a base de
hidroxietilamido foi sintetizado com sucesso através de um método de sintese em
miniemulsdo inversa. A natureza desse nanocompdsito consiste em nanocapsulas
poliméricas de morfologia “core-shell” bem definida, com didmetro médio de 143 nm,
variando de 100 a 340 nm, o que permitiu o co-encapsulamento do bioativo hidrofilico
oncocalixona A com SPIONs no ntcleo dessa nanoestrutura. Exibindo um perfil de
liberacao prolongada de farmacos, o nanocompdsito demonstrou citotoxicidade in vitro
contra quatro linhagens de células tumorais humanas, a0 mesmo tempo em que nao
promoveu a ocorréncia de mortes em ensaios de toxicidade aguda in vivo (modelo
zebrafish), gerando perspectivas para a vetorizacdo magnética de farmacos hidrofilicos
anticancer. Por Microscopia Eletronica de Transmissao, demonstrou-se que os SPIONs
foram incorporados as nanocéapsulas formando um sistema carreador capaz de responder
mecanicamente ¢ ser induzido ao movimento pela agdo de um campo magnético
externo. Assim, o nanocomposito sintetizado neste trabalho representa uma perspectiva
inteligente para o carreamento de farmacos/bioativos, uma vez que pode transportar
compostos hidrofilicos por vetorizagdo magnética. Adicionalmente, nanocarreadores
magnéticos foram testados quanto a capacidade de direcionamento de fairmacos contra a
barreira do estrato corneo. Foi possivel demonstrar que a magnetoforese negativa
exerceu um efeito intensificador na penetragdo transdérmica de compostos hidrofilicos e
hidrofébicos de até 340%, em média, quando comparado com a penetragdo passiva. E
possivel sugerir, ainda, que esse efeito intensificador da penetragdo ocorreu de maneira
geral na superficie da pele, ou seja, ndo apresentando uma relagao exclusiva com vias de
penetracao folicular, muito embora, essas vias foliculares tenham se mostrado como
vias de penetracdo mais acentuada, tanto para os compostos hidrofilicos como
hidrofébicos avaliados. Desta forma, o presente trabalho nao apenas sintetizou um novo
nanocompdsito magnético, mas também avaliou possiveis aplica¢des no direcionamento

magnético de farmacos por meio de interagcdes com campos magnéticos.
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ABSTRACT

Magnetic nanocarriers have been adopted as an innovative therapeutic strategy, enabling drug
targeting through magnetophoresis in different kinds of therapies, which can improve drug
bioavailability. Starch-based magnetic nanocapsules were synthesized for the targeted delivery
of a hydrophilic bioactive called oncocalyxone A (onco-A) through the application of an
external magnetic field. Synthesis by the inverse miniemulsion technique allowed the co-
encapsulation of superparamagnetic iron oxide nanoparticles (SPIONs) and onco-A into the
same nanostructure, generating a magnetic behavior and anticancer activity, respectively, for
the synthesized nanocomposite. The synthesized nanocapsules exhibited a core-shell
morphology and an average diameter of 143 nm. This nanocomposite showed potential
anticancer activity (ICso — 72h) against four human tumor cell lines: glioblastoma SNB-19
(1.010 pgmL™1), colon carcinoma HCT-116 (2.675 ugmL™), prostate PC3 (4.868 pgmL™) and
leukemia HL-60 (2.166 pugmL™). In vivo acute toxicity (96h) and locomotor activity were
evaluated in a zebrafish (Danio rerio) model. Thus, the synthesized nanocomposite exhibited
in vivo biocompatibility, a prolonged drug release profile, in vitro antitumor activity, and also
responded to an applied magnetic field, generating a promising compound for magnetic
vectorization of drugs. Additionally, for the first time, it was evaluated the effect of a magnetic
field on the transdermal drug penetration (targeted, or not, to the hair follicle by negative
magnetophoresis), demonstrating an average of up to 340% higher skin penetration of
adapalene or fluorescein, under magnetophoresis, when compared to the passive penetration.
Furthermore, although the mechanism of penetration enhancement has not yet been elucidated,
it was evidenced that this penetration increase occurs not only through the follicular pathway,

but also through transcellular and/or intercellular routes through the stratum corneum.

Keywords: magnetic nanocarriers; negative magnetophoresis; oncocalyxone A; hydroxyethyl

starch nanocapsules; superparamagnetic iron oxide nanoparticles; transdermal drug penetration.



RESUMO

Nanocarreadores magnéticos tém despertado elevado interesse no desenvolvimento de
estratégias terapéuticas inovadoras relacionadas ao direcionamento de biomoléculas através da
forca gerada por um campo magnético, aumentando a biodisponibilidade de farmacos.
Nanocapsulas magnéticas a base de hidroxietilamido foram sintetizadas para o carreamento do
bioativo hidrofilico oncocalixona A (onco-A) e sua vetorizagdo pela aplicagdo de um campo
magnético externo, gerando um inédito nanocarreador magnético. A metodologia de sintese de
nanocapsulas por reacdo de poliadigdo em miniemulsdo inversa (A/O), permitiu o
encapsulamento simultaneo de nanoparticulas superparamagnéticas de 6xido de ferro (SPIONs)
e do bioativo onco-A, responsaveis, respectivamente, pelo cardter magnético e pela atividade
anticancerigena do nanocomposito sintetizado. Por microscopia eletronica de transmissdo
(TEM), observou-se morfologia core-shell (casca-ntcleo) bem definida e didmetro médio de
143 nm para as nanocapsulas. A atividade anticancerigena desse nanocompdsito foi avaliada in
vitro mediante determina¢do da concentragdo inibitoria (IC50 — 72h) em quatro linhagens de
células tumorais humanas: glioblastoma SNB-19 (1,010 ugmL™), carcinoma de c6lon HCT-
116 (2,675 pgmL™'), prostata PC3 (4,868 ugmL™') e leucemia HL-60 (2,166 ugmL™'). A
toxicidade aguda (96h) e o impacto na atividade locomotora foram avaliados usando zebrafish
(Danio rerio) como organismo modelo. Assim, o nanocomposito sintetizado neste trabalho
exibiu biocompatibilidade (in vivo), perfil de libera¢do prolongada de bioativos, citotoxicidade
contra quatro linhagens cancerigenas, além de responder mecanicamente a aplicacdo de um
campo magnético externo, gerando um composito inédito com perspectivas terapéuticas
promissoras no campo da vetorizacdo magnética de bioativos. Adicionalmente, avaliou-se o
efeito da aplicagdo de um campo magnético na penetragdo transdérmica de farmacos
(direcionada ou nao ao foliculo piloso) por magnetoforese negativa, um estudo inédito.
Demonstrou-se uma penetracao até 340% superior, em média, sob efeito da magnetoforese
quando comparado a penetragao passiva. Embora o mecanismo de intensificagao da penetragao
ndo seja ainda elucidado, foi possivel demonstrar que esse aumento de penetragdo ocorre ndo
somente por via folicular, atuando também por vias de penetragao transcelular e/ou intercelular

do estrato corneo.

Palavras-chave: nanocarreadores magnéticos; magnetoforese negativa; oncocalixona A;

nanocapsulas de hidroxietilamido; SPIONs; penetracdo transdérmica.
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CHAPTER1

MAGNETIC NANOCOMPOSITES FOR THERAPEUTIC STRATEGIES
INNOVATION: AN APPROACH TO RECENT ADVANCES
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1 PRESENTATION

The present work initially addresses the synthesis of an original magnetic
nanocomposite for biotechnological applications, aiming to the innovation and expansion
of therapeutic strategies. In the synthesis of this nanocomposite, hydroxyethyl starch was
used as a polymeric matrix precursor. Magnetite superparamagnetic nanoparticles with
surface functionalized by citrate ions (Fe;Os@citrate) were used in the form of magnetic
ferrofluid to incorporate magnetic properties to this product. As hydrophilic bioactive,
oncocalyxone A was used, which is a quinone extracted from the species Auxemma
Oncocalyx (a plant popularly known as “Pau Branco™), a native tree from the Caatinga in
the northeast region of Brazil.

Subsequently, through an international collaboration with the University of Geneva,
the effect of applying a magnetic field on the targeting of nanocarriers is addressed,
evaluating, in an unprecedented study, the intensification of drug skin penetration through
follicular via (or not), a phenomenon called magnetophoresis, which represents an
innovative spectrum of therapeutic possibilities when combined with the use of magnetic
nanocarriers.

For didactic purposes, this work is divided into three chapters:

In the first, a contextualization of the use of nanotechnology applied to the
biomedical sciences is carried out, approaching the theoretical fundament pertinent to the
execution of this work and presenting its objectives. The second chapter is devoted to the
methodological foundations of the experimental procedures, as well as, the discussion
concerning the obtained results about the synthesis, characterization, and biological tests
carried out for the original magnetic nanocomposite synthesized in this work. Finally, the
third chapter discusses about penetration experiments and drug quantification in the skin,
under the application of a magnetic field (negative magnetophoresis), in comparison with
passive penetration (absence of magnetic field), and also considering the penetration
directed to the hair follicle in comparison with PSU free biopsies.

It is expected, therefore, that the present work will contribute to the use of
nanotechnological chemistry for benefit of therapeutic solutions for the biomedical

sciences.
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2  INTRODUCTION

The development of nanotechnology has driven the coming of therapeutic
innovations against challenging diseases. Strategies involving the application of
multifunctional nanoparticles have shown promising results for the fight against cancer,
enabling the anchoring of antibodies, nucleic acids, vitamins and carbohydrates on the
surface of nanocarriers (GREWAL et al., 2021).

A variety of nanoparticle-based medicines, such as liposomal doxorubicin
(Doxil®) and albumin nanocomposites (Abraxane®), have already been adopted for
clinical use, while hundreds more candidates continue to be evaluated by the Food and
Drug Administration (FDA) (GAO et al., 2021). As an example, graphene and its oxides
have been investigated in the fight against cancer as carriers of various types of drugs,
antibodies, proteins, DNA and RNA (JAIN et al., 2021). The use of gold nanoparticles
has enabled the development of several nanoplatforms for the delivery of clinically
relevant radioisotopes for cancer therapy and diagnosis (SILVA; CAMPELLO; PAULO,
2021). Mesoporous silica nanoparticles (MSNs) have acted as drug delivery platforms,
improving stability and efficiency in the release of bioactives and, consequently, in the
administered dose (MOODLEY; SINGH, 2021).

In this sense, theranostic formulations explore the simultaneous performance
of diagnostic and therapeutic procedures (WANG et al., 2019), performing anticancer
treatments with high efficiency. A single nanoplatform can serve as contrast agent in
magnetic resonance imaging (MRI) and, simultaneously, deliver chemotherapeutic agents
to the target tissue. Thus, theranostic nanocomposites gain prominence due to their
performance, since their small dimensions allow them to penetrate biological barriers and
achieve high therapeutic efficiency (HADADIAN et al., 2021; JT et al., 2021).

Iron oxide nanoparticles, especially magnetite nanoparticles (Fe;O4), have
been already used for delivery of platinum drugs, in a therapeutic strategy in which
platinum complex nanocarriers not only reduce side effects, by temporarily inactivating
drugs during transport in the blood, but also enhance tumor uptake by targeted drug
delivery (DUSZYNSKA et al., 2020; JIA et al., 2021).

Specifically, in the field of magnetic nanocomposites, magnetite nanoparticles
have been consolidating themselves as promising candidates for the incorporation of
magnetic properties in therapeutic formulations, since these nanoparticles are already

safely used in several formulations approved by the FDA for clinical use in humans with
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different kidney function levels, such as Feraheme® (NDC 59338-775-10),
Ferumoxytol® (NDC 0781-3154-01) and INFeD® (NDC 0023-6082-10) (AJALLI et al.,
2022; COLBERT et al., 2022; ESLAMI et al., 2022).

Thus, once evidenced a global context of intense demand for nanotechnological
materials that promote therapeutic benefits, the present work intends to contribute to the
development of a new magnetic nanocomposite with potential for biomedical
applications, promoting magnetic drug vectorization. In the synthesis of this new
nanocomposite, hydroxyethyl starch was used as a precursor polymeric matrix to
simultaneously encapsulate magnetite nanoparticles and a hydrophilic bioactive with
anticancer properties, resulting in a magnetic nanocapsule of polymeric nature and core-
shell morphology for drug delivery strategies. Additionally, the effect of a magnetic field

on skin drug penetration by magnetic nanocarriers was also evaluated.
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3 THEORETICAL FRAMEWORK

3.1 Drug delivery strategies

Studies related to applications of nanomedicine in chemotherapies suggest that,
normally, only about 0.7% of intravenously administered doses specifically reach the
tumor, suggesting that the low efficiency of drug delivery to the target tissue is an
important obstacle to the nanomedicine performance (JIANG et al., 2017). Thus, a large
part of the medication applied to a patient is dispersed through different regions of the
body, allowing the appearance of multiple side effects. To overcome or minimize these
obstacles, several strategies have been constantly developed with nanotechnological
advances in the production of polysaccharide-based biomaterials (MENG et al., 2022).

