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RESUMO

Neste estudo foi reportado a elaboracdo e caracterizacdo de nanoparticulas nicleo-camada
(maguemita-ouro) com a camada modulada em diferentes espessuras abaixo de 2 nm. As
nanoparticulas recobertas com ouro possuem nucleo com tamanho médio de 9 nm, que foi elabora
com um protocolo em um dnico passo, envolvendo a reducdo do cation Au®* na presenca de
nanoparticulas de maguemita recobertas com citrato. Adicionalmente, a p6s-funcionalizacdo das
estruturas nucleo-camada com ftalocianina de aluminio foi realizada com sucesso, objetivando a
producdo de um material como plataforma para terapia fotodindmica. As amostras produzidas
foram estruturalmente, morfologicamente, magneticamente e opticamente caracterizadas e
apresentaram uma estabilidade coloidal de longa duracdo no pH fisioldgico. Impressionantemente,
foi encontrado que as amostras sintetizadas apresentam uma boa propriedade de atenuagéo de raios
X, tornando-os capazes de serem utilizados como nanosondas para tomografia computadorizada.
Além disso, testes de nanotoxicidade in vivo confirmaram uma biocompatibilidade superior para as
amostras produzidas, fazendo das mesmas uma plataforma bastante promissora para mutifuncées

em aplicagdes in vivo

Palavras chave: Core-shell, ouro, maguemita, ftalocianina, tomografia computadorizada.
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ABSTRACT

In this study we report on elaboration and characterization of core—shell maghemite-
Gold nanoparticles (NPs) with shell modulated for different thicknesses below 2 nm nm.
Gold-shelled maghemite NPs with average core size about 9 nm were elaborated by a single-
step protocol involving reduction of Au* in the presence of citrated-coated maghemite NPs.
Additionally, post-functionalization of the core-shell structures with aluminium
phthalocyanine was successfully accomplished, aiming the production of a material platform
for photodynamic therapy. The as-produced samples were structurally, morphologically,
magnetically and optically characterized and presented long-term colloidal stability at
physiological pH. Impressively, we found the as-produced samples showing good X-ray
attenuation property, rendering them with ability to be used as a nanoprobe for targeted
computed tomography. Moreover, in vitro nanocytotoxicity tests confirmed superior
biocompatibility of the as-produced samples, making them a very promising multi-task

platform for in vivo applications.

Key word: Core-shell, gold, maghemite, phthalocyanine and computed tomography.



1- INTRODUCAO GERAL

Nanotecnologia é um ramo multidisciplinar da ciéncia que engloba inimeros campos da ciéncia e
tecnologia, tais como o biomédico, farmacéutico, agricultura, meio ambiente, materiais avangados,

quimica, fisica, eletrnica, tecnologia da informagdo, dentre outros mais (figura 1).

Figura 1: Relacdo entre as diversas areas do conhecimento com a nanotecnologia
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A sintese, propriedades e aplicagdo de materiais e dispositivos numa escala inferior a 100nm tem
contribuido severamente em varios campos biomédicos como: agentes de imagem, veiculos de entrega
de farmacos, ferramentas de diagndsticos, dentre outras, mixando diferentes areas do conhecimento®.
A engenharia biomédica possui a ponte que liga a biologia com a medicina convencional, pela

aplicagdo de conhecimentos de engenharia em diagnésticos cirdrgicos, monitoramento e terapia.*

No inicio do século XXI, o controle do cancer é considerado ser um dos principais problemas de
saude comunitaria. Apenas dos intensivos esfor¢os nas décadas passadas, 0 cancer persiste como
uma das principais causas de morte no mundo®®. O cancer é conhecido por desenvolver, através de
um processo em varias etapas e envolvendo numerosos sistemas fisiolégicos, como sinalizacao
celular e apoptose, tornando-se uma doenga altamente complexa e de dificil compreenséo. Diversos
novos métodos e técnicas tém sido desenvolvidos na intengdo de melhorar o diagnostico e o
tratamento do cancer, muitas vezes promissores no inicio, mas com resultados limitados durante o
curso de sua aplica(;éo4’5’6.

Nanociéncia e nanotecnologia est4 na vanguarda do desenvolvimento de novos conceitos
terapéuticos e diagndsticos em todas as areas da medicina, especialmente cancer, emergindo assim

um novo campo disciplinar denominado “nanomedicina”’. Nanomedicina poe ser definido como a
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aplicacdo de nanotecnologia que envolve 0 uso de objetos manométricos para aprimorar diagnostico,

tratamento e prevencao de doencas e lesdes traumaticas.

O pequeno tamanho e alta superficie, para a razdo volumétrica (Superficie/Volume) das
nanoparticulas sdo os recursos chave que as fazem U(teis nos campos biomédicos, devido ao
desenvolvimento de varias novas propriedades, facilidade na funcionalizacdo, conjugacdo de
biomoléculas, etc.?

A aplicacdo da nanotecnologia neste campo mostra ainda o avan¢o em varias areas especificas tais
como drogas mais direcionadas, bio-diagnostico, bioimagem e manipulacdo genética. Nanoparticulas
inorganicas podem ser produzidas em uma grande variedade de tamanhos e formas®*®!* e possuem um
vasto numero de propriedades fisicas que surgem a partir das caracteristicas quanticas dos materiais

que comp&em seu nlicleo™*,

Muitos tipos de carreadores de drogas tém sido desenvolvidos até o presente momento, incluindo
carreadores poliméricos de alto peso molecular sollveis em agua, nanoparticulas poliméricas, micelas
poliméricas, dendrimeros, lipossomos, nanoparticulas virais, sistemas baseados em carbono
(nanotubos de carbono e 6xico de grafeno), nanoparticulas magnéticas ( 6xidos de ferro por exemplo)
e nanoparticulas de silica e ouro (figura 2).

Figura 2: Visdo geral dos sistemas de entrega de drogas com varias possibilidades de alvos e seus
ligantes.
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Avancos recentes na quimica dos polimeros e o desenvolvimento de novas técnicas de
polimerizacdo tém permitido a sintese de polimeros com estruturas bem definidas, restringindo a
distribuicdo do peso molecular e propriedades ajustaveis***>'®. Analogicamente, desenvolvimentos na
quimica de nanomateriais tém produzido nanoparticulas carreadoras com distribuicdo de tamanho
limitado e propriedades fisico-quimicas controladas que podem ser controladas para varios propositos,
como monitoramento da eficiéncia de tratamentos ou 0 aumento de sua eficiéncia. Juntamente com os
avancos da biologia celular e molecular, estes desenvolvimentos oferecem oportunidades de criar uma
sofisticada seletividade dos alvos, baseados nos carreadores e carreadores conjugados com varias
moléculas biologicamente ativas, como drogas, genes, enzimas e outras proteinas ou nucleotideos.
Como agentes poderiam, potencialmente, formar bases de alta especificidade, seguranca e eficiéncia
para o tratamento de cancer.

Outro importante beneficio do uso de polimeros e nanoparticulas como carreadores de drogas
derivam de suas habilidades de aumentar a solubilidade de drogas hidrofébicas, estendendo a
circulagdo da droga na corrente sanguinea e suprimindo ou eliminando a rapida excregdo renal.

Juntos, 0 uso de carreadores de drogas aumenta dramaticamente o acumulo de drogas em 6rgédo ou

células, "8

e torna possivel a possibilidade de ativacdo controlada (liberacdo) de drogas em que o
efeito terapéutico é necessario, como por exemplo, em tumores. A ativacao seletiva neste sentido
poderia prevenir a intoxicacdo medicamentosa ocorrida por interacdo em tecidos em células saudaveis,
mitigando ou eliminando qualquer efeito colateral que seria possivel haver.

A diversidade de ambos, estrutura e propriedades, permitem novas estratégias para o

desenvolvimento de terapias e agentes de imagem**?

, com exemplos de sistemas baseados em
nanoparticulas a partir da entrada dos tratamentos clinicos.

Novas questdes que surgem a partir da interacdo desses materiais com biosistemas, no entanto,
colocam em cheque algumas possibilidades de atuagdo de alguns nanomateriais'®. Algumas dessas
questdes se mostram insuperaveis, algumas exigem mais pesquisas para serem vencidas e algumas

proporcionam novas dire¢gdes que ndo eram esperadas com poderosos potenciais a serem explorados e

P 21
utilizados.

Nanopartiuclas magnéticas

Particularmente, nanoparticulas magnéticas vém exibindo suas vantagens pelas inovadoras
propriedades. As nanoparticulas magnéticas podem ser controladas separadamente em sistemas
aglomerados, por meio de um campo magnético externo. Esta propriedade permite ao pesquisador
. o . . 22 ~ . . . ;.
imobilizar enzimas sobre a superficie do substrato™ e ent3o construir sistemas bioeletroquimicos por
23,2425

meio de controle magnético

O advento das nanoparticulas tem aberto novos caminhos em muitos diferentes
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campos de estudo, juntamente com outros nanomateriais®®. O ramo da engenharia biomédica
tem sido igualmente influenciado. A elevada razdo superficie/volume das nanoparticulas as
proporciona uma maior energia de superficie, atividades oOticas tinicas?’, eletrdnicas e excelentes
propriedades magnéticaszs, dentre outras mais.

A elevada area de superficie também permite a nanoparticula ser modificada adequadamente
no sentido de promover suas propriedades farmacocinéticas, aumentar o tempo de vida na circulagao
vascular, juntamente com a melhoria da biodisponibilidade, especialmente para aplicagdes biomédicas.
O aprimoramento das propriedades foi revolucionario no campo da entrega de drogas no organismo, o
aumento no tempo de vida de circulagdo aumenta a eficicia do medicamento, o aumento da
biodisponibilidade de drogas significa poder efetivamente usar muito menor dosagem em vez de
medicamentos volumosos.”? Como mencionado anteriormente, a mais importante caracteristica que
tem atraido a atencdo de pesquisadores ao redor do mundo € a habilidade de ter melhores modificagdes
superficiais, fato que ndo ajuda somente na elaboragdo de drogas especificas, mas pode resolver o
duplo proposito tanto de monitoramento quanto a liberagdo de drogas. Em geral, as propriedades
dependentes do tamanho das nanoparticulas (principalmente as éticas, eletronicas e magnéticas) t€m
sido observadas em serem muito mais uteis em aplicagdes biomédicas®.

Muitos tipos de nanoparticulas magnéticas (NPM) tém sido sintetizadas ao longo dos anos,
sendo principalmente desenvolvidas para aplicacdes biomédicas, como separacéo de biomoléculas®,

ressonancia magnética de imagem®, agente de contraste®, carreador de drogas* e biodetecc&o™®.

Qualquer sistema de entrega de dorga, seja ele baseado em polimeros ou nanoparticulas
magnéticas, devem satisfazer um ndmero de critérios em comum?®:

(1) evitar interacBes ndo-especificas com o corpo ou a inducdo de reacdes adversas e
evitar captura por células do sistema reticuloendotelial,

(i) proteger o transporte das moléculas biologicamente ativas para os locais de acédo
(tecido, 6rgdo, célula ou organela) para o local de administracdo em um alto
rendimento, enquanto mantém a molécula biologicamente ativa em um estado livre
(inativa) durante o transporte,

(iif)  proteger as moléculas biologicamente ativas de efeitos prejudiciais durante o
transporte ( por exemplo degradagdo enzimatica ou hidrdlise) no corpo,

(iv)  liberar quantidades de moléculas biologicamente ativas no local, ou em torno
deste, idealmente de forma controlada, de tal forma que seja conseguida uma
concentragdo tecido/célula desejada,

(V) permitir eliminagdo de todos os componentes do sistema de entrega de drogas do
componente apos a sua fungdo como transportador ter sido cumprida.

Existem varias maneiras para que estes requerimentos sejam alcangados, e cada sistema de

entrega de drogas oferece seu proprio conjunto de solucGes especificas. Algumas dessas sdo comuns a
muitos (ou quase todos) sistemas, mas outros sdo Unicos e dependem de detalhes da estrutura do

carreador e sua arquitetura® 3%,
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Falando de forma mais genérica, estas abordagens sdo apliciveis para diversos tipos de
sistemas de entrega de drogas para tratamento de cancer, incluindo nanoparticulas magnéticas e
nanoclusters, assim como conjugados droga-polimero, micelas poliméricas e nanoparticulas
poliméricas. Outros sistemas de entrega de drogas baseados em polimeros como lipossomos
nanomodificados e poimero-modificados (um dos poucos sistemas de entrega de drogas que tém sido

extensivamente testados clinicamente e aprovados para uso clinico®).

NANOPARTICULAS MAGNETICAS DE OXIDO DE FERRO COMO SISTEMAS DE
ENRTEGA DE DROGAS

Uma das classes mais exploradas de nanosistemas adequadas para a liberagdo de drogas séo
nanoparticulas inorganicas. Assim como as nanoparticulas poliméricas, nanoparticulas inorganicas
variam em uma escala de 1 a 1000nm. Contudo, para propositos de entrega de drogas elas ndo devem
ser maiores que 200nm, para evitar opsonizagdo e consequente eliminacdo pelo sistema
reticuloendotelial.

Comparado aos sistemas de entrega de drogas baseados em polimeros, as vantagens em se
usar nanoparticulas inorgénicas para entrega de drogas sao que podem aumentar a eficiéncia e também
facilitar o monitoramento por imagens e monitoramento da eficacia do tratamento. Uma classe das
nanoparticulas inorganicas que ¢ amplamente utilizada como sistema de entrega de drogas sdo as
nanoparticulas de 6xido de ferro superparamagnéticas (SPIONS). Elas podem ser preparadas em varios
tamanhos (que podem ser definidos em termos do tamanho hidrodindmico ou tamanho do ndcleo), séo
biocompativeis e possuem um amplo faixa de propriedades mais interessantes e complexas, que sao
Uteis para a entrega de farmacos, que as nanoparticulas inorganicas baseadas em carbono ou silica. A
maior vantagem das SPIONs como sistemas de entrega de farmacos deriva de seu comportamento
magnético.

Isto as permite agir como agentes de contraste em ressonancia magnética de imagem (RMI), o
gue é atualmente uma das mais populares e amplas técnicas médicas de imagem disponivel. Isto
também as permite serem guiadas e mantidas em uma localidade desejada, por meio de um campo
magnético e induzir um aquecimento local, em uma regido tumoral, utilizando hipertermia fluida
magnética.

