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RESUMO

Este trabalho tem como objetivo o estudo da penetracdo cutanea de diferentes
nanocarreadores de oxido de ferro e para aplicagdo na administracdo tépica de
farmacos. As nanoparticulas (NPs) foram sintetizadas via coprecipitacdo em meio
basico e funcionalizadas com 3 surfactantes diferentes, o acido laurico (aniénico), a
dodecilamina (catiénico) e o Pluronic F127 (n&o i6nico), formando dispersdes coloidais
estaveis em meio aquoso. Os nanocarreadores sintetizados foram caracterizados por
meio das técnicas de espalhamento dinamico de luz, microscopia eletronica de
transmissdo, espectroscopia no infravermelho e Raman. As NPs apresentaram
diametro médio na faixa de 6,50 nm, enquanto o tamanho hidrodinamico variou de
130 a 230 nm, dependendo do tipo de cobertura. A partir dos espectros Raman
obtidos, observou-se que a oxidacéo das particulas de magnetita para maguemita foi
efetiva, enquanto a analise dos espectros no infravermelho indica a presenca da
cobertura nos 3 nanocarreadores, sendo um funcionalizado com a bicamada de acido
laurico, outro com bicamada de &cido laurico e dodecilamina e o terceiro com
bicamada de &cido laurico e Pluronic F127. Estudos de penetracdo cuténea in vitro
dos 3 nanosistemas utilizando pele da orelha de suinos, como modelo para a pele
humana, e empregando o método Saarbriiecken modificado, foram realizados por 12,
24 e 36 horas. A concentracdo de ferro em 2 camadas de pele (estrato corneo e o
foliculo piloso) foi obtida por ressonancia ferromagnética, nao tendo sido observada a
presenca de ferro na pele remanescente. Os resultados obtidos indicam que os 3
nanocarreadores sintetizados apresentam potencial para a aplicacdo topica de
farmacos, possibilitando um tratamento local e sem atingir a corrente sanguinea.

Palavras-chave: nanocarreadores, nanoparticulas, Oxido de ferro, penetracéo

cutanea, administracao topica, acido laurico, dodecilamina, Pluronic F127, alopecia.



ABSTRACT

This study aims the investigation of the cutaneous penetration with three different iron
oxide nanocarriers and evaluate its applications in topical administration of drugs. The
nanoparticles (NPs) were synthesized via coprecipitation in basic agueous medium
method and functionalized with 3 different surfactants, lauric acid (anionic),
dodecylamine (cationic) and Pluronic F127 (non-ionic), forming stable aqueous
colloidal dispersions. The synthesized nanocarriers were characterized by dynamic
light scattering, transmission electron microscopy, infrared and Raman spectroscopy.
The NPs presented mean diameterof 6.5 nm, while the hydrodynamic diameter ranged
from 130 to 230 nm, depending on the type of coating. Raman spectra indicated that
the oxidation process from magnetite to maghemite nanoparticles was effective, while
the analysis of the infrared spectra indicated the presence of the respective coatings
on the 3 nanocarriers, one functionalized with a bilayer of lauric acid, other with a
bilayer of lauric acid and dodecylamine and the third with a bilayer of lauric acid and
Pluronic F127. In vitro skin penetation studies of the 3 nanosystems, using pig ear skin
as a model for human skin through modified Saarbriiecken method, were performed
for 12, 24 and 36 hours. Using ferromagnetic resonance, it was possible to quantify
the concentration of iron in 2 layers of skin, the stratum corneum and the hair follicle.
It was not observed the presence of iron in the remaining skin. These findings indicate
that the 3 synthesized nanocarriers are promising for topical application of drugs,
allowing a local treatment,and without reaching the bloodstream.

Keywords: nanocarriers, nanoparticles, iron oxide, cutaneous penetration, topical

administation, lauric acid, dodecylamine, Pluronic F127, alopecia.
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CAPITULO 1
INTRODUCAO E OBJETIVOS

1.1. Introducéo

As nanoparticulas de 6xidos de ferro, do inglés iron oxide nanoparticles (IONs)
sdo muito estudados para aplicacdo em meio biolégico por apresentarem
superparamagnetismo, biocompatibilidade e baixa toxicidade. Em adicdo, podem ser
funcionalizadas com moléculas diversas que, além de promover sua estabilidade em
meio hidrofilico, podem conter sitios disponiveis para ancoragem de farmacos,
anticorpos, marcadores, entre outros (M. A. G. Soler et al., 2011; Maria A. G. Soler et
al.,, 2011; Soler; Paterno, 2017; Rivera, 2018). Devido as suas propriedades,
apresentam grande potencial para aplicagbes em nanomedicina, como melhora do
contraste de imagens de ressonancia magnética, terapia génica, magneto-hipertermia
e veiculos carreadores de farmacos (drug delivery system) (Berry et al., 2019; Rivera
et al., 2019).

As IONs funcionalizadas constituem uma plataforma para ancoragem de
farmacos, formando nanocarreadores eficientes para a sua liberacdo no organismo
em um local especifico. Estes nanocarreadores apresentam grande estabilidade,
maior taxa de absorgéo pelos tecidos e liberagdo modificada, diminuindo a dosagem
necessaria bem como os efeitos colaterais, quando comparados com as formulacdes
tradicionais. Em adicdo, por serem superparamagnéticas, podem ser direcionadas a
um o6rgdo ou tecido especifico, por meio da aplicagcdo de um gradiente de campo
magnético ou ancoragem de um marcador especifico (El-Hammadi; Arias, 2015;
Rivera et al., 2019).

A administracdo de farmacos via aplicacéo topica tem sido utilizada visando a
diminuicdo dos efeitos colaterais e melhorar a ades&o do paciente ao tratamento.
Entretanto, o desenvolvimento de formulagBes topicas eficientes que consigam
permear a barreira natural da pele, o estrato corneo, tem sido um desafio. Devido ao
seu tamanho reduzido e formato, os hanosistemas tém se mostrado promissores para

ultrapassar esta barreira, promover uma liberacdo modificada do farmaco na regiao



de interesse e aumentar a atividade terapéutica empregando doses menores (Musazzi
et al., 2017; Pereira et al., 2018; Afiune et al.,, 2020). Entre os nanosistemas
explorados, os nanocarreadores de Oxido de ferro com didametro menor que 20 nm
apresentaram resultados promissores na permeacdo do estrato corneo, sendo
observada a permeacdo de diferentes farmacos, utilizando-se nanoformulacdes em
estado semissolido (Musazzi et al., 2017) e liquido (fluido magnético), com e sem
aplicacdo de um campo magnético externo (Rao et al., 2015; Afiune et al., 2020). Além
disso, as IONs podem ser sintetizadas por métodos simples, de baixo custo e em
escala industrial, que permitem a modulacdo de suas propriedades fisicas e
magnéticas em fungdo da aplicacdo desejada (EI-Hammadi; Arias, 2015).

Além do diametro das particulas, as propriedades fisico-quimicas da cobertura
superficial também influenciam na capacidade de permeacdo do nanosistema,
podendo facilitar a penetracéo do farmaco nas camadas da pele (Musazzi et al., 2017).
Por exemplo, o acido laurico (AL) e a dodecilamina (DDA) podem agir como
potencializadores da permeacdo em administracdo de farmacos via tépica ou
transdérmica. Verificou-se que DDA potencializa a permeacdo transdérmica de
moléculas como vitamina D3 (Alsaqr; Rasoully; Musteata, 2015) e testosterona (Zhao
et al., 2002, 2009). No caso do AL, observou-se também um aumento da permeacao
de moléculas com ou sem carga, como salicilato de sdodio, cafeina, naloxona e
ondansetrona (Green; Guy; Hadgraft, 1988; Babu; Chen; Kanikkannan, 2015),
enquanto que IONs funcionalizadas com bicamada de AL constituem um promissor
nanocarreador para aplicacdo tOpica dos farmacos finasterida e dutasterida,
possibilitando sua liberacdo controlada e direcionamento para o foliculo piloso, regido

de interesse (Afiune et al., 2020).

Neste contexto, este trabalho tem como objetivo investigar o efeito do
tratamento superficial das nanoparticulas com coberturas de diferentes cargas
superficiais, considerando a influéncia de cada um deles na estabilidade e
biodistribuicdo de cada nanocarreador nas 3 camadas da pele: estrato corneo, foliculo
piloso e pele remanescente. Neste estudo, nanoparticulas de o6xido de ferro,
sintetizadas via coprecipitacdo em meio aquoso, foram funcionalizados com trés
diferentes surfactantes: acido laurico, dodecilamina e Pluronic F127, dispersos em
meio aquoso, para os estudos de penetracdo cutanea em pele suina, empregando o

meétodo Saarbriecken modificado (Afiune et al., 2020).



1.2.

1.2.1.

Objetivos

Objetivo geral

Sintetizar e caracterizar diferentes nanosistemas formados por nanoparticulas

de oxido de ferro funcionalizadas com bicamadas de acido laurico, acido

laurico/dodecilamina e acido laurico/Pluronic F127 e verificar a influéncia da cobertura

de cada nanocarreador na penetracdo cutanea in vitro em pele suina.

1.2.2.

Objetivos especificos

Sintetizar e caracterizar as nanoparticulas de oOxidos de ferro que serdo
empregadas para obter os trés diferentes tipos de nanocarreadores;
Funcionalizar as nanoparticulas sintetizadas com uma monocamada de acido
laurico;

Funcionalizar as nanoparticulas sintetizadas com uma bicamada de laurato;
Desenvolver um protocolo para funcionalizar as nanoparticulas sintetizadas
com uma monocamada de laurato com a segunda camada de dodecilamina;
Funcionalizar as nanoparticulas sintetizadas com uma bicamada
laurato/Pluronic F127;

Caracterizar e comparar 0s nanocarreadores sintetizados;

Estudar a estabilidade dos nanocarreadores sintetizados em funcdo do tempo
decorrido apoés a sintese;

Avaliar a penetragéo in vitro, retengéo cuténea e folicular das nanoparticulas

em funcao do tratamento superficial das particulas em pele de suino;



CAPITULO 2
ADMINISTRACAO CUTANEA DE FARMACOS

2.1. Anatomiada pele

A pele é o maior 6rgédo do corpo humano, representando cerca de 16% do peso
corporal e com uma area superficial entre 1,5 e 2 m2. Ela funciona como uma barreira
de protecado, separando os 6rgaos do corpo e a rede de circulacdo sanguinea do
ambiente externo, controlando a perda de fluidos essenciais e a entrada de corpos
estranhos no organismo (Gratieri; Gefuso; Lopez, 2008; Ushirobira, 2019).

A pele é constituida por 2 camadas principais interligadas entre si, a epiderme
e a derme (Figura 1). A epiderme é a camada mais externa, formada por tecido
epitelial especializado, cuja espessura pode variar de acordo com a regido do corpo.
Por ser uma area ndo vascularizada, os farmacos precisam permear essa camada
para atingir a corrente sanguinea, na derme. Pode ser dividida em duas partes, a
epiderme viavel e o estrato cérneo, principal barreira limitante a difusdo percutanea
de farmacos (Vieira, 2013).

O estrato corneo (EC) é a regido mais superficial da pele, composto por células
escamosas mortas, 0s cornedcitos, dispersos em uma matriz rica em lipidios nao
polares, como ceramidas (18%), acidos graxos livres (19%), esteroides (14%) e
triglicerideos (25%), além de possuir uma baixa umidade, cerca de 7 a 20% da
quantidade total de agua presente na pele (Gratieri; Gefuso; Lopez, 2008; Vieira,
2013).

A derme é formada por duas camadas, a papilar e a reticular. E uma camada
vascularizada, que contem terminacdes nervosas e os apéndices cutaneos: foliculo
piloso, glandulas sebaceas e sudoriparas. A camada mais externa, a papilar, é
formada por papilas que se projetam em dire¢cdo a epiderme, proporcionando uma
maior area de contato entre essas duas regiées (Kolimi; Nyavanandi; Dudhipala, 2022;
Teles, 2023).
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Figura 1. llustracdo da anatomia da pele. Adaptado de Kolimi; Nyavanandi; Dudhipala, 2022.

2.2.  Administracdo cutanea

A administracao de farmacos através da pele apresenta diversas vantagens em
relacdo as vias tradicionais (oral e injetavel), como por exemplo: € um método nao
invasivo, ndo provoca perturbacdes gastrointestinais, impede o efeito de primeira
passagem, melhora o controle da concentracdo do farmaco no organismo,
minimizando o risco de efeitos secundarios ou niveis subterapéuticos, além de facilitar
a suspencao do tratamento ao identificar algum efeito colateral. Todas essas
vantagens tendem a aumentar a adesao do paciente ao tratamento (Bettoni, 2009;
Pereira et al., 2018; Afiune et al., 2020).

Existem 2 tipos de aplicagdo cutanea, com finalidades distintas: administragao
topica, utilizada para tratamento de doencas dermatolégicas, com acdo na periferia,
sem atingir a corrente sanguinea; e a administracdo transdérmica, que € um
tratamento sistémico, onde o farmaco deve permear as camadas da pele e atingir a

corrente sanguinea em um nivel terapéutico (Vieira, 2013).

Apesar de suas vantagens, a administracdo cutanea de farmacos ainda é

pouco utilizada, devido a dificuldade dos medicamentos ultrapassarem a barreira da



pele e atingirem o local de acdo em concentracfes desejaveis. Os nanosistemas
apresentam um grande potencial para o carreamento de farmacos através da pele

devido a sua capacidade de penetrar o EC (Pereira et al., 2018).
2.2.1. Vias de absorc¢éo cutanea

As principais rotas de penetracdo de farmacos estdo ilustradas na Figura 2
(Razavi; Darvishi, 2018), onde se observa: (i) a via intracelular, pela qual os farmacos
se difundem ao redor dos cornedcitos, através da matriz lipidica, sendo a preferivel
para moléculas lipofilicas pequenas; (ii) a via transcelular, pela qual os farmacos se
difundem pelo EC intacto, passando através dos cornedcitos e da matriz lipidica, é
mais utilizada por moléculas hidrofilicas ou moderadamente lipofilicas e (iii) a via
apéndices cutaneos, na qual as moléculas penetram na pele através dos apéndices
cutaneos (foliculo piloso, glandula sebacea e sudoripara), possibilitando a permeacéao
de ions e moléculas hidrofilicas maiores, que dificilmente conseguiriam atravessar por
meio das rotas i e ii. Juntas, as rotas intracelular e transcelular formam a via
traspidérmica, que é a dominante e envolve necessariamente a passagem das

particulas pelo EC (Carazo et al., 2018; Zoabi; Touitou; Margulis, 2021).
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Figura 2. llustracdo das principais vias de permeacao de farmacos. Adaptado de Razavi; Darvishi, 2018.



A escolha de uma via de permeacédo depende das propriedades fisico-quimicas
dos farmacos e do veiculo. A penetracdo via apéndices cutaneos é mais rapida
inicialmente, porém a quantidade de farmaco que penetra através da via transdérmica
€ maior, visto que os apéndices cutaneos constituem apenas aproximadamente 0,1%
da superficie da pele, com excecdo ao couro cabeludo (Rao et al., 2015; Carazo et
al., 2018; Teles, 2023). Para diversas moléculas, a penetracéo pelo estrato corneo &
lenta, de forma que o farmaco ndo consegue se acumular na regido de interesse e
atingir niveis terapéuticos antes de ser metabolizado pela pele. Portanto, é necessario
o desenvolvimento de novos sistemas que consigam permear o EC e aumentar o
tempo de vida do medicamento no organismo (Razavi; Darvishi, 2018; Ushirobira,
2019).

2.3. Nanosistemas aplicados a tratamentos cutaneos

Atualmente, os nanosistemas, como nanoparticulas lipidicas (Lin et al., 2018),
poliméricas (Ushirobira et al., 2020) e metdlicas (Rao et al., 2015; Raviraj et al., 2021),
tém sido explorados como potenciais carreadores de farmacos por apresentarem
diversas vantagens como: tamanho reduzido, alta estabilidade, biocompatibilidade,
podem encapsular moléculas em sua estrutura, retardando a sua degradacdo em
meio biolégico, promovem uma liberagcdo modificada do medicamento no sitio de
acdo, diminuindo a dose necessaria e, consequentemente, os efeitos colaterais
(Razavi; Darvishi, 2018). Em adicdo, as NPs apresentam um grande potencial para o
tratamento de doencas que atingem o foliculo piloso, devida a sua tendéncia natural
de se acumular nessa regido. A profundidade na qual esses carreadores se acumulam
depende do seu tamanho, conforme se observa na Figura 3. Particulas maiores, com
cerca de 2 a 3 um tentem a atingir apenas a porc¢ao superior do foliculo. Particulas
com tamanho entre 200 e 300 nm conseguem chegar até o istmo, possibilitando a
liberacdo do farmaco nas glandulas sebaceas. Enquanto as particulas menores, com
menos de 40nm, conseguem atingir a regiao mais profunda do foliculo, o bulbo capilar
(Pereira et al., 2018; Ushirobira, 2019).



As nanoparticulas de 6xido de ferro (IONs), tém despertado interesse para este
altimo tipo de administracao de farmaco, pois geralmente sdo menores do que 40 nm

e conseguem penetrar camadas mais internas da pele (Afiune, 2019).
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Figura 3. Distribuicdo de nanosistemas no foliculo piloso em fun¢do do tamanho da particula, adaptado
de Pereira et al., 2018.

2.3.1 Nanosistemas formados por particulas de 6xido de ferro

Estudos recentes mostram que os nanosistemas formados por NPs de 6xidos
de ferro sdo capazes de promover a permeacéao de agentes quimioterapicos com (Rao
et al., 2015; Zhang et al., 2019; Viratchaiboott et al., 2022) ou sem a aplicagao de um
campo magnético (Raviraj et al., 2021) para o tratamento de tumores mais superficiais,
como o cancer de mama, listados na Tabela 1. Além disso, também podem ser
utilizados para administracdo tépica de farmacos, evitando a acdo sistémica e
potencias efeitos colaterais. Afiune et al. (2020) desenvolveu um nanocarreador
formado por NPs de 6xidos de ferro capaz de potencializar a penetragédo dos farmacos
dutasterida e finasterida e direciona-los para o seu sitio de acédo, o foliculo piloso.
Goncalves et al. (2017) obteve um hidrogel de Pluronic 127 com IONs capaz de liberar

0 Oxido nitico, um potencializador da regeneracao cutanea.



Tabela 1. Nanocarreadores de 6xido de ferro desenvolvidos para administracdo cutanea de farmacos.

Nanosistema Farmaco Diametro Teste Vantagens

_ . Aumento da penetracao transdermal dos
IONSs funcionalizadas

) . S5-fluorouracil e , farmacos avaliados, sem a necessidade de
com copolimero ndo o 25 nm In vivo ) i o
. doxorrubicina incorporéa-los em sua estrutura (Raviraj et al.,
ibnico
2021).
Aumento da penetracdo cutanea dos farmacos,
IONSs funcionalizadas direcionando-os para o foliculo piloso, sitio de
com surfactante Dutasterida e finasterida 8 nm In vitro acdo dos medicamentos, sem atingir a corrente
aniénico sanguinea, ideal para aplicacédo topica (Afiune et
al., 2020).
Aumento do coeficiente de difusédo e da liberacao
IONSs funcionalizadas ) . do farmaco ao aplicar campo magnético e
. 5-fluorouracil 27 nm In vitro o ] . . .
com pectina elétrico, além de reduzir o tempo de liberacdo
(Viratchaiboott et al., 2022).
_ Ao aplicar uma radiacao de infravermelho
Microagulhas o ] ] _ .
_ proximo, é possivel modular a liberagéo do
carregadas com IONs _ _ ) In vivo e . o _
) _ Cloridrato de lidocaina 9allnm o anestésico, sem atingir o sistema nervoso,
funcionalizadas com in vitro

possibilitando a anestesia local (Li; Liao; Zheng,

polimeros néo ibnicos
2022).



IONs com acido oleico,
encapsuladas em uma
matriz de celulose

bacteriana

IONs funcionalizadas
com surfactante

anidnico

IONs com acido
tiomalico, dispersar em
um hidrogel de
Pluronic F127

Doxorrubicina e

hematoporfirina

Epirrubicina

Oxido nitrico

In vivo e

in vitro

10 nm In vitro
11 nm In vitro
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O nanocarreador sintetizado pode ser utilizado
para o tratamento de tumores superficiais por
terapia fotodinamica e quimioterapia, sendo
observada a permeacédo cutanea dos farmacos
ao aplicar um campo magnético (Zhang et al.,
2019).

Ao aplicar um campo magnético, observou-se a
absorcao transcutanea do farmaco. Além disso,
a ancoragem do farmaco no nanocarreador é
modulada por meio do pH, ao entrar em contato
com uma regido mais acida, como células
tumorais, o quimioterapico € liberado (Rao et al.,
2015).

As IONS com &cido tiomalico sédo capazes de
prolongar a meia-vida do 6xido nitrico, que
acelera o processo de cicatrizagdo cutanea, e
promover uma liberagéo controlada na pele, sem
atingir a corrente sanguinea. O hidrogel de
Pluronic aumenta a estabilidade do sistema

(Gongalves et al., 2017).
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CAPITULO 3
NANOPARTICULAS DE OXIDO DE FERRO

3.1. Magnetismo

Os materiais encontrados na natureza possuem momento de dipolo magnético
(M), que tem origem no movimento angular orbital (L) e de spin dos elétrons (S), de
forma que as propriedades magnéticas dependem da sua estrutura atdmica. Pode-se
classificar os materiais como: os que possuem m # 0, considerados materiais
magnéticos como os ferrimagnéticos e ferromagnéticos, e os que possuem m = 0,
chamados de diamagnéticos, e também de materiais ndo magnéticos (Francisquini;
Schoenmaker; Souza, 2012).