A wide variety of platforms such as docetaxel-loaded chitosan microspheres
(KANOIJIA et al., 2020; WANG; XU; ZHOU, 2014), solid lipid nanoparticles loaded
with quinones (DE ALMEIDA et al., 2017; DE MOURA et al., 2020), micelles and
dendrimers loaded with cyanines and anthocyanins (LI et al., 2021), liposomes
(SHUKLA; GUPTA, 2020), as well as polymeric nanocapsules (DA SILVA et al., 2020;
DOS SANTOS et al., 2020) have been developed to optimize the drug delivery efficient,
enabling higher performance of the drug in the target tissue.

Liposomes (vesicles consisting of a lipophilic bilayer and a hydrophilic core)
offer application as a delivery vehicle for both hydrophilic and lipophilic agents,
increasing the delivery efficiency and safety of chemotherapeutic agents compared to
their free (non-liposomal) formulations. In recent clinical cases, doxorubicin (DOX) has
been the most explored chemotherapeutic agent for evaluating different liposomal
applications, demonstrating excellent results in the most advanced cancer stages, in which
a surgical removal is no longer a viable option (CHENG et al., 2022; MAKWANA et al.,
2021; SOLEIMANI et al., 2022).

Nanoemulsions have demonstrated high efficiency in oxidative protection and
delivery of drugs, such as Chlorambucil and TOCOSOL™, enhancing their
bioavailability and improving results against breast and ovarian carcinomas (SINGH et
al., 2017). Since many drugs extracted from nature have a lipophilic identity,
nanoemulsion drug delivery systems represent a promising tool to improve the

bioavailability of these compounds (KUMAR et al., 2019).
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Specific magnetic nanocarriers for protein delivery, developed based on
magnetic nanoparticles coordinated with graphene oxide and chitosan, have reduced
oxidative instability and degradation in protein delivery, contributing to the fight against
a wide variety of diseases such as cancer, metabolic disorders and autoimmune diseases
(REBEKAH et al., 2021).

Thus, it is evident, from the above, the growing search for strategies aimed to
improving the delivery of bioactives to a target tissue, contributing to the achievement of
better therapeutic results. In this sense, new concepts of multifunctional nanocomposites
based on organic structures with core-shell morphology have been considered very
promising for the development of new carrier platforms, seeking high surface area, high

drug loading capacity and low toxicity (KRASKOUSKI et al., 2022; ZHAO et al., 2021).

3.2 Hydroxyethyl starch polymeric nanocapsules

Starch consists of a mixture of linear amylose [a(1,4)-D-glucopyranose] and
amylopectin [a(1,4)-D-glucopyranose branched with a(1,6)-D-glucopyranose] (KHAN;
AHMAD, 2013), as illustrated in Figure 1. The proportion between these two
polysaccharides varies according to the botanical origin of the starch. Typically, 20 to
35% amylose is found in starch. “Waxy” starches can contain less than 15% amylose and
starches with a high amylose content can exceed 40% of this component (TESTER;
KARKALAS; QI, 2004). Several studies suggest the development of starch-based
systems for administering antineoplastic drugs (TORLOPOV et al., 2020; XU et al., 2018;
ZHAOQO et al., 2017).
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Figure 1 - Structural representation of starch components (amylose and amylopectin)
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Source: developed by the author.
The starch potential for biomedical applications is mainly due to its
biocompatibility and biodegradability. However, especially about prolonged drug release,
starch may not be an appropriate option, as it is rapidly biodegraded and may release
bioactives very quickly. Strategically, this limitation is overcome by modifying its
structure to achieve better properties in its use for prolonged release (KANG et al., 2015;
YU et al., 2021a). Hydroxyethyl starch (HES), for example, is more water soluble than
starch, exhibits greater hydrolysis stability and longer half-life when in vivo (PALEOS;
SIDERATOU; TSIOURVAS, 2017).
HES is a starch-derived polymer in which hydroxyl groups at positions C2 or
C6 are partially functionalized by hydroxyethyl groups, as shown in Figure 2 (KANG et
al., 2015; PEREIRA et al., 2020; VON ROTEN et al., 2006). It is commonly used safely
in drugs for the treatment of hypovolemic shock and cerebral ischemia (BAIER et al.,
2012). HES improves microcirculation within the body due to the regulation of blood
viscosity. Its retention time in blood plasma, liver, lungs and spleen is significantly higher
compared to starch. Its renal elimination time can also be prolonged by increasing the
degree of molar substitution of the hydroxyethyl group in its chain (BAIER et al., 2012).
HES can be excreted in the urine after being enzymatically hydrolyzed in the blood by a-
amylase to a molecular weight (MW) less than the renal clearance limit (~70 kDa)
(WANG et al., 2021). Each different type of HES is characterized by its MW, degree of
substitution (DS) and the ratio of substitutions between the C2 and C6 carbons
(HITOSUGI et al., 2007; KANG et al., 2015). Substitutions at the C3 position may be
rarely observed (TORLOPOV et al., 2020). Such characteristics have a direct impact on
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several polymer properties, such as water solubility, solution stability, and most
importantly, in vivo half-life (BESHEER et al., 2007).

Figure 2 - Structural representation of hydroxyethyl starch (amylose and amylopectin
chains substituted by hydroxyethyl groups at positions C2 and C6

Source: developed by the author.

Biological applications of hydroxyethyl starch in drug delivery include micelle
formation and vesicles loaded with doxorubicin (DOX) (YU et al., 2021a; ZHAO et al.,
2017). HES-based nanocapsules and hydrogels have also been evaluated in drug and
protein delivery systems (PALEOS; SIDERATOU; TSIOURVAS, 2017). HES-based
polymeric nanocapsules were formed from multiple nanoemulsions (Oil/Water/Oil), with

the potential to carry hydrophilic and/or lipophilic bioactives (PEREIRA et al., 2020).

3.3 Superparamagnetic Nanoparticles

Superparamagnetic iron oxide nanoparticles (SPIONs) are crystalline particles
on nanometric scale, usually iron oxides, such as magnetite (Fe3O4) or maghemite (Fe2O3)
(LT et al., 2020), which can have their surfaces modified to acquire aqueous stability, as
illustrated below in Figure 3. Magnetite nanoparticles are one of the most used options
for therapeutic purposes, presenting tetrahedral (Fe*") and octahedral (Fe*" or Fe®")
coordination sites in its crystalline structure. Surface functionalization is commonly
performed with organic acids or biocompatible hydrophilic polymers, such as

polyethylene glycol (RAMAZANOV; KARIMOVA; SHIRINOVA, 2021).
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Figure 3 - Representation of aqueous ferrofluid composed by superparamagnetic
nanoparticles of magnetite (visualized by TEM)
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Source: developed by the author.

Citric acid (CA) is a widely used ligand to modify the surface of iron oxide
nanoparticles, where the COOH or C—OH groups of the CA make the complex water-
soluble and stable for biological applications. The CA molecule has two terminal COOH
groups, a central COOH group and a C—OH group, which can all of them be active in the
coating of iron oxides through Fe—OH coordinations, as illustrated below in Figure 4

(ZHANG et al., 2019a).
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Figure 4 - Representation of the interactions involved in the surface functionalization of
the magnetite nanoparticles (Fe3O4) by citrate ions (images out of scale)
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Source: developed by the author.

Due to their morphology, size (usually around 20 nm) and surface
characteristics, SPIONs can also be conjugated with antitumor drugs and antibodies,
acting at the cellular level and injecting particles in a targeted way into the target tissue,
which significantly expands their medicinal applications (DULINSKA-LITEWKA etal.,
2019).

In bone cancer cases, for example, the most modern therapies still encounter
great adversities in the adequate administration of anticancer drugs to the bone, because
the unique characteristics of this tissue repress the penetration efficiency of therapeutic
agents. The development of nanomaterials, including SPIONSs, liposomes and polymers,
addresses intelligent and multifunctional platforms that are capable of delivering
therapeutic agents to target cancer cells, generating in vivo images for bone diagnosis
(PANG et al., 2021).

Glioblastoma multiforme (GBM) is the most common and aggressive, besides
to being the most malignant variant in the spectrum of brain tumors. /n vivo essays with
polymeric nanoparticles loaded with SPIONs and doxorubicin (DOX) demonstrated an
increase in drug retention in the tumor, with a significant decrease in its growth rate
(LUQUE-MICHEL; LEMAIRE; BLANCO-PRIETO, 2021).

Superparamagnetism is a property commonly observed in single-domain

particles, characterized by the absence of hysteresis. Hysteresis are magnetization curves
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that represent the magnetic behavior of materials from various domains, as can be seen in
the Figure 5, below, by the blue arrows (12>22>3->4->5->1). The formation of a
hysteresis is observed after the saturation of magnetization (Ms) is reached and the
magnetic field intensity (H) starts to decrease (1-22). Since all the magnetic domains of
the particle do not return to their original orientations, there is remaining magnetization,
even when the magnetic field is no longer applied (2). The remaining magnetization can
be removed (223) by applying a magnetic field in the opposite direction to the initial
original field, which is defined as coercive field (Hc). On the other hand,
superparamagnetic nanoparticles, unlike ferromagnetic materials, have only a single
domain (monodomain), not exhibiting a hysteresis loop (0=>1-2>0), i.e. not remaining
magnetized when the magnetic field is removed (SANDLER; FELLOWS; THOMPSON
MEFFORD, 2019).

Figure 5 - Comparison between ferromagnetic (with hysteresis — blue arrows) and

superparamagnetic (black arrows) behavior

Source: developed by the author.
3.4 Magnetic Hyperthermia

Therapies based on magnetic hyperthermia use the heat generated by SPIONS,
under the action of a magnetic field with alternating direction at high frequency, to
increase the temperature in specific areas of the tumor. As healthy cells are more resistant
against heating, tumor cells can be selectively induced to apoptosis in localized regions

(between 42 and 46 °C), without damaging adjacent healthy tissues, as illustrated in
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Figure 6 (CASTELLANOS-RUBIO et al., 2020; PADYA et al., 2021; ZHANG et al.,
2019c¢).

Figure 6 - Magnetic hyperthermia as an anticancer therapeutic strategy

Source: from (DHAR; SIRISHA MAGANTI, 2017).

Thus, magnetic hyperthermia represents an effective anticancer therapeutic
line, with minimal side effects, projecting itself as an alternative to chemo and
radiotherapy. Magnetite nanoparticles are considered one of the best choices for
biomedical applications, due to their high magnetic response and their good
biocompatibility and biodegradability. Magnetite-based formulations have already been
approved for use in humans by the Food and Drug Administration (FDA) (PADYA et al.,
2021). In this context, magnetic nanocomposites in hydrogel form have shown great
potential for simultaneous action in chemotherapy and magnetic hyperthermia of solid
tumors, exhibiting biocompatibility, prolonged release profile and high saturation
magnetization for magnetic vectorization of bioactives(SOLEIMANI et al., 2021).

The relaxation theory (ILG, 2019) is the most appropriate to explain the heating
mechanism of single-domain nanoparticles under the action of an external magnetic field.
When a magnetic field is applied, the magnetic moments of the nanoparticles change
direction, aligning themselves in the direction of the field. When the magnetic field is
later removed or has its direction changed, the magnetic moments return to their original
positions or follow the change, thus promoting local heating through the Néel and
Brownian relaxation mechanisms (ZUVIN et al., 2019). Based on this model, heat is
generated by energy losses from Néel and Brownian relaxation processes. Néel relaxation
comprises the reversal of the magnetic dipole, while Brownian relaxation results from the
physical rotation of the nanoparticles themselves. Thus, the first is characterized by the

time taken to return to magnetic equilibrium after the field disturbance leaves, while the
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Brownian relaxation is characterized by the viscosity of the physical rotation of the
nanoparticles (LAURENT et al., 2011; YU et al., 2021b).

To get an idea about the advances concerned to the application of this
technology in medicinal therapies, the first clinical trial involving magnetic hyperthermia
was carried out in patients with prostate carcinoma by the acclaimed Charité Hospital
(Berlin, Germany) together with the company MagForce® in 2006, in which the
maximum intraprostatic temperature, under a field strength of 4 to 5 kA.m!, was 48.5
°C.In 2013, MagForce® received approval from the European Medicines Agency (EMA)
and also from the German Federal Institute for Pharmaceuticals and Medical Devices
(BfArM) to start using the NanoTherm® formulation (magnetic ferrofluid formulation
based on SPIONSs) for the treatment of glioblastoma. More recently, in 2018, MagForce®
received FDA approval to initiate a clinical trial with NanoTherm® for prostate cancer in
the United States (ETEMADI; PLIEGER, 2020).

Currently, magnetic hyperthermia has been used in the treatment of numerous

cases of cancer, such as prostate, uterus, lung and neck (FARZIN et al., 2020).

3.5 Magnetophoresis

Magnetophoresis refers to the movement of particles in a fluid medium, in a
specific direction, originated by the action of a magnetic field. The magnetic
susceptibility of the particles, as well as, the surrounding medium, are important
parameters that affect magnetophoresis, in which one of the great advantages is the lack
of direct physical contact between the particles and the source that generates the magnetic
field. Thus, magnets can generate magnetic fields capable to penetrate through a variety
of materials, including organic tissues, to promote an indirect manipulation of particles
(SU et al., 2021).