Isto pode ser usado como gatilho para liberagcdo para uma droga carregada ou para causar a
morte celular por apoptose induzida por temperatura, Estas propriedades da as SPIONs uma ampla
faixa de potenciais aplica¢des como agentes terandsticos avancados (medicamentos que sdo Uteis para
ambos, terapia e diagnostico) e nanocarreadores para entrega de drogas. Por exemplo, elas podem
potencialmente serem entregues em uma regido do tecido tumoral via conducdo magnética, local onde

seria liberada a droga carregada/aderida enquanto todo o processo estaria sendo acompanhado por



6

RMI. Contudo, as propriedades magnéticas das SPIONs também apresentam algumas desvantagens e
desafios; notavelmente, elas aumentam a tendéncia das particulas em se agregarem. Portanto, SPIONs
sdo comumente combinadas com poliméricos biol6gicos ou sintéticos, para formarem nanoestruturas
como os nanoclusters magnéticos ou aprisionados em matrizes sensiveis a estimulos organicos ou

micelas magnéticas, dentre outros.

AVANCOS NO USO DE SPIONs PARA ENTREGA DE DROGAS

Estratégias que explorem as propriedades magnéticas intrinsecas dos carreadores de drogas
baseados em SPIONSs se baseiam em sua forte resposta a um pequeno campo magnético aplicado.
Além disso, uma vez que o tamanho das SPIONs diminui abaixo de um limiar caracteristico elas se
tornam paramagnéticas (25nm para Fe;0, e 30 nm para a y-Fw,05)*!. Isto facilita grandemente sua
visualizagdo por aumentar seu contraste em imagem, assim como sua habilidade em ser manipulada no
espaco por um campo magnético e sua capacidade de induzir calor localmente. Consequentemente, as
particulas superparamagnéticas ndo apresentam magnetizacdo remanescente e podem apresentar uma
melhor estabilidade coloidal.

Superparamagnetismo é um efeito de tamanho finito, que surge quando o tamanho da
nanoparticula cai abaixo de um valor limiar, entrando em um estado de dominio Unico, por exemplo,
um estado em que todos 0s momentos magnéticos atbmicos dentro da nanoparticula apontam em um
mesmo eixo de direcdo de magnetizacdo, estabelecida e mantida pela anisotropia magnética das
particulas. Assim, em esta do dominio Unico, pode-se definir 0 momento magnético de uma
nanoparticula, geralmente denominado superspin, como um simples produto da magnitude de todos os
momentos magnéticos atbmicos dentro da nanoparticula e apontando ao longo do eixo de facil
magnetizagdo. Desta forma, todos os momentos magnéticos estdo alinhados devido a troca de
interacbes magnéticas. Uma vez em estado de superparamagnetismo, o superspin flutua entre as
direcdes favorecidas pela anisotropia magnética da particula, se a energia térmica fornecida ao sistema
é suficiente para superar as barreiras impostas pela anisotropia magnética da nanoparticula, em um
nivel atdmico, todos os momentos magnéticos dos atomos flutuardo, mas de uma forma cooperativa,
devido troca de interagfes existentes, mantendo o alinhamento magnético mutuo dos atomos dentro
das nanoparticulas.

O campo magnético externo ird segurar a nanoparticula no local tumoral se as forgas
magnéticas excederem as forgas de arraste hidrodindmicas exercidas pela corrente sanguinea. Uma vez
que os carreadores de drogas estiverem concentrados no local do tumor, com o auxilio de um campo
magnético externo, a droga € liberada pela atividade enzimatica ou pelas alteracGes das condi¢Bes

fisiologicas (alguma combinacgdo do pH, temperatura ou osmolaridade).
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Nanoparticulas baseadas em vy-Fe,O; e Fe;O, tém se provado serem particularmente
promissoras devido a suas propriedades magnéticas; elas sdo ambas ferrimagnéticas e suas
nanoparticulas apresentam comportamento superparamagnético. Além disso, SPIONs possuem baixa
toxicidade, sdo biodegradaveis, consideravel biocompatibilidade e eficientemente eliminadas pelo

corpo humano, através do metabolismo do Fe**

. Nanoparticulas alternativas sdo baseadas em
nanometais (ferro, cobalto ou niquel), nanoalojamentos ou granadas contendo ferro. Contudo, elas sdo
mais toxicas que Oxidos de ferroe devem, desta maneira ser funcionalizadas com outros compostos
para reduzir esta toxicidade.

Até o presente momento, tem sido demonstrado que a eficiéncia do direcionamento magnético
depende de vérios parametros. Além das propriedades magnéticas intrinsecas do veiculo e das
caracteristicas do campo magnético aplicado (forca e gradiente), € importante considerar 0s
pardmetros hidrodinamicos e fisioldgicos, como a rota de infusdo, tempo de meia vida na corrente
sanguinea, a reversibilidade/forca da ligacdo da droga/carreador e o volume do tumor.

Como jé citado, o magnetismo das nanopartiuclas de 6xido de ferro as rende facil aquecimento
por um campo magnético externo, para agirem como sondas em tratamentos de cancer por
magnetohipertermia®, onde o aquecimento é acompanhado através da frequéncia (aplicando um

campo magnético variavel).
MAGNETOHIPERTERMINA (MHT)

Basicamente, hipertermia significa uma eleva¢do anormal da temperatura corporal. Isto pode
ser causado como parte de um tratamento, por uma infecgdo ou por uma exposi¢do ao calor. E a
terapia por hipertermia ¢ um tipo de tratamento no qual o tecido corporal ¢ exposto a altas
temperaturas, para danificar e matar células cancerigenas ou para fazer estas células mais
sensiveis ao efeito de radiacdes e certas drogas anticancer™.

O tratamento por hipertermia pode ser dividido basicamente em duas partes,
hipertermia interna e hipertermia externa. Na hipertermia externa o calor ¢ aplicado de uma
fonte externa ao corpo, usando-se varios meios, como micro-ondas, radiofrequéncia,

ultrassom, etc. Enquanto na hipertermia interna certas substincias exdgenas, como

nanoparticulas magnéticas, sao inseridas dentro do corpo para agir como fontes de calor™.
MEDIADORES MAGNETICOS PARA MAGNETOHIPERTERMIA
Devido a excelente dissipacdo de calor em campo magnético de corrente alternada, varios

tipos mediadores magnéticos tem sido desenvolvidos. Os mediadores magnéticos principalmente

trabalham na liberacdo do calor por perdas magnéticas, por exemplo, a quantidade de energia do
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campo magnético convertida em calor durante inversdo da magnetizagdo. S&o causados por processos
que ocorrem no sistema de particulas:

1) histerese,

i) relaxagdo Braowniana ou de Neel,

iii) corrente parasita,

iv)  perdas friccionais em suspensdes®’.

A perda de histereses € devido ao processo de magnetizacao irreversivel em um campo
magnético de corrente alternada, originado principalmente em particulas com multidominio. Com a
diminuicdo do tamanho da particula existe a ocorréncia da rotacdo homogénea de magnetizacéo,
atraves do estado de pseudo dominio Unico, em gue sdo observadas as perdas de relaxamento Neel. A
transicdo de multidominio da particula para dominio Unico depende principalmente do tamanho da
particula, o que depende completamente das propriedades intrinsecas do material.

Tipicamente , esses materiais materiais que possuem grande geracdo de energia de

aquecimento por unidade de massa de particula sdo aplicados principalmente em hipertermia. Portanto
varios tipos de nanoparticulas magnéticas sdo desenvolvidas e usadas como mediadores magnéticos. O
tipo mais bem sucedido e que tem sido amplamente investigado consiste em nanoparticulas
superparamagnéticas de 6xido de ferro (SPION)*. Juntamente a essas varios tipos de nanoparticulas
baseadas em oxido de ferro, tais como MFe,O4 (M= Co, Ni, Mn, Zn, Cu, Mg etc) e LSMO tém sido
desenvolvidos e investigados para hipertermia. Até agora, nanopariculas magnéticas baseadas em
oxido de ferro sdo usadas predominantemente como mediadores em hipertermia. Hoje em dia os

mediadores magnéticos sio comercializados pela Chemicell, Micromod e Bayer-Schering®.

EFEITOS ESPECIAIS DOS MEDIADORES MAGNETICOS BASEADOS EM OXIDO DE
FERRO

Varios métodos estdo sendo desenvolvidos para sintetizar nanoparticulas magnéticas, o
sucesso de sua aplicacdo como nanoparticula magnética é altamente dependente da estabilidade da
particula em diferentes condi¢cdes. Mas o melhor desempenho da particula ocorre quando a mesma
esta abaixo de um tamanho critico, por exemplo, na faixa de 10-20nm, faixa na qual promove seu uso
em vaias aplicacdes.

Abaixo do tamanho critico, as nanoparticulas magnéticas se comportam como particulas em
dominio Unico, apresentando comportamento superparamgnético quando a temperatura é superior a
chamada temperatura de bloqueio. Essas nanoparticulas individuais se comportam como gigantes
atomos paramag’neticos com um grande momento magnético constante, coercividade zero e
reminiscéncia insignificante®. Esses recursos tornam as nanoparticulas magnéticas muito atraentes
para uma ampla gama de aplicagcGes biomédicas. No entanto, duas questBes importantes, efeito do
tamanho finito e controle dos efeitos magnéticos de superficie das nanoparticulas magnéticas oferecem

condicbes especiais para este tipo de material.



NANOPARTICULAS DE OURO

O ouro tem sido o objeto de fascinio por longa data, tanto por seu valor medicinal como por
seu valor ornamental®***3, O ouro vermelho para vitral era conhecido pelos artesdos medievais como
“ouro finamente dividido”, disperso em vidro liso™ >*. As amostras de ouro coloidal de Michael
Faraday, as quais foram feitas em solucdo, ainda estdo em exibicdo no Museu de Faraday, em
Londres®. Nos dias atuais é sabido que nanoparticulas de ouro (~100nm ou menos) S0 responsaveis
por cores brilhantes. O que faz o ouro nanoparticulado aparecer na cor vermelha ou roxa, ou outras
cores diferentes do dourado presente em sua forma mais aglomerada? A resposta quantitativa € de
certa forma surpreendentemente complicada™, mas qualitativamente a imagem é razoavelmente clara.
Na faixa de 5-200 nm de didmetro, as nanoparticulas de ouro sdo grandes o bastante para suportar uma
banda de conducdo, sdo comparaveis ao percurso livre médio do elétrons no metal a temperatura
ambiente (~100 nm), mas sdo bastante pequenos em comparagdo com os comprimentos de onda da luz
visivel (~400 — 750 nm). Irradiagdo com luz em certas frequéncias resultam em oscilagdes coletivas
dos elétrons na superficie das particulas, conhecidas como “oscilagdes plasmicas” ou “Plasmonicas”®
ou “ressonancia plasmonica localizada na superficie”, RPLS. As propriedades Opticas de pequenas
nanoparticulas metalicas sdo dominadas por tais oscilagfes coletivas que estdo em ressonancia com a
radiacdo eletromagnética incidente. Para o ouro, isto acontece na mesma frequéncia de ressonancia
que sua oscilacdo, governada pela sua constante dielétrica aglomerada, que se encontra na regido
visivel do espectro eletromagnético®. Devido ao fato das nanoparticulas possuirem uma elevada érea
superficial, a frequéncia plasménica é primorosamente sensivel & natureza dielétrica (indice de
refracdo) de sua interface com o0 meio em que se encontra. Qualquer mudanga nas redondezas dessas
particulas (modificagdes superficiais, agregacéo, indice de refragdo do meio, etc.) conduz a mudangas
colorimétricas de dispersdo®”***°. Agregacéo particular conduz ao acoplamento plasménico, com uma
mudanca concomitante de frequéncia plasménica, resultando em uma sensitividade superficial que tem
sido amplamente usada em detecgdo quimica, assumindo que a agregacao quimica é controlada pela
quimica de superficie®”®. Ndo somente a luz é fortemente absorvida pelos plasmons, mas também a
dispersdo de Rayleigh (elasticamente), e com o aumento da particula, maior é a saida de luz dispersa
em relacdo é luz absorvida®.Devido & luz espalhada pelas nanoparticulas de ouro na porgao visivel do
espectro eletromagnético de acordo com suas bandas plasménicas, € possivel opticamente tracar a
posicao individual de cada nanoparticula, pavimentando o caminho para aplicacdes de imagens.

Na década passada, numerosos avancos quimicos na sintese de nanoparticula de ouro, que ndo
sejam esféricas, especialmente formatos anisotropicos, como 0s nanobastfes tém aberto ainda mais
possibilidades para aplicagdes em sensores e imagens, por varias diferentes razdes. Primeiro,

nanobastBes de ouro tipicamente exibem duas bandas plasménicas (uma no visivel e outra tanto no
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visivel quanto no infravermelho préximo) que séo tunaveis dependendo da dimensdo do nanobastéo;
estas duas bandas correspondem aos modos plasmonicos de eixo curto (transversal) e ao de eixo longo

60,61,62

(longitudinal) . Assim, se alguém desejar que nanopoarticulas de ouro absorvam em certo
comprimento de onda ou frequéncia de luz no visivel ou infravermelho proximo, pode-se produzir
particulas com formato apropriado para tal fim. Segundo, nanoparticulas anisotropicas podem ter
diferentes reatividades quimicas para diferentes faces cristalinas®*®?. Esta propriedade pode conduzir
para novas estratégias de montage ou estratégias de teteccdo quimica, por exemplo, a banda
plasménica longitudinal e ndo a transversal, ocorrendo assim um deslocamento para o vermelho,
devido a agregacdo ponta a ponta dos nabobastdes de ouro®.

Figura 3: Fotografia de solu¢Bes aquosas de nanoesferas de ouro (imagens superiores) e nanobastdes
(imagens inferiores) em fungéo do incremento em sua dimenséo.

Aumento do tamanho da particula
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APLICACAO DE NANOPARTICULAS DE OURO COMO AGENTES DE CONTRATE EM
RAIOS X — APLICAGOES EM MICROCT

Ao longo da ultima década , nanopartiuclas de ouro (AuNPs) tem ganhado aten¢do como um
agente de contraste para raio x, seguindo relatérios iniciais propostos por Hainfeld et al. Em 2004 e
2006%*% . Subsequente interesse académico e clinico, Como medido pelo nimero anual de publicacées
sobre AuNPs como agente de contraste de raios X tém crescido de forma constante devido a uma série
de propriedades favoraveis das AuNPs. O ouro exibe um coeficiente de atenuagdo de raios X
relativamente alto em comparagdo com sulfato de bario e iodo, especialmente nos niveis de energia
utilizados para CT clinica® . Além disso, AuNPs exibem um maior tempo de retencdo vascular se
comparado com moléculas iodadas, devido ao seu mais elevado peso molecular, o que potencialmente
aumenta a janela de viabilidade para imagens®. AuNPs sdo prontamente funcionalizadas para
melhorar a estabilidade coloidal e/ou atuar como entregador de farmacos. De fato, um aumento
incisivo no nimero de publicagbes sobre as AUNPs como agentes de contrastes para raios X ocorreu
em 2010, quando varios grupos demonstraram alvos ativos in vivo com AuNPs funcionalizadas em
sua superficie, fato que capacitava a geracdo molecular de imagens com CT®"®87 |nvestigacdes das
AUNPs como agentes de contraste para raios X podem ser categorizadas por trés potenciais aplicacoes
em imagem de diagnéstico™ : conjunto sanguineo, alvo ativo e alvo passivo. Agentes de contraste
“piscina de sangue” sdo designados para permanecer na corrente sanguinea por um tempo prolongado,
limitando a difusdo através do endotélio vascular’® a fim de permitir uma maior janela de imagem”.
Alvo passivo consiste em uma acimulo ndo especifico de AuNPs dentro de um sitio de interesse
aumentando a permeabilidade e o efeito da retencdo, fazendo com que moléculas de tamanho
apropriado ou nanoparticulas acumulem mais prontamente nos tecidos tumorais, em comparagao com
os tecidos circundantes saudaveis’ ™. A vascularizagdo tumoral é descrita como permeével devido a
uma distor¢cdo da camada endotelial dos vasos sanguineos, permitindo as AuNPs “escaparem”dos
vasos e entrarem no meio tumoral. Alvo ativo é a habilidade de entregar e reter um agente de contraste
a um lugar especifico de interesse através da funcionalizacdo de superficie com moléculas, como
peptideo ou anticorpos, que exibam uma afinidade especifica com o referido algo™".