Ao submeter um sélido a um campo magnético externo (H), surge um campo

magneético (§) induzido no material (equacéo 1), que depende tanto da magnitude de

H guanto da magnetizacdo do material (ﬁ), definida como momento magnético por

unidade de volume (V).
B = u(H + M) @

_, )
M =

<| 3l

onde [ é a permeabilidade magnética do meio. A magnitude de M também depende

do campo magnético aplicado e pode ser dada por:

M = yH 3

sendo y a susceptibilidade magnética do material. Ela indica a resposta do material
ao campo aplicado. Quando a susceptibilidade é negativa, 0s momentos magnéticos
se alinham em direcdo oposta ao campo aplicado e o material € chamado de
diamagnético. Os materiais paramagnéticos possuem momentos magnéticos

individuais desordenados (magnetizacdo nula na auséncia de um campo) que se
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aliam em uma Unica direcdo ao se aplicar um campo externo. Sua susceptibilidade é
positiva, porém pequena em relacdo aos materiais ordenados.

Os materiais ordenados séo classificados em ferromagnéticos, ferrimagnéticos
e antiferromanéticos. Os materiais ferromagnéticos possuem seus momentos
magnéticos individuais ordenados em uma Unica direcdo. Os materiais
ferrimagnéticos sdo compostos por momentos antiparalelos de magnitude diferentes.
Dessa forma, ambos possuem magnetizacdo espontanea abaixo da temperatura de
Curie. Enquanto os materiais antiferromagnéticos sdo formados por momentos
antiparalelos de mesma magnitude, resultando em uma magnetizagcdo nula na
auséncia de um campo externo.

A Temperatura de Curie (Tc) é a temperatura em que ocorre a desordenacao
dos momentos devido a energia térmica. Acima desta temperatura, os materiais
ordenados se tornam paramagnéticos. A Figura 4 apresenta uma ilustracdo dos
momentos magnéticos na auséncia e na presenca de um campo externo para 0s
materiais diamagnéticos, paramagnéticos, ferromagnéticos, ferrimagnéticos e

antiferromagnéticos.

Diamagnetismo Paramagnetismo
H=0 H H=0 H
00 000 sfde oo
—_—
00 660 seH oo ®
—_—
00 & 66 edPn o @
—
Ferromagnetismo Ferrimagnetismo Antiferromagnetismo
H=0 H=0 H=0
LA 4 4 ® e e e
LA A 4 o6 eve
LA 4 4 ® e e L & N 4

Figura 4. llustracdo dos momentos de dipolo magnético nos materiais diamagnéticos, paramagnéticos,
ferromagnéticos, ferrimagnéticos e antiferromagnéticos, conforme o indicado (Letti, 2013).

No estudo desses materiais, avalia-se o0 comportamento da magnetizacéo (IW)

ou do campo induzido (§) em funcao da variacdo do campo externo (ﬁ), originando a
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curva de magnetizacdo, ou histerese. Em uma curva tipica para materiais
ferromagnéticos e ferrimagnéticos, conforme a ilustracdo apresentada na Figura 5, o
moédulo de M aumenta com o aumento do campo aplicado, até que seja atingida a
magnetizacdo de saturagdo (Ms), que € a magnetizacdo maxima que o material pode
atingir. Quando o campo (ﬁ) € removido, a magnetizacdo resultante ndo é nula,
chamada de magnetizagao remanescente (Mr). Para que a magnetizacao seja zerada,
€ necessario aplicar um campo de sentido oposto, chamado de campo coercitivo (Hc).
Caso o campo coercitivo tenha valor elevado, o material magnético € considerado

duro e, caso seja Hc baixo, o material € considerado macio.

Figura 5. Curva de Histerese tipica de materiais ferromagnéticos e ferrimagnéticos mostrando a
magnetizacdo de saturacdo (Ms), a magnetizagdo remanescente (My) e o campo coercitivo (Hc).
Adaptado de Soler; Paterno, 2016.

Superparamagnetismo

O superparamagnetismo s6 ocorre em materiais de baixa dimensdo (escala
nanomeétrica) e € um fendmeno magnético semelhante ao paramagnetismo, porém
com uma magnetizacdo de saturacao superior. Materiais com dimensao abaixo do
didmetro critico (Dc) se organizam em monodominios magnéticos, em que 0S
momentos magnéticos individuais estdo alinhados na diregdo do eixo de facil
magnetizacdo, de forma que, ao se aplicar um campo externo, ha a formacéo de um

grande momento magnético (Duran et al., 2006).
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No limite da mudanca de multidominios para monodominios, ha um aumento
do campo coercitivo até que atinja o seu valor maximo no Dc. Para valores menores
que D¢, a coercitividade tende a diminuir até que ela se torne nula, ao atingir o limite
do superparamagnetismo (Rivera, 2013). A partir desse valor de diametro, a particula
se encontra desmagnetizada na auséncia de um campo externo (Mr = Hc = 0), sendo
considerada entdo superparamagnética. Neste regime, a relaxagdo magnética ocorre
com reversdao do momento magnético efetivo, devido a agitacdo ocasionada pela
energia térmica das particulas. Por isso, existe uma temperatura critica para que a
energia térmica seja o suficiente para promover a relaxacdo, chamada temperatura
de bloqueio (Ts), que separa dois estados magnéticos. Acima dessa temperatura, as
NPs apresentam comportamento superparamagnético e, abaixo dessa temperatura,
as particulas apresentam magnetizacdo remanente (Francisquini; Schoenmaker;
Souza, 2012; Rivera, 2013).

3.2. Estrutura

As ferritas cubicas, MFe203 (M = Fe?*, Co?*, Ni?*, Mg?*, Cu?* e Zn?*), possuem
estrutura do tipo espinélio, composta por 32 atomos de O?%, que ocupam os Vértices,
formando uma rede cubica de face centrada. Os ions de ferro (Ill) e os cétions
divalentes possuem 2 tipos de coordenacéo, tetraédrica (sitio A) e octaédrica (sitio B).

A estrutura espinélio pode ser do tipo normal, onde os cations trivalentes
ocupam apenas 0s sitios octaédricos e os cations divalentes ocupam apenas o sitio
octaédrico; ou inverso, onde tem-se 0s sitios A sdo ocupados, na mesma proporcao
tanto pelos ions M?* quanto pelos M3* e o sitios B séo ocupados exclusivamente pelos
fons M3* (Soler et al., 2005; Francisquini; Schoenmaker; Souza, 2012; Soler; Paterno,
2017).

A magnetita (FesOs) e a maguemita (Fe203) sdo Oxidos de ferro puros e
possuem estrutura espinélio inversa (Figura 6). A maguemita é obtida a partir da
oxidacdo da magnetita, naturalmente ou por exemplo, sob aquecimento e

borbulhamento de gas oxigénio (Alcantara, 2007), e € composta apenas por ions Fe3*.
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Figura 6. Representacé@o de uma estrutura do tipo espinélio inverso. Adaptado de Galvao et al., 2016.

3.3. Meétodos de sintese

Entre os métodos quimicos de sintese, os mais utilizados para obtencdo das
IONs séo a coprecipitacdo de sais de ferro em meio aquoso e a decomposi¢ao térmica

de organometalicos ou complexos metélicos (Soler; Paterno, 2017).
Sintese via coprecipitacdo em meio aquoso

Esse método consiste na adicdo de uma solucao saturada de sais de ferro (Il)
e ferro (lIl), em proporcéo 1:2, de forma controlada em uma solucéo alcalina aguosa,

de acordo com a reagdo abaixo (equagéao 4):

2Fe3+(aq) + F€2+(aq) + 80H™ (4¢) = F€304(S) + 4H20(l) (4)

A formacéo de NPs via coprecipitacdo ocorre em 2 etapas: nucleagcao, onde
sdo formados varios cristais de magnetita devido a supersaturagdo da solucao,
seguida pelo crescimento, em que os nucleos formados se aglomeram por difusao.
Consequentemente, obtém-se uma amostra polidispersa, cuja dispersdo pode ser
superior a 20% (Souza, 2011; Soler; Paterno, 2017).

Para obter-se NPs com uma baixa distribuicdo de tamanho é necessario que a
etapa de nucleacao seja rapida e a de crescimento lenta. Pode-se realizar o controle
da nucleacao e do crescimento das NPs a partir do grau de saturacéo da solucéo de

sais de ferro, velocidade de agitacéo, pH e forca ibnica do meio (Souza, 2011; Soler;
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Paterno, 2017). Para interromper a aglomeracao das NPs, é necessario funcionalizar
sua superficie, criando uma repulsdo entre as particulas.

O método de coprecipitacao é de baixo custo, simples e acessivel, apresenta
facilidade de producdo em larga escala, além de produzir IONs de diametro inferior a
10 nm, geometria aproximadamente esférica e dispersos em meio aquoso. Devido as

suas caracteristicas, foi 0 método utilizado neste trabalho.

Sintese via decomposicao térmica

Este método consiste na decomposicao térmica de complexos metélicos, como
o tris(acetilacetonato)ferro(lll), (Fe[acac]s) (Sun; Zeng, 2002), pentacarbonil de ferro
(FeCO:s) e o oleato de ferro (Fe[olea]s) (Hufschmid et al., 2015), na presenca de um
solvente organico de alto ponto de ebulicdo. Esses complexos metalicos sdo mais
estaveis que os sais de ferro, 0 que permite uma separacdo entre as etapas de
nucleacéo e crescimento das NPs. A nucleacdo ocorre quando o primeiro ligante é
eliminado, o crescimento ocorre apenas com a eliminacédo dos outros dois ligantes,
em temperaturas mais altas. Dessa forma, € possivel produzir NPs com baixa
dispersdo de tamanho e, consequentemente, com propriedades uniformes
(Hufschmid et al., 2015; Soler; Paterno, 2017). Contudo, esse método apresenta
desvantagens em relacdo ao de coprecipitacdo. A decomposicdo térmica ndo é
completa, de forma que um dos ligantes é mantido como surfactante, promovendo a
estabilizacdo das NPs em meio organico apolar. Para aplicacdes biologicas, é
necessario que as IONs estejam dispersas em meio aquoso, sendo necessario
realizar uma etapa de troca de ligantes. O método € realizado em altas temperaturas,
0 gue torna o processo de sintese em larga escala mais complexo (Soler; Paterno,
2017).

3.4. Funcionalizagcéo

Devido as forcas atrativas (interagcdes dipolo magnético e interacbes de Van
der Walls), as NPs tendem a se aglomerar espontaneamente, reduzindo a energia
livre de Gibbs. Para ambas aplicagfes, biologicas e tecnoldgicas, € necessario que as

particulas estejam dispersas em um meio, polar ou apolar. Para atingir a estabilizagdo
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7

coloidal, € necessario funcionalizar a superficie das NPs, para introduzir forcas
repulsivas entre elas para evitar a aglomeracéao.

A estabilizacdo das IONs pode ser realizada por dois mecanismos: repulsdo
eletrostatica e repulsdo estérica. E possivel combinar ambos os mecanismos,
utilizando um surfactante com terminais com carga, resultando em uma repulsao
eletroestérica.

A repulséo eletrostatica ocorre quando a superficie das NPs esta carregada
(negativa ou positivamente) com cargas de mesmo sinal. A superficie das IONs
apresenta grupos hidroxilas (-OH), que séo suscetiveis ao pH do meio em que estédo
dispersas. Dessa forma, € possivel estabiliza-las a partir da alteracéo do pH do meio.
A partir de uma titulacdo potenciométrica, € possivel determinar o pH em gque a
superficie das NPs esta carregada e seu ponto de carga zero (point of zero charge -
PZC). Para os oxidos de ferro, tem-se que PZC esté entre 6 — 8 e nessa faixa de pH
as NPs floculam rapidamente. Abaixo dessa faixa, ocorre a protonagdo dos grupos
hidroxilas, resultando em IONs com carga superficial positiva. Acima do pHpzc, 0 grupo
-OH esta desprotonado e as IONs adquirem carga negativa. Em ambos os casos, o
fluido magnético obtido, denominado fluido magnético idnico, é estavel. Contudo, para
aplicacédo bioldgica, é necessario que o meio de disperséo tenha pH préoximo ao pH
fisiolégico, em torno de 7,4. Nessa faixa, as NPs floculam, de forma que a
estabilizacao eletrostatica ndo pode ser utilizada para aplicacdo in vivo (M. A. G. Soler
et al., 2011, Begin-Colin; Felder-Flesch, 2012; Nunes et al., 2014).

O outro método de estabilizacdo consiste na ancoragem de moléculas ou
polimeros, chamados de surfactantes, na superficie das IONs que preservem suas
propriedades, evitem sua oxidacdo e a aproximagdo das particulas por impedimento
estérico. Os surfactantes geralmente possuem um grupo terminal capaz de se ligar a
superficie da NP e uma cauda que interage com o dispersante, evitando aproximacao
das IONs. Os fluidos obtidos nesse processo sdo denominados fluidos magnéticos
surfactados (Viali, 2009; Viali et al., 2010). No caso da aplicagdo biologica in vivo, além
de garantir a estabilizacéo do coloide em meio fisiologico, o surfactante escolhido deve
também ser biocompativel; apresentar sitios disponiveis para ancoragem de ativos,
como, por exemplo, farmacos, anticorpos e marcadores; retardar a absor¢do e
posterior eliminagcdo das IONs pelo sistema reticuloendotelial e favorecer a
biodistribuicdo, ou seja, aumentar o tempo de retencdo das IONs no organismo. Além



18

disso, os surfactantes podem ser especificos para um determinado tecido ou célula,
de forma que o nanocarreador seja direcionado ao seu local de agao.

3.5. Acido laurico

O acido laurico (AL) ou dodecanoico (CHs(CH2)10COOH), € um &cido graxo de
cadeia média, saturado, anfifilico, composto por 12 carbonos (Figura 7). E um
surfactante anidnico, utilizado em industrias farmacéuticas, alimenticia (principal &cido
graxo do 6leo de coco) e cosmética, ndo sendo toxico em baixas concentracfes
(Mamani et al., 2013). Além de ser biocompativel, possui capacidade antifungica e
antimicrobiana (Nakatsuji et al., 2009). Devido as suas caracteristicas, tem sido
utilizado como cobertura de NPs na forma de bicamada para promover a estabilizacéo
e dispersdo em meio aquoso (Chaves, 2008; Herrera et al., 2015), e incorporacao de
farmacos hidrofébicos (Saldanha, 2012; Santos, 2012; Afiune, 2019).

@)

HSCMOH

Figura 7. Formula estrutural do &cido laurico. llustragdo da autora.

Para obter um FM aquoso, a funcionalizacdo da ION com AL deve ser realizada
com uma bicamada e ocorre em duas etapas. Inicialmente, as IONs séo cobertas com
uma monocamada do acido por meio da quimissorgéo, onde o grupo carboxilato se
liga aos atomos de ferro, adquirindo um carater hidrofébico. Em seguida, ocorre a
fisissorcdo do surfactante na monocamada, por Forca de London (interagao dipolo
induzido-dipolo induzido) adicionando mais uma camada de AL, formando a
bicamada, com o grupo carboxilato em contato com o meio. Dessa forma, o
nanocarreador formado possui uma regido hidrofébica, onde € possivel incorporar
moléculas de mesmo carater, e uma regido hidrofilica, possibilitando a suspensao em
meio aquoso (Silva, 2017; Afiune, 2019).
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3.6. Dodecilamina

A dodecilamina (CH3(CH2)11NH2) € uma amina de cadeia média, saturada e
anfifilica, composta por 12 carbonos, conforme a ilustracéo apresentada na Figura 8.
E um surfactante catiénico, possui atividade bactericida e ndo é toxico em baixas
concentragbes e pode ser utilizado como sitio para ancoragem de farmacos
hidrofébicos (Mokashi et al., 2020; Han et al., 2022).

ch/\/W\/\/\NHQ

Figura 8. Formula estrutural da dodecilamina. llustragcdo da autora.

Devido as suas propriedades, a DDA tem sido utilizado na funcionalizacdo de
nanocompoésitos de carbono e Oxido de grafeno, na forma de monocamada,
aumentando sua estabilidade e disperséo em solventes organicos e matrizes
poliméricas (Ferreira et al.,, 2017; Alkhouzaam; Qiblawey, 2021). Enquanto que, a
funcionalizacdo com uma bicamada do surfactante permite a dispersdo dos
nanosistema em meio aguoso, além servir como um sitio para ancoragem de
moléculas hidrofébicas, como farmacos (Aslam et al., 2007; Qurrat-ul-Ain; et al.,
2020).

3.7. Pluronic F127

O Pluronic® é um copolimero em blocos, anfifilico e ndo iénico, com estrutura
do tipo PEO-PPO-PEO, sendo o poli(6xido de etileno) (PEO) a porcao hidrofilica e o
poli(oxido de proprileno) (PPO) a porcéo hidrofobica (Py-Daniel et al., 2016).

O Pluronic F127 (PLU) faz parte desse grupo de copolimeros e é formado por
100 unidades repetidas em sequéncia de PEO nas extremidades e 65 unidades de
PPO (Figura 3). Além de promover a estabilizacdo das IONs em meio aquosos sem
alterar as propriedades magnéticas, possibilita a ancoragem de moléculas
hidrofébicas nos nanocarreadores (Jain et al., 2005; Morales et al., 2005). O PLU é

um copolimero nao toxico, biocompativel, biodegradavel e foi aprovado pela FDA
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(Food and Drug Administration — Estados Unidos) (Diniz et al., 2015; Gomes et al.,
2018). Essas caracteristicas fazem com que o copolimero seja ideal para a cobertura

das NPs para aplicacdes em meio fisioldgico.

HO*{CHZCHZO C|)HCH20 CHZCH20:|‘H
CHs

Hidrofilico . o Hidrofilico
Hidrofébico

Figura 9. Formula estrutural do Pluronic F127. llustragdo da autora.

7

Para a funcionalizacdo das IONs com o copolimero, é necessério
primeiramente inserir uma monocamada de um surfactante em sua superficie, como
0 acido oleico por exemplo, de forma que elas adquiram um carater hidrofébico.
Depois, adiciona-se o PLU, que se liga a monocamada por forcas de London pela
bloco PPO e os blocos PEO ficam em contato com o meio, tornando possivel a sua
dispersdo em meio aquoso, conforme apresentado na ilustracdo da Figura 10 (Jain et
al., 2005; Jain, et al., 2009). Neste estudo a primeira monocamada sera de acido

laurico.

SPION Acido graxo

z\/\/\,\/\/\/\

PEO PPO PEO

Pluronic F127

!

Pluronic F127

Figura 10. llustracdo de uma SPION funcionalizada com bicamada de acido oleico e Pluronic. Adaptada
de Jain et al., 2009.
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CAPITULO 4
NANOCARREADORES: SINTESE E CARACTERIZACAO

Os nanocarreadores foram sintetizados pelo método de coprecipitacdo em
meio aquoso. O solido formado por NPs de magnetita foi submetido & oxidacao
obtendo-se as NPs de maguemita que foram funcionalizadas com bicamadas de acido

laurico, acido laurico/dodecilamina e acido laurico/Pluronic F127.

4.1. Materiais

Para a sintese e funcionalizagdo das nanoparticulas de 6xido de ferro foram
utilizados: cloreto de ferro (ll) tetrahidratado (FeCl2.4H20), cloreto de ferro (llI)
hexahidratado (FeCls.6H20), hidréxido de sédio (NaOH), acido cloridrico (HCI), acido
laurico (C12H24032), dodecilaminda (Ci2H27N) e Pluronic F127. Todos os reagentes
foram adquiridos da Sigma-Aldrich e utilizados sem tratamento prévio. Toda a agua
utilizada neste trabalho foi ultrapura.

4.2. Sintese das nanoparticulas de 6xido de ferro

Os nanocarreadores foram obtidos utilizando as seguintes etapas: (i) sintese
da magnetita; (ii) oxidacédo para obtencao das NPs de maguemita; (iii) funcionalizacao
com monocamada de acido laurico e (iv) funcionalizacdo com a bicamada, obtendo-
se 3 suspensdes coloidais em meio aquoso, conforme ilustrado na Figura 11, e

descricéo a seguir.
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Figura 11. Representagcdo esquematica do processo de sintese e funcionalizacao das IONSs. llustracéo
da autora.

4.2.1. Sintese da magnetita

As NPs de magnetita, FesOa4, foram obtidas por meio da coprecipitacdo em meio
aquoso alcalino dos ions Fe?* e Fe3', em proporcdes estequiométricas 1:2.
Inicialmente, 0,0225 mol de FeCl2.4H20 e 0,045 mol FeCls.6H20 foram dissolvidos em
150mL de uma solucdo 0,08 mol.Lt de &cido cloridrico (HCI). Essa mistura foi
adicionada, gota a gota, em 150 mL de uma solu¢cdo de hidroxido de sédio
(1,5 mol.LY), a velocidade constante, sob agitacgdo mecanica (700 rpm) e a
temperatura ambiente. Observou-se imediatamente a forma¢do de um precipitado
preto, evidenciando os processos de nucleacdo e crescimento das nanoparticulas de
magnetita (Letti, 2017; Letti et al., 2017). Apos adicédo total da solucéo de sais de ferro,
a amostra ficou sob agitacdo por 30 minutos, a temperatura ambiente. Em seguida,
sélido preto e magnético formado foi isolado do sobrenadante por decantacdo
magnética, lavado com Aagua ultrapura 5 vezes para remocdo de impurezas,
ressuspenso em agua, e o pH foi ajustado para 3 com uma solucdo de HCI
(2,0 mols.L1). Em seguida, o fluido obtido foi sonicado por 10 minutos para quebra de
aglomerados (amplitude de 40% e pulso de 5 segundos on e 5 segundos off). Uma
aliquota desse material, denominado MNT, foi seca no SpeedVac Concentrator para

caracterizacdo e a outra parte foi submetida ao processo de oxidacdo por
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borbulhamento de oxigénio para obtencédo das nanoparticulas de maguemita, y-Fe203
(Viali et al., 2010).