Magnetic drug targeting is a promising technology for improving cancer
therapies by targeting and accumulating SPIONs loaded with drugs to a target tissue by
the application of a magnetic field capable of to generate an attractive force. Thus, as
illustrated in Figure 7, the magnetic field, potentially, represents a strategy to exert an
attractive force on SPIONSs, concentrating them at the target location where drugs could

be released. (LINDEMANN et al., 2021).
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Figure 7 — Representation: magnetic targeting of drug carriers through the application of

a magnetic field
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Source: developed by the author.

However, it is important to emphasize that the delivery of drugs to a target

tissue often involves the transposition of biological barriers, where the degree of
impediment against the flow of drug movement, as well as, the approaches to overcome
it, depend on the tissue, the drug, and many other factors involved in the complex
metabolic environments. In this context, magnetophoresis has been evaluated as a
potential option for the magnetic vectorization of drugs in order to increase the power of
transposition of these molecules against biological barriers (YANG et al., 2017). In this
sense, in vivo studies have shown higher concentrations of DOX in mice tumors that had
the loading of this drug induced by the application of a magnetic field (Figure 8), leading
to growth interruption and more pronounced tumor reduction, compared to the control

group that had passive loading (NIGAM; BAHADUR, 2018).
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Source: from (NIGAM; BAHADUR, 2018).

In magnetophoresis, the mobility of microparticles, in relation to the
surrounding medium, can occur by two ways, in two opposite directions. The first one is
positive magnetophoresis, which promotes a movement of attraction of the microparticles
by the magnetic field generating source (previously illustrated by Figures 7 and 8).
Positive magnetophoresis involves magnetic microparticles (paramagnetic or SPIONs)
suspended in a surrounding diamagnetic fluid (ie, a non-magnetic fluid) (Figure 9a). The
second possibility is the so-called negative magnetophoresis, which, on the contrary,
generates a repulsive movement of the microparticles, involving diamagnetic
microparticles suspended in a surrounding paramagnetic medium (Figure 9b)
(ALNAIMAT et al., 2018).

Thus, in the case of systemic applications, in which the nanocarrier is already
dispersed in the bloodstream, for example, positive magnetophoresis would represent a
possibility of attracting the nanocarriers to the site of interest, by applying an external
magnetic field (illustrated earlier in Figure 8). Differently, considering topical
applications cases, in which the nanocarrier is found on the surface of the skin, for
example, negative magnetophoresis would represent a possibility of to push the

nanocarriers in the skin penetration flux.
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Figure 9 — Schematic representation of positive (a) and negative (b) magnetophoresis
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Source: developed by the author.

Once force is a vectorial amount, the physical meaning of its sign (positive or

negative) is related to the direction of application of that force. Thus, the force produced
by magnetophoresis can be positive or negative depending on the relationship between
the susceptibility of the particle and the surrounding medium, according to Equation 1,
where the force of magnetophoresis will be positive when X, is greater than X, in which
case the particle will be attracted to the maxima of the magnetic field. Otherwise, if Xp, 1s
less than X, there is a situation of negative magnetophoresis (ALNAIMAT et al., 2018).

Vo Xp—Xr)

E, = (B.V)B (Eq.01)

Where Fnm 1s the magnetic force, Vp is the volume of the particle, Xp and Xr are
the magnetic susceptibilities of the particle and the surrounding fluid, respectively, B and

VB are the magnetic flux density and its gradient and po= 41.107 Tesla.meter/Ampere.

3.6 Oncocalyxone A (Onco-A)

The use of plants in traditional medicine dates back to antiquity and, even
today, constitutes an important source of new drugs and metabolites for pharmacological
and biotechnological applications (MENEZES et al., 2020). In this sense, the Nobel Prize
in Medicine and Physiology in 2015 was awarded to William C. Campbell and Satoshi
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Omura, for the discovery of natural microbial products (Ivermectin) that radically reduced
the incidence of onchocerciasis (river blindness) and lymphatic filariasis (elephantiasis)
and also to Youyou Tu, for the discovery of the natural plant product artemisinin, a drug
that significantly reduced mortality rates in patients with malaria (SHEN, 2015).

Auxemma Oncocalyx is a species of arboreal plant, belonging to the
Boraginaceae family, endemic to the Caatinga, in the northeastern of Brazil, where it is
commonly known as "white stick". The shell of its stem is astringent and popularly used
in the treatment of wounds (FERREIRA et al., 2004).

Onco-A is a quinone obtained from Auxemma Oncocalyx (Figure 10), had
been selected as the hydrophilic bioactive for the development of this work due to its
various pharmacological properties, such as antiplatelet, leishmanicidal, antimicrobial,
analgesic, anti -inflammatory, hypoglycemic and antioxidant (TAVARES et al., 2019;
XAVIER-JUNIOR et al., 2019). Furthermore, onco-A exhibits anticancer activity against
several human tumor cell lines (sarcoma 180, leukemia HL-60, leukemia L1210, lung
SW1573 and skin CCD922) (PESSOA et al., 2000; XAVIER-JUNIOR et al., 2019).
Thus, the present work intends to emphasize applicability for this natural bioactive from
the Brazilian northeastern flora, since it presents such pharmacological activities.

Figure 10 - Molecular structure for the quinone oncocalyxone A, extracted from the

species Auxemma Oncocalyx
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Source: from (CARVALHO, 2008).
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4 OBJECTIVES

4.1 General goal

To synthesize and to characterize a new magnetic nanocomposite based on
hydroxyethyl starch and magnetite, by inverse miniemulsion technique, for applications
in sustained release of oncocalyxone A, as well as, for applications in magnetic targeting

by magnetophoresis.

4.2 Specific goals

To synthesize magnetite nanoparticles by chemical coprecipitation with
modification of its surface by citrate ions (Fe;O4@citrate) to acquire hydrophilic stability
in the form of magnetic aqueous ferrofluid;

To characterize the hydroxyethyl starch used as a polymeric matrix in terms of
chain size and degree of substitution;

To examine the particle size, distribution profile, colloidal stability and
morphology of nanoparticles (Fe;Os@citrate) and magnetic nanocomposites, as well as,
the magnetic profile of their respective hysteresis;

To follow the occurrence of the chemical reaction of interfacial polymerization
and formation of the starch-based polymeric nanocapsules;

To evaluate the encapsulation efficiency of oncocalyxone A, as well as, its
release profile of from the magnetic nanocomposite;

To perform in vitro cytotoxicity tests for the synthesized nanocomposites
against different cancer cell lines;

To evaluate the in vivo toxicity (biocompatibility) of the synthesized
nanocomposites loaded with oncocalyxone A;

To verify the effect of applying a magnetic field in directing compounds to
penetrate the stratum corneum of the skin, when carried by magnetic formulations;

To follow the effect of applying a magnetic field on the penetration profile of
fluorescein into the skin, considering its biodistribution for skin units with the presence
and absence of pilosebaceous units;

To evaluate the effect of negative magnetophoresis on the skin penetration of
adapalene, considering its biodistribution for skin units with the presence and absence of

pilosebaceous units.
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1 INTRODUCTION

Recent nanotechnological advances have encouraged the development of
magnetic nanocomposites with extremely promising and innovative biomedical
applications, such as the carrying and tracking of interfering RNA in vaccines against
breast cancer (WU et al., 2021).

In addition, as discussed in the previous chapter, increasing efforts have been
seeking the feasibility of magnetic nanocomposites that promote synergism, acting
simultaneously in chemotherapy, photodynamic therapy and photothermal therapy
(CHENG et al., 2021), improving therapeutic results.

Thus, in an evident global context of growing demand for new
nanotechnological materials, the focus of this work is on the development of a magnetic
nanocapsule based on hydroxyethyl starch with potential for magnetic targeting of
hydrophilic compounds, generating prospects for higher concentration of drugs in a target
tissue, through magnetic vectorization and, simultaneously, enabling therapeutic action
by prolonged release and magnetic hyperthermia. Oncocalyxone A was the hydrophilic

bioactive selected for the development of this work.
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2 METHODOLOGY

2.1 Materials

Hydroxyethyl starch (HES) [> 99%, molecular weight (MW) =260 kDa, degree
of substitution (DS) = 0.15], iron (II) chloride tetrahydrate (FeCl..4H>O, > 99.0%),
chloride iron (III) hexahydrate (FeCls.6H20, > 99.0%), sodium citrate dihydrate
[HOC(COONa)(CH2COONa); . 2H20, > 99.0%], tolylene-2,4-diisocyanate (TDI, >
95.0%), sodium dodecyl sulfate (SDS, 99%), phosphate buffered saline (PBS, pH 7.4),
sodium nitrate (NaNQOs3, 99%), potassium bromide (KBr, 99%), deuterium oxide (99.9%
D,0) were purchased from Sigma-Aldrich® and used as received. Ammonium hydroxide
(NH4OH, 30%) and cyclohexane (99%) were purchased from Synth® and used as
received. Polyglycerol polyricinoleate (PGPR Grindsted®) was donated by DuPont
Danisco®. Distilled and ultrapure water (Milli-Q Advantage A-10 system, Millipore®)
was used in this work. The bioactive oncocalyxone A was extracted and isolated as a dark
red powder from the ethanol extract of the stem of 4. Oncocalyx, as previously described
(FERREIRA et al., 2008), and kindly provided by Professor Dr. Otilia Deusdénia Loiola
Pessoa, who is coordinator of the Laboratory of Phytochemical Analysis of Medicinal

Plants II (LAFIPLAM II) at Federal University of Ceara.

2.2 Synthesis of magnetite nanoparticles with surface modified by citrate ions

(FesOs@citrato)

Magnetite nanoparticles functionalized with citrate ions (Fe;Os@citrate) were
obtained by the chemical coprecipitation method, adapted from previously adopted
methodologies (DE ALMEIDA et al., 2017, DUSZYNSKA et al., 2020), as shown in
Figure 11.

Thus, under constant stirring, 9.2 g of iron (II) chloride tetrahydrate and 15 g of
iron (IIT) chloride hexahydrate were dissolved in 250 ml of deionized water at a
temperature of 50 °C for 10 min. Subsequently, 30 mL of NH4OH (12 mol/L) were added,
forming a dark precipitate (Fe3O4). Then, 20 mL of aqueous solution containing 5 g of
sodium citrate were added. This mixture was heated at 80 °C for 1 h. With the aid of a
magnet, a magnetic separation of Fe;O4@citrate was carried out, followed by removal of
the supernatant and redispersion of the solid in acetone/water solution (2:1 v/v). This

procedure was repeated three times to eliminate excess sodium citrate and ammonia.
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Finally, the FesOs@citrate nanoparticles were subjected to drying in a desiccator and
subsequently redispersed in the smallest possible volume of deionized water. This final
solution was centrifuged to remove any precipitated nanoparticles, and the supernatant
was stored in the form of ferrofluid (Figure 11) at room temperature. Magnetite
nanoparticles were analyzed for their colloidal stability, morphology, size distribution,

crystalline structure and magnetic properties.

Figure 11 - Scheme for the synthesis steps of magnetic nanoparticles (FesOa@citrate) in
aqueous ferrofluid form
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Source: developed by the author.

2.3 Synthesis of magnetic nanocapsules based on hydroxyethyl starch (HES)

loaded with oncocalyxone A

HES nanocapsules were synthesized through inverse miniemulsion system
(water in oil), with adaptations made from previous methodologies (KANG et al., 2015),
as shown in Figure 12. Thus, the organic phase (FO) was prepared by dissolving 50 mg
of PGPR (hydrophobic surfactant) in 14.5 g of cyclohexane. The organic phase was
homogenized by ultrasonic bath for 5 min and separated into three different portions (FO1
=7.5g; FO2 =5.0 g and FO3 = 2 g). The aqueous phase was prepared by dissolving, in
4 mL of deionized water, 100 mg of HES, 2 mg of oncocalyxone A and 30 uL (2.7 mg)
of Fe3O4(@citrate.The aqueous phase was dripped into FO1 at 500 rpm, followed by

emulsification in probe ultrasound at 70% amplitude for 3 min in pulse mode (Branson
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Sonifier W-450-Digital with /2" tip). In the emulsion resulted from this process, FO2 was
added and the ultrasound procedure was repeated. Then, 50 mg of TDI (crosslinking
agent) was added to FO3, and dripped into the final emulsion. This system was then
maintained under mechanical agitation at 500 rpm for 24 hours at room temperature. After
this period (occurred the interfacial polyaddition reaction), the dispersion of nanocapsules
was washed in cyclohexane, centrifuged at 3000 rpm for 10 min, and discarded the
supernatant in order to remove excess of PGPR and TDI. This procedure was repeated 3
times and the final precipitate of nanocapsules was redispersed in 20 mL of cyclohexane.
Posteriorly, in a sonication bath (Bandelin Sonorex, type RK 52H), 1 mL of the dispersion
of' nanocapsules in cyclohexane was dropped into 5 mL of aqueous solution of hydrophilic
surfactant SDS (0.1% m/m) under stirring at 500 rpm. This agitation was maintained for
24 hours at room temperature to allow the cyclohexane to evaporate, resulting in an
aqueous formulation of the magnetic nanocomposite.