TOXICIDADE

AUNPs menores que 2 nm sdo mais propensas a induzirem toxicidade que as AUNPs maiores
(>3 nm)"*"""®"*% devido a habilidade das nanoparticulas menores que 2 nm de se ligar de forma
irreversivel a biomoléculas, incluindo a0 DNA® . AuNPs maiores que 3 nm séo consideradas néo
téxicas in vitro e in vivo™'’; contudo, toxidade a longo prazo é dependente da acumulacio das AuNPs
em Orgdos especificos. E importante lembrar que AuNPs de 10-20 nm exibem a mais ampla
biodistribuicdo, resultando em mais 6rgdos sendo expostos as AuUNPs. Por outro lado, AUNPSs maiores
permitem a entrega de uma maior concentracdo de massa, mas com menor nimero de nanoparticulas.
Sendo assim, evolugdes sistematicas da toxicidade a longo prazo das AuNPs de varios tamanhos sdo

necessaria tanto para nivel celular quanto dos tecidos. Além disso, uma énfase deve ser colocada da
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potencial toxicidade hepatica, devido ao figado apresentar um maior acumulo de AUuNPs,

independentemente do tamanho das mesmas.

EFEITO DOS LIGANTES NA TEXICIDADE

O efeito da funcionalizacdo na toxicidade é relacionada a alteracdo da biodistribuicdo das
AuNPs funcionalizadas superficialmente em comparacdo com as AuNPs nuas. Contudo, como ja
mencionado, a maioria das AuNPS administradas in vivo se acumulam no figado. Um objetivo dos
alvos ativos € reduzir o acimulo das AuNPs em drgédo saudaveis. Infelizmente, este objetivo ndo tem
sido alcangado para administracéo intravascular das AuNPs. Por exemplo, AuNPs orientadas
apresentam um aumento de seu acumulo nos tumores, em comparacgao as nao orientadas, mas a massa
acumulada de AuNP, direcionada para o tamanho de interesse ainda é inferior a encontrada no figado
ou no bago®. A administragdo localizada (intratumoral e intramamaria) melhorou de forma notavel o

actmulo das AuNPs na area de interesse, em relac&o & outros orgaos®2#8+8

e pode oferecer assim, um
meio alternativo de fornecer a concentragdo de massa necesséria ao local de interesse, minimizando a

concentragdo das mesmas no figado.

SINTESE QUIMICA DE NANOPARTICULAS DE OURO COM DIFERENTES TAMANHOS
E FORMAS

Simples redugdo do sal metdlico por agentes redutores de forma controlada produz
nanoparticulas esféricas, por que as esferas sdo a forma de menor energia. Alguns dos métodos mais
conhecidas e usados para sintetizar nanoparticulas esféricas de ouro incluem (a) o método Turkevich
(1951) envolvendo a reducdo do cloreto de ouro pelo citrato produzir nanoparticulas de 15 nm em
aguas fervente, (b) o relacionado método de Frens (1973), (c) e o método de Brust (1994) para
nanoparticulas de ouro menores (~2 nm), no qual uma solugdo de aquosa contendo ions de ouro é
transferida para uma fase organica, mediada por agente de transferéncia de fase, sequido pela reducdo
com borohidreto de sodio, (d) o método da microemulsdo em que os sais de ouro sdo reduzidos no
nucleo aquoso das micelas invertidas, e (e) 0 método de semeamento em que sementes de particulas de
ouro (preparadas por um dos outros métodos) sdo usadas para crescerem mais ouro na presenca de um
fraco agente redutor®.

Estudos sobre a cinética do crescimento e propostas do crescimento anisotrépico para
nanobastdes de metais tém sido documentados por alguns grupos®”®. Tém-se notado que nanoesferas
de silica com uma capa nanométrica de ouro (“nanocamadas”) também apresentam absor¢do tunavel

no visivel e no infravermelho préximo, e estes materiais sio objetos de alguns estudos™.
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TERAPIA FOTOTERMICA (TFT) BASEADA EM NANOSESFERAS DE OURO

Terapia fototérmica, uma estratégia terapéutica minimamente invasiva, na qual a energia dos
fotons é convertida em calor suficiente para destruir células cancerigenas, tem sido usada para tratar
cancer em algum grau nas Gltimas décadas®. Fontes de calor, incluindo infravermelho préximo ou luz
visivel, ondas de radiofrequéncia, microondas e ondas de ultrassom tém sido usados para induzir o
aumento moderado da temperatura em uma determinada regido para destruir células cancerigenas,
clinicamente denominadas como hipertermia. Devido ao pequeno coeficiente de absorcdo dos
aboserventes dos tecidos naturais, corantes organicos sintéticos, como a indocianina verde,
naftalocianinas e porfirinas coordenadas com metais de transi¢do sdo administradas externamente
dentro dos tecidos tumorais para aumentar os efeitos fototérmicos. Como as moléculas corantes
fotobloqueiam rapidamente a TFT ndo tem sido usada amplamente em situagdes clinicas.

Recentemente a TFT tem atraido novos interesses na batalha contra o cancer devido a geracdo
de uma nova clasee de agentes fototérmicos sintéticos, ouro manométrico. O ouro manométrico
apresenta uma eficiéncia na absorcdo da luz bem acima dos corantes moleculares convencionais. Por
irradiagdo com radiacdo eletromagnética um forte campo eletromagnético é induzido, devido a
excitagdo dos elétrons do ouro manomeétrico. A relaxagdo rapida desses elétrons excitados produz um
forte calor localizado capaz de destruir células cancerigenas proximas por hipertermia ou outro efeito
térmico. Esta terapia fototérmica induzida pelas nanoparticulas plasmdnicas de ouro é chamada de
terapia fototérmica plasmonica (TFTP)*.

TFTP envolvendo agentes de contrates baseados em nanoparticulas de ouro foi reportado pela
primeira vez por Lin e colaboradores em 2003, usando nanosesferas de ouro em combinagdo com laser
visivel nanosegundo pulsado®. Nanoparticulas anti-CD8 de imunoouro ligadas especificamente a
células de linfécitos T e submetidas subsequentemente a irradiacdo com pulsos de laser levaram a
destruicdo de mais de 90% das células. TFTP visivel em células cancerigenas usando nanoparticulas
de ouro com pulsos de laser tem sido extensivamente estudado por posteriormente a esta evidéncia por

Zharov et al®®

. Foi achado que a morte das células poderia ser induzida por um Unico nanosegundo de
pulso a uma energia de 2-3 J/cm® com 10-15 nanoparticlas por célula. TFTP visivel para células
cancerigenas foi mais tarde estudada pelo grupo de El-Sayed, usando um laser continuo de ions de
argbnio®. Utilizando um modelo numérico, o grupo encontrou que por volta de 75°C foi alcancada
morte celular com aquecimento por laser e nanoparticula nas células®™. TFTP visivel pode ser usada
para estudos fundamentais em células, mas sua aplicacdo pratica em estudo in vivo é limitada, pois a
luz visivel ndo penetra bem nos tecidos. Para terapia in vivo e clinica de tumores subcutaneos e em
estados mais profundos dentro do tecido, é necessério utilizar luz no infravermelho proximo, pois este

apresenta uma melhor penetrabilidade, devido & minima aboser¢do da hemoglobina e das moléculas de
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agua nos tecidos em regides especificas. Sendo assim, Absor¢do nanoparticulas plasménicas com

infravermelho préximo séo favorecidas na TFTP em cancer.

NANOPARTICULAS DO TIPO NUCLEO-CAMADA (CORE-SHELL)

Nanoparticulas de 6xido de ferro, principalmente magnetita (Fe;O4) e maguemita (y-Fe,0s),
possuem Varias aplicacdes no campo bioldgico® devido ao seu tamanho reduzido, propriedades fisicas
(como as oOpticas e magnéticas) e capacidade quimica para modificacdo de superficie, o que ndo
somente auxilia no aumento da biocompatibilidade/especificidade, mas pode resolver o duplo
propésito que sdo as aplicacBes em terapia e o diagnéstico — o0 terandstico — destes nanomateriais®.
Desta forma, conciliar 6xido de ferro magnético com ouro metalico, para formar um heteromaterial

niicleo-camada, tem atraido um vasto interesse para aplicacdes como materiais multifuncionais®.

Nanocompositos nicleo camada é definido como uma nanoparticula com um Gnico nucleo e
completamente coberta por uma camada. Em contraste com a estrutura nicleo-satélite, a superficie do
nicleo é completamente ocultada embaixo da camada, diminuindo as propriedades do material
nuclear. A superficie uniforme do nanocompdsito core-shell pode ser melhor funcionalizada com
novos ligantes para gerar estruturas bem definidas.

Estruturas de compositos core-shell FexOy@Au uniformes tem sido extensivamente usados
em algumas diferentes aplicacGes. Geralmente, existem duas estratégias diferentes para sintetizar
estruturas de compositos core-shell FexOy@Au. Estruturas core-shell FexOy@Au podem ser
alcancadas tanto pelo recobrimento uniforme com uma camada de Au de uma estrutura nicleo-satélite
FexOy@Au ou recobrimento diretamente um nucleo de FexOy. A cobertura com uma camada de ouro
requer a reducdo do HAuUCI,. Quando compostos nucleo-satélite FexOy@Au sdo isolados ou
preparados in situ, a nanoparticula satélite de ouro no nucleo FexQy ir4 servir como um local de
nucleacdo para a cobertura com Au a partir da reacdo do Au®* e o agente redutor. Esta estratégia é
capaz de produzir uma ampla variedade de tamanho de camadas para nucleos de FexOy , variando de
até 634 nm a 100 nm*®, com diferentes morfologias especiais como arroze'® e cubos®. Na intengéo
de se reduzir o HAuCI, a ouro metalico, varios agentes redutores foram reportados na intecdo de

99,100,101,102

facilitar este processo. Como por exemplo, formaldeido com cabonato de potéssio e

hidroxilamina (NH,OH)'®* s&o capazes de executar a redugdo do Au®". Em comparac#o, a reducéo

com NH,OH requer um controle mais cuidadoso da temperatura e sonicagdo'®

, OU agregados e
superficies asperas serdo formadas'®. Enquanto que o formaldeido reduz o HAuCl, de uma forma
mais facilmente controldvel, desta forma, camadas mais regulares e controlavelmente mais grossas
espessas de Au podem ser feitas sobre o nucleo de Fe,O,. Ajustando a razdo de sementes de
nanoparticulas de Au para uma solucdo de HAuUCI,, a espessura da camada de ouro pode ser

controlada entre 11 a 45 nm*.Além do uso de pequenas nanparticulas de Au como agentes
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nucleadores para recobrirem com uma camada de ouro sobre o nlcleo de Fe,Oy, a cobertura de Au
pode ser formada diretamente sobre a superficie da Fe;0,'%'%. Basicamente, a superficie do nicleo de
Fe;0, deve ser modificada com grupos funcionais que sirvam como modelos para a nucleacdo do
ouro.

Estruturas Fe,Oy-Au sdo basicamente materiais bicomponentes. Muitos cientistas estdo
interessado em estender o escopo dos nanocompostos do tipo Fe,O,-Au pela introducdo de mais
camadas de materiais sobre elas na abordagem de sinteses “All in one”. Recobrimentos com camadas
de silica sdo comuns logo apos a sintese do ndcleo de Fe,O,, devido a sua habilidade de estabilizar o
ndcleo de Fe,O,, evitando agregacdo. A camada de cobertura sobre a nanoparticula de Fe,O,,
tetraetilortosilicato (TEOS) é o composto geralmente utilizado para as reacdes sol-gel. Durante a
sintese dos nanocompostos de Fe,Oy-Au, a camada de silica é introduzida na intecdo de aumentar o
tamanho e a estabilidade do Fe,O,. Por exemplo, Huang et al. Reportou que as nanopartiuclas de
FexO, primeiramente recobertas com a camada de silica antes da construcéo da estrutura do nucleo-
satélite e do ndcleo-camada'®. Uma dupla camada de Au pode ser construida pelo revestimento da
camada de silica sobre a camada de Au interna, seguido por outro revestimento de camada de Au
sobre a camada de silica'®. Estruturas nicleo-satélite construidas em esferas funcionalizadas por
aminas sdo instavel, como falado anteriormente. A Figura 2 ilustra a formacdo de compostos
multicamadas do tipo FexOy@Au'®.

Além da baixa toxicidade, a camada de ouro amplia a estabilidade coloidal e apresenta uma
plataforma mais versatil para bioconjugacdo®®. Desta maneira, uma das mais importantes
caracteristicas do ouro, em uma escala manomeétrica, é a superficie plasmonica, que resulta em uma
absor¢do Optica significante na regido do visivel e do infravermelho préximo (IVP), com uma janela
bioldgica de tecidos humanos, por exemplo, em uma regido espectral onde os tecidos sdo parcialmente
transparentes™’. Estas caracteristicas fazem das Nanoparticulas magnéticas de ouro do tipo nicleo-
camada para terapia fototérmica, onde o aquecimento é realizado através da irradiagdo de luz'*?. Além
disso, devido a essas caracteristicas Opticas, na area de diagndstico, nanoestruturas de ouro podem
atuar como sondas fluorescentes para imagens in vivo, por meio de tomografia computadorizada
(TC)m.