4.2.2. Sintese da maguemita

As nanoparticulas de maguemita foram obtidas a partir da oxidacdo da
magnetita por borbulhamento de oxigénio (Alcantara, 2007; Viali, 2009; Afiune, 2019).
O precursor, suspenso em agua deionizada (pH = 3), foi submetido a aquecimento a
90°C com borbulhamento de oxigénio (fluxo de 1 L.min), sob agitagdo magnética por
3 horas, resultando na oxidacdo do Fe?* para Fe3*, e obtencdo da suspensédo de
nanoparticulas de maguemita. Apds o resfriamento, a suspensao foi centrifugada

(4.000 rpm, 10 minutos, temperatura ambiente). Uma aliquota, denominada MGM, foi

seca no SpeedVac Concentrator para caracterizagcdo e o restante da amostra foi

funcionalizada.

g

Figura 12. Nanoparticulas de maguemita, suspensas em agua deionizada.

4.3. Funcionalizagdo das nanoparticulas de maguemita

4.3.1. Funcionalizagdo com monocamada de laurato

As NPs de maguemita recém obtidas foram aquecidas até 75 °C e o pH foi
ajustado para 8 sob agitacdo magnética. Em seguida, adicionou-se lentamente 5,1
mmols de AL, mantendo-se o pH sempre em torno de 8 em agitacéo por 30 minutos,

resultando em NPs funcionalizadas com uma monocamada de laurato. A formacéo da
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primeira camada foi evidenciada pela dispersdo de uma aliquota das IONs em n-
hexano (Figura 13).

As IONs funcionalizadas foram separadas com o auxilio de um ima e foram
lavadas 5 vezes com agua deionizada quente para remocao de excesso de AL. Uma
aliguota desse material, nomeado MGM-AL, foi seca no SpeedVac Concentrator para
caracterizacdo e o restante foi dividido em 3 partes para funcionalizacdo com &cido

laurico, dodecilamina ou Pluronic F127.

Figura 13. Nanoparticulas funcionalizadas com monocamada de AL, suspensas em hexano (fase a);
fase (b) meio aquoso.

4.3.2. Funcionalizacdo com a bicamada de laurato/laurato

Nesta etapa, NPs funcionalizadas com uma monocamada de AL foram
suspensas em 100 mL de agua. A suspensao foi aguecida a cerca de 75 °C e o pH foi
ajustado para aproximadamente 8. Adicionou-se lentamente AL (2,7 mmols),
observando-se a suspenséo das IONs na fase aquosa, para a formacéo da segunda
camada, hidrofilica. A suspenséao foi mantida sob agita¢éo por 1 hora a 75 °C. O fluido
obtido foi dialisado em membrana semipermeéavel por 48 horas para remocao do
excesso de acido laurico e centrifugado para remocdo de aglomerados. O

sobrenadante coletado foi nomeado MGM-BL e o pH foi ajustado para 7,4.
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Figura 14. Nanoparticulas funcionalizadas com bicamada de AL em meio aquoso (fase b). Fase (a)
hexano.

4.3.3. Funcionalizagdo com a bicamada de laurato/dodecilamina

O procedimento adotado foi semelhante a associacdo da segunda camada de
acido laurico (AL). NPs funcionalizadas com uma monocamada de AL foram
suspensas em 100 mL de &gua. Apds aquecimento a 75 °C, adicionou-se lentamente
dodecilamina (2,3 mmols) observando-se a precipitacdo das NPs. Apds 10 minutos
de agitacdo, observou-se a dispersdo das nanoparticulas no meio aquoso,
evidenciando a formacgao da bicamada. A suspensao foi mantida sob agitacédo por 1
hora a 75 °C e. O fluido foi dialisado por 24 horas para remoc¢éao do excesso de DDA
e, apos ajuste do pH para 4,80, centrifugado para remocédo de aglomerados. O
sobrenadante coletado foi nomeado MGM-AL/DDA.

4.3.4. Funcionalizagcdo com a bicamada de laurato/Pluronic F127

Neste caso, as NPs funcionalizadas com uma monocamada de AL foram
suspensas em 100 mL de agua e adicionou-se lentamente PLU (3,3 10° mol),
observando-se a suspenséo das IONs na fase aquosa até que a formagéo da segunda
camada seja evidenciada. A suspensao ficou sob agitacéo por 48 horas a temperatura
ambiente e o pH foi ajustado para 7,4. O fluido foi centrifugado para remocéo de
aglomerados e nomeado MNT-AL/PLU.
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4.4. Técnicas de caracterizacao

A técnica de microscopia eletrbnica de transmissdo (MET) foi utilizada para
analisar a morfologia, o didametro médio e a dispersdo de tamanho das NPs. As
andlises foram realizadas no microscopio eletrénico de transmissao Jeol Jim-1011
com voltagem de 80kV, no Laboratério de Microscopia Eletrdnica — Instituto de
Ciéncias Biologicas.

As micrografias foram utilizadas para medir os didmetros das particulas utilizando
o software ImageJ. Com um numero grande de dados obteve-se os histogramas de
distribuicdo de tamanho. Considerando que as nanoparticulas possuem formato

aproximadamente esférico, pode-se utilizar um ajuste do tipo log-normal, Equacao 5,

para obter o diametro médio (Dmed) € 0 desvio padréo do didametro (dispersdo - 0).

D ..
ln(Dméd)

202 (5)

e
Dov2m

P(D) =

O espalhamento dinamico de luz (EDL) foi utilizado para obter o tamanho
hidrodinamico (Dw) e o indice de polidisperséo (Pdl) dos nanosistemas, que depende
do meio de dispersédo e do surfactante utilizado na cobertura (Rivera, 2018). Além
disso, essa técnica também pode ser utilizada para observar a estabilidade de uma
suspensao, comparando as distribuicdes de tamanho obtidas em fungéo do tempo. Ja
o Pdl indica o grau de dispersédo da amostra, de forma que, quanto menor o seu valor,

mais homogénea é a distribuicdo de tamanho dos aglomerados.

O potencial Zeta (C) se refere a carga elétrica efetiva na superficie das NPs em
contato com o liquido. Quanto maior for o modulo dessa carga, mais afastadas estarao
as particulas, reduzindo as forcas atrativas de Van der Waals, impedindo ou
diminuindo a agregacéo das NPs. Dessa forma, o potencial Zeta pode ser relacionado
com a estabilidade da suspenséo (Matos, 2016).

As medidas do tamanho hidrodinamico e do potencial zeta foram realizadas no
equipamento Zetasizer (Nano ZS90, Malvern), empregando-se uma diluicdo 1:20 para
as amostras MGM-BL e MGM-AL/PLU e uma diluicdo 1:100 para a amostra MGM-
AL/DDA, no Laboratoério de Nanobiotecnologia, no Instituto de Ciéncias Bioldgicas.
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O espectro Raman esté intimamente relacionado as caracteristicas do material
analisado, como o arranjo atdbmico, interacdes entre as moléculas, simetria cristalina
e pode ser utilizado para identificagdo de um material especifico (Soler; Qu, 2012). E
uma técnica nao destrutiva e geralmente ndo requer preparacdo prévia da amostra
(Letti, 2013). Essa técnica pode ser utilizada para estudar as fases das NPs
sintetizadas antes e depois do processo de oxidacdo, bem como para investigar os
efeitos da interagéo da particula com o meio, e com a cobertura (Morais et al., 2000,
2001; Melo et al., 2006; Soler et al., 2007; Soler e Qu, 2012; Letti, 2017; Letti et al.,
2017).

Os espectros Raman foram adquiridos na configuragao micro-Raman (lente
objetiva com magnificacdo de 50x) utilizando-se o espectrémetro LabRAM HR
Evolution (Horiba Scientific, Quioto, Japdo), equipado com uma CCD. A excitacdo das
amostras foi realizada com um laser de diodo com A = 532 nm com poténcia de 0,3 W
para evitar a degradacdo da amostra, na faixa de comprimento de onda de 200 a
800 cm. As medidas foram realizadas no Laboratério Espectroscopia Otica do
Instituto de Fisica (UnB).

A espectroscopia no infravermelho baseia-se na absor¢do de radiagédo no
infravermelho pela molécula. A molécula absorve radiacéo infravermelha quando a
vibracdo de seus grupos funcionais produz um campo elétrico oscilante, provocando
uma mudanca em seu momento dipolo. Caso a frequéncia do feixe incidente seja igual
a frequéncia de vibracdo de um determinado grupo, ocorrerd a absorcdo. Dessa
forma, cada substancia tem um espectro proprio e essa técnica pode ser utilizada para
a identificacdo de moléculas (Pavia et al., 2010).

Os espectros no infravermelho foram utilizados para verificar a funcionalizacao
das IONs e a andlise da interac&o entre a superficie da particula e a cobertura (Herrera
et al., 2015). As medidas foram realizadas utilizando-se pastilhas de KBr e as leituras
foram realizadas na faixa de nimeros de onda de 400 a 4000 cmt, com resolucéo de
4 cm1, usando-se o equipamento FTIR Varian 640IR, no Laboratério Espectroscopia
Otica do Instituto de Fisica (UnB).

A concentracao de ferro total de cada amostra foi obtida por espectrometria de
absorcdo atdmica (AAS), utilizando o equipamento Varian, modelo AA240FS, na
Central Analitica Il do Instituto de Quimica (UnB), apés digestédo acida. Uma aliquota
(13 pL) de cada amostra foi digerida com 2 gotas de acido cloridrico P.A (36,46% Vv/v)
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e depois foi feita a diluicdo para 10 mL utilizando-se uma solugéo de acido nitrico 2%.
Para determinag&o da concentracdo de ferro, foi utilizada uma curva de calibracéo,
preparada com o padrao de ferro 1000 mg/L (Sigma-Aldrich).

45. Resultados e discussao

A morfologia e tamanhos das IONs foram obtidas por meio de micrografias de
MET. As Figuras 15(a), 15(b) e 15(c) apresentam imagens tipicas obtidas das
amostras MGM-BL, MGM-AL/DDA e MGM-AL/PLU, respectivamente. Observa-se que
as IONs possuem formato aproximadamente esférico, conforme relatado na literatura
para NPs sintetizadas pelo método de coprecipitacdo (Soler; Paterno, 2017). Os
histogramas de tamanhos obtido das imagens de MET s&o mostrados nas Figuras
15(d), 15(e) e 15(f) (M. A. G. Soler et al., 2011). A partir do ajuste dos dados,
empregando-se uma distribuicdo log-normal, obteve-se o diametro médio das
particulas (Dmed) igual a 6,59 (£ 0,05) nm e disperséo de tamanhos (o) igual a 0,171
(= 0,009) nm para o fluido MGM-BL, Dmé¢d = 6,51 (£ 0,04) nm e 0 = 0,187 (= 0,009) nm
para MGM-AL/DDA e Dmé¢d = 6,44 (+ 0,08) nm e ¢ = 0,19 (x 0,02) nm para MGM-
AL/PLU.

Dyeq = 6,59 (+ 0,05) nm
6=0,171 (+ 0,009) nm

Quantidade de particulas

Diametro (nm)

Deg = 6,51 (x 0,04) nm
o =0,187 (+ 0,009) nm

200

150

100

Quantidade de particulas

50

(b)

(e) Diametro (nm)
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Dneq = 6,44 (£ 0,08) nm
200 o0 =0,19 (¢ 0,02) nm

Quantidade de particulas

(€)

Figura 15. Micrografias tipicas obtidas por MET das amostras (a) MGM-BL, (b) MGM- AL/DDA e (c)
MGM- AL/PLU e histogramas de distribuicdo de diametro das amostras (d) MGM-BL, () MGM-AL/DDA
e (f) MGM- AL/PLU.

(f) Diametro (nm)

Para a determinacao do teor de ferro nas amostras por AAS, foi feita uma curva
de calibragdo com a faixa de concentragéo entre 1 e 10 mg/L (Figura 16).

A analise da regressao linear na faixa de concentracéo analisada confirmou a
linearidade da curva, cujo coeficiente de correlacao linear (r) foi igual a 0,9999. Dessa
forma, essa curva pode ser utilizada para determinar o teor de ferro nas amostras

sintetizadas.
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Absorbancia (u.a)

0,02

Abs = 0,00926*[Fe] - 0,00078
r=0,9999

0 2 4 6 8 10
Concentracéo de Ferro (mg/L)

0,00

Figura 16. Curva de calibracéo da absorcéo por AAS em fun¢éo da concentracao de ferro. Equacéo da
reta: y=0,00926*x - 0,00078; r = 0,9999.
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A partir da absorgéo atdmica de cada amostra e da curva de calibracéo, foi
determinada a concentragéo de ferro para cada amostra. Os resultados obtidos estao

na listados na Tabela 2

Tabela 2. Concentragdo total de ferro das amostras, obtidas por AAS.

Amostra Concentracao de Ferro (g/L)

MGM-BL 1,92 £ 0,02
MGM-AL/DDA 2,91+0,01
MGM-AL/PLU 1,80 £ 0,02

Os coloides sintetizados foram monitorados por um periodo de 60 dias, a
temperatura ambiente (25 °C) a partir da data da sintese, visando estudar a sua
estabilidade por meio de dados do tamanho hidrodinamico (Dn), do potencial zeta ({)
e potencial hidrogeniénico (pH). Os tamanhos hidrodinamicos médios obtidos neste
periodo e seus respectivos indices de polidispersédo (Pdl), os potenciais zeta e pH
estdo listados na Tabela 3.

Tabela 3. Potencial hidrogeniénico (pH), tamanho hidrodindmico (D+) médio, indice de polidisperséo

(PdlI) e potencial Zeta (¢) dos nanocarreadores sintetizados em funcao do tempo.

MGM-BL
Tempo (dias) pH Dx (nm) Pdl ¢ (mV)
0 7,48 £ 0,01 158,0£0,9 0,18 £ 0,05 -32,5+0,3
60 7,20+ 0,01 150,6 + 0,8 0,19+ 0,01 -32,8+0,7
MGM-AL/PLU
Tempo (dias) pH Dx (nm) Pdi ¢ (mV)
0 7,48 + 0,01 231+1 0,14 £ 0,02 -16,4 +0,3
60 6,70 £ 0,01 196 +1 0,09 + 0,02 -179+0,3
MGM-AL/DDA
Tempo (dias) pH Dx (nm) Pdi ¢ (mV)
0 4,75+0,01 135+1 0,17 £ 0,01 42,6 £0,9
60 4,72+ 0,01 110,7 £ 0,6 0,182 + 0,005 42 +1

Dados apresentados: média + desvio padrao, n=3. ANOVA, p<0,05

Observa-se na Tabela 3 que o pH e indice de polidisperséo das trés amostras
se manteve praticamente constante durante o periodo de analise, ndo apresentando
diferenca significativa entre os valores registrados nos 60 dias (p>0,05). Os Pdls

obtidos estdo dentro do esperado para amostras sintetizadas por coprecipitacao e
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indicam uma amostra com baixa polidispersividade. Ja o tamanho hidrodinamico
apresentou uma leve reducéo no valor (p < 0,005), indicando que houve a precipitacao

das nanoparticulas maiores, porém a maior parte da amostra se manteve estavel.

Durante o periodo de analise, o potencial zeta do coloide MGM-BL se manteve
abaixo de - 30 mV, de forma que a amostra pode ser considerada estavel por repulséo
eletrostatica (Matos, 2016). A carga superficial negativa indica que o grupo carboxila
do &cido laurico esta desprotonado no pH de analise (7,5). Os resultados obtidos de
Dn, Pdl e potencial zeta para a amostra MGM-BL no periodo avaliado reafirmam a alta
estabilidade das IONs cobertas com BL, havendo relato da sua estabilidade por 90
dias, a temperatura ambiente e a 10 °C (geladeira), ndo apresentando diferencas

significativas desses parametros (Afiune et al., 2020).

O Pluronic F127 € um copolimero ndo idnico, ou seja, ndo apresenta carga, de
forma que a estabilidade da amostra MGM-AL/PLU é promovida majoritariamente por
repulsédo estérica e deve ser analisada a partir do Dn. Apesar disso, obteve-se um
potencial zeta negativo para a amostra MGM-AL/PLU. Isso pode ter ocorrido por
causa da funcionalizacdo das NPs previamente com uma monocamada de &cido
laurico. Devida a formacé&o da primeira e segunda camada de AL serem sequencial e
nas mesmas condicbfes de reacdo, muitas vezes ndo é possivel separa-las. O
potencial negativo indica que houve uma funcionalizacdo parcial com uma bicamada

de AL.

Ja o coloide MGM-AL/DDA apresentou potencial superior a 30 mV durante o
periodo analisado, de forma que ele também pode ser consideravel estavel por
repulsé@o elétrica. A carga positiva indica que o grupo amina da dodecilamina esta

protonado no pH analisado, 4,8.

Para analisar a fase das IONs apds sintese e oxidacdo, utilizou-se a
espectroscopia Raman. O espectro Raman obtido da amostra MGM é mostrado na
Figura 17. A linha em vermelho corresponde ao ajuste gerado por funcdes
lorentzianas, as linhas em verde correspondem aos modos vibracionais Raman
previstos para a fase maguemita (MGM).

A partir dos valores obtidos do ajuste e daqueles previstos pela teoria para o
material bulk cristalino e nanoparticulados disponiveis na literatura, pode-se associar

0s picos observados na Figura 17 aos seguintes modos vibracionais caracteristicos
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da fase MGM 363 (T2g), 504 (Eg) e 706 (A1g) cm™, indicando que sintese e a oxidacdo
foram efetivas (Viali, 2009; Letti, 2013; Afiune, 2019).

Intensidade Raman (u.a)

200 300 400 500 600 700 800
Numero de onda (cm™)

Figura 17. Espectro Raman obtido da amostra maguemita sintetizada.

Para avaliar a funcionalizacdo das IONs e determinar a interacdo entre as
camadas dos surfactantes e a nanoparticula, foram realizadas as andlises dos
espectros de infravermelho dos trés nanocarreadores obtidos, além dos surfactantes
puros.

Os espectros IV do AL puro, das amostras MGM-ML e MGM-BL estao
apresentados na Figura 18. Observa-se que o espectro do AL apresenta as bandas
caracteristicas de um acido carboxilico, como a absor¢cdo O-H, uma banda larga que
ocorre na regido 3600 a 3200 cm!, as bandas de estiramento assimétrico vaCHs em
2960 cm™ e vaCH2 em 2920 cm, os estiramentos simétricos vsCHs em 2870 cm™ e
vsCH2 em 2850 cm™, a vibragdo de dobramento da rotagdo do &(CH2) no plano em
719 cm, que esta associado com a presenca de pelo menos quatro CH2 em uma
cadeia aberta, denominada banda de cadeia longa, e o estiramento C=0 em
1701 cm (Pavia et al., 2010; Herrera et al., 2015).
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Figura 18. Espectro infravermelho obtido das amostras AL (em verde), MGM-AL (em azul) e MGM-BL
(em vermelho).

No espectro das amostras MGM-BL e MGM-AL (Figura 18), observa-se 0s
picos atribuidos aos estiramentos da ligacdo Fe-O de 6xidos de ferro em 442, 588 e
625 cmt. Como ambas as amostras foram funcionalizadas apenas com &cido laurico,
nado héa diferenca consideravel entre os espectros.

A funcionalizagdo com laurato da superficie das NPs nas amostras MGM-AL e
MGM-BL é sugerida devido a presenca das vibracfes associadas aos estiramentos
de CHz e CHs, observadas em ambos os espectros sofrendo pequenas alteracdes em
relacdo ao AL puro, como a auséncia do modo vibracional correspondente a carbonila
(C=0) e o surgimento de duas novas estruturas em 1634 e 1560 cm, que
correspondem aos modos de vibracdo do carboxilato assimétrico va(COO") e simétrico
vs(COO"), respectivamente. A diferenca de comprimento de onda entre as vibragdes
va(COO) e vs(COO") pode ser utilizada para determinar o tipo de interacdo que ocorre
entre os carboxilatos e os metais (Deacon; Phillips, 1980; Herrera et al., 2015; Afiune,
2019). No caso desta amostra obteve-se uma diferenca de 74 cm, o que indica uma

ligacdo entre o ferro e o carboxilato do tipo bidentada quelante (Figura 19).
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Figura 19. Representagéo de uma coordenacgéo bidentada quelante. llustra¢do da autora.

Os espectros de infravermelho do DDA puro e das amostras MGM-AL e MGM-
AL/DDA estao apresentados na Figura 20. No espectro da amostra DDA observa-se
as bandas caracteristicas da cadeia de hidrocarbonetos da dodecilamina entre 2920
e 2852 cm™. O pico em torno de 3300 cm deve-se ao estiramento da ligacdo N-H.
Os picos em 1570 a 1650 cm™ sdo devido aos modos de dobramento do N-H,
enquanto o pico em 1320 cm™! deve-se ao estiramento C-N (Pavia et al., 2010). No
espectro da amostra MGM-AL/DDA é possivel observar o surgimento de uma banda
larga na faixa de 1580 cm, que pode estar relacionada com a deformacéo da ligacéo
N-H. O pico referente ao estiramento da ligacdo N-H foi encoberto pela banda do
estiramento da ligagdo O-H, uma vez que estas regides se sobrepdem (Pavia, 2013).
A amostra também apresenta os picos caracteristicos da ligacdo Fe-O entre 628 e
443 cm™,

DDA N-H  C-Hi . N-H . Fe-O

1650 cm™ | 4320 cm

3330 cm™ ¥
| ! 1570 cm”

. i 2852cm’ 3
: 2920 cm’” .
MGM-AL 777 coo

Transmitancia (%)

MGM-AL/DDA

| / | 630cm” /
2848 cm’” | x

, 1580 cm”’ L et
2918 cm’” ! 44‘3 cm

3500 3000 2500 2000 1500 1000 500
Numero de onda (cm™)

Figura 20. Espectro infravermelho obtido das amostras DDA (em rosa), MGM-AL (em azul) e MGM-
AL/DDA (em roxo).