Figure 12 - Scheme for the synthesis steps of the magnetic nanocomposite based on

HES and magnetite, loaded with oncocalyxone A
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Source: developed by the author.
The magnetic nanocapsules were analyzed concerning their colloidal stability,
morphology, size distribution, chemical composition, onco-A release profile, magnetic

properties, cytotoxic activity (in vitro) and acute toxicity (in vivo).
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2.4 Oncocalyxone A release studies

The onco-A release profile of the nanocapsules was evaluated using vertical
Franz diffusion cells, adapted from previous protocols (MARTO et al., 2018). Dialysis
membrane (permeation area: 1.75 cm?) with defined molecular mass cutoff (12 kDa) was
fixed between the recipient and donor compartment. 2 mL of sample was added to the
donor compartment. The receptor compartment was prepared with 14 mL of buffered
solution (phosphate buffer, pH = 7.4). The release assay was performed, independently,
for the nanocapsules and for free onco-A, in the same buffered solution. Samples were
taken from the receiving compartment and analyzed by UV-Vis spectroscopy. Release
studies were carried out in two independent experiments performed in triplicate.
Absorbance was interpolated into a previously constructed calibration curve, respecting
the same analysis conditions (Absorbance = 0.02775 [onco-A] - 0.00134; with R2 =
0.9992). Electronic UV-vis spectra were obtained using a Hewlett-Packard model 8453

Diode-Array spectrophotometer.

2.5 Onco-A encapsulation efficiency

The evaluation of the efficiency of encapsulation of bioactives was carried out
based on previously published methodologies (DA SILVA et al., 2020; DOS SANTOS
et al., 2020). The final nanocapsule formulation was centrifuged at 9000 rpm for 10 min
using a 3 kDa pore size ultracentrifugation filter to separate the magnetic nanocapsules
from free onco-A in solution. Then, in independent tests performed in triplicate, the non-
magnetic aqueous filtrate was analyzed by UV-Vis spectroscopy. Thus, the encapsulation
efficiency of onco-A was determined through the difference between the initial total
amount of bioactive in the synthesis by the free amount observed after the filtration
process in the non-magnetic fraction, as represented by Eq.1:

EE(%) = [[(M(total) — M(free oncoA)]/M(total)] x 100  (Eq.1)

Where Moty represents the total concentration of onco-A added to the
nanocapsule formulation and M e onco) represents the onco-A non-encapsulated fraction

obtained in the filtered and non-magnetic fraction.
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2.6 Citotoxicidade in vitro (determinacao de IC50)

The nanocomposite cytotoxic activity was evaluated (in vitro) by determining
the inhibitory concentration (IC50) in 72h against four human tumor cell lines:
glioblastoma (SNB-19), colon carcinoma (HCT-116), prostateand (PC3), leukemia (HL-
60), provided by the National Cancer Institute (Bethesda, MD, USA).

All the tumor cell lines were maintained in RPMI 1640 medium supplemented
with 10% of fetal bovine serum, 2 mM of L-glutamine, 100 U.mL™"! of penicillin and 100
ng.mL! of streptomycin, at 37 °C with 5% CO,. For MTT assays, cells were plated in
96-well plates (0.1 x 106 cells/well for PC3 and SNB-19 strains; 0.3 x 106 cells/well for
HL-60; and 0.7 x 105 cells/well for HCT-116). Oncocalyxone A (free and
nanoencapsulated bioactive) was tested in increasing concentrations (highest
concentration of 50 pg.mL™! for free bioactive or 12 pg.mL"! for all systems). The final
concentration of dimethylsulfoxide (DMSO) in the culture medium was always
maintained below 0.1% v/v.

The cell viability was determined by the MTT assay, in which the yellow dye 3-
(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide (MTT) is reduced to a
blue formazan product by metabolically active cells (MOSMANN, 1983). After
incubation (72 h at 37°C/ 5% CO), the plates were centrifuged and the supernatant was
replaced with fresh medium (100 pL) containing 0.5 mgmL™ MTT. Three hours later, the
plates were centrifuged and the MTT formazan product was dissolved in DMSO (100 uL)
and the absorbance was measured using a multiplate reader (DTX 880 Multimode
Detector, Beckman Coulter, Inc. Fullerton, California, EUA) at 525 nm. The absorbances
obtained were used to calculate the ICso values (concentration capable of inhibiting 50 %
of cell growth) of each sample by non-linear regression using GraphPad Prism® 8.0
program. All treatments were performed in triplicate in at least four independent

experiments.

2.7 (In vivo) acute toxicity and locomotor activity

All the in vivo experimental procedures with zebrafish (Danio rerio) were
approved by the Animal Use Ethics Committee of the Federal University of Ceara (CEUA
n° 5639090320).
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Zebrafish (Danio rerio), aged from 60 to 90 days of both sexes (short-fin
phenotype), with sizes ranging from 3.5 to 1.5 cm and weights from 0.3 to 0.5 g were
purchased from “Agroquimica Comércio de Produtos Veterinarios LTDA” (a supplier in
Fortaleza, Ceara, Brazil). The fishes were acclimatized for 24 h at 25 °C in pH = 7.0 glass
aquariums containing dechlorinated water (ProtecPlus®) and air pumps with submerged
filters, and with circadian cycle of 14:10 h (light/dark). The fishes received ad libitum
feed 24 h before the experiments. After the experiments, the animals were sacrificed by
immersion in ice water (4 °C) for 10 min until loss of opercular movements (SILVA et
al., 2020). The acute toxicity study (96 h) was carried out according to the methodologies
proposed by (HUANG et al., 2014). The open field test (AHMAD; RICHARDSON,
2013), was performed to evaluate the motor coordination of the animals. After 1 h of the
oral treatments, the animals were moved to Petri dishes marked with four quadrants,
containing the same water as the aquarium. The locomotor activity was analyzed by
counting the number of line crossings (LC) for 5 min, using the LC value of the Naive
group as the baseline (100%). The biological results are expressed as the mean + standard
error for each group tested. After confirming the normal distribution and homogeneity of
the data, the differences between the groups were subjected to analysis of variance (one-
way ANOVA), followed by the Tukey test. All analyses were performed using GraphPad

Prism v. 8.0. The level of statistical significance was set at 5% (P < 0.05).

2.8 Characterization procedures

2.8.1 X-Ray diffraction

X-Ray diffraction was performed to evaluate the crystalline phases of
synthesized magnetite nanoparticles (SPIONs). X-ray patterns of the synthesized
nanoparticles were collected using a Bruker D2 Phaser diffractometer, controlled by a
Diffract. Measurement software was operated at 30 kV and 10 mA in Bragg-Brentano
reflection geometry with CoKa radiation (1= 1.7880 A), using a 20 range 10°-90° and a

scanning rate of 2°min™!.

2.8.2 Nuclear magnetic resonance (NMR)

The degree of substitution (DS) from HES (Eq.2) was investigated by '*C-NMR
(CHEN et al., 2020; CUENCA; FERRERO; ALBANI, 2020). For the “C-NMR
experiment, 30 mg of HES was dissolved in 600 pL of D>O and recorded by a 500 MHz
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Avance DPX (Bruker) with a total of 16,000 transients. The final spectrum was processed

using the TopSpin 3.6.2 software.

A(Xns)

DS = X, + Xg; Xn=m

Eq.2
Where n is the carbon number; us is the number of the substituted carbon, nus is the

number of the unsubstituted carbon and A represents the area of each peak.

2.8.3 Gel Permeation Chromatography (GPC)

The molecular weight of hydroxyethyl starch (HES) was evaluated by Gel
Permeation Chromatography (GPC). The samples were prepared in deionized water,
solubilized for 24 hours at a concentration of 0.2% (w/w) and filtered through a 0.45 um
Millipore® membrane. The sample injected volume was 20 uL, eluted at 40 °C by a
mobile phase of NaNOj3 0.1M at a flow rate of 1.0 mL.min"! in an Ultrahydrogel column
(7.8 x 300 mm - PolySep-GFC-P Linear) in a SHIMADZU LC-10AD equipment with
RID-10A refractive index detector. The average molecular weight (MW) was obtained
from the equation log (MW) = -0,96Ve + 13,49; r* = 0,9987.

2.8.4 Infrared vibrational spectroscopy (FTIR)

FTIR spectra were obtained through a Shimadzu IRTracer-100
spectrophotometer, with a sweep range of 400 to 4000 cm™'. Samples were dispersed on
potassium bromide (KBr) pellets and spectra were captured at room temperature by

averaging 64 scans.

2.8.5 Transmission electron microscopy (TEM)

All the TEM measurements were performed using a Hitachi HT7700 TEM
system in the Microscopy Laboratory of Centro para el Desarrollo de la Nanociencia y la
Nanotecnologia (CEDENNA), in the Universidad de Santiago de Chile, operating at an
accelerating voltage of 120 keV. The samples were deposited on a carbon-coated copper
grid sample holder (Formvar Carbon grids of 200 copper grids (F/C mesh 200 Cu)). The
histogram for particle size distribution was developed by measuring 200 particles

randomly chosen by the ImagelJ software.
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2.8.6 Vibrating sample magnetometry (VSM)

The magnetic curves were obtained at Magnetism Laboratory of University of Santiago,
using a homemade vibrating sample magnetometer at 300 K. The equipment was
calibrated using a standard reference material (Yttrium Iron Garnet Sphere) from the
National Institute of Standards and Technology (NIST). After calibration, when all the
samples are centered in the correct saddle point position, the repeatability was similar to
commercial VSMs (better than 2 %), the sensibility is 1E™ emu, oscillation frequency
was 37 Hz and amplitude was 2 mm for such equipment. For all measurements, the

magnetic moment obtained for each applied field was normalized by the sample mass.

2.8.7 Dynamic Light Scattering (DLS)

Hydrodynamic particle size distribution, Polydispersity Index (PDI) and Zeta
Potential measurements were performed using a Zetasizer Nano ZS, model ZEN 3600,
Malvern Instruments, UK, equipped with Dynamic Light Scattering (DLS) technology.
DLS measurements were performed at 25°C and at a fixed angle of 90°. All samples were

dispersed in SDS solution at Img.mL"! in deionized water.

2.8.8 Thermogravimetric Analysis (TGA)

Thermogravimetric ~ analysis (TGA) were conducted by a
thermogravimetric/differential thermal analysis equipment model DTG - 60H
Shimadzu®, in synthetic air flow (40 mL.min ') at a constant heating rate of 10 °C.min ",

up to at a maximum temperature of 800 °C, using an alumina crucible as a sample holder.
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3 RESULTS AND DISCUSSION

3.1 Obtaining SPIONSs (Fe3O4@citrate)

X-ray diffraction evaluations were carried out (Figure 13) in order to obtain a
confirmation about the structural identity of the Fe;Os@citrate nanoparticles, synthesized
by the coprecipitation method. Magnetite nanoparticles were synthesized with and
without surface modified by citrate ions, proceeding with the analysis of both for
comparison purposes. XRD signals with sharp peaks were displayed, indicating a high
crystallinity for the obtained magnetite samples. The peaks were compared with
commercial standards, being observed in (111), (220), (311), (400), (422), (511) and
(440), which can be attributed to the crystal planes of a cubic structure inverse spinel type
(ICSD number 065339) (HRDINA et al., 2010; LI et al., 2017, PAREDES-GARCIA et
al., 2013). It was also observed, as discussed in Figure 13, that the functionalization of
citrate ions on the surface of magnetite nanoparticles did not promote changes in the
crystalline nature of the compound, indicating the preservation of its original magnetic
properties (LATHA et al., 2021; MOSIVAND, 2021). In addition, it is possible to verify
that no additional peaks were observed, revealing the absence of secondary phases related
to the presence of impurities or relatively common oxidation processes in iron oxide
nanoparticles, thus indicating good efficiency of the coprecipitation method used for the
synthesis of SPIONSs.

Figura 13 - X-ray diffraction patterns for Fe3O4 (in black) and Fe;Os@citrate (in blue)
nanoparticles synthesized by the coprecipitation method

—
-
e

(a.u)

Fe;O @Citrate

Intensity

20 25 30 35 40 45 50 55 60 65 70 75 80
20 (Degrees)
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Citrate ion is a widely used ligand to modify the surface of iron oxide
nanoparticles, since the COOH and OH groups of citrate make the complex more
hydrophilic and stable when Fe-OH bonds are formed in the functionalization of the
nanoparticle coating (DUSZYNSKA et al., 2020).

The FTIR assays (Figure 14) revealed a small band at 1270 cm ™!, associated with
the C—OH vibrations of the uncoordinated citrate ion (Figure 14, green line), which
disappeared when citrate was coordinated in the iron oxide nanoparticles (Figure 14, blue
line) (ZHANG et al., 2019b). As expected for magnetite, stretching vibrations of Fe—O
tetrahedral sites were identified at 580 cm™! (HRDINA et al., 2010; SLAVOV et al.,
2010). The citrate OH groups that covered the magnetite nanoparticles (Figure 14, blue
line) could be observed around 3400 cm ! (BARRETO et al., 2013; ZHAO et al., 2019).