Atualmente, tomografia computadorizada (CT) é uma das técnicas mais utilizadas para a
geracdo de imagens no campo biomeédico. CT proporciona uma visualizagdo superior de estruturas
Osseas devido ao contraste inerente entre a alta densidade eletronica dos 0ssos e os tecidos moles
circundantes, mais permedveis. No entrando a CT ¢é limitado em distinguir entre diferentes tecidos

moles, que possuem uma densidade semelhante™.
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Figura 4. Representacdo esquematica da conversdo de compdsitos para multicamadas FexOy@Au.
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O namero atémico do ouro (79) é muito superior que o do contraste atualmente utilizado para
CT — iodo (53), e desta formo o ouro pode induzir uma forte atenuacao de raios X***. Além de que, 0
pequeno tamanho das moléculas contendo iodo permitem apenas pequenos tempos de imagem, devido
a rapida excrecao das mesmas pelos rins. Em contrate, as nanoparticulas de ouro (GNP) podem ser de
forma a superar estas barreiras bioldgicas e permanecer confinadas no espaco intravascular por
periodos prolongados **¢*"*8,

Utilizando técnicas simples de laborat6rio, nanoparticulas de ouro tem sido fabricadas em
diversas formas e tamanhos, sendo utilizadas como nucleos ou camadas para nanoparticulas hibridas
de sistemas nicleo camada do tipo metal-metal*'**%°,

Além disso, para aperfeicoar o desempenho dptico das nanoparticulas de ouro, fluor6foros
podem ser carregados em sua superficie. Particularmente, ftalocianinas, que séo

fotosensibilizadores capazes de converter uma energia luminosa especifica em potencial quimico,

121

sdo poderosos candidatos para terapia fotodindmica (TFD) Contudo, devido a sua elevada

hidrofobicidade e tendéncia de auto-agregacdo em meio aquoso, o uso de ftalocianinas € limitado

no meio bioldgico. Desta forma, ftalocianinas tém sido incorporadas em sistemas nanoestruturais,

3

como nanoemulsdes'??, ou ligadas & superficie de nanoparticulas magnéticas'®® e de ouro
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resultando no melhoramento da atividade na TFD. Ainda na area de diagndstico, como 0 ouro
possui alta densidade eletronica, ele induz uma forte atenuagéo de raios-X podendo ser utilizado
como agente de contraste em imagem de tomografia computadorizada (TC)*. Os contrastes
convencionais baseados em iodo usualmente possuem desvantagens como um pequeno tempo de
imagem e baixa especificidade. Este trabalho descreve a elaboragdo de nanoestruturas que séo
formadas por um ndcleo magnético (maguemita) com uma camada de ouro, coberta com
ftalocianina de aluminio, como nanoplataformas candidatas para combinacdo de técnicas de
multiterapias e multi-imagens.

Nanoparticulas recobertas com ouro, com diferentes espessuras de camadas, séo sintetizadas
pela reducdo do Au®* mediada pelo borohidreto de sédo na presenca de nanoparticulas de
maguemita recobertas com citrato, obtido pelo melhoramento da co-precipitacdo. Sendo assim, as
estruturas nucleo-camada foram funcionalizadas, com base em nosso conhecimento, pela primeira
vez, com ftalocianina de aluminio, resultando sols com longa estabilidade coloidal.

O potencial dos materiais sintetizados como agentes de contrastes em tomografia
computadorizada foi desenvolvido in vitro, utilizando um microtomdégrafo. O efeito do capeamento
com ouro e adsorcdo da ftalocianina na atividade citotoxica das nanoestruturas foi investigado in

vitro antes do material ser aplicado como apresentado.

Objetivo geral:

Elaborar e caracterizar nanoparticulas nicleo-camada (y-Fe,Os@Au), funcionalizadas com
ftalocianina de aluminio visando aplicacdes em terapias (magnetohipertermia, terapia fototérmica e
terapia fotodindmica) e como contrastantes em técnicas de diagndstico por imagem in-vivo

(microtomografia e fluorescéncia).

Obijetivo especifico:

- Realizar a sintese das nanoparticulas de maguemita pelo método de co-precipitacdo e posterior
recobrimento das mesmas com citrato.

- Recobrir nlicleo magnético (maguemita) com ouro metalico pela reducdo do fon Au®** com
boroidreto.

- Realizar a adsorgdo de ftalocianinas de aluminio na superficie desses materiais cobertos e
descobertos com ouro, por meio de uma estratégia simples e eficiente.

- Caracterizar opticamente, estruturalmente, morfologicamente e magneticamente os hanomateriais

sintetizados.
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- Realizar teste de toxicidade destes materiais em células de queratindcitos — HaCAT e fibroblastos
NIH3T3.
- Realizar testes de microtomografia computadorizada para verificar potencial capacidade de

atenuacdo dos raios X, quantificados em Unidades de Houston (HU)

Este trabalho foi realizado no programa de P6s-Graduacdo em Ciéncias e Tecnologias da
Saude da Universidade de Brasilia, que possibilita a defesa da tese de doutorado na forma de artigo.
Nessa formatacdo exigem-se os topicos: elementos pré-textuais, introducdo geral com objetivos e
justificativa, artigo submetido, discussdo geral e anexos contendo critérios necessarios para
publicacdo na revista em questdo, comprovacdo de submissdo e classificacdo qualis na area

interdisciplinar. A revista escolhida foi a Journal of Materials Chemistry B, da Royal Society
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2- ARTIGO CIENTIFICO

Maghemite-Gold core-shell nanostructures (y-Fe,O;@Au) surface-
functionalized with aluminium phthalocyanine for multi-task imaging
and therapy
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In this study we report on elaboration and characterization of core—shell maghemite-Gold nanoparticles
with shell modulated for different thicknesses below 2 nm. Gold-shelled maghemite nanoparticles with average
core size about 9 nm were elaborated by a single-step protocol involving reduction of Au®" in the presence of
citrated-coated maghemite nanoparticles. Additionally, post-functionalization of the core-shell structures with
aluminium phthalocyanine was successfully accomplished, aiming the production of a material platform for
photodynamic therapy. The as-produced samples were structurally, morphologically, magnetically and optically
characterized and presented long-term colloidal stability at physiological pH. Impressively, we found the as-
produced samples showing good X-ray attenuation property, rendering them with ability to be used as a
nanoprobe for targeted computed tomography. Moreover, in vitro nanocytotoxicity tests confirmed superior
biocompatibility of the as-produced samples, making them a very promising multi-task platform for in vivo
applications.

Instituto Federal de Educac¢édo Ciéncias e Tecnologia de Brasilia, Gama, DF 72429-005, Brazil.
Department of Genetics and Morphology, Institute of Biological Sciences, Brasilia University,
Brasilia, 70919-900, Brazil.
Green Nanotechnology Group, Faculdade de Ceilandia, Universidade de Brasilia, Ceilandia, DF
72220-900, Brazil. E-mail: mhsousa@unb.br
¢ Universidade de Brasilia, Instituto de Fisica, Brasilia DF 70910-900, Brazil.
Anhui University, School of Chemistry and Chemical Engineering, Hefei 230601, China.
See DOI: 10.1039/x0xx00000x

C.

e.

Introduction

Iron oxide nanoparticles, mainly magnetite (Fe3O4) and maghemite (y-Fe,Os), found
numerous applications in the biomedical field, credited to their size-dependent physical
(e.g. magnetic and optical) and chemical (e.g. surface reactivity) properties, which can
be used not only to improve biocompatibility and specificity, but also offer the way to

achieve the dual goal of theranostics (diagnostics plus therapy)*?®

. Along this line, co-
assembled nanosized magnetic iron oxide and metallic Gold in a core-shell
heteromaterial has attracted broad interest, aiming its application as a multifunctional
material nanoplatform®’. Magnetism associate with the core iron oxide renders for
noninvasive manipulation (using gradient of magnetic field) and heating (using AC
magnetic field), which are key features for site targeting and magnetohyperthermia®?,
respectively. Additionally, while lowering nanotoxicity the Gold-shell increases long-
term colloidal stability and presents a versatile platform for bioconjugation®®°.

Furthermore, at the nanoscale surface plasmon in Gold is enhanced, which results in
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significant and tunable optical absorption and emission in the visible (VIS) and near-
infrared (NIR) regions, covering the biological window of human tissues while
allowing partial transparency to light'®*.  Therefore, in addition to
magnetohyperthermia, Gold-shelled magnetic nanoparticles are useful in photothermal
therapy, where localized heating is accomplished via light irradiation'®. Besides, due
to their unique optical properties Gold-based nanostructures can act as fluorescent
probes for in vivo imaging™?. Moreover, fluorophores can easily functionalize Gold-
terminated surfaces, thus enhancing the optical performance of Gold-shelled magnetic
iron oxide nanoparticles. Particularly interesting for surface-functionalization are
phthalocyanines, which are photosensitizers capable of converting specific light energy
into chemical potential and widely used in photodynamic therapy (PDT)'*. However,
due to the high hydrophobicity and tendency to self-aggregate in aqueous medium the
use of phthalocyanines is quite limited in the bioenvironment. To circumvent this
drawback phthalocyanines have been incorporated into nanostructured systems, such
as nanoemulsions®** or linked to magnetic*®*® and Gold™*® nanoparticle surfaces,
resulting in improvement in PDT efficacy. Still in the diagnostics area, while
presenting high electron density and strong X-ray attenuation Gold-based
nanostructures can be used as contrast agents for computed tomography (CT)
imaging™’. Worth mentioning that the conventional lodine-based contrast agents
usually present severe limitations, such as short imaging time and low specificity.

This study reports on the elaboration and investigation (structural, morphological,
magnetic, optical, and biological) of nanostructures comprising a magnetic core (maghemite)
surface-shelled with Gold, which is further surface-functionalized with aluminium
phthalocianine to act as a nanoplatform for multi-therapy and multi-imaging combined
techniques. Gold-shelled maghemite nanoparticles, with Au-shell modulated for different
thicknesses, were elaborated by borohydride-mediated reduction of Au®* in the presence of
citrate-capped maghemite nanoparticles, the latter obtained by co-precipitation in agqueous
medium. Maghemite-Gold core-shell nanostructures surface-functionalized with aluminium
phthalocyanine is a novelty in the literature, yielding sols with long-term colloidal stability
and biocompatibility. The promising application of the as-elaborated materials as contrast
agents in computed tomography imaging was herein evaluated using a commercial
microtomograph (SkyScan1076, Bruker). In order to support the bioimaging application of

the as-elaborated nanoplatform in vitro assays were performed to assess the nanocytotoxicity.
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Experimental

All chemicals listed in the present report were of analytical degree and used as
received without any further purification. Water used to perform the experiments was
purified by a Milli-Q water system (Millipore, USA).

Samples
Citrate-capped maghemite nanoparticles (MNP)

As schematically shown in Fig. 1 citrate-capped maghemite (y-Fe»Os) nanoparticles
were synthesized using a slightly modified procedure already described in the
literature™®. Briefly, 50 mL of aqueous solution containing 50 mmol of Fe**, 25 mmol
of Fe*" and 20 mmol of HCI were quickly poured into 250 mL of NH4OH aqueous
solution (1 mol/L), under vigorous stirring (1000 rpm) at room temperature. The as-
formed black precipitate of magnetite (FesO4) was magnetically separated and washed
with water several times until the solution reached neutral pH. Then, the precipitate
was acidified with HNO3; aqueous solution (0.5 mol/L) and magnetically separated
from the supernatant. Next, the slurry containing magnetite was oxidized to maghemite
by boiling the precipitate with 0.5 mol/L Fe(NO3); for 30 min. The as-treated
precipitate was removed out from the solution by magnetic decantation. Citrate-capped
maghemite nanoparticle was prepared from the as-produced bare maghemite using
trisodium citrate solution (1.0 mol/L) at 80 °C for 30 min (molar ratio of citrate to iron
= 0.1). The obtained precipitate was magnetically collected, washed twice with acetone
(excess of acetone evaporated), re-suspended in water, adjusted pH to 7.0 and labeled

as sample MNP.

Gold-coated nanoparticles (MNP@Aul and MNP@AuU2)

Gold-shelled maghemite was formed by reduction of Au** (from HAuCIl,) onto citrate-
capped maghemite nanoparticles using sodium borohydride (NaBH,) as reducing agent
(see scheme Fig. 1). Typical Au-coating protocol is as follows: 80 puL of 400 mg/mL of
the as-produced MNP sample was dispersed in 80 mL of water. Next, under sonication,
180 pL of HAuUCI, (1 ww%) was added. After 10 min, 150 pL of NaBH,4 (0.3 mol/L, in
ethanol) was added to the reaction medium and the system was sonicated for 10 min

more. This HAuCl,/NaBH, cycle was repeated four times and the final sample was
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labeled MNP@AuU1. Similarly, sample MNP@AuU2 was produced, but the amount of
HAuCI, and NaBH, was twice of that used to produce sample MNP@AuLl.

Aluminium phtalocianine-functionalized nanoparticles (MNP/PTC and MNP@AU/PTC)

In order to attach aluminium phthalocyanine (PTC) to the as-produced
nanoparticles 100 pL of aluminum phthalocyanine chloride (0.4 mmol/L in DMSO)
was added to 7.5 mL (100 pg/mL) of sample MNP (or MNP@AuU2) to form the
phthalocyanine-modified nanoparticles labeled as MNP/PTC (or MNP@AU/PTC). All
PTC-functionalized samples were sonicated for 10 min, centrifuged to eliminate
supernatant and re-dispersed in water. All the steps performed while preparing the final
MNP/PTC, MNP@AU/PTC samples are schematically shown in Fig. 1.

Characterization

X-ray diffraction (XRD) powder analyses of the samples were carried out in a
Miniflex 600 diffractometer (Rigaku) over 26 range of 20° - 70°, using Cu-Ka radiation (A =
1.541 A) and operating at 40 kV and 30 mA. Size and morphology of the as-produced
materials were examined by high-resolution transmission electron microscopy (HRTEM)
using a JEOL 1100 apparatus. Room temperature magnetization curves were obtained using a
vibrating sample magnetometer (VSM) ADE model EV7. Hysteresis loops were recorded in
the +18 kOe range. Chemical analyses of the as-produced samples™® were determined using
an inductively coupled plasma optical emission spectrometer (ICP-OES) Perkin EImer model
Optima 8000, with radiofrequency power of 1400 W, 1.5 mL/min sample flux, 10 L/min
argon plasma flux, nebulizer flux 0.7 L/min and flux of auxiliary gas (argon) of 0.2 L/min.
Hydrodynamic average diameter (Dy), polydispersity indexes (PDI) and zeta potential (&-
potential) of the as-produced nanoparticles were assessed from aqueous dispersions using a
dynamic light scattering (DLS) Zetasizer nano ZS system (Malvern Instrument). Ultraviolet
visible (UV-vis) spectra of aqueous dispersions were recorded on a spectrophotometer
Shimadzu UV 2600. The X-ray density of samples was evaluated in plastic microtubes using
a microtomograph device (SkyScan1076, Bruker) with the following parameters: 50kv,
180pA, 0.5nm Al filter, 100 ms of exposition and pixels size of 35um. NRecon® and CTAN®
softwares were employed respectively for reconstruction and image analysis. Slices were
analyzed with Dataviewer® software. The Hounsfield scale (HU units) was used to quantify

the X-ray density and a 3D image of the samples was prepared for qualitative evaluation.
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Figure 1. Scheme used in the preparation of samples MNP, MNP/PTC, MNP@Aul1, MNP@AuU2 and
MNP@AU/PTC.