35

Na Figura 21 é possivel observar um deslocamento dos picos referentes aos
estiramentos simétrico e assimétrico do grupo CH2 no espectro da amostra MGM-
AL/DDA, em comparacdo com as amostras DDA e MGM-AL. Esse deslocamento pode
estar relacionado com a interacdo (do tipo dipolo induzido) entre as cadeias de
hidrocarbonetos do acido laurico e da dodecilamina, que ocorrem para a formacao da
bicamada, conforme se observa na Figura 22 (Kale et al., 2011).

DDA
°§°, MGM-AL ; 2852 cm”'
® 2920 cm” :
O g
C 1
“©
£ IMGM-AL/DDA
g
'—
2848 cm’
2918 cm’’
3000 2950 2900 2850 2800

Numero de onda (cm™)

Figura 21. Ampliacdo dos espectros DDA, MGM-AL e MGM-AL/DDA na faixa de 3040 e 2780 cm-.

Figura 22. Interag&o do tipo dipolo induzido entre as cadeias de hidrocarbonetos do &cido laurico e da
dodecilamina, destacado em azul, responséavel pelo deslocamento das bandas de vibracdo do CHz nos
espectros de FTIR. llustracdo da autora.

Os espectros de infravermelho do PLU puro e das amostras MGM-AL e MGM-
AL/PLU estdo apresentados na Figura 23. O espectro do fluido MGM-AL/PLU
apresenta picos correspondentes a primeira camada de AL em 1634 e 1560 cm™, que
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correspondentes aos modos de vibracionais va(COO") e vs(COO"), respectivamente,
e bandas correspondentes a cadeia carbonica, tanto do PLU quanto do AL entre 2960
e 2850 cm?, que correspondem as frequéncias de estiramentos simétricos e
assimeétricos de CH2 e CHs. O principal indicativo da funcionalizagédo com a segunda
camada composta por PLU é o aparecimento do pico em 1110 cm?, equivalente ao
estiramento do grupo éter (vC-O-C), presente na estrutura do copolimero (Yan-lei Su
et al., 2002; Pavia et al., 2010; Gomes et al., 2018).

PLU | CH | ' COO! C-O-C (FeO

MGM-AL

MGM-AL/PLU | 2920

Transmitancia (%)

L 442
| 586

. | 1113
3500 3000 2500 2000 1500 1000 500
Numero de onda (cm™)

Figura 23. Espectro infravermelho obtido das amostras PLU (em pink), MGM-AL (em azul) e MGM-
AL/PLU (em rosa claro).

Os modos vibracionais mais relevantes em cada amostra e seus respectivos
nameros de onda estéo identificados na Tabela 4.

Tabela 4. Modos vibracionais identificados nas amostras AL, MGM-AL, MGM-BL, PLU, MGM-AL/PLU,
DDA e MGM-AL/DDA e seus respectivos niumeros de onda.

Modo NUmero de onda (cm™)
vibracional AL MGM- MGM- PLU MGM- DDA MGM-
AL BL AL/PLU AL/DDA
v(O-H) 3445 3421 3430 3454 3440 - 3430
v(N-H) - - - - - 3330 -

V4(CHs) 2960 2957 2957 2970 2960 2957 2957



v4(CH2)
v4(CH3)
v4(CHz2)
v(C=0)
v,(CO0O)
v4(COO)
S8(N-H)

v(C-O-C)

v(Fe-0)

2920
2872
2850
1701

2920
2872
2850
1705
1634
1560

625,
588,
440

2918
2872
2850
1710
1633
1559

626,
588,
442

2890

2856

1110

2920

2850
1701
1634
1560

1113
625,
588,
442

2920
2872
2852

1650,
1570

2918
2872
2848

1580

628,
588,
443
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CAPITULO 5
PENETRACAO CUTANEA

A penetracéo e retencdo cutanea de cada nanocarreador foi analisada através
do método Saarbriecken modificado, em pele de orelha de suinos. A quantificacdo
do ferro em cada camada da pele foi obtida através de medidas de ressonancia

ferromagnética.

5.1. Meétodos

5.1.1. Estudo da penetracdo cutanea in vitro dos fluidos sintetizados

A penetracdo in vitro foi realizada em peles de orelha de suinos, utilizando-se
o método Saarbriecken modificado (Angelo et al., 2016; Afiune, 2019). As orelhas
foram adquiridas de um frigorifico local, logo apés o abate e sangria, antes da escalda.
Assim que chegaram ao laboratério, as orelhas foram limpas com agua destilada, a
pele externa foi extraida, separada do tecido subcutaneo e cortadas em circulos de
aproximadamente 3 cm de diametro, conforme ilustrado na Figura 24. Os discos foram
armazenados no congelador (-18°C) até a realizacdo dos experimentos (por um

periodo de no maximo 30 dias).

(b)

(@)

Figura 24. Imagens tipicas da (a) orelha de suino inteira, (b) pele extraida da orelha e (c) disco de pele
utilizada nos experimentos de permeacéo in vitro. llustragéo da Autora.
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Para os experimentos de penetracao in vitro, as peles foram colocadas sobre
um suporte, com uma cavidade preenchida com papel filtro e 600 pL de tampéao
fosfato-salino (PBS — do inglés phosphate-buffered saline), de pH aproximadamente
7,4, para manter a hidratacdo da pele, e fixadas nos compartimentos doadores de
células de Franz com area de difuséo igual a 2,27 cm2. Esses compartimentos foram
preenchidos com 1 mL do coloide, conforme ilustragéo apresentada na Figura 25, e
mantidos por periodos de 12, 24 e 36 horas de penetracdo em trés experimentos.
Apos esse periodo, as peles foram retiradas do suporte e o excesso de fluido

magnético foi removido com 4gua ultrapura e papel absorvente.

Compartimento doador
- célula de Franz

Pele

Papel filtro \

Fluido magnético
Fixador

Suporte

(@)

Figura 25. llustracdes (a) da visdo lateral e (b) da visdo superior das amostras dispostas nos suportes
para a realizacdo do experimento de penetragéo cuténea. llustragéo da autora.

A Figura 26 mostra como os discos de pele ficaram apds a penetracdo de 24h.

E possivel visualizar a olho nu a diferenca entre a retencéo de cada nanosistema.
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(a) (b) (c)

Figura 26. Discos de pele apos a penetracdo de 24h para os fluidos (a) MGM-BL (b) MGM-AL/DDA e
(c) MGM-AL/PLU. llustracao da autora.

5.1.2. Técnica do tape stripping diferencial

As 3 camadas da pele foram extraidas por meio da técnica do tape stripping
diferencial (Teichmann et al., 2005; Afiune, 2019) com o auxilio de fitas adesivas
(Figura 27). O estrato corneo (EC) foi removido utilizando-se 10 fitas, em movimentos
a favor do crescimento do pelo. Em seguida, o foliculo piloso (FP) foi removido
empregando-se 2 fitas. Nessa etapa, colocou-se 1 gota de cola de cianoacrilato sobre
a pele e, em seguida, a fita adesiva foi pressionada por 1 minuto sobre a gota até a
cola estar completamente seca e removida em um Unico movimento, contrario ao
crescimento do pelo. A camada de pele restante foi nomeada pele remanescente
(PR).

Crescimento do pelo

8-9-9-0
! DR

Figura 27. Etapas da extracdo das camadas da pele. llustragdo da autora.
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5.1.3. Preparacao das amostras para a quantificacéo de ferro

Trés secoes retangulares, de aproximadamente 0,51 cm? cada, foram cortadas
da area central de cada disco de camada da pele (EC, FP e PR) obtido por tape
stripping, conforme a ilustragéo da Figura 28, e inseridas em uma seringa de 1mL. Em
seguida, adicionou-se 500 pL de PBS em cada amostra e elas foram congeladas e

armazenadas em nitrogénio liquido para a leitura (Afiune, 2019).

e B2 e o |
-f.L S | Ifét:; 'u‘: " | — g
B =22
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Figura 28. Preparacdo da amostra para as medidas de ressonancia ferromagnética. A secdo da pele
utilizada esta destacada em vermelho. llustragcdo da autora.

5.1.4. Quantificacdo de ferro nas camadas da pele por ressonancia

ferromagnética.

A biodistribuicdo das NPs nas camadas da pele apos a permeacéo foi obtida
por meio da técnica de ressonancia ferromagnética (RFM), utilizando-se o protocolo
desenvolvido por Afiune et al. (2020). Os espectros de RFM foram obtidos no
equipamento Bruker, modelo EMX Plus (Bruker, Alemanha), com frequéncia de micro-
ondas na banda X, cavidade ressonante modelo ER4102ST, campo de modulagéo de

100 kHz, poténcia de microondas de 2 mW e campo e tempo varredura iguais a 10
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Gauss e 60s, respectivamente. Utilizou-se o suporte Finger Dewar de quartzo —
Noxygen (Alemanha) para andlise das amostras. As medidas foram realizadas no

Nucleo de Fisica Aplicada, Instituto de Fisica — UnB.

Para obter uma curva de calibracdo da intensidade do sinal de RFM em fungé&o
da concentracdo e massa total de ferro, foram preparadas 6 diluicbes de cada um dos
fluidos MGM-AL/DDA, MGM-AL/PLU e MGM-BL. Para analise no RFM, as amostras
foram preparadas em 3 etapas sucessivas (i a iii), com o congelamento em nitrogénio
liguido entre cada etapa: (i) preencheu-se uma seringa, de 1 mL, com 150 uL de PBS;
(i) transferiu-se 200 pL da diluicdo e (iii) adicionou-se mais 150 puL de PBS,
completando os 500 uL, mesmo volume utilizado para preparar as seringas contendo
as camadas da pele. Esse procedimento foi adotado para garantir que a porcao da
amostra contendo a dilui¢do tivesse a mesma area que as amostras das camadas da
pele. As curvas de calibragcéo foram obtidas relacionando as amplitudes do sinal RFM
obtidas pelo equipamento e a concentracao total de ferro, obtida por AAS, ou massa

total de ferro contida em cada nanosistema.

5.1.5. Anélise estatistica

Todos os resultados apresentados neste capitulo sdo expressos em média *
desvio padréo (DP) e foram analisados utilizando-se o software GraphPad Prism®.
Diferencas significativas entre os dados foram obtidas por analise de variancia (two-
way ANOVA), e pelo teste de comparacbes mdultiplas de Tukey. O nivel de
significancia foi definido como p < 0,05 e os valores de p foram expressos conforme
os diferentes niveis de significancia: p < 0,05 (*), p < 0,01(**) e p < 0,001 (***) e
p < 0,0001 (****).

5.2. Resultados e discussao

A Figura 29 apresenta a curva de calibracao obtida para a amostra MGM-BL,
correlacionando a amplitude do sinal RFM com a massa total de ferro, em pg. Esse
fluido foi escolhido para fazer a curva por apresentar maior estabilidade em diluices

maiores.
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y = 0,56 + 0,64x
60 r = 0,99961

Amplitude EPR (u.a)

0 25 50 75 100
Massa de Ferro (ug)

Figura 29. Curva de calibragcédo da amplitude do sinal RFM em func¢&o da massa de ferro, em pg.

A curva apresenta um coeficiente de correlagéo linear, r, superior a 0,99,
confirmando a linearidade da curva na faixa de concentracdo avaliada. A partir da
equacdao de reta obtida, pode-se quantificar a biodistribuicdo das NPs nas camadas 3
da pele, estrato corneo (EC), foliculo piloso (FP) e pele remanescente (PR)

apresentada nas Figuras 30 e 31.
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Figura 30. Quantificacdo da concentragdo de ferro, em pg/cmz, retida em cada camada da pele ap0s
12, 24 e 36h de penetracdo dos nanocarreadores (a) MGM-BL, (b) MGM-AL/DDA e (c) MGM-AL/PLU.
Dados apresentados como média + desvio padrdo, n=6. ANOVA p < 0,05.

Considerando-se os dados obtidos da concentracdo de ferro para os 3
nanocarreadores, ndo foi possivel determinar a concentragéo de ferro retida na pele
remanescente, pois a razdo amplitude/ruido foi elevada, de forma que o sinal ndo

pode ser utilizado para quantificar a retencao de ferro nessa camada da pele.
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No caso da amostra MGM-BL (Figura 30a), ao comparar os periodos de 12 e
24 horas de penetracdo cutanea, ndo observou-se diferenca entre a quantidade de
ferro retida em cada camada da pele. No entanto, comparando-se os periodos 12 e
24 horas com o de 36 horas, foi possivel observar um aumento no acumulo das NPs
no EC e no FP. Em adicdo, ndo se observou diferenca significativa entre a quantidade
de ferro presente no EC e FP nos 3 periodos analisados.

Para o coloide MGM-AL/DDA, Figura 30b, observou-se apenas uma pequena
diferenca entre a concentracao de ferro no EC nos periodos de 24 e 36 horas. Assim
como na amostra MGM-BL, ndo se observou diferenca entre o acimulo de NPs no

EC e no FP nos 3 intervalos de tempo analisados.

Os dados do experimento para o fluido MGM-AL/PLU, Figura 30c, mostram que
nao foi possivel quantificar o ferro no periodo de 12 horas de penetragdo, devido a
baixa amplitude do sinal, indicando que 12 horas de penetracdo ndo € o suficiente
para acumular uma quantidade detectavel de NPs na pele. Com 24 e 36 horas, foi
possivel observar a presenca do nanocarreador no EC e no FP, observando-se uma
diferenca entre a presenca no FP para os periodos de 24 e 36 horas.

Para verificar se ha diferenca na penetracdo em funcao da cobertura de cada
nanocarreador, foram construidos 3 graficos comparando a biodistribuicdo das NPs
de cada fluido para cada um dos tempos estudados (Figura 31).
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Figura 31. Quantificagdo da concentragdo de ferro, em pg/cmz, retida em cada camada da pele ap0ds
(@) 12h, (b) 24h e (c) 36h de penetragdo dos nanocarreadores MGM-BL, MGM-AL/DDA e MGM-
AL/PLU. Dados apresentados como média + desvio padrao, n=6. ANOVA p < 0,05.

Para o estudo de penetragdo em 12h, Figura 31 (a), identificou-se uma
diferenca entre o acumulo de ferro no EC entre os fluidos MGM-BL e MGM-AL/DDA.
Para a penetracao de 24h, Figura 31 (b), observou-se uma diferenca significativa entre
a distribuicio do MGM-BL no EC e no FP, comparando-se com 0s outros dois

nanosistemas. Apos 36h de penetracdo, observou-se um aumento significativo na
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diferenca do acumulo de Fe nas 2 camadas da pele entre os fluidos MGM-BL em
comparacao as amostras MGM-AL/DDA e MGM-AL/PLU. Comparando os 3 periodos
analisados, observa-se que a quantidade de ferro acumulada em cada camada da
pele € maior para o fluido MGM-BL, indicando que o &cido laurico foi o melhor
potencializador da permeacao para as hanoparticulas sintetizadas nos parametros de
penetracdo utilizados.

O fluido MGM-AL/DDA possui carga positiva e pH 4,7, na faixa do pH fisiologico
da pele. A pele possui um ponto isoelétrico, ou seja, 0 ponto em que ela possui carga
neutra, entre 4 e 4,5. Acima disso, possui um residual de carga negativo, devido a
ionizagdo dos grupos carboxilicos dos aminoécidos presentes em sua superficie
(Gratieri; Gefuso; Lopez, 2008). A atracdo entre a carga positiva das particulas e a
carga da pele pode ter gerado uma interacdo forte, fazendo com que as NPs
estabelecessem uma barreira na superficie do EC, impedindo aproximagao de outras
particulas e, consequentemente, a sua penetracdo nas demais camadas da pele,

conforme a ilustracdo da Figura 32.
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Figura 32. llustracdo da barreira gerada pela interacdo entre as NPs MGM-AL/DDA e as cargas
residuais da pele. llustracédo da autora.
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Para complementar os dados obtidos, o ensaio da penetracdo cutanea das
amostras MGM-BL e MGM-AL/DDA foi realizado analisando-se a retencéo de ferro
em cada fita removida do estrato corneo. A distribuicdo das nanoparticulas pode ser
observada a olho nu, conforme as imagens inseridas nos graficos das Figuras 33 e
34, nas areas circuladas em vermelho

. NN MGM - BL 24h

30 FxK

Concentragao de Ferro (ng/cm?)

Figura 33. Quantificacdo da concentracao de ferro, em pg/cmz, retida em cada fita extraida do EC (F1
a F10) apés 24h de penetrac@o cuténea para o fluido MGM-BL. As respectivas imagens sao
apresentadas no interior da figura, sendo observada a presenca de nanoparticulas na regido circulada
em vermelho. Dados apresentados como média + desvio padrdo, n=6. ANOVA p < 0,05.

Para a amostra MGM-BL, é possivel perceber a presenca de NPs em todas as
10 camadas do EC, conforme as imagens inseridas na Figura 33. A quantidade do
nanocarreador diminuiu para as camadas mais internas do EC, conforme o esperado,

porém ainda é possivel observar a presenca de NPs em uma quantidade significativa.
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Figura 34. Quantificacdo da concentracdo de ferro, em pg/cmz, retida em cada fita extraida do EC (F1
a F10) ap6s 24h de penetracdo cuténea para o fluido MGM-AL/DDA. As respectivas imagens sao
apresentadas no interior da figura, sendo observada a presenca de nanoparticulas na regido circulada
em vermelho. Dados apresentados como média + desvio padrdo, n=6. ANOVA p < 0,05.

No caso da amostra MGM-AL/DDA, Figura 34, é possivel observar, a olho nu,
a presenca de NPs somente até a quarta fita, com excecao a oitava fita. A partir do
grafico da distribuicdo das particulas, percebe-se uma reducdo drastica entre a
concentracéo de ferro presente na primeira fita em comparacdo com as demais. Para
a amostra MGM-BL, essa reducédo so foi observada a partir da fita 5. A retencdo da
amostra MGM-AL/DDA apenas nas camadas superiores corrobora a hipotese de que
0 nanocarreador positivo interage com a carga residual negativa da pele, formando
uma barreira, impedindo a penetracdo de mais particulas.

Devido seu tamanho, menor que 40nm, 0s nanosistemas sintetizados podem
ser indicados para o tratamento tépico de doencas que atingem o foliculo piloso
(Pereira et al., 2018). Para verificar se os carreadores podem ser utilizados para essa
finalidade, primeiro é necessario determinar o fator de direcionamento folicular, que &
a quantidade de NPs retidas no FP dividida pela quantidade total de Fe retida em
todas as camadas da pele (Figura 34).
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Figura 35. Fator de direcionamento folicular em 12, 24 e 36 horas de permeacdo para 0s 3
nanosistemas MGM-BL, MGM-AL/DDA e MGM-AL/PLU, conforme indicagcdo. Dados apresentados
como média + desvio padréo, n=6. ANOVA p < 0,05.

A analise estatistica dos dados apresentados na Figura 35 indicou que ndo ha
diferenca entre os fatores de direcionamento dos 3 nanosistemas em nenhum dos
periodos analisados (p > 0,05) e que todos direcionam as NPs para o foliculo piloso.
A partir disso, pode-se considerar que os 3 nanocarreadores podem ser utilizados
para atingir o FP. Para as amostras MGM-AL/DDA e MGM/AL/PLU, pode ser
necessario adicionar algum método para potencializar a permeacao dos carreadores,
como a aplicacdo de um campo magnético (Rao et al., 2015; Zhang et al., 2019) ou
elétrico (Viratchaiboott et al., 2022).

Esse resultado indica que, apesar da quantidade de particulas que consegue
ultrapassar o EC ser modulada pelo surfactante que reveste as NPs, a sua
biodistribuicdo nas camadas da pele, apds a penetracdo do EC, depende mais das
caracteristicas do nucleo do nanocarreador. Como os 3 sistemas foram obtidos a partir

do mesmo precursor, MGM-AL, os fatores de direcionamento sdo semelhantes.
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CONCLUSAO

Nesse trabalho foram produzidos trés nanocarreadores de Oxido de ferro
funcionalizados com bicamada de 4&cido laurico, laurato/dodecilamina e
laurato/Pluronic F127, dispersos em meio aquoso, para a obtencéo de novos sistemas
carreadores de farmacos visando a administracdo tépica de medicamentos
hidrofobicos. As particulas e os coloides obtidos foram caracterizados por meio das
técnicas de espectroscopia Raman e no infravermelho, espalhamento dinamico de
luz, potencial zeta, e microscopia eletrénica de transmissao (MET).

As micrografias MET mostram particulas esféricas, com didmetro médio de
6,5 nm, e dispersédo de tamanho de acordo com os dados da literatura para NPs
sintetizadas pelo método de coprecipitacio em meio aquoso. Os dados de
espectroscopia Raman indicaram que o processo de oxidacao foi efetivo e as NPs foi
efetiva de 6xido de ferro apresentam a fase maguemita.

Os resultados obtidos por FT-IR indicam que houve uma coordenacéo entre o
grupo carboxilato do acido laurico e o ferro da NP por uma ligacéo bidentada quelante,
formando a monocamada da cobertura. No caso do fluido MGM-AL/DDA houve uma
interacdo entre as cadeias de hidrocarbonetos do AL e da DDA, enquanto que, para
a amostra MGM-AL/PLU, observou-se uma interacdo entre as cadeias de AL e do
PPO do Pluronic. O monitoramento da estabilidade dos fluidos ao longo do tempo
apos a preparacao, por meio do tamanho hidrodindmico, do potencial zeta e do pH,
mostrou que os surfactantes escolhidos promovem a estabilizacdo das nanoparticulas
em meio aquoso, a partir de repulsdo predominantemente estérica (bicamada
AL/PLU) e eletroestérica (bicamada AL e AL/DDA), formando suspensfes coloidais
estaveis por pelo menos 60 dias.