Furthermore, citrate ions show an intense band at 1590 cm™! (Figure 14, green
line) that can be attributed to the asymmetric stretching of COO groups, however, when
citrate is functionalized on the surface of magnetite nanoparticles, this asymmetric
stretching of COOQ is represented around 1620 cm™! (Figure 14, blue line), which explains
the increase in the relative intensity of this band for Fe;Os@citrate when compared to
uncoated Fe;O4 (Figure 14, black line) (DUSZYNSKA et al., 2020).

Finally, for the final coated nanoparticles, the CH stretching vibrations from
citrate are seen around 2900 cm™! (Figure 14, blue line) which, together with the results
obtained by X-ray diffraction, suggest that citrate ions successfully functionalized the
surface of the Fe3O4 nanoparticles without structurally affecting these nanoparticles (HUI

et al., 2008).

Figure 14 - FTIR spectroscopic measurements for: a) Fe;O4 (black line), FesOs@citrate
(blue line), and sodium citrate (green line)
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The evaluation about morphology and particle size distribution was performed
through Transmission Electron Microscopy (TEM). The uncoated Fe3O4 nanoparticles
showed an average size of 12 nm, however, with surface modification by coating with
citrate ions (Fe3O4(@citrate), the average diameter in the nanoparticle size distribution
decreased to about 10 nm, as addressed in Figures 15a and 15b, respectively. This
decrease suggests that the citrate groups prevent small aggregations of the nanomaterial.
In both cases, it was possible to observe a spherical morphological profile and a
polydisperse particle size distribution, as also reported by preview studies (BARRETO et
al., 2013).
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It should also be noted that each particle size distribution histogram was
generated by measuring at least 200 randomly chosen particles in different images
obtained from the same sample, as shown in Figure 16, using the ImageJ software.

Figure 15 - TEM images (with particle size distribution histograms) for: a) Fe3O4 and b)
Fe3Os@citrate
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Figure 16 — TEM images for SPIONs coated with citrate (FesOs@(citrate)

Source: developed by the author.
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3.2 Obtaining the starch-based magnetic nanocomposite

Regarding to the synthesis of the polymeric nanocapsules based on hydroxyethyl
starch, it should be noted that, aiming a greater stability in aqueous media, only magnetite
nanoparticles functionalized with citrate ions (Fe3Os@citrate) were used in order to
incorporate a magnetic character into the nanocomposite.

The technique called by synthesis through inverse miniemulsion (water droplets
dispersed in organic medium) enables the formation of polymeric nanocapsules with a
core-shell structure through a polyaddition reaction at the interface of the droplets
(FICHTER et al., 2013; TAHERI et al., 2014; WANG et al., 2021). In this interfacial
reaction, the sterically more available OH groups from hydroxyethyl starch (solubilized
in the aqueous core of the droplets) react with NCO groups from the cross-linking agent
(TDI) previously solubilized in the organic medium in which the drops are dispersed
(external face of the droplets). Thus, as illustrated in Figure 17, the miniemulsion droplets
act as nanoreactors for the chemical reaction for the polymeric nanocapsules formation,
and this way, the synthesis of the magnetic nanocomposite allowed the simultaneous
encapsulation of the magnetite nanoparticles and the bioactive onco-A, as represented in
Figure 18.

Figure 17 - Representation of the HES polymeric nanocapsule formation process through
an interfacial reaction on inverse miniemulsion
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Figure 18 — Illustrative representation of the formation process for the magnetic
nanocomposite loaded with the bioactive onco-A and SPIONs (images out of scale)

Source: developed by the author.

This nanocapsule formation process was evaluated by FTIR (Figure 19). The
polymeric shell of the nanocapsule was generated by the chemical reaction between the
cross-linking agent (TDI) and a portion of the OH groups from the HES. This led to the
consumption of part of the OH groups from the HES, which can be observed by the
decrease in the relative intensity of the band around 3400 cm™ (Figure 19, gray line),
which is related to the vibrational mode of asymmetric stretching of OH groups
(TORLOPOV et al., 2020). Furthermore, the appearance of bands at 1740 cm™' (C=0O
stretching of carbonyl groups) and 1546 cm™!' (NH deformation) suggest the formation of
urethane bonds, the main constituent group of nanocapsules shell (DOS SANTOS et al.,
2020; STEINMACHER et al., 2017; ZHANG et al., 2017), not being observed in HES
molecules before the reaction (Figure 19, black line). The intense band at 2920 cm™! is
characteristic of CH (sp?) stretching (TAHERI et al., 2014; ZHANG et al., 2017). The
band at 2280 cm! is attributed to the NCO groups from TDI (STEINMACHER et al.,
2017; TAHERI et al., 2014), which may suggest some excess of cross-linking agent.
Various bands present in free onco-A (Figure 19, pink line), such as CH stretching bands
around 2850 ¢cm !, C=C and C=O stretching vibrations at 1600 and 1230 cm,
respectively (HADJ-HAMOU et al., 2014), were also observed in the final magnetic
nanocomposite (Figure 19, gray line), suggesting the presence of onco-A in the

synthesized magnetic nanocomposite.
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Figure 19 - FTIR spectroscopic measurements for: free HES (black line), HES magnetic
nanocomposite loaded with onco-A (grey line) and free onco-A (pink line)
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The molecular weight from HES that was used in the synthesis of nanocapsules
was evaluated by GPC, resulting in an average value of 260 kDa (Figure 20)
(KILICARISLAN OZKAN; OZGUNAY; AKAT, 2019), while the degree of substitution
was determined by '3C-NMR, resulting in an average of 3 OH groups substituted by
hydroxyethyl groups per 20 glucose units (DS = 0.15), according to Figure 21 with the
application of Eq.2 (CHEN et al.,, 2020; CUENCA; FERRERO; ALBANI, 2020).
Therefore, based on such results, it was concluded that the structural characteristics of the
HES used as polymeric matrix in this work are similar to the same characteristics of HES
formulations that are already widely used for medicinal purposes, such as
PENTASPAN® (Pentastarch) which is indicated for expansion of plasma volume in
hemorrhage cases or another traumas (GOI et al., 2015; RIOUX et al., 2009).
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Figure 20 - Gel Permeation Chromatogram for HES
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Figure 21 - 3C-NMR spectrum for HES in D,0O

IC-NMR for HES in D20 (Purchased from Sigma-Aldrich)
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For the magnetic nanocapsules, a well-defined core-shell morphology was
obtained in which the SPIONs (Fe3Os@citrate) could be observed inside the core as
darker spots, and the nanocapsule as a spherical carrier structure. These structures were
observed in different TEM images, showing a mean diameter of 143 nm (Figure 22).

The observed core-shell morphology matches with the nature of the nanocapsule
formation process (inverse miniemulsion). In this process, as the polymerization reaction
occurs at the interface of nanometric droplets, obtained by ultrasound (KANG et al., 2015;
SINGH et al., 2017), the crosslinking agent (TDI) reacts with the hydroxyl groups of the
HES, generating the polymeric shell of the nanocapsule in the same shape of the droplets,
as previously detailed in Figure 17 (DOS SANTOS et al., 2020; KANG et al., 2015).

Figure 22 - TEM images (with histogram of particle size distribution) of nanocomposites
loaded with onco-A and SPIONSs (red line corresponds to the Gaussian distribution)
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Source: developed by the author.

The nanocapsules were also evaluated in solution by dynamic light scattering

(DLS) (Figure 23), showing a mean hydrodynamic diameter of 264 nm. This average
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diameter is related to Brownian fluctuations in solution and the hydrodynamic radius
(SOARES et al., 2020), therefore, a value higher than that observed by TEM is expected,
once for TEM the nanocapsules were measured under complete drying conditions
(CHAMORRO RENGIFO et al., 2019; ZHANG et al., 2019¢c). In solution, the
polydispersity index (PDI) and the zeta potential resulted in 0.307 and -37 mV,
respectively, suggesting a polydisperse sample with a high surface electric charge, which
contributes to minimize the aggregation process of particles in suspension.

Figure 23 - Hydrodynamic diameter distribution by DLS for magnetic nanocomposites
loaded with onco-A
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The magnetic properties observed in nanoparticles are highly influenced by their
particle sizes and domain structures. A single domain allows these nanoparticles to
exhibit a so-called superparamagnetic behavior (with no remaining magnetization after
the action of a magnetic field leaves) (MOGHADAM ZIABARI et al., 2020), as observed
in hysteresis loops obtained by VSM measurements at room temperature (Figure 24). The
organic surface coated on the magnetite nanoparticles added to them a mass of citrate
groups, however, it is possible to assume that this mass is relatively small, since it did not
lead to a significant change in the hysteresis of the magnetic nanoparticles (Figure 24a).
The saturation magnetization values obtained were 58.98 and 56.21 emu/g for Fe304 and
Fe304 (@citrate , respectively, which corresponds with the range of values (30 to 80
emu/g) reported for synthetic magnetite powders (NOVAL; CARRIAZO, 2019).
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In the case of magnetic nanocapsules, a much lower magnetization value was
evidenced (Figure 24b) when compared to magnetite samples. This is expected due to the
incorporation of non-magnetic organic materials forming the nanocapsule, which reduces
the percentage of magnetic mass in the sample, while increasing the total mass (called
mass dilution effect). However, despite the lower saturation magnetization obtained for
the nanocomposite samples, the nanocapsules still maintained their magnetic character,

responding to a magnetic vectorization by the application of an external magnetic field

(Figure 25).

Figure 24 - Magnetic hysteresis at 300 K for: a) Fe3;O4 (black line) and FezOs@citrate
(blue line); b) Magnetic nanocomposite loaded with onco-A (red line); (Inserted in the
panels: enlarged view for the small field region from -400 to 400 Oe)
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Figure 25 - Macroscopic view of a) Fe3Os@citrate nanoparticles under an external
magnetic field; b) magnetic nanocapsules without onco-A; c¢) magnetic nanocapsules
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without onco-A under an external magnetic field; d) magnetic nanocapsules with onco-A
under an external magnetic field

Onco-A loaded
magnetic nanocomposite

Source: developed by the author.

3.3 Release studies

To evaluate the release pattern from the nanocomposite, measurements of
absorbance of the electronic spectrum of onco-A were carried out at different known
concentrations through absorption scans in the UV-Vis wavelength (Figure 26a). Thus, a
calibration curve (Figure 26b) was constructed for quantification of onco-A in solution.
According to Eq.1, the encapsulation efficiency of onco-A was EE = 92.43%. Therefore,
this high EE (%) suggests that the proposed synthetic mechanism of inverse miniemulsion
was effective for the co-encapsulation of onco-A and magnetic nanoparticles in a single

drug delivery nanoplatform.
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Figure 26 — a) Absorption scans for oncocalyxone A at different concentrations in PBS
0.1 mol.L™! (pH = 7.4) at 310 K; b) calibration curve for onco-A at 282nm; c¢) onco-A
release profile from nanocapsules, remaining onco-A (not released) and onco-A (free
bioactive) in PBS 0.1 mol.L™! (pH = 7.4) at 310 K; d) enlarged view for the release profile
between 1 and 6 hours for released and remaining onco-A
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The onco-A release profile from the nanocomposites was evaluated for 72 hours

in PBS medium, using a Franz vertical diffusion cell equipped with a dialysis membrane.
Then, the release behavior of the nanocapsules was compared with the behavior of free
onco-A (Figure 26¢, black and blue lines). Thus, it was found that during the initial 6
hours of the experiment, about 65% of free onco-A was released from the donor
compartment to the receptor compartment (Figure 26c, blue line). In the same period,
only 40% of the drug was released from the nanocapsules (black line). Additionally, it
was concluded that after 24 hours, the release of onco-A from the nanocapsules is
minimal, since a stabilization plateau is reached around 80% of the drug released (Figure
27). The polymeric shell of the nanocapsule plays a significant role in the release profile,
protecting the incorporated bioactive and prolonging the release process. In this context,
very similar behavior has already been reported in other systems of polymeric wall

nanocapsules, where approximately 70% of the drug was released from the nanocarriers



152

within 30 hours after the beginning of the release tests (MORA-HUERTAS; FESSI;
ELAISSARI, 2010).

The data collected in all release experiments were adjusted to different kinetic
models, obtaining representative values both for a kinetic behavior consistent with the
Higuchi model (Figure 26d), as well as the Korsmeyer-Peppas model (Figure 27d), with
R2 equal to 0.9760 and 0.9740, respectively. However, Higuchi's model would find more
adequate application for the study of the release profile of solid drugs incorporated into
solid matrices (release from a flat surface or spherical tablets of homogeneous matrix), in
which the release rate decreases with time (HIGUCHI T., 1963). On the other hand, for
HES-based nanocapsules delivery systems (PEREIRA et al., 2020), the release behavior
is affected by conformational changes, swelling/disintegration or solubilization of the
nanocarriers polymeric chains by hydrolytic cleavage or by the introduction of ionizable
groups, which expands the volume, generating greater porosity to drug release (PEREIRA
et al., 2020; PRAMANIK et al., 2018), following, this way, Korsmeyer-Peppas as the
most suitable kinetic model.