Cell culture

Murine fibroblast cells (NIH-3T3) and human keratinocyte cells (HaCAT) were
acquired from cell bank of Rio de Janeiro (Brazil). Dulbecco's Modified Eagle's
Medium (DMEM) (Life, EUA) completed with 10 % of fetal bovine serum and 1 % of
antibiotic solution (100 IU/mL Penicillin — 100 pg/mL Streptomycin, Life, EUA) was

used to grow the cells at 37 °C and 5% CO; in humid atmosphere.
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Cell treatment

The cells were grown into polystyrene culture flask of 75 cm?. The cells were counted
using a Neubauer chamber and the number of the cells per mL was determined by the
equation:

Number of cells/mL = (number of counted cells/4)*dilution factor*104. For each experiment,
the cells were seeded into a 96-well culture plates at the density of 3.103 cells per well in
DMEM. The plates were incubated at 37 °C and 5% CO; in humid atmosphere overnight.

Table 1. Quantitative data of pool content

MNP and MNP and H,0 culture
Groups MNP@Au MNP@Au medium
pem) (M
Control - - 50 150
1 100 50 - 150
2 50 25 25 150
3 25 12,5 37.5 150
4 12.5 6.25 43.75 150
5 6.25 3.12 46.88 150

Cell-viability assay

Cell-viability assay was realized using MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) dry reduction method. After 24 and 72 hours of
incubation, 150 pL of the MTT solution (0.5 mg/mL in DMEM) was added in each
well and the plates were incubated for 2 hours at 37 °C and 5% CO; in humid
atmosphere. The medium culture was discarded and 100 pL of dimethyl sulfoxide
(DMSO) were added in each well. The absorbance was monitored using a

spectrophotometer with a microplate reader at 595 nm (Molecular Devices, EUA).
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Statistical analysis

The results were expressed as mean + standard error of the mean (SEM). Evaluation of
possible significant differences among the groups was determined by analysis of
variance (ANOVA) and Bonferroni post-hoc test using the program Prism 5 (EUA).

The significance level was set at P < 0.05.

Results and discussion
Samples

Fig. 2 shows XRD spectra of samples MNP and MNP@Au2. For the employed
synthesis route all diffraction peaks observed sample MNP are consistent with the
standard data of maghemite (JCPDS card no. 39-1346). The average crystallite size of
the magnetic core, calculated from the 311 XRD line broadening of sample MNP using
the Scherrer’s formula, is about 9.3 nm. Additionally, for the MNP@Au2 sample, the
XRD peaks appearing at 38.4° and 44.6° can be respectively assigned to (111) and
(200) crystalline plane diffraction peaks of Gold, in good agreement with standard data
of Gold (JCPDS file no. 040784).

Moreover, one can notice a reduction of the maghemite XRD peak intensities after Au-
capping, which is more likely due to the heavy atom effect of Gold as a result of the
formation of Au-coated y-Fe,O3 nanoparticles“o. Similar results were found in the
XRD data of sample MNP@Aul (XRD data not shown here). Chemical analyses using
ICP-OES revealed samples MNP@Aul and MNP@AuU2 with increasing Gold content
(Au/Fe,O3 ratio) of 7.3% and 12.1% (w/w), in agreement with the preparation
protocol. Cross-linking ICP-OES data with XRD analyses strongly supports core-shell
(vy-Fe2O3-Au) formation in samples MNP@Aul and MNP@AuU2, which is
corroborated by the TEM data. As shown in Fig. 3a, maghemite nanoparticles (MNP)
are polydisperse in size, but showing nearly spherical morphology. Moreover, the
cubic structure of the maghemite phase is confirmed by fast Fourier transform (FFT)
image shown in the inset of Fig. 3b (lower right hand-side), revealing planes (440),
(311), (220) and (111) of the spinel phase. Figure 3c shows a typical TEM image of
sample MNP@AuUZ2, with darker y-Fe,O3 nanoparticle spots (darker than in the MNP
sample) due to the Au-shell. Sparse-filled (MNP) and dense-filled (MNP@AU2)

histogram patterned bars, assessed from the TEM micrographs, are shown in Fig. 3d,
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where black solid lines are the best fit using the lognormal size distribution. From this
analysis, the average diameters (polydispersity index) of maghemite (MNP) and gold-
coated nanoparticles (MNP@AuUZ2) are respectively 12.9 nm (o = 0.34) and 12.1 nm (o
= 0.30), suggesting there is no significant difference in average size and polydispersity
index of uncoated and Gold-coated nanoparticles. However, HRTEM of Gold-coated
nanoparticles shown in Fig. 3e clearly reveal core-shell formation with Au-shell
thickness in the range of 1-2 nm, in good agreement with previous works' .
Furthermore, Fig. 3f shows HRTEM of an isolated core-shell (Au-y-Fe;Os)
nanoparticle where the interfringe spacings of the face centered cubic (FCC) Gold
(111) and (311) reflections are clearly seen in the FFT image (upper left hand-side
inset), indicating that the maghemite nanoparticles are coated with a layer of crystalline
Gold.

Magnetization measurements were performed for evaluating the Au-coating in the
magnetic properties of the as-produced nanoparticles. Figure 4 shows typical room
temperature magnetization as a function of applied magnetic field recorded for samples
MNP (red data) and MNP@AuU2 (black data). We found the saturation magnetization
decreasing from 47.9 emu/g (sample MNP) to 44.6 emu/g (sample MNP@Aul) and
42.4 emu/g (sample MNP@AuUZ2), supporting the claim that a magnetic core
(maghemite) is coated with a non-magnetic shell (Gold).
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Figure 2 — Diffractograms of samples MNP (lower panel) and MNP@Au2 (upper panel). The inset shows a
detail of the XRD spectrum of sample MNP@AU2 in the 20 range of about 42° to 46°, emphasizing the
deconvolution of the 44.6° XRD feature into two components.

Thus, considering there is no phase change of the magnetic core after Au-coating a
Au/Fe,03 ratio of 6.6% and 11.3% (w/w) can be estimated from the magnetization data
respectively for samples MNP@Aul and MNP@AuU2, in good agreement with the
chemical analysis (ICP-OES). Moreover, at room temperature the as-prepared
uncoated and Gold-coated nanoparticles shows superparamagnetic behavior, with
negligible remanence and coercivity as shown in Fig. 4 (see lower right hand-side
inset). Besides, saturation magnetization of the as-prepared core maghemite is lower
than typical bulk values (60—80 emu/g), credited to the nanometer size*** and surface
functionalization'®®.  Likewise, the as-prepared samples functionalized with
phtalocyanine also presented similar magnetic behavior, with no alteration of
saturation magnetization. Moreover, as can be observed in the inset of Fig. 4 (upper
left hand-side), separation of the magnetic nanoparticles out from the transparent
solvent can be observed while adding acetone to the water-based suspension and
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keeping a permanent magnet attached to the sample holder for several hours. This
finding strongly indicates attachment of Gold and phtalocyanine onto maghemite
nanoparticles.

The nature of maghemite surface-coating (Gold, citrate, and/or aluminum
phthalocyanine) changes the interface nanoparticle surface/solution and thus colloidal
stability, which indeed affects optical properties. Therefore, DLS and UV-vis
spectroscopy were used to assess surface modification information of bare maghemite
nanoparticles. Table 2 lists DLS data for the as-prepared samples. All measurements
were performed at pH~7 and 25 °C. The &-potential of citrate-coated maghemite
nanoparticles (sample MNP) is highly negative (about -38 mV) and is likely due to the
ionization of attached citrate molecules onto the oxide surface'**!*. The &-potential of
Gold-coated nanoparticles (samples MNP@Aul and MNP@AuU2) are also highly
negative, not differing significantly from the value found for citrate-coated
nanoparticles in sample MNP (see Table 2). Actually, it is well known that reduction
of Gold in the presence of sodium citrate yields Gold-coated inorganic core
nanoparticles with citrate molecules attached onto the surface, providing a negatively
charged surface for the Au-coated nanoparticle**. In the case of our samples, at neutral
pH the free carboxyl groups of citrate are fully deprotonated, providing extra colloidal
stability to the as-suspended nanoparticles via electrostatic repulsion. Magnetic
separation of the as-produced sols (see inset of Fig. 4) is only achieved by adding a

non-aqueous solvent, such as acetone.
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Figure 3 —-TEM images of MNP (a) and MNP@Au2 (c) nanoparticles; HRTEM image of selected region in
sample MNP (b); histograms of particle diameters for MNP and MNP@Au2 samples (c); HRTEM image of
selected region in sample MNP@AU2 (e); magnified TEM image of the boxed region in the left image (f). The
insets show the FFT calculated from the areas marked with white squares.



30

60

P
P
o —a—a-a——a—a—a
40 - e

= /

-20 <4

magnetization (emu/g)
o

-40 4

-
- ee—e- o & .20
NP ._._._.-._4—0-'-"" B e p————————1

-60 ey — . - . .
-20 -15 -10 -5 0 5 10 15 20

magnetic field (kOe)

Figure 4. Magnetization hysteresis loops at room temperature for samples MNP (red) and MNP@Au2 (black);
picture of the sample MNP@Au2 under action of a permanent magnet (uper left hand-side inset); magnetization
at low field range (lower right hand-side inset).

Moreover, the hydrodynamic sizes of citrate-coated maghemite nanoparticles (sample
MNP) increased from 68.1 nm to 114.3 nm and 156.6 nm for samples MNP@Aul and
MNP@AuU2, respectively. This finding is credited to the increasing thickness of the deposited
Gold-shell onto the maghemite core. However, possible nanoparticle agglomeration must be
considered in this analysis. On the other hand, data listed in Table 2 show that adsorption of
aluminium phtalocyanine significantly reduces the &-potentials of samples MNP/PTC (-12.6
mV) and MNP@AU/PTC (-25.5 mV). The colloidal stability reduces while the &-potential
decreases, reflecting on increasing hydrodynamic diameters after PTC coating (see Table 2).
These results indicate that electrostatic interaction between negatively charged citrate-coated
nanoparticles and positively charged aluminium phthalocyaninate occurs, as schematically
shown in Fig. 1c. Previous work® showed similar results where zinc tetrasulfonated
phthalocyanine (a tetra-anion) was strongly adsorbed onto positively charged surface of
maghemite nanoparticles. Furthermore, once PTC presents small charge-to-area ratio
formation of a PTC layer onto the nanoparticle surface is not enough to neutralize all negative
nanoparticle surface sites and therefore a net negative surface charge still remains, but smaller

than before PTC coating.
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Table 2. Hydrodynamic average diameter, PDI and &-potentials of samples

sample Du(hm)  PDI ﬁ'F’(?}]‘ij‘)“a'
MNP 68.1 0.23 -38.6
MNP@Aul 114.3 0.19 -34.3
MNP@AuU2 156.6 0.18 -39.6
MNP/PTC 235.9 0.21 -12.6
MNP@AU/PTC 211.1 0.25 -25.5

Typical UV-vis spectra of surface-coated (citrate, Gold, and PTC) maghemite
nanoparticles in suspension are shown in Fig. 5a. Citrated-coated maghemite
nanoparticles present a wide silent feature in the visible region. On the other hand,
Gold-coated maghemite nanoparticles exhibit an absorption band centered around 555
nm, which is due to the surface plasmon absorption®*’. In fact, it is reported that the
position of this band depends on the core size as well as on the Au-shell thickness*,
In our case, as the ratio Au/Fe,O3 increases a blue shift of the surface plasmon peak is
observed (see the inset of Fig. 5a), in good agreement with previous works'*®. A
reddish-pink color was observed in the brown tinged y-Fe,O3 sol after Au-coating,
indicating the formation of Gold shell onto maghemite nanoparticles (see Fig. 5b).
Moreover, after magnetic separation of nanoparticles from suspension of sample
MNP@AuU2 the supernatant remains colorless (see inset of Fig. 4), supporting this
claim. Figure 5a also shows the UV-vis spectrum of PTC solution, showing a major
band at 680 nm, which is characteristic of phthalocyanine monomeric state. Besides,
two others bands labeled at 606 nm and 640 nm are present and assigned to vibrational

transition**°

. As shown in Fig. 5b after functionalizing maghemite (sample MNP) and
Gold-coated maghemite (sample MNP@AuU2) nanoparticles with PTC to prepare
samples MNP/PTC and MNP@AU/PTC the color of formed sols drastically changes to
green and violet, respectively. Magnetic separation of suspensions of samples
MNP/PTC and MNP@AU/PTC led to colorless supernatants, meaning that adsorption
of PTC onto magnetic nanoparticles were effective. A surface plasmon absorption at

530 nm was still observed in sample MNP@AU/PTC, due to the Au-shell contribution.
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Figure 5. (a) UV-vis spectra of samples MNP (black/dot), MNP@Au2 (blue/short-dash), PTC (gray/solid),
MNP/PTC (green/dash) and MNP@AU/PTC (pink/dash-dot). The inset shows a detail of spectra of samples
MNP@AuUl and MNP@AU2 in the wavelength range of about 420 to 680 nm; b) Pictures of diluted sol of
synthesized samples

Nevertheless, for PTC-functionalized samples (MNP/PTC and MNP@AU/PTC)
the intense absorption band at 684 nm, typical of pure PTC, was practically
suppressed. However, in the 606 nm and 640 nm regions, a broad band with a
hypsochromic shift appears in PTC-functionalized nanoparticles (samples MNP/PTC
and MNP@AU/PTC). This finding indicates interaction of PTC with magnetic
nanoparticles'®.
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Nanocytotoxicity
The cytotoxicity of the nanoparticles on keratinocyte cells after 24 hours of exposure is

illustrated in the Fig. 6. The sample MNP and MNP@Au1 presented significant decrease of cell
viability in all concentrations (6.25 to 100 pg/mL). However, only MNP at higher
concentration showed a significant biologically decrease of 30% of cell viability. At others
concentrations, the decrease was about 5 to 10%, which is not considered biologically

significant.