Os nanocarreadores desenvolvidos foram empregados em ensaios in vitro de
penetragdo cutanea durante 12, 24 e 36 horas, utilizando pele da orelha de suinos
como modelo para a pele humana. As diferentes camadas da pele, como o estrato
cérneo, foliculo piloso e pele remanescente, foram extraidas por meio da técnica de
tape stripping diferencial e a concentragéo de ferro presente em cada camada foi
obtida por espectroscopia de ressonancia ferromagnética. Os resultados obtidos

indicam que, apdés 24 horas, todos os 3 nanosistemas conseguem ultrapassar a
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barreira de protecdo da pele, o estrato cérneo, e se acumular no foliculo piloso, sem
atingir a pele remanescente. Desta forma, possuem grande potencial para
administracao topica de farmacos que tenham acéo no foliculo piloso.

Considerando a quantidade de ferro que conseguiu permear o EC, o fluido
MGM-BL foi 0 que apresentou a maior concentracdo de Fe nas 2 camadas da pele,
indicando que o acido laurico é o melhor potencializador da penetragdo cutanea
passiva, ou seja, sem nenhum mecanismo para aumentar a penetracdo, para as
nanoparticulas sintetizadas e nos parametros de penetracéo utilizados. Em adicao,
nao foi observada diferenca entre os fatores de direcionamento folicular ao comparar-

se 0s trés nanosistemas.

PERSPECTIVA

Para a continuidade da pesquisa, sugere-se o estudo da penetracdo cutanea
dos fluidos MGM-AL/DDA e MGM-AL/PLU em diferentes pH ou com a aplicacdo de
um campo elétrico para verificar se ha um aumento da quantidade de ferro retido nas
camadas da pele. Sugere-se também, a incorporacao de farmacos que tenham como
regido de acédo o foliculo piloso, como a dutasterida por exemplo, para verificar sua

liberacdo no local de acéo.
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ARTICLE INFO ABSTRACT

Keywords: In the present study, iron oxide nanoparticles, in the form of maghemite core coated with lauric acid (ION), were
Alopecia synthesized and loaded with finasteride (FIN) or dutasteride (DUT) as a novel drug delivery system for the
Dutasteride topical treatment of alopecia. Additionally, developed formulations (FIN-ION and DUT-ION) were completely
Finasteride

elaborated with components involved in the follicle metabolism, i.e., lauric acid, which acts as a 5a-reductase
inhibitor, and iron which deficiency has been related to hair loss aggravation. Stability assessment conducted
over the course of 90 days showed they are highly stable, with pH 7.4, constant EE% (> 99%), and practically
unchanged particle size and zeta potential. Besides drug distribution, the actual number of iron oxide nano-
particles, through a newly developed method using ferromagnetic resonance, was determined in each skin layer
following permeation experiments. Despite the same donor concentration of colloids, nanoparticle distribution
in the skin varied according to the loaded molecule. While DUT did not interfere with the nanoparticle natural
tendency to accumulate within the hair follicle shafts, FIN presence hampered nanosystem interaction with the
skin. Still, both formulations provided a higher skin drug penetration, compared to each respective control
solution. Additionally, iron nanocarriers present a desirable visual characteristic, as the dark color aspect might
instantly help disguise scarce hair follicle areas. These findings suggest the nanoformulations are highly pro-
mising for alopecia therapies.

Hair follicles
Metallic nanoparticles
Skin penetration

hair follicle root and sebaceous glands — and type II — expressed mostly
in the prostate, but is also found in the inner epithelial root sheath of
hair follicles and skin (Azzouni et al., 2012). Finasteride (FIN) is a

1. Introduction

Androgenic alopecia is a multifactorial and polygenetic hair loss

disorder, in which androgen levels in the scalp is one of the primary
triggers to follicular miniaturization and subsequent hair loss (Gupta
et al., 2019; Sadick et al., 2017). Therefore, a target for its treatment is
the enzyme 5a-reductase, responsible for the intracellular testosterone
conversion to dihydrotestosterone, the preferred ligand for androgen
receptor transactivation (Azzouni et al., 2012; Sadick et al., 2017). Two
from the three 5a-reductase isozymes that are expressed in human
tissues are the preferential target of commercialized inhibitors. These
are type I - manifested mainly in the skin and in the outer sheath of the

potent (mean inhibitory concentration [ICs0], 69 nmol L™YH competi-
tive 5a-reductase type II inhibitor, but inhibits less effectively 5a-re-
ductase type I (ICso 360 nmol L™ (Tian et al., 1994). In comparison,
dutasteride (DUT) is more potent and inhibits both types I and II 5a-
reductase (ICso of 7 and 6 nmol L™ 2, respectively) (Clark et al., 2004),
therefore showing positive results on alopecia treatment at lower doses
than FIN (Shanshanwal and Dhurat, 2017; Tian et al., 1994; Zhou et al.,
2019). The problem is, because of their mechanism of action, a decrease
in the serum levels of dihydrotestosterone produce various side effects

Abbreviations: FIN, finasteride; FIN-ION, iron oxide nanoparticles functionalized with lauric acid and loaded with finasteride; FIN-SOL, finasteride in solution; ION,
colloidal iron oxide nanoparticles functionalized with lauric acid; DUT, dutasteride; DUT-ION, iron oxide nanoparticles coated with lauric acid and loaded with

dutasteride; DUT-SOL, dutasteride in solution; FMR, ferromagnetic resonance
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when these drugs are orally administered, such as impotence, decreased
libido, ejaculation disorders, gynecomastia, dizziness, headache, and
fatigue (Rosen et al., 2019; Tsai et al., 2018; Zhou et al., 2019).

The alternative for the oral administration is the topical cutaneous
drug delivery, which is especially auspicious for drugs with clinical
usage limitations resultant of systemic side effects. More specifically,
the topical application of nanosystems could improve therapy outcome,
considering the site of action of 5a-reductase inhibitors in the treatment
of alopecia to be within the hair follicle region, and the natural ten-
dency of nanoparticles to accumulate into the skin appendageal struc-
tures (Angelo et al., 2020; Radtke et al., 2017). Moreover, depending on
the excipients used and drug-loaded properties, controlled drug de-
livery can be achieved (Matos et al., 2015), prolonging the adminis-
tration's intervals and consequently improving patients compliance.

Not inadvertently, several nanosystems have been proposed for the
topical delivery of FIN, such as liposomes (Lee et al., 2011; Tabbakhian
et al., 2006), niosomes (Tabbakhian et al., 2006), ethosomes (Rao et al.,
2015; Rao et al., 2008; Wilson et al., 2018), polymersomes (Caon et al.,
2014), and liquid crystalline nanoparticles (Madheswaran et al., 2015;
Madheswaran et al., 2013; Madheswaran et al., 2014; Madheswaran
et al., 2017). Still, a problematic factor in many of these studies is the
use of permeation enhancers within the formulation (Madheswaran
et al, 2014) or coating the nanosystem (Caon et al., 2014;
Madheswaran et al., 2017), that, not only enhance local drug con-
centrations retained in the skin but also enhance drug delivery through
the skin (Caon et al., 2014; Lee et al., 2011; Madheswaran et al., 2017;
Rao et al., 2008) ultimately facilitating its entry into the systemic cir-
culation. Such transdermal drug flux diminishes the targeting potential
of the nanosystem (Wilson et al., 2018) and can lead to unwanted
systemic effects. Another limitation of all of these studies cited, with
only one exception (Tabbakhian et al., 2006), was that cumulated drug
amounts within the hair follicles were not assessed.

Although much less studied than FIN, DUT has also been topically
delivered from nanosystems, including lipid-core nanocapsules
(Ushirobira, 2020), nanolipid carriers (Noor et al., 2017), and liquid
crystalline nanoparticles (Madheswaran et al., 2015; Madheswaran
et al., 2017). Some of these studies have also observed a transdermal
DUT flux (Madheswaran et al., 2015; Madheswaran et al., 2017), but,
admitting some of these systems might indeed be promising drug car-
riers, all these formulations cited are still in the proof-of-concept phase.
Excipients safety, formulation stability, and final sensorial presentation
are crucial aspects yet of being solved for an actual clinical application.

To address these issues, colloidal iron oxide nanoparticles (ION),
mainly maghemite (y-Fe,03), and magnetite (Fe30,4), are strong can-
didates as nanocarriers due to their unique properties such as super-
paramagnetism, biocompatibility, and very controllable surface chem-
istry (Soler and Paterno, 2017). Further, the easy up-scaling and cost-
effective chemical routes allowing excellent size control, size distribu-
tion, shape, and stability, make them attractive for diagnostic tools or to
deliver therapeutic agents to specifically targeted sites in a controlled
manner, as well as other applications (Alcantara et al., 2013; Israel
et al., 2020; Letti et al., 2017; Luque-Michel et al., 2019; Rivera et al.,
2019). Since they were already investigated for several medical pur-
poses, their safety profiles are already well-established (Musazzi et al.,
2017; de Freitas et al., 2008; Pradhan et al., 2007; Pottler et al., 2015).

The ION-based systems comprise an iron oxide nanoparticle core,
few nanometers in diameter, with a functionalized surface that pro-
motes long term colloidal stability and enables the anchoring/binding
of the drug (Mamani et al., 2013). Among the surface-coatings used
nowadays, lauric acid has been successfully employed in the surface
functionalization of ION-based materials enabling its dispersion in the
same pH and ionic strength as of physiological media (da Silva et al.,
2018).

Moreover, ION nanocolloids display a dark color aspect bringing the
advantage of an instant optical effect of filling the scalp, helping to
disguise scarce hair follicle areas. Also, the own iron constituting the
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nanoparticles could be a useful mineral source for the hair follicle.
Although the relationship between alopecia and iron deficiency is still
controversial (Dhaher et al., 2018), a description of iron-dependent
genes in the hair follicle bulge region can be found in the literature (St
Pierre et al., 2010).

In the present study, FIN or DUT was anchored in an ION-based
nanocarrier comprising nanosized maghemite, surface functionalized
with lauric acid, as a proposed formulation for the topical treatment of
androgenic alopecia. Lauric acid was chosen as a surface-coating ex-
cipient, considering it also inhibits types I and II of 5a-reductase
(Raynaud et al., 2002). Hence, the here envisioned drug delivery system
is completely constituted by active molecules related to follicles’ me-
tabolism. To our knowledge, this is the first study to investigate the use
of ION-systems for the treatment of a hair-follicle related disorder.
Along with proposing an innovative FIN and DUT delivery system, this
paper aims to examine the actual nanoparticle distribution within the
skin layers, including the hair follicle shafts. Typically, drug-loaded
nanoparticles are topically applied, and nanoparticle distribution is
indirectly assessed by evaluating the drug penetration profile only,
extracting the drug from different skin layers (Matos et al., 2015). In
some cases, microscopy images of fluorescently-marked nanosystems
are obtained (Angelo et al., 2020), generating qualitative or indirect
quantitative data (when pixel counting methods are employed)
(Gratieri et al., 2010). Here, utilizing ION superparamagnetic property,
the actual number of ION, and the amount of iron permeated in each
skin layer were estimated through a newly developed method using
ferromagnetic resonance (FMR).

2. Material and methods
2.1. Material

FIN and DUT (purity > 98%) were purchased from Purifarma
(Anapolis, Brazil). Iron (II) chloride tetrahydrate (FeCly4H,0), iron
(II1) chloride hexahydrate (FeCl34H,0), sodium hydroxide (NaOH),
hydrochloric acid (HCl), perchloric acid (HClO,), potassium bromide
(KBr) and lauric acid were purchased from Sigma Aldrich Corporate (St.
Louis, Missouri, USA). Cellulose membranes for dialysis were purchased
from InLab (Sao Paulo, Brazil). Sterile syringe filters with a pore size of
0.45 pm were purchased from Analitica (Sao Paulo, Brazil). Solvents
used for extraction and chromatographic analysis were all of HPLC
grade. All procedures were performed using ultra purified water
(Millipore, Illkirch-Graffenstaden, France). Skin from porcine ears was
obtained from a local abattoir (Sabugy Agroindustria e Comércio de
Alimentos LTDA, Brazil), and frozen at —20 °C up to 1 month before the
use. The whole skin was removed from the outer region of the ear,
separated from its underlying layer, and used “full-thickness” to guar-
antee the intactness of the hair follicles. Final skin thickness used was
approximately 1 mm. Hence, the skin contained part of the dermis.

2.2. Synthesis of iron oxide nanoparticles

ION nanocarriers were synthesized by coprecipitating Fe** and
Fe** in an alkaline medium following a protocol reported in the lit-
erature with minor modifications (Viali et al., 2010).

Initially, a solution of FeCly,4H,O (0.020 mol) and FeCl3-4H,0O
(0.043 mol) was slowly added to 125 mL of NaOH (1.5 mol L™ under
mechanical stirring (2000 rpm) at room temperature (25 °C). The as
precipitated, nanosized magnetite (solid black) was repeatedly washed
with deionized water, and dispersed in perchloric acid solution at pH
3.5, producing a stable ionic magnetic fluid. This colloidal dispersion
was used for further oxidation by bubbling O, gas (3 h, at 80 °C, under
constant stirring) to obtain nanosized maghemite particles (y-Fe;03).
After cooling, maghemite was isolated by centrifugation, washed sev-
eral times with aqueous solution, and coated with lauric acid.

Nanoparticle surface functionalization was performed as previously
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reported (da Silva et al., 2018), with modifications. Freshly oxidized
nanoparticles were suspended in 500 mL of deionized water, and pH
was adjusted to 8 with a NaOH solution and heated to 60 °C. Under
continuous stirring, pure lauric acid (2.5 g) was slowly added to the
suspension and stirred for 30 min, originating the first coating layer.
After that, an additional 1.5 g of lauric acid was added, and the sus-
pension was stirred for 1 h (70 °C, pH 8), forming the second coating
layer enabling the nanoparticles to be dispersed in the aqueous
medium. This dispersion was then dialyzed against deionized water for
three days to remove the free lauric acid. The resulting dispersion was
centrifuged to remove agglomerates and dialyzed for three days. Lastly,
pH was adjusted to 7.3, and the nanocolloidal sample comprising lauric
acid coated maghemite, bearing negative charge due to lauric acid
adsorption, was named ION, and employed as a platform for drug in-
corporation. An aliquot of the ION nanocolloid sample was lyophilized
for 6 h in a SpeedVac Concentrator (SPD121P, with refrigerated vapor
trap, RVT400, Savant) to produce a solid sample. Dynamic light scat-
tering and electrophoretic mobility measurements were performed to
confirm the presence of lauric acid at the nanoparticle’s surface.
Transmission electron microscopy (TEM) micrographs of the maghe-
mite nanoparticles were recorded in order to access the average particle
size (Dy,) and standard diameter deviation (o).

2.3. Drug incorporation

FIN and DUT formulations were prepared by drug incorporation in
the ION nanocolloids using an orbital shaker (Kline, GT-201BDU model,
Sao Paulo, Brazil). Previously, each drug (12.5 mg of FIN and 6.25 mg
of DUT) was solubilized in 3 drops of methanol in a volumetric flask
(50 mL), and the volume was completed with ION. The flasks were kept
under stirring for 24 h generating the formulations, namely FIN-ION
and DUT-ION at the final concentrations of 250 and 125 ug mL™?, re-
spectively. Aliquots of FIN-ION and DUT-ION nanocolloid samples were
lyophilized following the same protocol as mentioned for the ION
sample (Section 2.1), producing powder samples.

2.4. Formulations characterization

2.4.1. Infrared spectroscopy

Infrared spectroscopy was used to investigate drug loading. Solid
samples were dispersed in KBr, and the infrared spectra were obtained
in the spectrometer Vertex 70 (Bruker Corporation, USA) in transmis-
sion mode ranging from 4000 to 400 cm ™! with eight scans and re-

solution of 4 cm ™.

2.4.2. Thermogravimetric analysis

Thermogravimetric analyses (TG) were performed using the
equipment TG/SDTA 822 (Mettler Toledo, Switzerland). Samples
(5-6 mg) placed in platinum pans were analyzed under nitrogen at-
mosphere at a flow of 50 mL min~' from room temperature up to
1,000 °C using a heating rate of 10 °C min~'. Data were evaluated
based on the mass loss curves and its first derivative (DTG). This
equipment provides measurements with an uncertainty lower than
0.5%.

2.4.3. Hydrodynamic size distribution and zeta potential

Hydrodynamic size and size distribution were determined by dy-
namic light scattering (DLS), while the zeta ({) potential was obtained
by electrophoretic measurements, Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, United Kingdom). These analyses were
performed with a 4 mW He-Ne laser operating at a wavelength of
633 nm and a scattering angle of 90°_ at 25°_C. Analysis of colloidal
samples by DLS provided the hydrodynamic diameter of dispersed na-
noparticles and the polydispersity index (PDI). Formulation samples for
DLS and ¢ potential measurements were diluted (1:10 v/v) at pH 7.4,
and 1 mL was used for both analyses. Measurements were performed
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three times, and mean values were taken.

2.4.4. Encapsulation efficiency and drug recovery

The encapsulation efficiency of drugs (EE%) was determined in two
steps. For the total quantification of FIN or DUT in the colloidal dis-
persion formulation, samples of 100 uL were diluted in methanol (1:10
v/v), filtered, and quantified using the HPLC method described in
Section 2.6. For the determination of free drug in the colloidal disper-
sion medium (FD), nanoparticles were forcedly decantated using a
magnet, and the supernatant was collected and quantified. The con-
centration of encapsulated drug in nanoparticles was determined by the
difference between the amount of total drug in the formulation (TD)
and the amount of free drug in the medium (FD). EE% and drug re-
covery (DR%) were calculated as follows:

EE% = [(TD — FD)/TD] x 100

DR% = [(TD — FD)/amount of drug added] x 100

2.4.5. Physicochemical stability

Physicochemical stability studies of the formulations FIN-ION, DUT-
ION and control nanocolloid ION, were conducted during 90 days on
samples stored at temperatures of 4 °C * 2.0 and 25 °C = 2.0.
Hydrodynamic size, PDI, zeta potential, pH, and EE% were monitored
at 0, 7, 15, 30, 60, and 90 days.

2.5. In vitro drug release

Determination of FIN and DUT release from nanoparticles was
performed by adding 1 mL of each formulation (FIN-ION and DUT-ION)
in a volumetric flask containing 24 mL of a medium composed by 60%
Water, 0.5% Tween 80, and 40% ethylene glycol under stirring
(600 rpm) at 32 + 2.0 °C. Preliminary studies showed FIN, and DUT
solubility in this medium was respectively 255.1 =+ 3. 6 and
125.9 * 1.1 ug mL™ %, sufficient for attaining Sink conditions. Particles
were decanted with a magnet at 0, 1, 2, 4, 6, 8, 10, 12, 24, 30, 36, 48,
72, and 96 h, when samples of 1 mL were removed and replaced with
fresh medium. Drug assay was performed, as described in Section 2.7.
Determination of FIN and DUT dissolution profile were also determined
as controls by adding, respectively 250 and 125 pg of each drug to the
dissolution medium. At the same pre-determined intervals 1 mL of
sample was removed and quantified.

2.6. In vitro skin permeation

Preliminary permeation experiments were performed using mod-
ified Franz-type diffusion cells (diffusion area = 5.7 cm?) mounted with
full-thickness porcine’s ear skin. The receptor compartment was filled
with 75 mL of 0.5% SDS aqueous solution, while 2 mL of test samples
(FIN-ION and DUT-ION) were placed in the donor compartment in
contact with the stratum corneum for 24 h. As these preliminary ex-
periments showed neither FIN nor DUT was found in the receptor
compartment, the modified Saarbruecken method, which does not have
a receptor compartment (Angelo et al.,, 2016), was used for further
permeation experiments of FIN-ION and DUT-ION.

As control samples, solutions of FIN (250 pug mL~!) and DUT
(125 pg mL~!) solubilized in 60% water: 0.5% Tween 80: 40% ethylene
glycol was prepared and labeled FIN-SOL, DUT-SOL, respectively. The
diffusion area remained 5.72 cm?. After 12 h and 24 h, FIN or DUT was
extracted from the skin layers separated by differential tape-stripping
technique (Matos et al., 2015; Pereira et al., 2017). Briefly, the skin was
removed from the diffusion cell and placed onto a flat surface with the
stratum corneum facing up. The skin was cleaned with a water-soaked
gause pad and tape-stripped 15 times, using Scotch book tapes. A drop
of cyanoacrylate superglue was applied to the stripped skin area and
covered with a further tape-strip using light pressure. After total
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polymerization of the glue (~5 min), tape-strip was removed and the
skin surface biopsy containing follicular casts obtained, from which
drugs were extracted with methanol and quantified. Finally, re-
miniscent skin was cut into small pieces and placed in plastic tube along
with 3 mL of methanol under magnetic stirring for 3 h. The resulting
suspensions were filtered on 0.22 pm filters and quantified by HPLC.
FIN and DUT recovery efficiency from the stratum corneum, follicular
material, and remaining skin had been previously determined with
values higher than 97%, as described in Section 2.7.

A second series of in vitro skin permeation experiments using the
modified Saarbruecken method were performed placing the developed
formulations (FIN-ION and DUT-ION) in the donor compartment, but
instead of determining the drug distribution, the quantity iron oxide
nanoparticles and iron permeated in each skin layer were evaluated
through FMR. A blank formulation (ION colloid) was used as control.
The permeated amounts of formulations and the blank were expressed
as a percentage of the amount administered in the donor compartment.
FMR experiments were performed in an EMX Plus spectrometer
(Bruker, Germany), equipped with an X-band (9 GHz) standard sensi-
tivity cavity (Bruker ER4102ST, Germany), using 100 kHz modulation
frequency, 10 gauss of modulation amplitude and 2 mW microwave
power.