Figure 27 — a) Release profile (black line) and reminiscent (red line) up to 72 h of
experiment in PBS 0.1 molL™! (pH = 7.4) at 310 K; b) log(onco-A weight) vs time; ¢)
onco-A weight vs log(time); d) log(onco-A weight) vs log(time)
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3.4 Biological essays

To evaluate the anticancer potential of the magnetic nanocomposite formulation
with oncocalyxone A, in vitro cytotoxicity tests were carried out by the MTT reduction
method. Thus, the IC50 values for free and encapsulated oncocalyxone A were
determined using the MTT assay against four human tumor cell lines (Table 1). Data are
represented in IC50 values (pg.mL!) and correspond to the mean = Standard Deviation
of at least four independent experiments performed in triplicate.

According to the results in Table 1, free onco-A exhibited cytotoxicity for all the
tumor cell lines tested, showing greater efficacy against leukemic cell line, i.e., lower
IC50 values for HL-60 cells. It was also observed that the cytotoxic activity was higher
for magnetic nanocomposites loaded with onco-A, compared to the free bioactive.
Furthermore, the anticancer action was even greater for nanocapsules loaded with onco-
A without FesOs@citrate (system C). Consequently, system C exhibited the highest
antitumor activity for all testes, which may suggest that SPIONs incorporated into the
nanocapsule seem to decrease the cytotoxicity of nanocomposites (comparing systems B
and C). However, although this finding cannot be ruled out, the influence of SPIONs on
IC50 values is not worrying, since system B still has low IC50 values (in the order of
pg.mL™1) and, consequently, a great potential for anticancer applications. Therefore, the
main objective performed by SPIONs in the synthesized nanocomposite is to respond to
an external magnetic field, generating perspectives of magnetic targeting of encapsulated
drugs.

Furthermore, a blank control sample (system D) consisting of the magnetic
nanocomposite formulation without onco-A was also evaluated. System D also exhibited
cytotoxicity, but with less potency than onco-A-loaded nanocapsules (system C), for all
tumor cell lines tested. Thus, the cytotoxicity observed in the D system (without onco-A)
can probably be explained by the remaining SDS concentration (0.1% w/w) in the
nanocomposite formulation, which may act as a detergent, breaking the cell membrane
and leading to cell death (AVILA-CALDERON et al., 2020). Although polyurethane (the
nanocapsule wall composition) is a biocompatible crosslinker, any residual TDI from the
synthesis process also could be contributing to the cytotoxicity of the blank system,

(BARMAN et al., 2020).
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When the acute toxicity of the final formulation was assessed by an in vivo
toxicity assay (zebrafish model), no deaths were observed for the tested groups (Table 1),
even at a much higher concentration (75 pg.mL™) than those tested for the in vitro
experiments, emphasizing the biocompatibility and potential of the formulation for future
in vivo anticancer applications. The data in Table 1 are represented in a comparative way
in Figure 28.

Table 1 - Antiproliferative activity of free and encapsulated onco-A against four human
tumor cell lines evaluated by MTT assay at 72h. Acute toxicity study (96h) of HES-based
magnetic nanocomposite loaded with onco-A in zebrafish model

Zebrafish mortality

MTT (I .mL')—-72h
(ICso pg.mL™) -7 (ug.mL!')—-96 h

SNB-
Systems PC3 19 HCT-116 HL-60 Control 25 50 75 LCso
A F A 1299+ 30.26t 10.68 = 326+
ree oneo- 213 6.03 1.42 0.75
Onco-A loaded
487+ 1.01 £ 217+
B magnetic 177 0.48 2.68 £0.44 0.49 0 0 0 0 >75
nanocomposite ’ ’ )
Onco-A loaded
2.50+ 0.71 £ 1.24 +
C nanocapsules (no 0431 0.14 1.45+0.34 021
SPIONs) : : :
Magnetic 476+ 095+ 3.56 +
D nanocomposite (no | _ T 2254055 7T
oncoA) 133 023 1.44

Source: developed by the author.
Figure 28 - Antiproliferative activity of free and encapsulated onco-A against four human

tumor cell lines evaluated by the MTT assay (72h)

407 B PC3
[ SNB-19
30—
B HCT-116
HL-60

IC5, values
N
i

Source: developed by the author.

The in vivo toxicity of the aqueous nanocomposite formulation was evaluated
for the first time using the zebrafish model. Fish (n = 8/group) were randomly selected

and treated orally (Figure 29a) with 20 uL of the nanocomposite formulations (25, 50 or
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75 pg onco-A/mL) or 20 pL of the control sample consisting of a SDS-only solution
(0.1% w/w formulation vehicle, no nanocomposite). A group of animals without any
treatment was included (Naive). After 96 h, the number of dead fish in each group was
recorded and the lethal concentration capable of killing 50% of the animals (LC50) was
determined. For all tested groups, no deaths were observed (Table 1), suggesting a
potential biocompatibility of the developed formulation for future in vivo applications.

Locomotor activity is an important indicator for the behavioral analysis of drugs
that affect the central nervous system, assessing whether the tested sample can cause
locomotor impairment (Lira et al., 2020). The effects of nanocomposites on the locomotor
activity of adult zebrafish were evaluated (Figure 29b). The results suggest that, for the
control group (absence of nanocomposites), the SDS solution caused a moderate impact
on the central nervous system of the animals, promoting a calming action. However, for
the nanocomposite formulations, this impact was maintained, with no increase in the
calming action being observed by the presence of the nanocomposites at the tested
concentrations (25, 50 and 75 pgmL-1) (Figure 29¢), suggesting that the impact observed
on the locomotor activity is due to the surfactant agent, but not directly related to the
nanocomposites. Thus, decreasing the concentration of remaining SDS in the final
formulation of nanocomposites is desirable in order to minimize the impacts of the
formulation on locomotor activity.

Figure 29 - a) Oral treatment representation performed on zebrafish; b) Open field test
representation (locomotor activity); ¢) Effect of the formulations on the locomotor
activity of adult zebrafish. Naive: untreated animals. Control: 1mg/mL SDS solution
(without nanocomposite) in distilled water (20 pL)
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Source: developed by the author.
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CHAPTER III

MAGNETOPHORESIS AS A STRATEGY FOR MAGNETIC TARGETING
OF DRUGS IN TOPICAL APPLICATIONS
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1 PRESENTATION

The results obtained and discussed in the previous chapters, together with the
concepts related to the magnetic direction of drugs, encouraged the elaboration of an
independent research project, submitted to the Federal Department of Economic Affairs,
Education and Research of the Swiss government. This project was then selected and
awarded by the “Swiss Government Excellence Scholarships” program, resulting in a
research stage in partnership with the Molecular Therapeutics Delivery Group, from the
University of Geneva, Switzerland, which is a group with renowned expertise of
excellence in the development of new drug delivery strategies in different biological
barriers, such as the skin, eye, intestine, and buccal mucosa.

Thus, Chapter III of this work is dedicated to addressing the aspects involved in
this research stage, combining the applicability of magnetic nanocarriers with strategies
to enhance the bioavailability of drugs in biological barriers, specifically, the stratum
corneum.

In an unprecedented way, the present study evaluated the targeted penetration of
drugs to the hair follicle, under the influence of the negative magnetophoresis

phenomenon.



158

2  INTRODUCTION

2.1 Transdermal drug penetration

The skin is the largest organ in the body and has as its main functions the
regulation of body temperature, reduction of water loss and protecting the body through
transport control mechanisms, preventing the entry of exogenous matter (including
pathogenic microorganisms), and regulating the output of endogenous molecules. The
epidermis provides this protective function through its outermost layer, the stratum
corneum (SC), where proteinaceous corneocytes are incorporated into a multilamellar
lipid matrix (brick & mortar model), represented by the Figure 30 (SINGHAL et al.,
2019).

Skin diseases represent a global public health problem that often generates
physiological, psychological, and social impacts. Some of the most common skin
conditions include acne, alopecia, atopic dermatitis, facial pigmentation, psoriasis and
different types of skin cancer (QU et al., 2022).

Figure 30 — Histological section of human skin
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Source: adapted from (SINGHAL et al., 2019).

Topical therapies, in general, have high levels of therapeutic adherence by
patients, often being the most recommended and effective modality, compared to oral
administration of medications. However, when it comes to transdermal drug delivery, SC
constitutes a powerful diffusion barrier in which its molecular architecture and
composition ensure that only extremely potent drugs can penetrate the skin at
pharmacologically relevant doses (GRATIERI et al., 2013). Combined with this

impediment imposed by the stratum corneum, several molecular properties, such as
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molecular weight, aqueous solubility, and octanol/water partition coefficient (logP)
influence the availability of a molecule for transdermal application. For this reason, the
market of transdermal therapeutic patches comprised, until recently, products based on
only 18 drugs (PASTORE et al., 2015).

Nanocarrier systems for transdermal drug delivery offer multiple advantages to
the encapsulated drug, such as increased solubility, greater physicochemical stability,
increased biodistribution, greater skin permeation, targeted accumulation and controlled
drug delivery. Thus, nanomaterials can effectively increase the permeation of active
molecules through the SC, improving their penetration in the deeper layers of the skin
(ZOABI; TOUITOU; MARGULIS, 2021). The most widely explored topical
nanocarriers for drug delivery include liposomes, solid lipid nanoparticles,
nanoemulsions, microemulsions, nanogels, dendrimers, and micelles (QU et al., 2022).

Recently, polymeric micelles have gained prominence as nanocarriers for topical
applications on the skin (BANGIA et al., 2019; LAPTEVA et al., 2019; QUARTIER et
al.,2021). Especially, nanocarriers based on polymeric micelles can be applied in targeted
delivery to the hair follicle to improve the results of topical treatments of some skin
diseases with follicular origin, such as alopecia and acne (DAHMANA et al., 2021;
KANDEKAR et al., 2018; LAPTEVA et al., 2015). In this sense, the hair follicle, hair
shaft, and sebaceous gland, collectively, form the pilosebaceous unit (PSU) (WEINER,
1998).

Besides to the contributions from the use of nanocarrier systems, active
methods, such as iontophoresis and electroporation, have shown significantly better
results for penetration of high molecular weight drugs into the skin, or also for molecules
with markedly polar structures (NIKOLIC et al., 2022). In this context, different active
penetration methods, such as laser ablation, ultrasound, iontophoresis, microneedles, and
magnetophoresis (Figure 31) have been investigated to provide a variety of topical
therapies for enhanced drug penetration of the stratum corneum (YANG et al., 2017).

Magnetophoresis (especially addressed in the topic 3.5 of the Chapter I) is a
completely non-invasive method, since it consists of applying a magnetic field that, unlike
other techniques, does not cause any damage to the tissue. The effect of the magnetic field
on the transdermal diffusion flux of the drug can be increased with corresponding increase

in field strength. Thus, increased skin penetration of lidocaine was demonstrated at
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different magnetic field intensities (30, 150 and 300 mT) (AKHTAR et al., 2020;
MURTHY; SAMMETA; BOWERS, 2010).

Figure 31 — Active methods of transdermal drug penetration

Single/dual
Frequency ultrasound

lontophoresis/
electroporatlon 0 Magnetophoresis
i dl
L |i 5 Microneedle o oA
: ! =

Laser

Stratum corneum

Stratum lucidum :
Stratum granulosum -

Epidermis Tight junctions

Stratum spinosum

Stratum basale [ (o (@) o)
~ Basement membrane

Dermis

Source: from (YANG et al., 2017).

The magnetic field constitutes, therefore, a possibility of external action that has
been explored in drug delivery applications, offering deep tissue penetration with a
clinically confirmed safety profile. Compared to other forms of physical stimuli,
magnetophoresis stands out by the fact that biological tissue is magnetically inert and
therefore, unlike laser, ultrasound or electric current, magnetic fields normally do not act
directly on biological barriers. Thus, magnetic forces are not attenuated by tissue, which
is desired to prevent excessive energy deposition and, consequently, physical damage to
healthy tissue (FARZIN et al., 2020; SUN et al., 2020).

Magnetic nanocarriers can strongly act as vehicles for enhanced drug
accumulation and controlled drug release. In vitro transdermal studies demonstrate that
magnetic composites can penetrate deep into the skin through the action of an external
magnetic field. (RAO et al., 2015).

Based on the above context, the present work intends, for the first time, to
evaluate the effect of applying a magnetic field on transdermal penetration directed, or
not, to the hair follicle (specifically, under conditions of negative magnetophoresis in
comparison with passive penetration). The nanocapsules discussed in the Chapter II, as
well as, another formulation based on polymeric micelles, will be the object of this

investigation.
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2.2  TPGS Polymeric micelles loaded with adapalene

D-a-tocopherol polyethylene glycol 1000 succinate (TPGS) is a vitamin E
derivative conjugated with polyethylene glycol already approved by the Food and Drug
Administration (FDA) as a pharmaceutical ingredient, having been used as an excipient
in several marketable products. It has also been approved by the European Medicines
Agency for the treatment of congenital or hereditary chronic cholestasis (Vedrop®).
Recently, encouraging results confirmed that TPGS polymeric micelles provided the
development of aqueous formulations for targeted epidermal delivery of sirolimus
(immunosuppressive drug) in facial angiofibromas (QUARTIER et al., 2021).