1
i
o
"
1

E

Cell viability (%)

R T e e EEPEr ey
x

i e e e
Ly el el e Dl e s e e e s
INRIRARINENINENINANINNNINNNINANINNNINDN B
e e e e e e et e
T e
INENINENINENINENINENINENINENINENINENINED

B B A A ARSI I
(e eE e pE e pE e nn ey
INERIRERINENINERENERINENI NN RINENINNNNEE]
s e e S e e e e R St e e e e e o

g
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
#

o e
A O I O IS I

Fl T R R R S Y S
LB R AR R RN RN RN RN
ININENIRENINNNINENINENENRNINENIN]

AN D R

MNP@Au2 MHNPIPTC  MNP@AuPTC

Control MHP

=
T
B
2

E3 625 ug/mlL B8 125 uw/mL B3 25 ug/mL X 50 ug/mL 100 pg/mL

Figure 6. Percent cells viability of keratinocytes - HaCAT in presence of nanostructures: maghemite (MNP),
maghemite coated with gold (MNP@Au1) and maghemite coated with 2x gold (MNP@AuU2), MNP conjugated
with phthalocyanine of aluminuium (MNP/PTC) and MNP@Au conjugated with phthalocyanine of aluminuium
(MNP@AU/PTC) after 24 hours of incubation. Ultrapure water was used as negative control. Viability assay by
MTT. Significantly different from the control: * P<0,001 - #: P<0,01 - &: P<0,05.

The nanoparticle MNP@Au2 did not demonstrate cytotoxic activity in any
concentration tested, probably due to the presence of gold that turned the nanostructure
more biocompatible. In parallel, the nanoparticles associated to phthalocyanine were
more cytotoxic. In fact, the MNP/PTC showed a dose-dependent activity and reduced
the cell viability of 20 to 35%. The MNP@AU/PTC also demonstrated cytotoxic
activity of 17 to 32%, but independent of the concentration.

The effect of the samples on the HaCAT cell viability after 72h of incubation is shown
in Fig. 7. The MNP is not represented in the graph because the sample precipitate
during the experiment making unfeasible the analysis of the cell viability. It is possible
to observe that MNP@Aul and MNP@Au2 did not show cytotoxic activity. The

nanoparticles coated with phthalocyanine showed a dose-dependent activity. The
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MNP/PTC decreased the cell viability about 30% at higher concentration, similar to the
activity observed after 24 hours of exposure. In parallel, the MNP@AU/PTC decreased
the cell viability about 45% at 100 pg/mL, more than the decrease observed after 24
hours of exposure. Therefore, the MNP@AuU/PTC was more efficient after 72 hours of
exposure than the MNP/PTC.

The activity of the nanoparticles on the fibroblast cell viability was also investigated
after 24 and 72 hours of exposure. Fig. 8 shows the result after 24 hours. In this analysis, it is
possible to observe that all samples demonstrated significant decrease of cell viability. The
MNP and MNP@Au1 presented a decrease of cell viability about 30 to 40% and 20 to 30%,
respectively, with the increase of concentrations.
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Figure 7. Percent cells viability of keratinocytes - HaCAT in presence of nanostructures: MNP@AuL,
MNP@AuU2, MNP/PTC and MNP@AU/PTC after 72 hours of incubation. Ultrapure water was used as negative
control. Viability assay by MTT. Significantly different from the control: * P<0,001 - &: P<0,05.

The MNP@AuU2 demonstrated less activity with reduction of cell viability of
only 20%. This reduction of toxicity can be explained by the presence and increment
on the gold shell which allowed improving the biocompatibility, in good agreement
with previous work®®?. The sample with phthalocyanine reduced the cell viability in
about 30%. Only the higher concentration of the MNP@AU/PTC did not demonstrated
cytotoxic activity.

After 72 hours of exposure, MNP in all concentrations and MNP/PTC at 12.5 to 100

pg/mL precipitate during the experiment making unfeasible the analysis of the cell viability.



35

The MNP@AuU1 induced reduction of cell viability in about 20%. In parallel, the MNP@Au2
only showed decrease of the cell viability of 10% at 25 pg/mL, which is not considered
biologically significant. The MNP@Au2 showed biocompatible property in fibroblast cells
line NIH3T3. The MNP/PTC did not present cytotoxic activity at 6.25 pug/mL after 72 hours
of exposure. However, MNP@AU/PTC demonstrated a decrease of cell viability with the
increase of concentration from 20 to 30%, which is more than after 24 hours of exposure (Fig.
9). An important remark is that toxicity studies of PTC-conjugated nanoparticles were carried
out under light. As a result, radiation excites the light-sensitive PTC, generating cytotoxic
species™®, essential tool for PDT application and result that could explain the deflated
biocompatibility of these nanostructures.
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Figure 8. Percent cells viability of friblobasts — NIH3T3 in presence of nanostructures: MNP, MNP@AuL,
MNP@Au2, MNP/PTC and MNP@AU/PTC after 24 hours of incubation. Ultrapure water was used as negative
control. Viability assay by MTT. Significantly different from the control: * P<0,001 - #: P<0,01 - &: P<0,05.

An important remark is that toxicity studies of PTC-conjugated nanoparticles
were carried out under light. As a result, radiation excites the light-sensitive PTC,
generating cytotoxic species™, essential tool for PDT application and result that could

explain the deflated biocompatibility of these nanostructures.
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Figure 9. Percent cells viability of friblobasts — NIH3T3 in presence of nanostructures: MNP@Aul, MNP@AuU2,
MNP/PTC and MNP@AU/PTC after 72 hours of incubation. Ultrapure water was used as negative control.
Viability assay by MTT. Significantly different from the control: * P<0,001 - #: P<0,01 - &: P<0,05.

Computed tomography

Fig. 10a shows the CT signal intensity, in HU, for bare maghemite (MNP) and
Gold-shelled MNP@Aul and MNP@AuUZ2 sols, compared to water (a negative control)
and a positive control, an iodine-based contrast agent (ACI). The inset shows a detail
of the CT signal for samples MNP, MNP@Aul and MNP@Au2, compared to water.
Moreover, qualitative images that represent the X-ray cell density of these samples are
shown in Fig. 10b. These results indicate that X-ray attenuation increases as
maghemite is coated with Gold and as the thickness of Au-shell increases, at the same
v-Fe,O3 concentration (0.4 mg/mL in maghemite). In spite of the higher X-ray
attenuation, when compared to water, the CT signal for ACI is several times more
intense.

Nevertheless sols analyzed here were highly diluted, being however more
efficient than similar Gold-capped magnetic materials reported elsewhere'®. In that
work, a signal of ~200 HU was observed for samples containing ~5 mg/mL of Au.
Here, for a ~0.06 mg/mL of Au sample MN@AuUZ2, the CT signal is about 430 HU.
This enables the Gold-coated samples synthesized here as contrast agents for possible
applications in CT imaging. Moreover, despite the high X-ray attenuation, the contrast

agents commercially available — which present low molecular weight — are rapidly
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eliminated by the kidneys, disabling their use in pre-clinical trials. In contrast, the kind
of nanoparticles used here present long residence time in the blood stream, overcoming

the challenge of pre-clinical tests.

Hounsfield Units

X-ray density

Figure 10. a) X-ray attenuation ability of MNP, MNP@Aul, MNP@AuU2, water (negative control) and iodine-
based contrast agent (positive control). The inset — highlight for samples MNP, MNP@Aul, MNP@Au2 and
water; b) 3D qualitative images obtained for water (A), MNP (B), MNP@Aul (C) and MNP@AuU2 (D) samples,
produced in an artificial colored scale presented at the bottom of the figure.

Conclusions

In conclusion, citrate-coated maghemite nanoparticles were elaborated via
aqueous co-precipitation, following oxidation and citrate functionalization via an
improved chemical route herein described. Gold shells were successfully deposited
onto magnetic cores by reducing Au®" ions in the presence of y-Fe,O3 nanoparticles
during 2 cycles of borohydride seeding. Moreover, we succeed in modulating the Gold
shell thickness while increasing the Au-y-Fe,Os ratio during seeding. Successful Gold-
shelling was confirmed by different characterization techniques. Particularly
interesting were the optical absorption measurements, showing a blueshift depending
on the shell thickness. All samples presented a long-term colloidal stability in
physiological pH, even after functionalization with aluminium phthalocyanine (PTC),
as confirmed by DLS measurements.

Moreover, according to in vitro nanocytotoxicity assays the Gold-shelling
enhanced the biocopatibility of the y-Fe,O3; nanoparticles. Differently from previous
works, in which functionalization with PTC requires several steps to complete, extra-

cappings and/or cross-linking molecules to be covalently attached to nanoparticles, our
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data indicated strong electrostatic coupling between PTC and the nanoparticle surface,
yet accomplished by a single-step process. Impressively, the Gold-shelled
nanoparticles revealed efficient response as a contrast agent in computed tomography,
dependent upon the Au/y-Fe,Oj3 ratio. Possible application of the as-elaborated core-
shell nanoparticles will derive from the combination of magnetic properties of the core
(maghemite) and the optical properties of the shell (Gold). From the therapeutic point
of view, the as-elaborated samples represent a promising multi-task platform to
perform magnetic hyperthermia (core) combined or not with photothermal therapy
(shell) and/or photodynamic therapy (PTC functionalization). Taking into account the
diagnosis approach, the nanomaterials herein reported can also be used as optical

probes and contrast agents in in vivo medical imaging techniques.
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3- DISCUSSAO GERAL

Nanoparticulas de maguemita recobertas com citrato foram sintetizadas via co-precipitacdo
aquosa — seguida pela oxidacdo e funcionalizacdo com citrato. A camada de ouro foi depositada
sobre o nlcleo magnético pela reducdo dos fons Au** na presenca de nanoparticulas de y-Fe,O3
durante dois ciclos de semeamento com boroidreto. Aumentando a concentracdo de Au®" durante
em cada semeamento, aumentando a razdo Au/Fe,Os3 (e logo a espessura da camada de ouro). O
recobrimento com ouro pode ser confirmado por Vvarios ensaios. Particularmente, medidas Opticas
mostraram um deslocamento para o azul dependendo da espessura da camada de ouro. Todas as
amostras apresentaram uma longa estabilidade coloidal em pH fisioldgico, confirmado por medidas
de DSL, mesmo depois da funcionalizacdo com ftalocianina de aluminio. Além disso, este estudo
mostrou que a camada de ouro fornece mais biocompatibilidade para as nanoparticulas de y-Fe,O3
de acordo com a evolugéo dos testes de citotoxicidade in vitro. Diferentemente de outros trabalhos,
em que a ftalocianina precisa de varios passos recobrimentos extras e/ou moléculas cruzadas para
serem covalentemente ligadas as nanoparticulas, aqui os resultados indicam um forte acoplamento
entre PTC e a superficie da nanoparticula, por interacGes eletrostaticas, em um processo de um
Unico passo. Adicionalmente as nanoparticulas recobertas mostraram respostas como agentes de
contraste para CT dependendo da razdo Au/Fe,Os;. Possiveis aplicacdes destas nanoparticulas
nucleo-camada irdo derivar da combinacdo das propriedades magnéticas do ndcleo (maguemita) e
das propriedades Opticas da camada (ouro). Do ponto de vista terapéutico, estas amostras podem
oferecer uma plataforma para realizar hipertermia magnética (nicleo) combinada ou ndo com
terapia fototérmica (camada) e/ou terapia fotodindmica (+ftalocianina). Levando em consideracéo a
abordagem para diagndéstico, os materiais aqui sintetizados podem ser utilizados concomitantemente

como sondas e agentes de contraste em técnicas de imagens médicas in vivo.

Futuramente, algumas novas abordagens serdo realizadas na tentativa de se aprimorar,
testar e confirmar propriedades e aplicagdes de novos materiais e/ou materiais ja produzidos. Neste
contexto, pode-se abordar nanoparticulas em formatos elipsoidais, testes de toxidade in vivo dos
materiais adsorvidos com ftalocianinas em presenca e auséncia de luz, novas condicdes de sintese
para controlar a aglomeracdo das moléculas de ftalocianinas adsorvidas e também testa-los em
abordagens como micoCT, terapia fotodindmica, fluorescéncia, magnetohipertermina, dentre outras

mais.
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In this study we report on elaboration and characterization of core—shell maghemite-Gold nanoparticles with shell

modulated for different thicknesses below 2 nm. Gold-shelled maghemite nanoparticles with average core size about 9 nm

were elaborated by a single-step protocol involving reduction of Au® in the presence of citrated-coated maghemite

nanoparticles. Additionally, post-functionalization of the core-shell structures with aluminium phthalocyanine was

successfully accomplished, aiming the production of a material platform for photodynamic therapy. The as-produced

samples were structurally, morphologically, magnetically and optically characterized and presented long-term colloidal

stability at physiological pH. Impressively, we found the as-produced samples showing good X-ray attenuation property,

rendering them with ability to be used as a nanoprobe for targeted computed tomography. Moreover, in vitro

nanocytotoxicity tests confirmed superior biocompatibility of the as-produced samples, making them a very promising

multi-task platform for in vivo applications.

Introduction

Iron oxide nanoparticles, mainly magnetite (Fe;0,;) and
maghemite (y-Fe,03), found numerous applications in the
biomedical field, credited to their size-dependent physical (e.g.
magnetic and optical) and chemical (e.g. surface reactivity)
properties, which not only to improve
biocompatibility and specificity, but also offer the way to
goal of theranostics (diagnostics plus
therapy)l. Along this line, co-assembled nanosized magnetic

can be used

achieve the dual
iron oxide and metallic Gold in a core-shell heteromaterial has

attracted broad interest, application as a
multifunctional material nanoplatformz. Magnetism associate

aiming its

with the core iron oxide renders for noninvasive manipulation
(using gradient of magnetic field) and heating (using AC
magnetic field), which are key features for site targeting and
magnetohyperthermiaa, respectively. Additionally, while
lowering nanotoxicity the Gold-shell increases long-term
stability and presents a versatile platform for
bioconjugation". Furthermore, at the nanoscale surface
plasmon in Gold is enhanced, which results in significant and
tunable optical absorption and emission in the visible (VIS) and

colloidal
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near-infrared (NIR) regions, covering the biological window of
human tissues while allowing partial transparency to Iights.
Therefore, in addition to magnetohyperthermia, Gold-shelled
magnetic nanoparticles are useful in photothermal therapy,
where localized heating is accomplished via light irradiation®.
Besides, due to their unique optical properties Gold-based
nanostructures can act as fluorescent probes for in vivo
imaging7. Moreover, fluorophores can easily functionalize

Gold-terminated surfaces, thus enhancing the optical
performance of Gold-shelled magnetic iron oxide
nanoparticles. Particularly interesting for surface-
functionalization are phthalocyanines, which are

photosensitizers capable of converting specific light energy
into chemical potential and widely used in photodynamic
therapy (PDT)S. However, due to the high hydrophobicity and
tendency to self-aggregate in aqueous medium the use of
phthalocyanines is quite limited in the bioenvironment. To
circumvent this drawback phthalocyanines have been
incorporated into nanostructured systems,
nanoemulsions’ or linked to magnetic10 and Gold™
nanoparticle surfaces, resulting in improvement in PDT
efficacy. Still in the diagnostics area, while presenting high
electron density and strong X-ray attenuation Gold-based

such as

nanostructures can be used as contrast agents for computed
tomography (CT) imaginglz. Worth mentioning that the
conventional lodine-based contrast agents usually present

severe limitations, such as short imaging time and low
specificity.
This study reports on the elaboration and investigation

(structural, morphological, magnetic, optical, and biological) of
nanostructures comprising a magnetic core (maghemite)
surface-shelled with Gold, which is further surface-
functionalized with aluminium phthalocianine to act as a
nanoplatform for multi-therapy and multi-imaging combined

J. Name., 2013, 00, 1-3 | 1



techniques. Gold-shelled maghemite nanoparticles, with Au-
shell modulated for different thicknesses, were elaborated by
borohydride-mediated reduction of AU®" in the presence of
citrate-capped maghemite nanoparticles, the latter obtained
by co-precipitation in aqueous medium. Maghemite-Gold core-
shell nanostructures surface-functionalized with aluminium
phthalocyanine is a novelty in the literature, yielding sols with
long-term colloidal stability and biocompatibility. The
promising application of the as-elaborated materials as
contrast agents in computed tomography imaging was herein
evaluated using a commercial microtomograph (SkyScan1076,
Bruker). In order to support the bioimaging application of the
as-elaborated nanoplatform in vitro assays were performed to
assess the nanocytotoxicity.