For the analysis, a central area of 0.1215 cm? from either the tapes
containing the stratum corneum or hair follicles or from the remaining
skin was selected. These rectangular fragments of the tapes containing
stratum corneum or hair follicles or the rectangular fragment of the
own remaining layer were inserted into 1 mL syringes, which were
filled with 600 uL of distilled water and frozen in liquid nitrogen before
the injection into the Quartz Finger Dewar holder — Noxygen (Germany)
for the analysis through FMR.

The calibration curve for ION concentration was obtained by fitting
the FMR data as a function of the concentration of diluted samples of
ION, specially prepared from an initial sample whose Fe concentration
was determined by Atomic Absorption Spectrometry — 6.85 ug mL™?,
the average mass of an ION (1.16 X 10718 g), its volume
(2.39 x 107! cm®), and considering the approximately spherical
format, the average diameter (Drgy) obtained in the histogram of the
TEM (7.55 nm) and the density of maghemite (4.87 g cm ™ 3). The lin-
earity for ION wasr = 0.999; y = 1.74 x 107 !° x —0.08694 over a
concentration range between 1.69 x 10° and 1.69 x 10'! ION mL ™",

2.7. Drug assay

FIN was quantified following a reversed-phase HPLC method with
UV detection at 210 nm (model LC-20AD, Shimadzu, Kyoto, Japan). A
C1g column (Shimadzu, 4.6 mm X 15 cm) was used. The mobile phase
consisted of acetonitrile: phosphoric acid 0.01 mol L™ (40:60 v/v) in a
flow rate of 1 mL min~ ' at 40 °C using an injection volume of 20 pL.

DUT was also quantified following a reversed-phase HPLC method
using the same apparatus with detection at 280 nm (Ushirobira et al.,
2020). The mobile phase consisted of acetonitrile: phosphoric acid
0.01 mol L™ (62:38 v/v), at a flow rate of 0.8 mL min ! at 40 °C, and
injection volume of 20 pL.

Both methods were validated following the International
Conference on Harmonization (ICH) guidelines and were selective and
linear (r> = 0.999; y = 20938x — 338.61 and r*> = 0.999;
y = 8000.9x — 157.9 for FIN and DUT, respectively), both over a drug
concentration range of 0.5-15 pg mL™ . Intra- and inter-day precision
and accuracy of the methods showed a coefficient of variation of less
than 5% for both drugs. For FIN, the quantification and detection limits
were 0.13 ug mL™! and 0.04 pg mL™!, respectively. For DUT, these
limits were 0.23 ug mL~ " and 0.09 ug mL~?, respectively.

2.8. Statistical analyses

The results were expressed as mean =+ standard deviation (SD).
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Significant differences between data set were obtained by analysis of
variance (two-way ANOVA), followed by Tukey's multiple comparison
test to compare more than two experimental groups and unpaired
Student's T-test for comparison of two experimental groups. The sig-
nificance level was set at p < 0.05.

3. Results and discussion
3.1. Synthesis and characterization of drug-loaded nanoparticles

Dynamic light scattering and electrophoretic mobility measure-
ments were performed at each step of the synthesis process. Initially,
the nanocolloid formed by bare maghemite nanoparticles exhibiting
positive charges on the surface was produced, ascribed to protonation
of surface iron oxyhydroxy groups (Bacri et al, 1990). This suspension
in aqueous medium (pH 3.5, at 25 °C) displayed zeta potential of 43 mV
and hydrodynamic diameter of 107,2 #* 0,8 nm, with a PDI of
0,22 = 0,03. After nanoparticle functionalization, these measurements
confirm the presence of lauric acid at the nanoparticle’s surface, pro-
viding mean hydrodynamic diameter (~123 nm) and high negative zeta
potential (around —36 mV). TEM micrographs of the maghemite na-
noparticles were recorded in order to access the average particle size
(D) and standard diameter deviation (o). Vertical bars in Fig. 1 re-
presents the particle size histogram obtained from the TEM micro-
graphs, whereas the solid line results from the curve-fitting of the data
using the log-normal distribution function (Popplewell and Sakhnini,
1995). Values of the average particle diameter (D) and standard
diameter deviation (0), obtained from the fitting of the data presented
in Fig. 1 were 7.55 = 0.07 nm and 0.27 = 0.01, respectively. The
inset of Fig. 1 shows a typical TEM micrograph of the ION sample,
recorded in a JEM-1011 (JEOL, Japan) microscope operated at 80 keV.
Raman spectrum obtained from the powder ION sample provided in
Supplementary material as Fig. SM1 confirms the maghemite phase,
displaying characteristic vibration modes at 344, 501, and 695 cm ™!
(Soler and Fanyao, 2012).

Drug incorporation in formulations was investigated through ther-
mogravimetric and FT-IR measurements. Thermogravimetric analysis
showed two significant mass losses of ION sample below 400 °C, which
might correspond to the lauric acid decomposition of the molecules
physiosorbed and chemosorbed onto the nanoparticle surface, depicting
percentage loss of mass (Am) of 20.3% and DTG at 231.5 and 349.5 °C,
as observed in Fig. 2. The presence of two decomposition steps suggests
a double coating layer of lauric acid. It was also observed that one of the

25

Relative Frequency (%)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Diameter (nm)

Fig. 1. Particle size histogram of the ION sample. The inset is a typical TEM
micrograph of the sample. Solid lines in the inset represent the best curves
fitting using a log-normal distribution function.
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Fig. 2. TG/DTG curves for the samples (ION, FIN-ION, and DUT-ION) per-
formed under a nitrogen atmosphere, together with a schematic illustration of
the particle transformation.

mass losses occurs at almost the same temperature of decomposition of
pure lauric acid displayed by the TG/DTG curve provided as
Supplementary material as Fig. SM2 (A), (B), and Table SM1, which
most likely corresponds to the decomposition of the physiosorbed mo-
lecules, due to its weaker interaction with the nanoparticle core. Ac-
cordingly, such two significant mass losses were also observed in FIN-
ION and DUT-ION samples, in which an additional mass loss occurred
at 349.5 °C, referring to the decomposition of the drugs, with the total
Am of 24.1 and 25.1%, respectively. These findings may suggest that
both drugs decompose with the chemosorbed molecules of lauric acid,
in a slightly lower decomposition temperature than the pure drugs (Fig.
SM2 (A), (B) and Table SM1). This shift of the decomposition tem-
perature was also observed when analyzing the TGA curves of a mixture
of LA-FIN and LA-DUT (Fig. SM2 (A), (B) and Table SM1), 1:1 ratio,
which could also indicate that the drugs are associated with the LA
bilayer.

The drug incorporation is also denoted analyzing the presence of
characteristic FIN and DUT bands in their formulation FT-IR spectra
(Fig. 3(A) and (B)). Comparing the carboxyl group peak (C=0) char-
acteristics depicted for control FIN and formulation FIN-ION, it is ob-
served a widening of the carboxyl group peak (C=O0) and its dis-
placement to a lower wavenumber from 1687 and 1668 cm ™' to 1664
and 1637 cm ™' respectively (Fig. 3A). Similarly, in Fig. 3b, the car-
boxyl group peaks (C=O0) of DUT and DUT-ION change from 1714 to
1710 em ™! and 1680 to a broad band between 1680 and 1591 c¢cm ™2,
respectively. These spectra changes in lipid such as lauric acid are as-
sociated with the inclusion of hydrophobic drugs or molecules. They are
directly proportional to the strengthening of the hydrogen bond with
oxygen in the lipid carboxylic group (Biruss et al., 2007; Dies et al.,
2015; Kim et al., 2014). It is likely that the FIN and DUT, in addition to
strengthening the hydrogen bonds between the C=0 groups of the LA
molecules, will also make inner hydrogen bonds. Intermolecular hy-
drophobic interactions also can occur between FIN and DUT molecules
and the LA bilayer, providing better, anchoring of FIN and DUT at the
double layer of LA at the nanoparticle’ surface. Additionally, FT-IR
spectra reinforce the presence of the maghemite phase and its func-
tionalization with lauric acid. In both spectra (FIN-ION and DUT-ION,
Fig. 3A and B respectively), the characteristic bands of maghemite core,
such as stretching vibrations of Fe-O at 636, 583, and 438 cm ™!, and
also lauric acid bands are observed. Namely, the asymmetric (v,C-H)
and symmetric (v;C-H) stretching vibrations of C-H from CHj3 groups of
fatty acid coating are observed at 2955 and 2870 cm ~?, respectively, as
well as the symmetric v,(C-H) and vs(C-H) stretching vibrations related
to CH, groups at 2920 and 2850 cm ™, respectively, and the C=0
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Fig. 3. FT-IR of neat FIN, ION, and FIN-ION (A) and neat DUT, ION, and DUT-
ION (B) samples. Spectra were normalized to enhance visual inspection.

stretching vibration at 1710 cm ™}, characteristic of carboxylic acids,
possibly related to protonated LA physiosorbed molecules (Soler et al.,
2007; da Silva et al., 2018). Also, it was observed in the ION sample FT-
IR spectrum a broad band between 1680 and 1585 cm ™! and a peak at
1385 cm ™, corresponding to the asymmetric (1,COO ™) and symmetric
(vsCO0 ™) stretching vibrations of the carboxylate head of the depro-
tonated lauric acid. The wavenumber separation, Av, between the v,
(COO07) and vs (COO) IR bands can be used to predict the coordination
between the carboxylate head and the metallic Fe atom. In this study, it
was obtained a difference (Av) between 200 and 295 cm ™!, which
suggests a monodentate coordination (Deacon and Phillips, 1980;
Nakamoto, 1986). The broadness of the band around 1680 and
1585 cm ™! may have been caused by the presence of adsorbed water
molecules on the nanoparticle surface, considering that the asymmetric
OH, stretching mode occurs in this same region, around 1630 cm ™!
(Soler et al., 2007). FT-IR peaks (Fig. 3A and B) of ION, FIN, ION-FIN,
DT, ION-DT samples with their respective assignments are listed in
Table 1.

3.2. Stability studies

Formulations showed to be stable for up to 90 days of storage
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Table 1

Selected FT-IR peaks Fig. 3(A) and (B) of ION, FIN, ION-FIN, DUT, ION-DUT

samples with their respective assignments.
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(Table 2). Prepared samples (day 1) presented a hydrodynamic size and
polydispersity index (PDI) equal to 122.63 = 0.75 nm and
0.19 *= 0.01 for ION sample; 116.37 = 0.46 nm and 0.18 + 0.01 for

FIN-ION, and 117.70 = 0.10 nm and 0.19 * 0.01 for DUT-ION, re-

Bands ION FIN  ION-FIN DUT ION-DUT

spectively. The pH of all formulations was maintained at approximately
«O-H) 3435 - 3433 - 3433 7.4. All formulations showed a slow tendency of hydrodynamic dia-
YIN-HD amida B 3429 - 7 - meter increase with significative difference only when comparing va-
v(N-H) lactama - 3234 - 3176 - ' . ) .
va(C-H) CHs 2955 2068 2955 2977 2955 lues obtained in the first and the last day of storage (p > 0.05). Still,
vs(C-H) CH3 2870 2866 2870 2873 2870 formulations and control sample preserved their monodispersity and
va(C-H) CH> 2920 2937 2920 2914 2920 electrical characteristics, with unchanged PDI and zeta potential
"S(C;H) CHa 2850 2846 2850 2854 2850 (p < 0.0001). A monomodal dispersion was obtained, as indicated by
D(C;Si()i carboxylic 1710 h 1710 h 1710 the low PDI for all samples (~0.18). As observed in the FT-IR and TG
UC=0) amida _ 1685 1664 1714 1710 analysis, the drug loading on the coating layers, contributed to the very
¥(C=0) lactama - 1666 1637 1680 1680-1591 high EE% and DR% (> 99%) for both FIN-ION and DUT-ION for-
va(CO07) 1624 - - - - mulations. Moreover, drug incorporation did not affect the zeta po-
:((CC:S),) 1 431 ~ _ i591 1591 tential, as for instance, for the day 1, as listed in Table 1,
uEC—F) _ _ _ 1138 1119 —35.53 = 0.66 mV before drug loading (ION) and —34.40 = 0.26
8(C-H) 824 815 815 827 825 and —36.77 *= 0.49 mV after FIN and DUT incorporation, respec-
v(Fe-0) 636, 583, - 636, 583, - 636, 583, 438 tively. Remarkably after 90 days of storage, drug expulsion was not

438 438 observed, and EE% remained > 99%.
Table 2

Hydrodynamic diameter, polydispersity index, zeta potential, pH, and encapsulation efficiency (EE%) of ION, FIN-ION, and DUT-ION. Measurements were conducted
on samples stored at room temperature (25 °C = 2 °C), or at 4 °C = 2 °C, after 1, 3, 5, 7, 15, 30, 60 and 90 days of preparation.

ION FIN-ION DUT-ION

Day 1 4 +2°C 25° + 2°C 4 = 2°C 25° + 2°C 4 = 2°C 25° + 2°C
Particle size (nm) 124.40 = 0.70 122.63 = 0.75 116.83 = 0.83 116.37 = 0.46 118.27 = 0.70 117.70 = 0.10
PDI 0.190 + 0.001 0.192 + 0.006 0.180 =+ 0.001 0.182 + 0.008 0.176 + 0.008 0.185 + 0.006
Zeta potential (mV) —35.57 = 0.31 —35.53 = 0.67 —34.23 = 0.15 —34.40 = 0.26 —35.80 = 0.53 —36.77 £ 0.49
pH 7.42 £ 0.09 7.43 £ 0.09 7.42 £ 0.03 7.47 £ 0.02 7.48 £ 0.03 7.48 = 0.02
EE (%) - - 99.50 *= 0.05 99.59 + 0.04 99.92 + 0.01 99.93 + 0.01
Day 3 4 +2°C 25° + 2°C 4 = 2°C 25° + 2°C 4 = 2°C 25° + 2°C
Particle size (nm) 125.63 = 0.64 123.60 = 0.92 117.67 = 0.35 117.63 = 0.21 120.33 = 1.42 117.87 = 0.58
PDI 0.196 = 0.011 0.192 *= 0.004 0.186 = 0.009 0.177 = 0.002 0.174 £ 0.007 0.184 + 0.006
Zeta potential (mV) —35.80 = 0.20 —35.83 = 0.25 —36.30 = 1.13 —35.80 = 0.30 —35.83 = 0.80 —35.80 * 0.50
pH 7.41 £ 0.04 7.48 £ 0.07 7.43 £ 0.04 7.48 £ 0.02 7.41 £ 0.01 7.41 = 0.02
EE (%) - - 99.75 + 0.02 99.60 = 0.03 99.83 £ 0.05 99.78 + 0.07
Day 7 4 £ 2°C 25° = 2°C 4 £ 2°C 25° = 2°C 4 £ 2°C 25° = 2°C
Particle size (nm) 126.43 = 0.12 125.40 = 0.44 119.13 = 1.27 117.37 = 0.86 120.90 + 0.44 119.20 + 0.44
PDI 0.194 = 0.011 0.195 *= 0.006 0.187 = 0.006 0.177 = 0.001 0.175 *= 0.005 0.192 += 0.002
Zeta potential (mV) —35.20 = 0.17 —35.60 = 1.01 —34.57 = 0.47 —37.25 = 0.21 —35.30 = 0.36 —36.30 * 0.42
pH 7.39 £ 0.03 7.44 £ 0.06 7.41 £ 0.02 7.40 £ 0.02 7.47 £ 0.04 7.53 £ 0.09
EE (%) - - 99.65 *= 0.03 99.47 = 0.03 99.78 + 0.01 99.76 = 0.01
Day 15 4 £ 2°C 25° = 2°C 4 £ 2°C 25° = 2°C 4 £ 2°C 25° = 2°C
Particle size (nm) 129.47 = 0.21 123.40 = 2.83 120.37 = 0.40 112.37 = 3.04 121.20 *= 0.66 119.03 * 1.66
PDI 0.188 =+ 0.004 0.200 + 0.008 0.183 =+ 0.006 0.191 + 0.002 0.184 + 0.010 0.193 + 0.009
Zeta potential (mV) —35.37 £ 0.45 —35.33 = 1.01 —34.40 = 0.30 —35.03 = 0.75 —34.50 * 0.66 -35.13 * 1.17
pH 7.44 = 0.09 7.45 = 0.03 7.48 £ 0.03 7.43 £ 0.11 7.45 = 0.10 7.22 = 0.06
EE (%) - - 99.71 + 0.01 99.41 * 0.02 99.83 + 0.03 99.76 + 0.01
Day 30 4 +2°C 25° + 2°C 4 = 2°C 25° + 2°C 4 £ 2°C 25° = 2°C
Particle size (nm) 133.03 = 1.36 129.70 * 0.96 123.00 = 1.57 121.30 * 1.95 127.33 = 2.05 121.87 = 1.15
PDI 0.200 = 0.001 0.193 = 0.001 0.186 =+ 0.008 0.189 £ 0.005 0.176 + 0.003 0.175 £ 0.007
Zeta potential (mV) —35.17 = 0.40 —36.47 *+ 0.84 —34.10 = 0.14 —36.05 = 0.49 —35.07 = 0.75 —36.27 * 0.06
pH 7.47 = 0.02 7.46 = 0.10 7.40 £ 0.05 7.34 £ 0.12 7.44 = 0.07 7.43 £ 0.29
EE (%) - - 99.08 + 0.01 99.15 = 0.03 99.80 + 0.01 99.77 £ 0.01
Day 60 4 £ 2°C 25° = 2°C 4 £ 2°C 25° = 2°C 4 + 2°C 25° = 2°C
Particle size (nm) 141.47 = 240 130.97 = 0.83 125.97 = 1.05 120.25 *= 0.64 141.47 = 240 130.97 + 0.83
PDI 0.204 = 0.003 0.203 + 0.004 0.196 + 0.007 0.189 + 0.002 0.177 £ 0.001 0.176 + 0.002
Zeta potential (mV) —35.97 *+ 0.12 —35.53 * 0.66 -33.77 = 0.75 —35.33 + 0.25 —35.80 = 0.57 -33.95 + 1.34
pH 7.47 = 0.09 7.46 = 0.10 7.40 £ 0.05 7.34 £ 0.10 7.41 = 0.10 7.43 = 0.29
EE (%) - - 99.27 + 0.02 99.22 + 0.03 99.84 + 0.06 99.72 + 0.01
Day 90 4 £ 2°C 25° = 2°C 4 £ 2°C 25° = 2°C 4 =+ 2°C 25° = 2°C
Particle size (nm) 142.60 = 1.73 131.87 = 215 126.20 * 1.18 120.47 = 1.65 129.57 + 1.64 125.43 + 0.38
PDI 0.190 = 0.008 0.199 =+ 0.004 0.193 = 0.003 0.171 = 0.001 0.183 £ 0.006 0.177 + 0.004
Zeta potential (mV) —35.67 = 0.47 —36.47 = 0.38 —34.77 = 0.37 —35.80 = 0.40 —36.53 £ 0.35 -36.73 £ 0.69
pH 7.34 = 0.06 7.34 £ 0.14 7.40 £ 0.04 7.22 £ 0.01 7.47 £ 0.23 7.44 * 0.34
EE (%) - - 99.30 = 0.06 99.34 = 0.05 99.78 =+ 0.02 99.82 * 0.02
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Fig. 4. Release profiles of FIN from FIN-ION and DUT from DUT-ION. FIN and
DUT represent the dissolution profile of each drug, assessed as controls (n = 5).

3.3. Drug release studies

Samples of FIN-ION and DUT-ION were submitted to a drug release
assay for 96 h and Fin and DUT dissolutions profiles were assessed for
comparison. Dissolution profiles of each drug show that already in the
first hour, 48.5 = 0.9% of FIN and 50.3 + 8.6% of DUT are solubi-
lized in the medium, highlighting the significant sustained release for
both drugs achieved with the nanoencapsulation (Fig. 4). FIN-ION
reached a drug release of about 50% after 24 h of experiment, while
DUT-ION released 50% of the drug after only 48 h, which could be
explained by the higher lipophilicity of DUT (low aqueous solubility
0.908 mg.L."1, Log P = 5.09) in comparison to FIN (Log P = 3.03).

3.4. Cutaneous penetration studies

Cutaneous penetration studies were performed for either 12 or 24 h
from the developed nanosystems dispersed in aqueous solution. Such
aqueous solution would already be a good topical dosage form, as it is
easy to be administered, spread and would not hinder particle accu-
mulation within the hair follicle. However, to avoid the liquid from
running off some polymer could be added as a thickener agent in a final
commercial formulation. Nonetheless, immediately after the penetra-
tion experiment and skin removal, a “hair filling” appearance could be
clearly noted in treated skin (Fig. 5B), compared with the non-treated
one (Fig. 5A). We believe such coloring may be desirable for individuals
with dark-colored hair and would promptly help to disguise scarce hair
follicle areas. Such appearance though, is expected to disappear upon a
simple hair washing (Lewinski et al., 2017).

After skin removal from the penetration experiments, nanoparticles

(A)

Fig. 5. Porcine skin pieces untreated (A) and after 24 h of penetration experi-
ment of ION (B). Images represent a real size picture.
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Fig. 6. Iron oxide nanoparticles (ION) distribution in the skin after 12 and 24 h
of penetration studies performed with FIN loaded nanosystems (FIN-ION), DUT
loaded nanosystems (DUT-ION), and blank iron nanoparticles (ION). Asterisks
indicate a significant difference between the nanoformulations (n = 5,
*p < 0.05).

and drug distribution were determined in each skin layer, namely
stratum corneum, hair follicles, and remaining skin. Fig. 6 depicts na-
noparticles’ distribution from formulations containing 6.85 ug mL ™" of
iron, corresponding to 8.47 x 102 ION mL ™ !. Blank nanocolloid (ION)
was used as a control.