Adapalene (ADA) is a 3rd generation retinoid, derived from naphthoic acid, used
in the topical treatment of mild to moderate acne (acne vulgaris) (MILLIKAN, 2000).
However, ADA is exceptionally lipophilic (logP = 8.1) and practically insoluble in water
(<4 ng.mL™"), encouraging the development of formulations for solubilization and
delivery strategies for its topical use. In this context, nanocarriers based on TPGS
polymeric micelles allowed the targeted delivery of ADA to the hair follicle, generating
better perspectives for follicular disease therapies (KANDEKAR et al., 2018).

ADA shows strong native fluorescence at 389 nm (emission) when excited at
312 nm. Fluorimetric methods have shown high sensitivity for ADA quantification, even
in small concentrations in the range of ng.mL"!, which represents an alternative to
sophisticated and high cost methods, such as high performance liquid chromatography
(HPLC) (TOLBA; EL-GAMAL, 2016).

Thus, considering formulations of polymeric micelles based on TPGS loaded
with ADA, already developed and investigated by the partner research group
(KANDEKAR et al., 2018), the present study evaluated, in an unprecedented way, the
effect of the negative magnetophoresis phenomenon on the magnetic targeting of

adapalene to the hair follicle, using fluorimetric quantification methods.



162

3 METHODOLOGY

3.1 Material

Fluorescein was obtained from Sigma Aldrich (Buchs, Switzerland). ADA was purchased
from Hangzhou Dayangchem Co. Ltd, (Hangzhou, PR China). TPGS, sodium potassium
chloride, sodium potassium phosphate, and Tween 80 were purchased from Sigma-
Aldrich (Buchs, Switzerland). Eukitt® was purchased from Sigma-Aldrich (Steinheim,
Germany). Sodium dodecyl sulfate (SDS) and 4,6-diamino-2-phenyl-indole (DAPI) were
purchased from Applichem Axon lab AG (Baden-Dattwil, Switzerland). Dulbecco's
solution (phosphate buffered saline without calcium chloride and magnesium chloride;
DPBS) was obtained from Sigma Aldrich (Buchs, Switzerland). HPLC grade acetone was
purchased from Fisher Scientific (Reinach, Switzerland). Ultrapure water (Millipore
Milli-Q Gard 1 Purification Pack resistivity > 18 MQ cm; Zug, Switzerland) was used to

prepare all the solutions.

3.2 Synthesis

3.2.1 Fluorescein-loaded polymeric nanocapsules

Hydroxyethyl starch (HES) nanocapsules were synthesized through the inverse
miniemulsion technique (water in oil), as described in the topic 2.3 of chapter II.
Adaptations were made to study the feasibility of this nanocarrier in transdermal
penetration applications by negative magnetophoresis. Thus, the fluorescein compound
was encapsulated instead of oncocalyxone A. Furthermore, the SPIONs were not co-
encapsulated in the polymeric structure, being added free in the final solution of the
nanocapsules, generating, this way, a formulation of diamagnetic nanocapsules
surrounded by a paramagnetic medium (0.45 mg SPIONs/ML formulation), Which is ideal for
applications in negative magnetophoresis, as addressed in the chapter I, topic 3.5, Figure

9b.

3.2.2 ADA-loaded polymeric micelles

Briefly, adapalene and TPGS were dissolved in 4 mL of acetone, as previously
proposed by (KANDEKAR et al., 2018). The mixture was added dropwise to 4 mL of
ultrapure water under sonication (Branson Digital Sonifier® S-450D; Carouge,

Switzerland). Subsequently, the acetone was slowly evaporated at 40 °C by rotary



163

evaporation (Biichi RE 121 Rotavapor®; Flawil, Switzerland). After resting for 12 hours
for equilibration, the micellar solution was centrifuged at 10,000 rpm for 15 min
(Eppendorf Centrifuge 5804; Hamburg, Germany) to remove possible amounts of
precipitated drug, carefully collecting the supernatant. In the final supernatant, SPIONs
were solubilized at a concentration of 0.45 mg/mL of the formulation, generating, this

way, a formulation of diamagnetic micelles surrounded by a paramagnetic medium.

3.3 Skin processing

Porcine ear skin was processed and used for in vitro studies in Franz diffusion
cells. The supply took place from a local abattoir (CARRE; Rolle, CH) always on the
same day of the animal’s slaughter. As briefly illustrated below, by Figure 32, skin
samples were processed with a Zimmer® electric dermatome (Miinsingen, Switzerland),
coupled to pressurized air tubing, collecting skin samples with a thickness close to 800
um (32a). Excess hair was carefully removed from the surface of the skin with the aid of
an electric razor and circular discs (220 mm of diameter) were then selected (32b) for
storage in Parafilm® at -20 °C for a period not higher than 3 months (32c.

Figure 32 — Steps concerned to the porcine skin processing

Source: provided by the author.

3.4 Transdermal penetration experiments

The transdermal penetration profile was evaluated using vertical Franz diffusion
cells, adapted from previous protocols (LAPTEVA et al., 2020). Porcine ear skin discs
were fixed between the recipient and donor compartments (permeation area: 2.0 cm?2)

with the stratum corneum side facing to the donor compartment. Aliquots of 0.4 mL of
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the samples were added to the donor compartment. The donor compartment was also
adapted to attach magnets, when necessary, promoting a magnetic field of,
approximately, 85mT on the surface of the skin (Figure 33a). The receiving compartment
was prepared with 10 mL of buffered solution (phosphate buffer, pH = 7.3), under
constant magnetic stirring and thermostatic bath at 33 °C + 0.5. For tests involving ADA,
Tween 80 (1%) was also used in the receptor compartment. Tests were performed in
quintuplicate, always by an independent way for passive penetration experiments
(absence of magnetic field) and penetration with application of external magnetic field
(negative magnetophoresis) (Figure 33b). Penetration experiments were performed
during 24h or 8h, after which the Franz cells were disassembled and the skin discs were
carefully washed with running water and cotton moistened with PBS pH 7.3 buffer
solution to remove any reminiscent formulation from the surface of the stratum corneum.

Figure 33 — Franz diffusion cells adaptation for transdermal penetration assays

Source: developed by the author.

For extraction of the drug penetrated in the skin, the skin disks were then
sectioned into small pieces and placed for 12 hours in a Falcon or Eppendorf tube, under
vortex agitation, with 7.5 mL of PBS buffer (fluorescein extraction) or 4.0 mL of ethanol
(ADA extraction). Extractions concerned to PSU were always performed with 1 mL of
the respective solvent. The solutions then passed through a Millipore 0.22 pm filter to
remove possible suspended particles from the skin and the quantification was performed

by fluorescence spectroscopy.
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3.5 1mm skin disks biopsy with and without the pilosebaceous unit (PSU)

Skin samples were carefully manipulated, according to procedures previously
developed by the partner group (LAPTEVA et al., 2020). So, the end portion of the PSU,
the hair root and its angle of implantation in the skin could be considered for the punction
procedure of 1mm biopsies containing, or not, the PSU (as represented by the Figure 34a).
The collection was then checked for completeness and also for the presence or absence
of PSU using a Leica S6D stereomicroscope (Leica; Heerbrugg, Switzerland) (34b and
34c).

Figure 34 — Imm skin biopsies with and without the pilosebaceous unit (PSU)

Source: developed by the author.

3.6 Confocal laser scanning microscopy (CLSM)

After 24h of the transdermal penetration experiment, samples were sectioned at

a thickness of 20 um using a Criotome (Thermo Scientific CryoStarTM NX70; Reinach,
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Switzerland) (Figure 35a). The 20 um cross sections of skin were fixed on Superfrost™
Plus microscope slides with 4% formaldehyde for 15 minutes, washed in PBS and
permeabilized in methanol for 5 min. After removing methanol by washing in PBS, cell
nuclei were stained with 1 pg/mL of DAPI for 5 min. The slides were then finished with
Eukitt® mounting medium and a cover glass slip (35b). Image acquisition was performed
at the Bioimaging Core Facility, Faculty of Medicine, University of Geneva. Skin
sections were examined with an Axio Scan.Z1 microscope (Zeiss, Germany) (35¢), where
each image was obtained by averaging ten repeated scans. Image processing was
performed using ZEN 3.2 Imaging Software Blue edition. Excitation and emission

wavelengths for DAPI were 353 and 465 nm, respectively.

Figure 35 — Obtaining CLSM images

Source: developed by the author.

3.7 Fluorescence spectroscopy

Fluorescence spectra, as well as, fluorescence intensity measurements were
obtained from a high-performance microplate reader BMG CLARIOstar® Plus (BMG
LABTECH, Ortenberg, Germany). The samples were placed in 96-well black polystyrene
microplates (OptiPlate-96), always in volumes of 200 uL in each analysis. Different
calibration curves, covering concentration ranges of interest, were always built
simultaneously with the sample analyses, guaranteeing similar temperature conditions
and technical parameters of lamps and optical sensors. SMART Control and MARS data
analysis software were used for data processing. Fluorescein and adapalene were excited
at 480 and 320 nm, respectively, and their emissions were measured at 530 and 370 nm,

respectively.
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4 RESULTS AND DISCUSSION

4.1 HES polymeric nanocapsules loaded with fluorescein

In order to evaluate the possibility of magnetic targeting by the HES
nanocapsules (addressed in the Chapter II), the performance of these nanocarriers was
investigated, concerning the delivery of hydrophilic compound in transdermal penetration
experiments (under the presence or the absence of a magnetic field). Fluorescein is a
compound widely used as a fluorescent probe for several molecules, having been selected
as a model hydrophilic compound in the present study, due to its luminescent properties,
such as, high intensity emission peaks and high molar absorption coefficient, which leads
to an easy detection, quantification and image generation (YAN et al., 2017). Absorption
and emission spectra for fluorescein in PBS buffer solution showed 480 nm and 530 nm,
respectively, as wavelength regions of maximum intensity.

The fluorescein transdermal penetration experiments were performed during 24
hours in Franz diffusion cells with a permeation area of 2 cm?, with an initial application
of 400 pL of magnetic formulation of HES polymeric nanocapsules loaded with
fluorescein at a concentration of 300 pg/mL, thus, a total fluorescein application to the
skin at 60 pg/cm?.

After 24 hours of experiment, the Franz cells were disassembled and the skin
discs were carefully washed to remove excess formulation from the surface. Due to the
fluorescein characteristic coloration, it was possible to visually observe a more
pronounced penetration in the skin discs kept under a magnetic field, in comparison with
the discs kept in passive penetration conditions (absence of magnetic field), as illustrated
by the Figure 36 (a, b).

Then, it was performed the quantification of fluorescein through a process of
standardization of its extraction from the skin in discs of 0.785¢cm?, giving priority to the
most central regions (Figure 36¢ and 36d), against the peripheral regions (the central ones
are more aligned with the magnets affixed to the upper central part of the Franz cells

donor compartment) for subsequent quantification by fluorescence spectroscopy.
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Figure 36 — Fluorescein transdermal penetration carried by HES nanocapsules

Source: developed by the author.
Standardization tests of fluorescein extraction were performed to ensure the
efficiency of the adopted extraction methodology. Known concentrations of free
fluorescein, solubilized in PBS buffer, were applied to skin samples at a concentration of
60 pg/cm? and allowed to penetrate until complete drying of the surface and stabilization
for 6h. DMSO and PBS buffer solvents were then tested in triplicate as candidates for
extraction, observing an extraction efficiency of 84.37% (+ 0.58) and 72.33% (£ 1.76),
respectively (values expressed in %mean + SD). Although DMSO showed greater
efficiency, PBS also demonstrated an acceptable efficiency in extracting fluorescein from
the skin, so this second candidate was chosen due to its properties of lower volatility, odor
and, mainly, lower risk of causing accidental intoxication.
The results concerning to the quantification of fluorescein skin penetration
(Figure 37) demonstrated that it was possible to observe a penetration of 0.44 pg/cm? (£
0.11 SD) to the negative magnetophoresis experiments. For the passive penetration
experiments, a lower penetration of 0.23 pg/cm? (£ 0.04 SD) was observed. These results
indicate a fluorescein penetration, on average, 91% more intense for 0.785cm? skin discs
(Figure 36d) under the application of a magnetic field of 85 mT on the surface of the skin.
The finding of these results is consistent with the theoretical reasoning that supports the
choice of negative magnetophoresis as a supporting method for topical drug application

(BANI; BHARDWAJ, 2021), due to its ability to repel nanoparticles (ALNAIMAT et al.,



169

2018; KUMAR et al., 2016). Therefore, the hypothesis evaluated in this study is whether
this repulsion generated by magnetophoresis, when applied in favor of a transdermal
penetration flux, could intensify the drug penetration for topical applications.