Experimental

All chemicals listed in the present report were of analytical
degree and used as received without any further purification.
Water used to perform the experiments was purified by a
Milli-Q water system (Millipore, USA).

Samples
Citrate-capped maghemite nanoparticles (MNP)

As schematically shown in Fig. 1 citrate-capped maghemite (y-
Fe,03) nanoparticles were synthesized using a slightly modified
procedure already described in the literature™. Briefly, 50 mL
of aqueous solution containing 50 mmol of Fez+, 25 mmol of
Fe’* and 20 mmol of HCl were quickly poured into 250 mL of
NH,OH aqueous solution (1 mol/L), under vigorous stirring
(1000 rpm) at room temperature. The as-formed black
precipitate of magnetite (Fe;0,) was magnetically separated
and washed with water several times until the solution
reached neutral pH. Then, the precipitate was acidified with
HNO; aqueous solution (0.5 mol/L) and magnetically separated
from the supernatant. Next, the slurry containing magnetite
was oxidized to maghemite by boiling the precipitate with 0.5
mol/L Fe(NOs); for 30 min. The as-treated precipitate was
removed out from the solution by magnetic decantation.
Citrate-capped maghemite nanoparticle was prepared from
the as-produced bare maghemite using trisodium citrate
solution (1.0 mol/L) at 80 °C for 30 min (molar ratio of citrate
to iron = 0.1). The obtained precipitate was magnetically
collected, washed twice with acetone (excess of acetone
evaporated), re-suspended in water, adjusted pH to 7.0 and
labeled as sample MNP.

Gold-coated nanoparticles (MNP@Aul and MNP@Au2)

Gold-shelled maghemite was formed by reduction of Au®*

(from HAuCI,) onto citrate-capped maghemite nanoparticles
using sodium borohydride (NaBH,) as reducing agent (see
scheme Fig. 1). Typical Au-coating protocol is as follows: 80 uL
of 400 mg/mL of the as-produced MNP sample was dispersed
in 80 mL of water. Next, under sonication, 180 plL of HAuCl, (1
ww%) was added. After 10 min, 150 plL of NaBH, (0.3 mol/L, in

2 | J. Name., 2012, 00, 1-3

ethanol) was added to the reaction medium and the system
was sonicated for 10 min more. This HAuCl,/NaBH, cycle was
repeated four times and the final sample was labeled
MNP@Aul. Similarly, sample MNP@Au2 was produced, but
the amount of HAuCl, and NaBH, was twice of that used to
produce sample MNP@Aul.

Aluminium phtalocianine-functionalized nanoparticles (MNP/PTC
and MNP@Au/PTC)

In order to attach aluminium phthalocyanine (PTC) to the as-
produced nanoparticles 100 pL of aluminum phthalocyanine
chloride (0.4 mmol/L in DMSO) was added to 7.5 mL (100
ug/mL) of sample MNP (or MNP@Au2) to form the
phthalocyanine-modified nanoparticles labeled as MNP/PTC
(or MNP@AuU/PTC). All PTC-functionalized samples were
sonicated for 10 min, centrifuged to eliminate supernatant and
re-dispersed in water. All the steps performed while preparing
the final MNP/PTC, MNP®@Au/PTC samples are schematically
shown in Fig. 1.

Characterization

X-ray diffraction (XRD) powder analyses of the samples were
carried out in a Miniflex 600 diffractometer (Rigaku) over 29
range of 20° - 70°, using Cu-Ka radiation (A = 1.541 ﬂ) and
operating at 40 kV and 30 mA. Size and morphology of the as-
produced materials were examined by high-resolution
transmission electron microscopy (HRTEM) using a JEOL 1100
apparatus. Room temperature magnetization curves were
obtained using a vibrating sample magnetometer (VSM) ADE
model EV7. Hysteresis loops were recorded in the 18 kOe
range. Chemical analyses of the as-produced samples14 were
determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES) Perkin Elmer model Optima
8000, with radiofrequency power of 1400 W, 1.5 mL/min
sample flux, 10 L/min argon plasma flux, nebulizer flux 0.7
L/min and flux of auxiliary gas (argon) of 0.2 L/min.
Hydrodynamic average diameter (Dy), polydispersity indexes
(PDI) and zeta potential ({-potential) of the as-produced
nanoparticles were assessed from aqueous dispersions using a
dynamic light scattering (DLS) Zetasizer nano ZS system
(Malvern Instrument). Ultraviolet visible (UV-vis) spectra of
aqueous dispersions were recorded on a spectrophotometer
Shimadzu UV 2600. The X-ray density of samples was
evaluated in plastic microtubes using a microtomograph
device (SkyScan1076, Bruker) with the following parameters:
50kv, 180uA, 0.5nm Al filter, 100 ms of exposition and pixels
size of 35um. NRecon® and CTAn® softwares were employed
respectively for reconstruction and image analysis. Slices were
analyzed with Dataviewer® software. The Hounsfield scale (HU
units) was used to quantify the X-ray density and a 3D image of
the samples was prepared for qualitative evaluation.

This journal is © The Royal Society of Chemistry 20xx
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Cell culture

Murine fibroblast cells (NIH-3T3) and human keratinocyte cells
(HaCAT) were acquired from cell bank of Rio de Janeiro
(Brazil). Dulbecco's Modified Eagle's Medium (DMEM) (Life,
EUA) completed with 10 % of fetal bovine serum and 1 % of
antibiotic solution (100 IU/mL Penicillin — 100 pg/mL
Streptomycin, Life, EUA) was used to grow the cells at 37 °C
and 5% CO, in humid atmosphere.

Cell treatment

The cells were grown into polystyrene culture flask of 75 cm’.
The cells were counted using a Neubauer chamber and the
number of the cells per mL was determined by the equation:

Number of cells/mL = (number of counted cells/4)*dilution
factor*104. For each experiment, the cells were seeded into a
96-well culture plates at the density of 3.103 cells per well in

NH,OH

¢
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HNO;, Fe(NO3)3
2-oxidation
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3-citrate capping

o~ :
1-coprecipitation citrate
of Fe;0,
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MNP@AuU/PTC

(e
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MNP@Au2

ARTICLE

DMEM. The plates were incubated at 37 °C and 5% CO, in
humid atmosphere overnight.

Cell-viability assay

Cell-viability assay was realized using MTT (3-[4, 5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) dry
reduction method. After 24 and 72 hours of incubation, 150 pL
of the MTT solution (0.5 mg/mL in DMEM) was added in each
well and the plates were incubated for 2 hours at 37 °C and 5%
CO, in humid atmosphere. The medium culture was discarded
and 100 pL of dimethyl sulfoxide (DMSO) were added in each
well.  The absorbance was  monitored using a
spectrophotometer with a microplate reader at 595 nm
(Molecular Devices, EUA).

1+
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B /ag’"m <
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Figure 1. Scheme used in the preparation of samples MNP, MNP/PTC, MNP@Aul, MNP@Au2 and MNP@Au/PTC.
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Table 1. Quantitative data of pool content

MNP and MNP and H.0 culture
groups MNP@Au MNP@Au ( ZL) medium
n
(ng/mL) (L) (L)
Control - - 50 150
1 100 50 - 150
2 50 25 25 150
3 25 12,5 375 150
4 12.5 6.25 43.75 150
5 6.25 3.12 46.88 150

Statistical analysis

The results were expressed as mean % standard error of the
mean (SEM). Evaluation of possible significant differences
among the groups was determined by analysis of variance
(ANOVA) and Bonferroni post-hoc test using the program
Prism 5 (EUA). The significance level was set at P < 0.05.

Results and discussion
Samples

Fig. 2 shows XRD spectra of samples MNP and MNP @Au2. For
the employed synthesis route all diffraction peaks observed
sample MNP are consistent with the standard data of
maghemite (JCPDS card no. 39-1346). The average crystallite
size of the magnetic core, calculated from the 311 XRD line
broadening of sample MNP using the Scherrer’s formula, is
about 9.3 nm. Additionally, for the MNP @Au2 sample, the XRD
peaks appearing at 38.4° and 44.6° can be respectively
assigned to (111) and (200) crystalline plane diffraction peaks
of Gold, in good agreement with standard data of Gold (JCPDS
file no. 040784).

Moreover, one can notice a reduction of the maghemite XRD
peak intensities after Au-capping, which is more likely due to
the heavy atom effect of Gold as a result of the formation of
Au-coated y-Fe,0; nanoparticlesls. Similar results were found
in the XRD data of sample MNP@Aul (XRD data not shown
here). Chemical analyses using ICP-OES revealed samples
MNP@Aul and MNP@Au2 with increasing Gold content
(Au/Fe, 03 ratio) of 7.3% and 12.1% (w/w), in agreement with
the preparation protocol. Cross-linking ICP-OES data with XRD
analyses strongly supports core-shell (y-Fe,03-Au) formation in
samples MNP@Aul and MNP@Au2, which is corroborated by
the TEM data. As shown in Fig. 3a, maghemite nanoparticles
(MNP) are polydisperse in size, but showing nearly spherical
morphology. Moreover, the cubic structure of the maghemite
phase is confirmed by fast Fourier transform (FFT) image
shown in the inset of Fig. 3b (lower right hand-side), revealing

This journal is © The Royal Society of Chemistry 20xx
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planes (440), (311), (220) and (111) of the spinel phase. Figure
3c shows a typical TEM image of sample MNP@Au2, with
darker y-Fe,O3; nanoparticle spots (darker than in the MNP
sample) due to the Au-shell. Sparse-filled (MNP) and dense-
filled (MNP@AuU2) histogram patterned bars, assessed from
the TEM micrographs, are shown in Fig. 3d, where black solid
lines are the best fit using the lognormal size distribution.
From this analysis, the average diameters (polydispersity
index) of maghemite (MNP) and gold-coated nanoparticles
(MNP@AuU2) are respectively 12.9 nm (o = 0.34) and 12.1 nm
(o = 0.30), suggesting there is no significant difference in
average size and polydispersity index of uncoated and Gold-
nanoparticles. However, HRTEM of Gold-coated
nanoparticles shown in Fig. 3e clearly reveal core-shell
formation with Au-shell thickness in the range of 1-2 nm, in
good agreement with previous works®®. Furthermore, Fig. 3f
shows HRTEM of an core-shell (Au-y-Fe,0s3)
nanoparticle where the interfringe spacings of the face
centered cubic (FCC) Gold (111) and (311) reflections are
clearly seen in the FFT image (upper left hand-side inset),

coated

isolated

indicating that the maghemite nanoparticles are coated with a
layer of crystalline Gold.

Magnetization measurements were performed for evaluating
the Au-coating in the magnetic properties of the as-produced
nanoparticles. Figure 4 shows typical room temperature
magnetization as a function of applied magnetic field recorded
for samples MNP (red data) and MNP@Au2 (black data). We
found the saturation magnetization decreasing from 47.9
emu/g (sample MNP) to 44.6 emu/g (sample MNP@Au1l) and
42.4 emu/g (sample MNP@Au2), supporting the claim that a
magnetic core (maghemite) is coated with a non-magnetic
shell (Gold).

relative intensity (a.u.)

20 3’0 ' 4‘0 5‘0 ' 60
20 (degrees)

Figure 2 — Diffractograms of samples MNP (lower panel) and MNP@Au2 (upper panel).
The inset shows a detail of the XRD spectrum of sample MNP@Au2 in the 26 range of
about 42° to 46°, emphasizing the deconvolution of the 44.6° XRD feature into two
components.
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Thus, considering there is no phase change of the magnetic
core after Au-coating a Au/Fe,0; ratio of 6.6% and 11.3%
(w/w) can be estimated from the magnetization data
respectively for samples MNP@Aul and MNP@Au2, in good
agreement with the chemical analysis (ICP-OES). Moreover, at
room temperature the as-prepared uncoated and Gold-coated
nanoparticles shows superparamagnetic behavior, with
negligible remanence and coercivity as shown in Fig. 4 (see
lower right hand-side inset). Besides, saturation magnetization
of the as-prepared core maghemite is lower than typical bulk
values (60-80 emu/g), credited to the nanometer size”” and
surface functionalization™®. Likewise, the as-prepared samples

T } e

Figure 3 —TEM images of MNP (a) and MNP@Au2 (c) nanoparticles; HRTEM image of se

lected region i

ARTICLE

functionalized with phtalocyanine also presented similar
magnetic behavior, with no alteration of saturation
magnetization. Moreover, as can be observed in the inset of
Fig. 4 (upper left hand-side), separation of the magnetic
nanoparticles out from the transparent solvent can be
observed while adding acetone to the water-based suspension
and keeping a permanent magnet attached to the sample
holder for several hours. This finding strongly indicates
attachment of Gold and phtalocyanine onto maghemite
nanoparticles.

P(D)

MNP@AU2

P(D)

0 5 10 15 20 25 30

diameter (nm)

L3 - -

n sample MNP (b); histograms of particle diameters for MNP and MNP@Au2

samples (c); HRTEM image of selected region in sample MNP@Au2 (e); magnified TEM image of the boxed region in the left image (f). The insets show the FFT calculated from the

areas marked with white squares.
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Figure 4. Magnetization hysteresis loops at room temperature for samples MNP (red)
and MNP@Au2 (black); picture of the sample MNP@Au2 under action of a permanent
magnet (uper left hand-side inset); magnetization at low field range (lower right hand-
side inset).