Fig. 7 depicts drug distribution from formulations containing
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Fig. 7. Drug distribution in the stratum corneum, hair follicle, and remaining
skin from (a) FIN loaded nanoparticles (FIN-ION) and FIN solution (FIN-SOL)
and (b) DUT loaded nanoparticles (DUT-ION) and DUT solution (DUT-SOL),
after 12 and 24 h of permeation experiments. Asterisks indicate a significant
difference between controls and their correspondent nanoformulations (n = 5,
*p < 0.05).
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250 pug mL ™" of FIN or 125 ug mL ™" of DUT (FIN-ION and DUT ION).
Drug solutions at these same concentrations were used as controls.
Penetrated amounts of FIN, DUT, and ION were expressed as a per-
centage of the amount administered in the donor compartment.

Surprisingly, even though the same number of ION was applied in
the donor compartment in all permeation experiments, nanoparticles
distribution in the skin varied according to the loaded molecule.
Independently from the duration of the experiment, more nanoparticles
(~the double) were retained in the stratum corneum when the nano-
systems were loaded with DUT (9.10 = 1.03%.cm ™), in comparison
to FIN loaded nanosystems (3.70 =+ 0.79%.cm ~2) and blank nano-
systems (3.07 *+ 0.27%.cm”2). The higher DUT lipophilicity and
slower release from the nanoparticles might have increased whole na-
nosystem (ION agglomerate + coating material + loaded drug) inter-
action with the lipid lamellae filling the intercellular space between the
corneocytes in the stratum corneum (Haque and Talukder, 2018).

Still, this higher lipophilicity did not interfere on the nanoparticle
natural tendency to accumulate within the hair follicle shafts, as there
was no difference (p > 0.05) in the iron oxide amount in this layer
when compared to the blank formulation, independently from the ex-
periment duration (1.41 * 0.47 and 2.3 * 0.8%.cm™? from DUT-
ION and ION, respectively, for 12 h and 839 =+ 1.45 and
6.76 + 1.35%.cm” 2 from DUT-ION and ION, respectively, for 24 h).

FIN presence, otherwise, seemed to hamper nanosystem interaction
with the skin. At more extensive permeation experiments, the number
of nanoparticles retained in the stratum corneum was actually lower in
comparison with blank nanoparticles (p < 0.05). Stratum corneum
lamellae consist of ceramides, cholesterol, cholesterol esters, choles-
terol sulfate, and free fatty acids (Haque and Talukder, 2018). Lauric
acid, coating the nanosystems, as being a saturated fatty acid with a 12-
carbon atom chain (Log P = 4.6), presents a strong interaction with this
layer (Lee et al., 1994). Such strong interaction explains the ION ac-
cumulation after 24 h compared to the shorter permeation experiment.
Diversely, when FIN-ION was applied, the FIN release might have dis-
assembled the ION structure. A possible explanation is with drug re-
lease, at least the outermost lauric acid layer preferably interacted with
the skin than with the nanosystem, switching ION surface character-
istics, and exposing the more polar molecule groups. Therefore, after
FIN release, polar nanoparticles were much likely left “behind” to fur-
ther interact with the skin, which simply did not happen.

Nevertheless, more importantly, deposition into hair follicles was
significantly impaired when FIN was loaded. Compared to blank na-
nosystems, approximately only one fourth of the nanoparticles were
deposited in this layer after 12 h of treatment when nanosystems were
loaded with FIN (0.58 # 0.22and 2.30 = 0.81%.cm 2, respectively).
This accumulation difference dropped to half after 24 h (3.35 + 0.43
and 6.76 = 1.35%.cm ™2, respectively), as more FIN-ION continued to
penetrate.

Nevertheless, results showed, even with the more prolonged ex-
posure, the number of nanoparticles actually reaching the remaining
skin was meager (~0.15%.cm ™ 2) and not different from the amount
observed after 12 h (p > 0.05), independently from the drug-loaded,
which can be perceived as the safety of this topical administration.

Drug amounts in the remaining skin were only significantly higher
after 24 h application of FIN-ION compared to respective drug solution
control (Fig. 7). Since permeation is increased from FIN-ION and the
drug is released, free FIN molecules continue to diffuse and permeate.
Even so, such increased retention can be considered minimal as less
than 0.5% of the drug dose per square centimeter of the remaining skin
was found after 24 h. Besides, as already mentioned, preliminary ex-
periments did not detect FIN in the receptor solution when the FIN-ION
permeation experiment was performed in Franz diffusion cells. In this
aspect, FIN-ION distinguishes from previously reported nanosystems,
which presented a transdermal flux of this drug (Caon et al., 2014; Lee
et al., 2011; Madheswaran et al., 2017; Rao et al., 2008). When a liquid
crystalline nanoparticle dispersion equivalent to the same 500 ug of FIN
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used in FIN-ION experiments was applied on porcine skin for 24 h, a
drug flux in the order of 0.010 pug cm *h~' was observed
(Madheswaran et al., 2017). Chitosan coating even enhanced such flux
in 1.6-fold. However, drug retained amounts in the skin (epi-
dermis + dermis) were the same (~20 pg mL™1) (Madheswaran et al.,
2017), like those found from FIN-ION, as discussed following.

Nonetheless, DUT-ION application on skin also did not lead to drug
penetration in the receptor compartment when Franz diffusion cells
were used, and more meaningful, despite increasing DUT distribution in
the stratum corneum and within the hair follicles, did not further in-
crease DUT penetration in the remaining skin compared to the control
solution. Because of the controlled drug release, topical administration
of this molecule, when loaded in the ION nanoparticles, might favor a
local targeting effect, and as despite being more potent, might lead to
less systemic adverse reactions. A similar “epidermal targeting” effect
has been previously observed for nanostructured lipid carriers loaded
with clobetasol (Silva et al., 2016). Clobetasol is also a potent molecule
but has comparable lipophilicity than the one of FIN (Log P = 3.0). The
critical aspect for restraining the drug molecules to more superficial
skin layers was the controlled release achieved with the nanoencapsu-
lation rather than the own molecule characteristics (Angelo et al., 2020;
Silva et al., 2016). In fact, similar adverse effects for FIN and DUT
following topical applications have been observed (Zhou et al., 2019).
Therefore, even if the nanosystem enhances drug penetration, as long as
the controlled release is accomplished, clinical studies may adjust the
dosage so that a local therapeutic concentration is achieved without
systemic exposure.

Indeed, for both drugs, skin penetration from the nanosystems was
higher compared to each respective control solution. After 24 h of the
penetration experiment FIN-ION lead to almost double of the FIN
amount in the skin compared to control solution (18.64 + 0.69 and
10.65 =+ 0.38 pg.cm™ 2 corresponding to 3.73 + 0.14 and
2.13 + 0.08%.cm™2), while DUT-ION lead to almost 4-times the
amount of DUT in the skin compared to control solution (4.66 + 0.45
and 1.24 * 0.27 pg.cm™?, corresponding to 1.86 * 0.18 and
0.50 + 0.11%.cm™2). Therefore, when each drug penetration is
compared to its respective control, DUT-ION was twice more effective
than FIN-ION (4-fold versus 2-fold increase, respectively), which makes
sense considering that more ION penetrated the skin when loaded with
DUT (3.99 + 0.32 x 10" ION.cm~?) than when loaded with FIN
(1.28 = 0.19 x 102 ION.cm ™~ ?). But more importantly, the nano-
system's efficiency can be established by the drug increase within the
hair follicles, as it is the target for treating alopecia. DUT-ION provided
a 3.4-fold drug increase in the hair follicles compared to the control
solution (2.23 + 0.26 and 0.66 *+ 0.14 pg.cm™?, corresponding to
0.89 # 0.11 and 0.27 + 0.06%.cm ™ 2), while FIN-ION increase was of
approximately only 1.5-fold (9.08 + 0.67 and 6.11 = 0.20 pug.cm ™2,
corresponding to 1.82 = 0.14 and 1.23 * 0.04%.cm™2). As pre-
viously discussed, FIN loading hampered nanoparticle deposition
within the hair follicles’ shafts. Nonetheless, FIN amounts achieved
were comparable to those found in the only study in the literature that
assessed the FIN accumulation within the pilosebaceous units.
Accordingly, Tabbakhian et al. reported ~2%.cm? of the applied drug
dosage was retained in the hair follicles of hamster skin (Tabbakhian
et al., 2006).

Hence, this better efficiency of DUT-ION in increasing DUT skin
penetration compared to the control solution does not make the FIN-
ION formulation less attractive for alopecia therapy.

4. Conclusion

Developed nanocarriers comprising lauric acid coated maghemite
loaded with FIN or DUT are promising formulations for the topical
treatment of alopecia, especially because they are completely con-
stituted by active molecules related to the follicle metabolism. Besides,
both nanosystems provided a higher skin drug penetration, consisting



L.A.F. Afiune, et al.

in a formulation that is easily prepared with an inexpensive synthesis
protocol, allowing higher yield, and facility for scaling up rendering
highly stable formulations, for at least 90 days. Noticeably, formula-
tions present desirable visual characteristics, as the dark color aspect
may instantly help disguise scarce hair follicle areas. Further clinical
studies are necessary for establishing treatment protocols.
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Abstract: Eco-friendly chemical methods using FDA-approved Pluronic F127 (PLU) block copolymer
have garnered much attention for simultaneously forming and stabilizing Au nanoparticles (AuNPs).
Given the remarkable properties of AuNPs for usage in various fields, especially in biomedicine, we
performed a systematic study to synthesize AuNP-PLU nanocomposites under optimized conditions
using UV irradiation for accelerating the reaction. The use of UV irradiation at 254 nm resulted in
several advantages over the control method conducted under ambient light (control). The AuNP-
PLU-UV nanocomposite was produced six times faster, lasting 10 min, and exhibited lower size
dispersion than the control. A set of experimental techniques was applied to determine the structure
and morphology of the produced nanocomposites as affected by the UV irradiation. The MTT assay
was conducted to estimate IC50 values of AuNP-PLU-UV in NIH 3T3 mouse embryonic fibroblasts,
and the results suggest that the sample is more compatible with cells than control samples. Afterward,
in vivo maternal and fetal toxicity assays were performed in rats to evaluate the effect of AuNP-PLU-
UV formulation during pregnancy. Under the tested conditions, the treatment was found to be safe
for the mother and fetus. As a proof of concept or application, the synthesized Au:PLU were tested
as contrast agents with an X-ray computed tomography scan (X-ray CT).

Keywords: gold nanoparticle; Pluronic F127; nanocomposites; UV accelerated synthesis; X-ray
computed tomography; cytotoxicity; maternal and fetal toxicity assays

1. Introduction

Gold nanoparticles (AuNPs) display unique physicochemical properties, mainly re-
lated to the localized surface plasmon resonance (LSPR) phenomenon and following appli-
cations [1,2]. For multiple purposes, they are engineered into highly stable colloidal suspen-
sions, and using different surface functionalization procedures, they show biocompatibility
and colloidal stability in physiological conditions and in vivo assays [3,4]. Consequently,
this nanomaterial has recently found meaningful applications in cell imaging and thera-
peutic processes in addition to different types of optoelectronic devices such as biosensors,
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solar cells, and surface-enhanced Raman spectroscopy, as well as in photocatalysis [5-12].
In the biomedical field, AuNPs have been used in electrochemical dopamine sensors [13]
and intensified in early diagnosis of Parkinson’s disease [14]. New approaches to the
fabrication of sensing platforms have been proposed, for instance, combining plasmoni-
cally active waveguides with microfluidics [15] or using single plasmonic nanoparticles as
ultrasensitive sensors [16]. Concerning therapeutic uses, studies suggested AuNP systems
for the controlled delivery of anticancer agents, resulting in enhanced antitumor activity
with negligible toxicity to major organs [17]. Despite this, there is a need to thoroughly in-
vestigate the potential toxicological effects of AuNPs during pregnancy, particularly given
their ability to cross the placental barrier and enter fetal circulation [18,19]. Studies have
suggested that the size, shape, surface charge, and surface coating of gold nanoparticles
can impact their toxicity, and it is likely that the same factors will influence their potential
effects during pregnancy [19]. In addition, the route of administration may also be an
important consideration, as the risks associated with intravenous administration may differ
from those associated with topical or oral administration. Thereby, it is necessary to know
all their possible toxicological effects [20] in order to harness all the advantages offered by
this nanomaterial when delivering therapeutic formulations.

Regarding the light-matter interaction, the LSPR phenomenon in metal nanoparticles
(NPs) is based on the resonance condition achieved between the frequencies for the collec-
tive oscillation of conduction band electrons in the NPs and the incident electromagnetic
radiation. In the resonance condition, the wavelength of incident light is about ten times
greater than the size of the NPs when the maximum LSPR extinction is reached. The
resulting and very active LSPR band leads to unique scattering and absorption spectra for
the NPs. In terms of NP structure, the resonance frequency depends on their size, shape,
aggregation extent, surface chemistry, dielectric properties of the surrounding medium,
and the level of interparticle interactions.

Among synthetic/engineering methods for producing AuNP with tailored character-
istics, chemical methods have been dominant so far, enabling the production of a variety
of nanostructures in sizeable amounts [21-23]. In addition, new approaches have been
developed such as the novel high-throughput (HTP) synthetic platform for AuNPs, consist-
ing of an HTP centrifugal microfluidic device and a portable automatic workstation. [24],
sodium glutamate and sodium dodecyl sulfate as reducing and stabilizing agents [25],
using the block copolymer template approach [26], and continuous in-flight synthesis [27].
Eco-friendly approaches have also been explored, for example, using natural extracts [28],
biocompatible polymers [29], or light of different wavelengths [30] as reducing agents.

A particular type of chemical synthesis, which is the subject of the present contribu-
tion, is that performed at room temperature by simply mixing aqueous chloroauric acid
(HAuCly) and FDA (Food and Drug Administration)-approved block copolymers display-
ing a triblock PEO-PPO-PEO structure PEO: poly(ethylene oxide); PPO: poly(propylene
oxide). Commercially available under the name Pluronic, one of its several grades, F-127
was used in this study These copolymers are water soluble and work simultaneously as
reducing and stabilizer agents [29]. The main advantage of such a method is that colloidal
stabilization is achieved simultaneously with NP formation and no other reducing agent
is required. The dynamics of the redox reactions and the size and size distribution of the
produced AuNPs are influenced by the Au:copolymer stoichiometry and the copolymer
molecular weight/architecture. Indeed, these variables can be adjusted to produce AuNPs
with controlled size and distribution. Isothermal calorimetry titration performed in a subse-
quent study revealed that during the formation of F127:Au nanocomposites, at a very low
F127:Au molar ratio (below 0.05), the association between tetrachloroaurate anion (AuCly ™)
and F127 is the prevailing event (exothermic process). However, at a larger F127:Au (0.05 to
0.12), particle growth becomes dominant when the Au’ nuclei and poly(propylene oxide)
block interact by entropic hydrophobic forces [31]. In parallel, cyclic voltammetry indicated
that complete reduction of Au®* occurs only above the critical micellar concentration (cmc)
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(~0.2-0.8 wt%) of F127 [31]. Another study suggested that the size and polydispersity of
these AuNPs depend almost exclusively on the copolymer concentration [32].

A recent detailed study on the formation of AuNPs as a result of the reduction of
chloroauric acid with Pluronic block copolymers [33] demonstrated that in the course
of this reaction, the copolymer chains undergo oxidation, although the oxidation of the
polymer does not go all the way down to carboxylic acids. Analysis of the soluble products
suggested that the copolymer undergoes partial degradation, preferentially at the PPO
sites, with cleavage of the C—O bonds. Although the purified AuNPs contained organic
components (13%, m/m), no PPO groups were observed in them, suggesting that PPO
chains or intact Pluronic molecules are not adsorbed on the particle surface. Interestingly,
the analysis of soluble products revealed the presence of the CHz group of PPO. The
product analysis also indicated the presence of newly formed OH groups both in the
purified AuNPs and in the soluble products. The reaction involves the formation of free
radicals and hydroperoxides, which depends on the oxygen concentration. The purified
nanoparticles contain organic components but can be fully separated from the excess of the
copolymer. Various reaction parameters such as pH, temperature, sodium chloride addition,
and the concentration of the reactants affect the rate of the reaction and the yield and
morphology of the resulting AuNPs [33]. A further step to optimize this synthesis process
would be the implementation of UV irradiation to accelerate the synthesis and to control
shape and physicochemical properties of the produced NPs [34-38]. The UV irradiation
generates a photoexcited species ([AuCly]~*) that undergoes successive disproportionation
and reduction reactions leading to the formation of metallic gold atoms and the initial
formation of gold nanoparticles [37]. This reduction process is faster than that promoted by
the block copolymer alone, which mainly functions as a template for the formation of the
nanoparticles. As a result of these different reaction dynamics, better control of the size
distribution of the nanoparticles can be achieved.

Aiming at optimizing this eco-friendly, one-step synthesis method, by simply mixing
aqueous chloroauric acid (HAuCly) and PLU, here we report a systematic study involving
the synthesis of Au:PLU nanocomposites assisted with UV irradiation. We found that
the most important benefits of using UV irradiation 254 nm/16 W were that an Au:PLU
nanocomposite of a specific formulation is produced about six times faster and with lower
size dispersion than that made under ambient light. Those are great advantages since they
offer a more cost-effective way to fabricate AuNPs with tailored properties to enable their
use in different fields, especially in the biomedical field. A set of experimental techniques
(UV-vis, Fourier Transform Infrared (FTIR) spectroscopies, thermogravimetry (TGA), trans-
mission electron microscopy (TEM), measurement of the sedimentation coefficient using
analytical ultracentrifugation (SV-AUC), and cyclic voltammetry) was performed to deter-
mine the structure and morphology of the nanocomposites as affected by UV irradiation.
Then, the biological properties of the Au:PLU nanocomposites were assessed using in vitro
cytotoxicity and in vivo maternal and fetal toxicity assays in rats. As a proof of concept
or application, the Au:PLU synthesized in the absence/presence of UV irradiation were
tested as contrast agents in an X-ray computed tomography scan (X-ray CT).

2. Materials and Methods
2.1. Materials

Pluronic block copolymer F-127 (PLU, MW 12,600 g/mol), chloroauric acid trihydrate
(HAuCly.3H70) 99%, and dimethyl sulfoxide (DMSO) were purchased from Sigma—-Aldrich
(St. Louis, MO, USA). Analytical grade HC1 36%, HNOj3; 65%, and KC1 99% were purchased
from Vetec, Duque de Caxias-R], Brazil. All chemicals were used as received. All experimen-
tal procedures, including solution preparations and glassware cleaning, were performed
with ultra-pure water (resistivity: 18 M()/cm) supplied by a Millipore Milli-Q water pu-
rification system. UV-assisted synthesis of AuNP-PLU nanocomposites was carried out in
borosilicate beakers (5 mL), previously cleaned with aqua regia solution (HCl/HNOs, 3:1,
v/v) and rinsed properly with ultrapure water.
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2.2. UV-Assisted Synthesis of AuNP-PLU Colloidal Nanocomposites

Precursor aqueous solutions of HAuCly and PLU were prepared at room temperature
with magnetic stirring. Colloidal AuNP-PLU were synthesized following the standard
protocol as reported in [31] using gentle hand mixing of PLU and HAuCly aqueous solutions
at proper compositions (10:1 v/v) and then leaving them to rest. Additionally, part of the
reaction mixture was submitted to UV irradiation (254 nm, 16 W, 25 °C) inside a lab-made
chamber as reported elsewhere [37]. Two sets of AuNP-PLU samples were prepared, with
either fixed or varied concentrations of HAuCly and PLU, as described in Table 1. In
group 1, samples were prepared with a fixed 2 mmol L~! HAuCl, concentration and PLU
concentrations (X) varied between 0.1 and 10 mmol L. Samples labeled “UV” denote
the reaction performed under UV 254 nm irradiation. This range of PLU concentrations
comprises values below and above its critical micellar concentration (CMC), which is
0.6 mmol L~ [39]. In group 2, the PLU concentration was kept fixed at 2.0 mmol L~ to
ensure the micellar structure, whereas the HAuCly concentration (Y) was varied between
1.0 and 4.0 mmol L~!, resulting in samples labeled YUV:AuNP-PLU. Control samples were
prepared in the same way but under ambient light. The UV-assisted syntheses were carried
out for different periods of time, up to 50 min, while the control sample was carried out for
up to 300 min. Nonetheless, the reaction reached completion at about 10 min for most of the
AuNP-PLU compositions, when it could be detected a color change in the reaction mixture
from yellow to pink (Figure 1A). The UV-vis spectra precursors and control samples can
be found in Supplementary Figure S1. After syntheses, the samples were transferred to
common Eppendorf tubes (2 mL) and centrifuged (Mikro 22R, HETTICH Zentrifugen,
Tuttlingen, Germany) at 12,000 rpm for 120 min at 10 °C to remove the excess PLU. In order
to conduct Raman characterization and thermogravimetric analysis (TGA), solid samples of
AuNP-PLU were obtained using extensive centrifugation and lyophilization as previously
described [31] The obtained powder sample was labeled s-AuNP-PLU:XUV.

Table 1. Labeling of samples resulting from mixtures of aqueous solutions of precursors.