Figure 37 — Quantification of fluorescein in 0.785 cm? skin discs

Fluorescein skin penetration (ug /cm? skin)
0.6

0s — ]
0.4 l

0.3
0.2

0.1

Average = SD (n = 5)
EBlanck BPassive OMagnetophoresis

* P<0.05 (ANOVA forn=5)

one way

Source: developed by the author.
The standard deviation was observed more markedly in the systems involving
magnetophoresis, which can be explained by the operational limitation of ensuring, for
all experiments, the same distance between the skin surface and the magnet adapted to
the donor compartment of the Franz cell. A micrometric difference could already interfere
in the intensity of the magnetic field (LINDEMANN et al., 2021) in the surface of the
skin and, consequently, generate a greater variation of results between the different
experiments involving magnetophoresis, that is, a higher standard deviation.
Penetration experiments were also performed in white control groups, applying
HES nanocapsule formulations without fluorescein during the 24h of penetration. In these
cases, quantification by fluorescence spectroscopy did not observe, in the wavelengths of
interest, emission signals of relevant intensity for the white control group samples (Figure
37, red bar), demonstrating that neither the skin, neither another constituent of the
formulation, besides fluorescein, could be responsible for the emission signals observed
and used to quantify fluorescein penetration.
Besides the fluorescein quantification in 0.785¢m? skin discs, quantification in
Imm skin biopsies (with and without PSU, as previously illustrated by the Figure 34) was

also investigated. In these cases, the values obtained in each spectroscopic reading reflect
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the fluorescein extraction accumulated in 5 biopsies of 1mm (3.927mm? of skin) for each
of the experiments performed, independently, in quintuplicate (Figure 38a). The
concentrations were calculated from the calibration curve constructed simultaneously
with the measurements with an R? of 0.999 for the measured concentration range (38b).

Figure 38 — Quantification of fluorescein in 1mm biopsies
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The quantification of fluorescein in Imm biopsies also indicated, for all
experiments, higher penetration when the experiment took place under negative
magnetophoresis conditions. For biopsies containing PSU, the average observed was
0.0092 pg of fluorescein (+ 0.0025 SD) for each 3.927 mm? of skin, in the presence of a
magnetic field, while only 0.0042 pg of fluorescein (= 0 .0021 SD) in cases of passive
penetration, indicating that negative magnetophoresis provided an increase of 119% in
the fluorescein penetration, on average, for these units containing PSU. For biopsies that

did not contain PSU, 0.0074 pg (= 0.0021 SD) and 0.0028 pg (= 0.0017 SD) were
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observed, respectively, for negative magnetophoresis and passive penetration, revealing
that in these cases the magnetic field promoted a 164% increase in the penetration, on
average. Thus, contrary to what one might suppose, the results suggest that the observed
increase in the fluorescein penetration, promoted by the action of the magnetic field, does
not seem to have an exclusive relationship with targeted delivery through the hair follicle
pathways, since the intensification of penetration was higher in biopsies without hair
follicle. However, the results still allow us to observe that, both in the passive penetration
experiments as in the penetration by magnetophoresis, the means of fluorescein detected
in biopsies containing PSU were higher than that means detected in biopsies without PSU,
suggesting that the nanocarriers, both for passive penetration as for magnetophoresis,
experienced a more pronounced penetration through the hair follicle pathways, consistent
with what has already been widely established in previous studies (DAHMANA et al.,
2021; OTBERG et al., 2008; WEINER, 1998). In the present study, however, considering
the standard deviation of the experiments in the same penetration regime (passive or
magnetophoresis), the concentration difference between the biopsies with and without
PSU did not present a statistically significant quality when submitted to the ANOVA test
(P > 0.05). A possible explanation would be due to the fact that the experiments were
performed during 24 hours, which is time enough for that fluorescein accumulated in PSU
could then to diffuse laterally in the skin to regions without PSU, thus masking this
difference. Superior statistical quality was obtained in experiments involving the
penetration of adapalene, discussed in the next topic.

The possibility of diffusion of fluorescein through the skin was verified by
monitoring the fluorescein concentration in the receptor compartment of the Franz
diffusion cells, indicating that fluorescein was capable of transposing the entire skin

thickness between the donor and the receptor compartment, as shown in the Figure 39.
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Figure 39 — a) Spectroscopic monitoring of fluorescein transposition into the receptor
medium during 24 hours of transdermal penetration; b) expanded scale for the initial 12

hours; ¢) calibration curve concerned to the calculation of concentrations
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Source: developed by the author.

During the 24h of transdermal penetration, samples of PBS buffer solution were
collected from the receptor compartment of the Franz cells, from time to time, for analysis
by fluorescence spectroscopy (Figures 39 and 40). The results indicated that the
magnetophoresis experiments showed an 87% more pronounced transposition of
fluorescein to the receptor medium, when compared to the passive penetration
experiments, with a concentration of 0.15 and 0.08 pg/mL (after 24 hours), on average,

in the presence and absence of the magnetic field, respectively (Figure 39a).
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Figure 40 — Spectroscopic monitoring of the transposition of fluorescein to the receptor

medium during 24 hours of transdermal penetration
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Source: developed by the author.

In accordance with the previous results, CLSM images indicated a higher
intensity of emission, related to the detection of fluorescein, in skin sections submitted to
negative magnetophoresis (41f), compared to the passive penetration (41d) for 24h
penetration experiments (XZ-plane, considering the surface of the skin as an XY-plane).
Figure 41— CLSM micrographs of skin sections (SC facing to the left) after 24h of
transdermal penetration: (a, b) white control (without fluorescein); (c, d) passive
penetration; (e, f) magnetophoresis; (b, d, f) DAPI signal suppressed (fluorescent stain),

remaining only fluorescein signal.

Blanck control Passive penetration Magnetophoresis penetration

B Green signal: Fluorescein emission

Source: developed by the author.



174

Thus, all experiments carried out for fluorescein penetration demonstrated an
enhancement of transdermal penetration when under negative magnetophoresis
conditions, compared to passive penetration. Additionally, the results also suggest that
this intensification may not be exclusively related to the follicular pathways. In fact,
penetration pathways for highly hydrophilic substances are still under discussion, so that
some authors suggest intercellular and/or follicular penetration as preferred pathways,
while other authors hypothesize transcellular transport of hydrophilic substances

(PATZELT; LADEMANN, 2020).

4.2 TPGS polymeric micelles loaded with adapalene

In order to evaluate the potential of negative magnetophoresis for applications
related to transdermal drug penetration directed to the hair follicle, this study followed
the penetration capacity of the hydrophobic compound adapalene (ADA) carried by
TPGS polymeric micelles, under the presence and absence of magnetic field. Thus, it was
observed in a comparative way, the impact promoted by the application of a magnetic
field in the crossing of the stratum corneum.

The ADA transdermal penetration experiments were performed for 8 hours in
Franz cells with a permeation area of 2 cm?, with an initial application of 200 pL of
magnetic formulation of TPGS micelles loaded with ADA at a concentration of 250
ng/mL (a total of ADA applicated to the skin at 25 pg/cm?). After 8 hours of experiment,
the Franz cells were disassembled and the skin discs were carefully washed to remove
excess of formulation in contact with the stratum corneum. Tests carried out in triplicate
demonstrated that it was possible to extract ADA from skin disks with ethanol by
vortexing for 12h in a yield of 75.81% + 2.02 (mean + SD).

Next, ADA quantification was performed by fluorescence spectroscopy.
Absorption and emission spectra for ADA solution in ethanol showed, respectively, 320
nm and 370 nm as wavelength regions of maximum intensity.

In previous experiments, involving fluorescein, we obtained the challenging
finding that standard deviation (SD) values were higher in experiments involving the
fixation of magnets in the Franz cell donor compartment. Thus, since the objective of the
present study was to evaluate the practical possibility of negative magnetophoresis

intensifying the topical penetration of a drug already commercially approved for clinical
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use, a greater number of repetitions were performed in the experiment to obtain results
with higher quality of statistical validation.

Thus, the results schematized by Figure 42 summarize the experimentation of 27
independent tests (12 for passive penetration, 12 for penetration with application of
magnetic field and 03 for blank control), revealing that negative magnetophoresis was
able to promote a penetration of adapalene, on average, 130% higher for 0.785 cm? skin
discs, when applied a magnetic field of, approximately, 85 mT on the surface of the skin
(P < 0.001 in ANOVA test). On average, penetration of 0.19 pgADA/cm? (£ 0.07 SD)
was observed in the presence of the magnetic field and 0.08 ngADA/cm? (£ 0.02 SD)
under passive penetration conditions.

Figure 42 — ADA quantification in 0.785cm? skin discs

Adapalene skin penetration (ng ADA/em?;.)
Average = SD (n = 12)
*

0.3 1

0.1
0.05
0 =

Blanck Passive Magnetophoresis

* P < 0.001 in ANOVA  ay for n =12

Source: developed by the author.

Penetration experiments were also performed for white control groups, applying

TPGS micelle formulations without adapalene during 8h experiments. In these cases,

quantification by fluorescence spectroscopy did not observe, in the spectroscopic range

of interest, relevant emission signals for the white control group samples (Figure 42, red

bar), suggesting that, besides to ADA, neither the skin neither another formulation
constituent, could significantly impact the emission signals used in the quantifications.

In addition to ADA quantification from 0.785cm? skin discs, quantifications

from 1mm skin disc biopsies (with and without PSU) were also performed. Thus, the

values obtained in each spectroscopic reading reflect the accumulated ADA extraction

from 5 biopsies of Imm (3.927mm?) for each of the experiments performed,

independently, in quintuplicate (Figure 43a).
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ADA quantification from 1mm biopsies demonstrated, for all experiments, a
higher penetration when the experiment was carried out under negative magnetophoresis
conditions.

Figure 43 — ADA quantification from Imm biopsies: a) in the presence and absence of a

magnetic field (n = 5); b) only in the presence of a magnetic field (n = 13)
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Source: developed by the author.

For biopsies containing PSU, the average ADA penetration observed was 0.0082

ug (£ 0.001 SD) for 3.927mm? of skin, in the presence of a magnetic field, while for the
passive penetration, was observed only 0.0018 pg/3.927mm? (+ 0.0008 SD), indicating

that, for the units containing PSU, negative magnetophoresis provided an increase of
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340%, on average, in the ADA penetration during 8h. For biopsies that did not contain
PSU, averages of 0.0061 pugapa/3.927mm? (£ 0.0009 SD) and 0.0014 pgapa/3.927mm?>
(£ 0.0007 SD) were observed for negative magnetophoresis and passive penetration,
respectively, revealing that in these cases of absence of PSU, the magnetic field,
surprisingly, provided the same increase of 340%, on average, in the penetration of
adapalene.

Thus, the results once again suggest that the observed increase in the penetration
capacity does not appear to be exclusively related to targeted drug delivery via hair
follicle pathways, once a 340% increased penetration was observed both in the presence
as in the absence of PSU. Nevertheless, the ability of nanocarriers based on polymeric
micelles to preferentially reach hair follicles has already been demonstrated in previous
studies (DAHMANA et al., 2021; LAPTEVA etal., 2014, 2015). In this sense, the present
study performed additional investigations, involving 13 independent experiments,
demonstrating that, in the presence of a magnetic field, penetration pathways related to
the hair follicle continue to be confirmed as the preferential route of penetration for
polymeric micelles, since it was detected, in biopsies containing PSU, a 57% higher
concentration of ADA, on average (0.0101 pg/3.927mm?2 and 0.0064 ng/3.927mm?2,
respectively, for biopsies with and without PSU), as seen in the Figure 43b.

Therefore, evaluating the results compiled by Figures 42 and 43, it is possible to
demonstrate that negative magnetophoresis exerted an enhancing effect on the
transdermal penetration of adapalene loaded by TPGS polymeric micelles, on average,
130% higher (up to 340%) when compared to the passive penetration. Additionally, it is
also possible to suggest that this penetration-enhancing effect occurred in a generalized
way on the surface of the skin, that is, not showing an exclusive relationship with
follicular penetration pathways, although, these follicular pathways have been shown to

be a pronounced penetration route.
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5 CONCLUSION

The present work demonstrated that a new magnetic nanocomposite based on
hydroxyethyl starch was successfully synthesized through an inverse miniemulsion
synthesis method. The nature of this nanocomposite consists of polymeric nanocapsules
with a well-defined core-shell morphology, with an average diameter of 143 nm, ranging
from 100 to 340 nm, which allowed the co-encapsulation of the hydrophilic bioactive
oncocalyxone A with SPIONs in the core of this nanostructure, visualized by
Transmission Electron Microscopy. Exhibiting a prolonged drug release profile, the
nanocomposite demonstrated in vitro cytotoxicity against four human tumor cell lines,
while it did not promote the occurrence of deaths in the in vivo acute toxicity tests
(zebrafish model), generating perspectives for the magnetic vectorization of hydrophilic
anticancer drugs. Thus, the nanocomposite synthesized in this work represents an
intelligent perspective for the transport of drugs/bioactives, since it can transport
hydrophilic compounds by magnetic vectorization. Additionally, magnetic nanocarriers
were tested concerning the capacity of drug directing against the stratum corneum barrier.
It was possible to demonstrate that negative magnetophoresis exerted an enhancing effect
(up to 340%) on the transdermal penetration of hydrophilic and hydrophobic compounds,
when compared to the passive penetration. It was also possible to suggest that this
penetration-enhancing effect occurred in a generalized way on the surface of the skin, not
showing an exclusive relationship with follicular penetration pathways, although, these
follicular pathways showed to be a pronounced penetration route. This way, the present
work not only synthesized a new magnetic nanocomposite, but also evaluated possible

applications concerning magnetic drug delivery through interactions with magnetic fields.
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