The nature of maghemite surface-coating (Gold, citrate,
and/or aluminum phthalocyanine) changes the interface
nanoparticle surface/solution and thus colloidal stability,

which indeed affects optical properties. Therefore, DLS and
UV-vis spectroscopy were used to assess surface modification
information of bare maghemite nanoparticles. Table 2 lists DLS
data for the as-prepared samples. All measurements were
performed at pH~7 and 25 °C. The {-potential of citrate-coated
maghemite nanoparticles (sample MNP) is highly negative
(about -38 mV) and is likely due to the ionization of attached
citrate molecules onto the oxide surface™?°. The C-potential of
Gold-coated nanoparticles (samples MNP@Aul and
MNP@Au2) are also highly negative, not differing significantly
from the value found for citrate-coated nanoparticles in
sample MNP (see Table 2). Actually, it is well known that
reduction of Gold in the presence of sodium citrate yields
Gold-coated inorganic core nanoparticles with citrate
molecules attached onto the surface, providing a negatively
charged surface for the Au-coated nanoparticle21. In the case
of our samples, at neutral pH the free carboxyl groups of
citrate are fully deprotonated, providing extra colloidal
stability to the as-suspended nanoparticles via electrostatic
repulsion. Magnetic separation of the as-produced sols (see
inset of Fig. 4) is only achieved by adding a non-aqueous
solvent, such as acetone.

Table 2. Hydrodynamic average diameter, PDI and C-potentials of samples

Sample Dy (nm) PDI C-potential
(mV)
MNP 68.1 0.23 -38.6
MNP@AuUl 114.3 0.19 -34.3
MNP@Au2 156.6 0.18 -39.6
MNP/PTC 235.9 0.21 -12.6
MNP®@Au/PTC 2111 0.25 -25.5

6 | J. Name., 2012, 00, 1-3

Moreover, the hydrodynamic sizes of citrate-coated
maghemite nanoparticles (sample MNP) increased from 68.1
nm to 114.3 nm and 156.6 nm for samples MNP@Aul and
MNP@Au2, respectively. This finding is credited to the
increasing thickness of the deposited Gold-shell onto the
maghemite However, possible nanoparticle
agglomeration must be considered in this analysis. On the
other hand, data listed in Table 2 show that adsorption of
aluminium phtalocyanine significantly reduces the C-potentials
of samples MNP/PTC (-12.6 mV) and MNP@Au/PTC (-25.5
mV). The colloidal stability reduces while the C-potential
decreases, reflecting on increasing hydrodynamic diameters
after PTC coating (see Table 2). These results indicate that
electrostatic interaction between negatively charged citrate-
coated nanoparticles and positively charged aluminium
phthalocyaninate occurs, as schematically shown in Fig. 1c.
Previous work® showed similar results where zinc
tetrasulfonated phthalocyanine (a tetra-anion) was strongly
adsorbed onto positively charged surface of maghemite
nanoparticles. Furthermore, once PTC presents small charge-
to-area ratio formation of a PTC layer onto the nanoparticle
surface is not enough to neutralize all negative nanoparticle
surface sites and therefore a net negative surface charge still
remains, but smaller than before PTC coating.

Typical UV-vis spectra of surface-coated (citrate, Gold, and
PTC) maghemite nanoparticles in suspension are shown in Fig.
5a. Citrated-coated maghemite nanoparticles present a wide
silent feature in the visible region. On the other hand, Gold-
coated maghemite nanoparticles exhibit an absorption band
centered around 555 nm, which is due to the surface plasmon
absorptionzz. In fact, it is reported that the position of this
band depends on the core size as well as on the Au-shell
thickness?®. In our case, as the ratio Au/Fe,0; increases a blue
shift of the surface plasmon peak is observed (see the inset of
Fig. 5a), in good agreement with previous works?*. A reddish-
pink color was observed in the brown tinged y-Fe,0; sol after
Au-coating, indicating the formation of Gold shell onto
maghemite nanoparticles (see Fig. 5b). Moreover,
magnetic separation of nanoparticles from suspension of
sample MNP@Au2 the supernatant remains colorless (see
inset of Fig. 4), supporting this claim.

Figure 5a also shows the UV-vis spectrum of PTC solution,
showing a major band at 680 nm, which is characteristic of
phthalocyanine monomeric state. Besides, two others bands
labeled at 606 nm and 640 nm are present and assigned to
vibrational transition®>. As shown in Fig. 5b after
functionalizing maghemite (sample MNP) and Gold-coated
maghemite (sample MNP@Au2) nanoparticles with PTC to
prepare samples MNP/PTC and MNP@Au/PTC the color of
formed sols drastically changes to green and violet,
respectively. Magnetic separation of suspensions of samples
MNP/PTC and MNP@Au/PTC led to colorless supernatants,
meaning that adsorption of PTC onto magnetic nanoparticles
were effective. A surface plasmon absorption at 530 nm was
still observed in sample MNP@Au/PTC, due to the Au-shell
contribution.

core.

after
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Figure 5. (a) UV-vis spectra of samples MNP (black/dot), MNP@Au2 (blue/short-dash),
PTC (gray/solid), MNP/PTC (green/dash) and MNP@Au/PTC (pink/dash-dot). The inset
shows a detail of spectra of samples MNP@Aul and MNP@Au2 in the wavelength
range of about 420 to 680 nm; b) Pictures of diluted sol of synthesized samples.

Nevertheless, for PTC-functionalized samples (MNP/PTC and
MNP@Au/PTC) the intense absorption band at 684 nm, typical
of pure PTC, was practically suppressed. However, in the 606
nm and 640 nm regions, a broad band with a hypsochromic
shift appears in PTC-functionalized nanoparticles (samples
MNP/PTC and MNP@Au/PTC). This finding indicates
interaction of PTC with magnetic nanoparticlesze.

Nanocytotoxicity

The cytotoxicity of the nanoparticles on keratinocyte cells
after 24 hours of exposure is illustrated in the Fig. 6. The
sample MNP and MNP@Au1 presented significant decrease of
cell viability in all concentrations (6.25 to 100 pg/mL).
However, only MNP at higher concentration showed a
significant biologically decrease of 30% of cell viability. At
others concentrations, the decrease was about 5 to 10%,
which is not considered biologically significant.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Percent cells viability of keratinocytes - HaCAT in presence of nanostructures:
maghemite (MNP), maghemite coated with gold (MNP@Aul) and maghemite coated
with 2x gold (MNP@Au2), MNP conjugated with phthalocyanine of aluminuium
(MNP/PTC) and MNP@Au conjugated with phthalocyanine of aluminuium
(MNP@AU/PTC) after 24 hours of incubation. Ultrapure water was used as negative
control. Viability assay by MTT. Significantly different from the control: * P<0,001 - #:
P<0,01 - &: P<0,05.

The nanoparticle MNP@Au2 did not demonstrate cytotoxic
activity in any concentration tested, probably due to the
presence of gold that turned the nanostructure more
biocompatible. In parallel, the nanoparticles associated to
phtalocyanine were more cytotoxic. In fact, the MNP/PTC
showed a dose-dependent activity and reduced the cell
viability of 20 to 35%. The MNP@Au/PTC also demonstrated
cytotoxic activity of 17 to 32%, but independent of the
concentration.

The effect of the samples on the HaCAT cell viability after 72h
of incubation is shown in Fig. 7. The MNP is not represented in
the graph because the sample precipitate during the
experiment making unfeasible the analysis of the cell viability.
It is possible to observe that MNP@Aul and MNP@Au2 did
not show cytotoxic activity. The nanoparticles coated with
phtalocyanine showed a dose-dependent activity. The
MNP/PTC decreased the cell viability about 30% at higher
concentration, similar to the activity observed after 24 hours
of exposure. In parallel, the MNP@Au/PTC decreased the cell
viability about 45% at 100 pg/mL, more than the decrease
observed after 24 hours of exposure. Therefore, the
MNP@Au/PTC was more efficient after 72 hours of exposure
than the MNP/PTC.

The activity of the nanoparticles on the fibroblast cell viability
was also investigated after 24 and 72 hours of exposure. Fig. 8
shows the result after 24 hours. In this analysis, it is possible to
observe that all samples demonstrated significant decrease of
cell viability. The MNP and MNP @Au1l presented a decrease of
cell viability about 30 to 40% and 20 to 30%, respectively, with
the increase of concentrations.
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Figure 7. Percent cells viability of keratinocytes - HaCAT in presence of nanostructures:
MNP@Aul, MNP@Au2, MNP/PTC and MNP@Au/PTC after 72 hours of incubation.
Ultrapure water was used as negative control. Viability assay by MTT. Significantly
different from the control: * P<0,001 - &: P<0,05.

The MNP@Au2 demonstrated less activity with reduction of
cell viability of only 20%. This reduction of toxicity can be
explained by the presence and increment on the gold shell
which allowed improving the biocompatibility, in good
agreement with previous work?”.  The sample with
phthalocyanine reduced the cell viability in about 30%. Only
the higher concentration of the MNP@Au/PTC did not
demonstrated cytotoxic activity.

After 72 hours of exposure, MNP in all concentrations and
MNP/PTC at 12.5 to 100 pg/mL precipitate during the
experiment making unfeasible the analysis of the cell viability.
The MNP@Aul induced reduction of cell viability in about
20%. In parallel, the MNP@Au2 only showed decrease of the
cell viability of 10% at 25 pg/mL, which is not considered
biologically significant. The MNP@Au2 showed biocompatible
property in fibroblast cells line NIH3T3. The MNP/PTC did not
present cytotoxic activity at 6.25 ug/mL after 72 hours of
exposure. However, MNP@Au/PTC demonstrated a decrease
of cell viability with the increase of concentration from 20 to
30%, which is more than after 24 hours of exposure (Fig. 9).
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Figure 8. Percent cells viability of friblobasts — NIH3T3 in presence of nanostructures:
MNP, MNP@Aul, MNP@Au2, MNP/PTC and MNP@Au/PTC after 24 hours of

incubation. Ultrapure water was used as negative control. Viability assay by MTT.
Significantly different from the control: * P<0,001 - #: P<0,01 - &: P<0,05.

8 | J. Name., 2012, 00, 1-3

* #
—_ B ?
X 7
3/100‘ % &' *
> HHH g ! g
= :1%1E111Z [ %
= HEENIA HRBMA HH % =
3 HEBIID HAEENIA HEHIH HAME
@ HEENA HARNA HEEIID HH| [V
E 50- 1 HEEII HEEl HH [
— zlel1Z2I11% SHI U % EHI IO
= 1HHIIA HHEBIIU EHE| G HHIIY
8 |UEAEl HEEH EEI
Zlu]|= % (= H % . % [ H %
HEBIA BEBII HEELG E[E( 7
14 H H % HIIU
oLHEHIA HHARIA HEHII HHII

Control MNP@Aul MNP@Au2 MNP/PTC  MNP@AU/PTC

6,25 ng/mL =@ 12,5 ug/mL B33 25 pg/mL @D 50 pg/mL 100 pg/mL

Figure 9. Percent cells viability of friblobasts — NIH3T3 in presence of nanostructures:
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Ultrapure water was used as negative control. Viability assay by MTT. Significantly
different from the control: * P<0,001 - #: P<0,01 - &: P<0,05.

An important remark is that toxicity studies of PTC-conjugated
nanoparticles were carried out under light. As a result,
radiation excites the light-sensitive PTC, generating cytotoxic
specieszs, essential tool for PDT application and result that

could explain the deflated biocompatibility of these
nanostructures.
Computed tomography

Fig. 10a shows the CT signal intensity, in HU, for bare
maghemite (MNP) and Gold-shelled MNP@Aul and
MNP@AuU2 sols, compared to water (a negative control) and a
positive control, an iodine-based contrast agent (ACI). The
inset shows a detail of the CT signal for samples MNP,
MNP@Aul and MNP@Au2, compared to water. Moreover,
qualitative images that represent the X-ray cell density of
these samples are shown in Fig. 10b. These results indicate
that X-ray attenuation increases as maghemite is coated with
Gold and as the thickness of Au-shell increases, at the same y-
Fe,0; concentration (0.4 mg/mL in maghemite). In spite of the
higher X-ray attenuation, when compared to water, the CT
signal for ACl is several times more intense.

Nevertheless sols analyzed here were highly diluted, being
however more efficient than similar Gold-capped magnetic
materials reported elsewhere®. In that work, a signal of ~200
HU was observed for samples containing ~5 mg/mL of Au.
Here, for a ~0.06 mg/mL of Au sample MN@AuZ2, the CT signal
is about 430 HU. This enables the Gold-coated samples
synthesized here as contrast agents for possible applications in
CT imaging. Moreover, despite the high X-ray attenuation, the
contrast agents commercially available — which present low
molecular weight — are rapidly eliminated by the kidneys,
disabling their use in pre-clinical trials. In contrast, the kind of
nanoparticles used here present long residence time in the
blood stream, overcoming the challenge of pre-clinical tests.

This journal is © The Royal Society of Chemistry 20xx
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Figure 10. a) X-ray attenuation ability of MNP, MNP@Aul, MNP@Au2, water (negative control) and iodine-based contrast agent (positive control). The inset — highlight for samples
MNP, MNP@Aul, MNP@Au2 and water; b) 3D qualitative images obtained for water (A), MNP (B), MNP@Aul (C) and MNP@Au2 (D) samples, produced in an artificial colored

scale presented at the bottom of the figure.

Conclusions

In conclusion, citrate-coated maghemite nanoparticles were
elaborated via aqueous co-precipitation, following oxidation
and citrate functionalization via an improved chemical route
herein described. Gold shells were successfully deposited onto
magnetic cores by reducing Au®" ions in the presence of y-
Fe,03; nanoparticles during 2 cycles of borohydride seeding.
Moreover, we succeed in modulating the Gold shell thickness
while increasing the Au/y-Fe,O; ratio during seeding.
Successful  Gold-shelling was confirmed by different
characterization techniques. Particularly interesting were the
optical absorption measurements, showing a blueshift
depending on the shell thickness. All samples presented a
long-term colloidal stability in physiological pH, even after
functionalization with aluminium phthalocyanine (PTC), as
confirmed by DLS measurements.

Moreover, according to in vitro nanocytotoxicity assays the
Gold-shelling enhanced the biocopatibility of the vy-Fe,03
nanoparticles. Differently from previous works, in which
functionalization with PTC requires several steps to complete,
extra-cappings and/or cross-linking molecules to be covalently
attached to nanoparticles, our data indicated strong
electrostatic coupling between PTC and the nanoparticle
surface, yet accomplished by a single-step process.
Impressively, the Gold-shelled nanoparticles revealed efficient

response as a contrast agent in computed tomography,

This journal is © The Royal Society of Chemistry 20xx

dependent upon the Au/y-Fe,0; ratio. Possible application of
the as-elaborated core-shell nanoparticles will derive from the
combination of magnetic properties of the core (maghemite)
and the optical properties of the shell (Gold). From the
therapeutic point of view, the as-elaborated samples
represent a promising multi-task platform to perform
magnetic hyperthermia (core) combined or not with
photothermal therapy (shell) and/or photodynamic therapy
(PTC functionalization). Taking into account the diagnosis
approach, the nanomaterials herein reported can also be used
as optical probes and contrast agents in in vivo medical
imaging techniques.
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