Concentration (mmol L—1)

Samples
PLU (X) HAuCly (Y)

AuNP-PLU:0.1UV 0.1

AuNP-PLU:0.3UV 0.3

AuNP-PLU:0.5UV 0.5

AuNP-PLU:1.0UV 1.0

AuNP-PLU:2.0UV 2.0 2.0
AuNP-PLU:4.0UV 4.0

AuNP-PLU:6.0UV 6.0

AuNP-PLU:8.0UV 8.0
AuNP-PLU:10.0UV 10.0

1.0UV:AuNP-PLU 1.0
3.0UV:AuNP-PLU 2.0 3.0
4.0UV:AuNP-PLU 4.0

2.3. Structural and Morphological Characterizations

Ambient light and UV-assisted syntheses were continuously monitored, ex situ, using
UV-vis spectroscopy in the range of 185-900 nm, at 0.1 nm resolution, and a scan rate of
600 nm/min (0.1 s integration by 1 nm) the spectrophotometer (Shimadzu UV 2600, Shi-
madzu Europe, Duisburg, Germany) and quartz cuvette of 1.0 cm optical path. UV-vis
spectra were recorded at different time intervals until the absorbance of the LSPR band
reached a plateau. FTIR spectra were registered using the attenuated total reflectance (ATR)
method (Novertex 70, Bruker Corporation, Billerica, MA, USA), with a spectral resolution
of 4 cm~! and 1 scan/min for 27 min. An aliquot of 10 pL of the colloidal suspensions
AuNP-PLU:2.0UV, AuNP-PLU:2.0 (used as control), or plain PLU solution was dropped
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onto the ATR crystal and left to dry. Afterward, successive spectra were recorded, moni-
toring the water’s hydroxyl stretching band (v O-H), in order to confirm the sample was
dried before registering representative spectra of samples.
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Figure 1. (A) UV-vis spectra obtained from monitoring the AuNP-PLU:2.0UV formation from the
precursor mixture (HAuCl4 + PLU) at t = 0 and after 10 min. The formation of the AuNP-PLU:2.0UV
nanocomposite is observed after 10 min. The lower and upper insets show digital snapshots of the
reaction mixture at t = 0 min and t = 10 min and changes in the maximum absorption for AuNP-
PLU:2.0UV of the plasmonic band during the photoexcitation time, respectively. (B) The observed
rate constant of AuNP-PLU:2.0UV and AuNP-PLU:2.0 by the PLU concentration used in the synthesis
process, as indicated.

Thermogravimetric analysis (TGA) curves were registered with a DTG60H (Shimadzu
Corporation, Kyoto, Japan) system from 25 to 600 °C with a heating rate of 10 °C/min
in a Np atmosphere with a flux rate of 30 mL/min in an aluminum sample holder. This
equipment provides measurements with an uncertainty of 0.5%/weight.

The morphology of the AuNP-PLU samples was observed using transmission electron
microscopy (TEM) carried out with a JEOL 2100 microscope. The mean diameter (DTEM)
and polydispersity index (o) were determined from size histograms fitted with a log-normal
distribution function. The diameters of approximately 1000 particles, measured with the
aid of the Image ] software in different TEM images, were used to build the histograms. In
addition, the hydrodynamic diameter and zeta potential of colloidal samples were deter-
mined using dynamic light scattering and electrophoresis mobility, respectively, measured
with a Zetasizer Nano ZS Malvern Instruments, UK. The analyses were performed at a
scattering angle of 173° at 25 °C using a 4 mW He-Ne laser operating at 632.8 nm.

Cyclic voltammetry (CV) was used to estimate the amount of Au* ions that were
not reduced during synthesis and thus qualitatively evaluate the efficiency of chemi-
cal/photochemical reduction. Voltammograms were recorded with a Metrohm poten-
tiostat/galvanostat model Autolab PGSTAT 204 in a three-electrode configuration cell
(Ag/AgCl reference electrode with saturated KCl, Pt wire as the counter electrode, and
an indium-doped tin oxide (ITO) slide—0.60 cm? active area—as the working electrode).
The electrochemical cell was filled with the HAuCly-PLU mixtures or AuNP-PLU samples
containing KCI (0.1 mol L) as the supporting electrolyte. Experiments were carried out
at 25 °C at 50 mV /s after purging the electrochemical cell with N for 5 min.

The particles produced using UV irradiation (AuNP-PLU:2.0UV) and using ambient
light (AuNP-PLU:2.0) were investigated with sedimentation velocity analytical ultracen-
trifugation (SV-AUC) using a Proteome-Lab XL-A analytical ultracentrifuge equipped with
a 4-hole titanium An-60 Ti rotor, cells with 12 mm path length, a double channel centerpiece,
and quartz windows (Beckman Coulter, Brea, CA, USA). The assay was carried out at
2500 rpm at 20 °C in a vacuum system. Absorbance was measured at two wavelengths
(260 and 530 nm) at scanning intervals for each sample reading of 2 min with 0.007 cm
radial resolution. PLU absorbs at 260 nm, whereas AuNP-PLU absorbs at 530 nm. The
collected radial scans were analyzed using the size distribution analysis Is-g(s) model with
the SEDFIT v14.7 software using a resolution of 400, a sedimentation coefficient analysis
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interval of 0-10,000, and a confidence level of 0.951. The c(s) was calculated using the
appropriate correction for the viscosity and density of water at 20 °C (S20,w) with the
SEDFIT software.

2.4. Cell Viability Test
2.4.1. Cell Culture

NIH-3T3 mouse embryonic fibroblast cells (ATCC® CRL-1658TM) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco® Life Technologies, Ltd., Carlsbad, CA,
USA) supplemented with 10% (v/v) fetal bovine serum (Gibco® Invitrogen™, Waltham,
MA, USA) and antibiotics (100 TU mL~! penicillin and 100 pg mL~! streptomycin-Sigma-
Aldrich) at 37 °C in a 5% CO, incubator.

2.4.2. In Vitro Cytotoxicity Assay

The NIH-3T3 cells were seeded at a density of 5 x 103 cells per well in 96-well plates.
After 24 h of incubation, 200 uL of the culture medium containing AuNP-PLU:2.0UV (0.22
to 3.4 uM AuNP; 0.03-0.41 mM PLU) were added to the wells for 15 min or 24 h. Following
15 min exposure, cells were rinsed twice with phosphate buffer saline (PBS pH 7.4), and
then the culture conditions were reestablished for 24 h. The potential cytotoxic effect was
determined using a (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Waltham, MA, USA) assay. Cells were incubated with MTT solution (5 mg mL~1) for
2 h, and the colorimetric product, formazan crystals, was solubilized in DMSO. The ab-
sorbance values were measured with a spectrophotometer (Molecular Devices SpectraMax
M2® Silicon Valley, CA, USA) at 595 nm. The raw data were normalized to the control
data (cells treated with culture medium containing PBS, PBS replaced AuNP-PLU:2.0UV).
The IC50 value (half-maximal inhibitory concentration) was calculated using a nonlin-
ear regression dose-response analysis with AuNP concentration in logarithm. Results
were expressed as mean =+ standard deviation (SD) of triplicate determinations from three
independent experiments (n = 9/concentration). The AuNP-PLU:2.0 (0.05 to 0.86 pM AuNP;
0.03-0.48 mM PLU) and PLU solutions were tested under the same conditions for
comparison purposes.

2.5. In Vivo Maternal and Fetal Toxicity of AuNP-PLU:2.0UV in Rats

Adult female (180-200 g) and male (220-240 g) Wistar rats were maintained in
cages for three rats with autoclaved wood chips under standard laboratory conditions
(23 £ 2 °C, humidity 50 = 10%, 12 h light/dark cycle), with pelleted food and tap water
provided ad libitum. The local Experimental Ethical Committee for Animal Research
approved procedures and animal handling protocols used in this study (Protocol Number:
23108.022668 /2019-23).

After two weeks of acclimation in the vivarium of the Laboratory of System Physiology
and Reproductive Toxicology, Federal University of Mato Grosso (UFMT), all female
rats were mated overnight with male rats. Gestational day zero (D0) was recorded and
assigned the following morning when spermatozoa were found in the vagina smear [40].
The pregnant rats were randomly distributed using computer random numbers into two
experimental groups (n = 12 animals/group): Control = pregnant rats treated with water
and Treated = pregnant rats treated with AuNP-PLU:2.0UV. The rats were treated with
AuNP-PLU:2.0UV or vehicle (water) in the morning with the intragastric route (gavage)
during pregnancy (from gestational day O to 21). The dosage selection of AuNP-PLU
(137.5 ng/kg) was made according to the previously reported dose [4], which in humans is
equivalent to 22 ug/kg based on the body surface area (BSA) [41].

On days 0, 7, 14, and 21 of pregnancy (at 9 a.m.), the maternal body weights, food, and
water consumption were determined. On day 21 of pregnancy, the rats were anesthetized
using sodium pentobarbital (Thiopentax®-120 mg/kg). Then, they were submitted to
laparotomy for exposure to uterine horns. The gravid uterus was, withdrawn, weighed,
and dissected. The percentage of embryonic loss before and after implantation was cal-
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culated [42]. Fetuses and placentas were weighed. Fetuses were then classified by body
weight [43] and evaluated to determine the presence of external anomalies. After external
analysis, half of the fetuses were fixed in Bouin’s fluid, and serial sections were prepared as
described by Wilson [44] for visceral examination. The remaining fetuses were prepared
for an examination of skeletons using the staining procedure of Staples and Schnell [45]. In
addition to the skeletal analyses, counting of ossification sites was performed to determine
the degree of fetal development [46,47].

The Student’s t-test was performed to evaluate mean values, whereas the Fisher Exact
test was conducted to compare percentages. p < 0.05 was applied and considered as the
limit of statistical significance.

2.6. X-ray Computed Tomography Scan

CT images were performed at the Laboratoério de Caracterizagao Tecnoldgica, Escola
Politécnica, Universidade de Sao Paulo-SP, Brazil. Liquid samples containing the syn-
thesized nanocomposites were stored in Eppendorf and analyzed in batches containing
6 samples using the 3D X-ray microscope: Zeiss Xradia Versa XRM-510 equipment, for
beam energies of 80, 100, 120, and 140 KV. The attenuation coefficients of air and deionized
water were used for calibration. The AuNP-PLU:2.0UV with Au of 1.23 mg/mL sample was
compared with Optiray@320_1 (Liebel-Flarsheim Company LLC, Raleigh, NC, USA (EUA)
containing I at the same concentration (I = 1.23 mg/mL) and AuNP-PLU: 2.0 containing a
Au concentration of 1.09 mg/mL was compared with Optiray@320_2 with I at the same
concentration (I = 1.09 mg/mL).

3. Results and Discussion
3.1. Effect of the UV Light on the Features of Synthesized AuNP-PLU
3.1.1. Kinetics of UV-Assisted Synthesis of AuNP-PLU

The formation of the AuNP-PLU NC under UV light was monitored using UV-vis
spectroscopy with the evolution of the typical LSPR band of AuNPs. An overview of the
formation of AuNP-PLU:2.0UV, chosen as the reference sample, is provided in Figure 1. In
Figure 1A, the UV-vis spectra recorded at different time intervals display the LSPR band
typical of AuNPs from the very beginning of the reaction. The LSPR band is centered at
526 nm for t = 10 min. The inset in Figure 1A shows digital snapshots of the reaction
mixture at t = 0 min and t = 10 min. After 10 min of reaction, the typical pink color of
AuNPs is clearly seen. Otherwise, for the reaction carried out under ambient light, the
formation of AuNPs is visually detected solely after 60 min (as observed in ref. [32], where
the LSPR band is centered at 536 nm), thus indicating that UV irradiation accelerates
the reaction and the LSPR band of AuNP-PLU:2.0UV is blue-shifted in comparison to
the sample AuNP-PLU:2.0. Indeed, Supplementary Figure S2 displays isotherms for the
formation of AuNP-PLU under ambient light (AuNP-PLU:2.0) (data from ref. [32]) and UV
irradiation (AuNP-PLU:2.0UV). Although both isotherms show an asymptotic behavior, it
is noted that the reaction is much faster in the presence of UV irradiation, which reaches
equilibrium in about 10 min, in contrast to the reaction carried out under ambient light,
which reaches equilibrium in about 60 min. Experimental data were further fitted with a
first-order kinetics model as expressed by Equation (1):

AbSyay = Abses (1 — exp*kﬂb5t> @)

In Equation (1), Absyay is the maximum LSPR absorbance (in arbitrary units) in the
reaction time ¢ (expressed in min), Abse is the absorbance of the LSPR band at an infinite
time of reaction (in arbitrary units), k. is the observed rate constant (in min~1), and # is
the reaction time (in min). As shown in Figure 1B, k,,; becomes independent of the PLU
concentration as the cmce condition is reached for both reaction conditions (ambient light
and UV irradiated). Nonetheless, ky; is about four times larger under UV irradiation.
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3.1.2. Evaluation of the Yield of AuNP-PLU-UV Production

Cyclic voltammetry (CV) was used to further investigate the effect of the UV irra-
diation by measuring the amount Au™ ions left over during reduction by PLU. This
experiment was conducted with the sample AuNP-PLU:0.1UV, which was produced with
the lowest PLU concentration, as well as with the sample 4.0UV:AuNP-PLU, which was
produced with the largest HAuCly concentration. In addition, the experiment also used the
sample AuNP-PLU:0.5, which was prepared under ambient light with the smallest PLU
concentration, but sufficient to produce sizeable amounts of AuNPs. As shown in Figure 2A,
the voltammogram (green curve) of the plain HAuCl4 solution clearly shows the Au®/Au®*
redox pair at +1.0 V and +0.56 V, respectively, plus the cathodic wave for Au'*/Au® at
—0.2 V. The voltammogram of plain PLU shows a subtle anodic event at +0.11 V. Indeed,
this is sufficient to reduce Au®* to Au”, which occurs at a much higher potential, as dis-
cussed in a previous contribution [32]. On the other hand, these electrochemical signals
almost disappear in the voltammograms of the nanocomposites as a result of the Au>*
reduction. Nonetheless, the sample AuNP-PLU:0.5 still has a considerable residual amount
of Au* (about 7 wt%), whereas in AuNP-PLU:0.1UV, the nanocomposite produced under
UV irradiation, this amount is only 0.3 wt%, even though this sample was produced using
a 5-fold lower PLU concentration. It is worth noting that the sample 4.0UV:AuNP:PLU,
which was produced in a less favorable composition with an excess of HAuCly, presented
only 1.5 wt% of unreduced gold ions. These observations are corroborated further by the
UV-vis spectra of these samples, as shown in Figure 2B. In particular, the absorption of
AuCly” species at 220 nm is only detectable in the spectra of the plain HAuCly solution and
AuNP:PLU:0.5, which were not submitted to UV irradiation. In summary, the implementa-
tion of UV irradiation not only accelerated the reaction performed under ambient light but
also increased its yield, even at a very low PLU concentration (AuNP-PLU:0.1UV).
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Figure 2. Cyclic voltammograms of the HAuCl4 solution at a concentration of 2.0 mmol L1, and the
AuNP-PLU:0.1UV (lowest PLU concentration), 4.0UV:AuNP-PLU NCs, and AuNP-PLU:0.5 control
sample, as indicated. (B) UV-vis spectra of the same samples displayed in (A), as indicated.

The percentual of PLU in the nanocomposites was estimated using TGA curves,
shown in Supplementary Figure S3. The TGA curves of the plain PLU, AuNP-PLU:2.0UV,
and AuNP-PLU:2.0 are very similar showing a single mass loss event around 400 °C,
which is regarded as the degradation of PLU. According to the derivative TGA, however,
the degradation of PLU occurs slightly below this temperature in the nanocomposites
as a result of the oxidation of PLU by Au®". The estimated concentration of PLU in
AuNP-PLU:2.0UV and AuNP-PLU:2.0 is approximately 20 mg/mL (1.58 mmol L~!) and
24 mg/mL (1.90 mmol L™!), respectively. In addition, the atomic absorption analysis
performed on AuNP-PLU:2.0UV and AuNP-PLU:2.0 samples gives a gold concentration of
3.12 mmol L~! and 2.77 mmol L=, respectively. These results corroborate those achieved
by cyclic voltammetry, which also suggested that the UV-assisted synthesis process has a
higher yield than that conducted under ambient light in the same compositional conditions.
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3.1.3. Morphology of AuNP-PLU

The morphology of the nanocomposite and the mean size of the AuNP cores were eval-
uated using TEM. Typical TEM micrographs of the AuNP-PLU:2.0UV and AuNP-PLU:2.0
samples are provided in Figures 3A and 3B, respectively. Both samples are composed
mainly of spheric-like nanoparticles. The high-resolution micrographs shown in the inset
also reveal a high crystalline appearance with regularly spaced crystallographic planes.
The interplanar distance in each sample was assessed using Image] software as follows:
2.36 A (AuNP:PLU:2.0) and 2.37 A (AuNP:PLU:2.0UV). These values are comparable to
that provided by the Joint Committee on Powder Diffraction Standards-crystallographic
plugs for the fcc structure of gold, which corresponds to the {111} family planes.

Figure 3. TEM micrographs of the AuNP-PLU:2.0UV sample (A) and of the AuNP-PLU:2.0 control
(B) both with a scale bar of 0.5 um and 5 nm in the respective insets. The upper insets depict a
crystalline plane {111} of gold nanoparticles; the lower insets (red and blue) show the nanoparticle
diameter histograms as vertical bars, as indicated. Data of (B) were reproduced with permission [31].
Copyright 2018, Elsevier B. V.

Particle size histograms were built with sizes measured in TEM micrographs and fitted
with a log-normal distribution function give the following diameter (Drgy) and standard
diameter deviation (o) attained from nanoparticle diameter histogram (vertical bars) fitted
with a log-normal distribution function, as displayed in Supplementary Figure S4. The
results were 12.2 + 0.2 (0 = 0.2 £ 0.02) and 18.5 & 0.2 nm (0 = 0.3 £ 0.27) for AuNp-
PLU:2.0UV and AuNP-PLU:2.0 [31], respectively. It is noticeable that AuNPs prepared
with UV irradiation are smaller with a standard diameter deviation lower than the control
AuNp-PLU:2.0. These findings show an improvement in the morphology of AuNPs
produced under UV irradiation. Furthermore, a thin polymeric coating around the UV-
synthesized AuNPs is seen in the TEM images (Figure 3A), while AuNPs control samples
are enfolded by the polymer (Figure 3B). Although the estimated concentration of PLU
in AuNP-PLU:2.0UV is only 20% less than in AuNP-PLU:2.0, it is intriguing that only a
thin PLU coating was seen in the micrographs of the former. This observation may be
associated with the higher yield of AuNPs when using UV light, but it could also be related
to a more extensive degradation/oxidation of PLU under UV light. These findings suggest
an improvement in the morphology of AuNPs produced under UV irradiation.

The concentration of AuNPs present in the NCs was estimated considering the data
of the mean diameter Dyt and the gold concentration obtained with atomic absorption
measurements. The values found were 13.6 and 3.4 umol L~ for the AuNP-PLU-2.0UV and
AuNP-PLU:2.0 samples, respectively. Considering those values as the amount of PLU being
adsorbed by AuNPs, the molar ratios given by the amount of PLU by AuNPs [PLU/AuNPs]
for AuNP-PLU:2.0UV and AuNP-PLU:2.0 are 116 and 559, respectively. These results
indicate that the amount of PLU by AuNP in the control sample is approximately 4-fold
greater than that in AuNP-PLU:2.0UV, which agrees with the TEM micrograph shown in
Figure 3B.
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According to the scattered intensity distribution data obtained with DLS measure-
ments (Supplementary Figure S5), the average hydrodynamic diameter of AuNP-PLU:2.0UV
and AuNPPLU:2.0is 37.2 &+ 2.2 nm and 50.2 & 0.4 nm, respectively, with a PDI of 0.2. These
findings indicated that the incidence of UV irradiation not only accelerates the reaction,
but it also decreases the size of the AuNP cores and the hydrodynamic size produced
by nanocomposites.

The size distribution of the NCs produced with UV-assisted synthesis and the control
using environment light was further analyzed using the apparent sedimentation coefficient
distribution (Is-g*(s)) in an SV-AUC assay, as described in the experimental section. This
approach is used without any knowledge of the partial specific volumes of the sedimen-
tation species, according to those previously described. Figure 4 displays the results for
AuNP-PLU:2.0UV and AuNP-PLU:2.0.
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Figure 4. Sedimentation velocity analytical ultracentrifugation assay. Typical raw sedimentation
profiles of absorbance at 530 nm versus cell radius for the particles present in the NCs are shown
in (A,B). Residual plot produced using SEDFIT v14.7 software showing the fitting goodness. The
lower panels show the apparent distributions of the sedimentation coefficient Is—g* (S) at 260 nm
(black) and 530 nm (red) obtained for AuNP-PLU:2.0UV (C) and control AuNP-PLU:2.0 (D). The
peaks correspond to different populations of nanoparticles and are indicated with Roman numerals.

When AuNP-PLU:2.0UV (Figure 4A) is subjected to a high-field centrifuge, uniform
sedimentation of the particles is observed with an exponential curve behavior that reaches a
concentration plateau (abs. ~0.8). The best fit of the curve in Figure 4A was attained with a
mathematical model based on the Lamm, which describes the spatial and temporal behavior
of the concentration considering the sedimentation by mass transport by diffusion [48].
Using the Is-g*(s) procedure, fair RMS deviation values (<0.007) were obtained for both
data sets. In the case of Is-g*(s) sedimentation profiles at 530 nm for photoexcited AuNP-
PLU:2.0UV, a single peak (Figure 4C) with sedimentation coefficient S20,w of 947.10S was
observed, indicating a homogeneous population of nanoparticles (Figure 4D and Table 2).
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Table 2. Sedimentation parameters of the nanoparticles.

Distribution at 530 nm Distribution at 260 nm
Synthesis Methods i i
y 1s-g* (S) Peaks S20,w Percen:;g)e Ratio 1s-g* (S) Peaks S20,w Percen:oa/g)e Ratio
I 1451.17 43.21 1 1418.534 44.17
I 2613.09 13.30 I 3555.02 43.80
1T 3477.32 20.04 1T 6118.22 2.71
v 4403.81 5.24 v 7145.20 3.26
Environment light A% 5030.07 4.98 \Y 8441.53 2.02
(Control) VI 5811.97 3.67 VI 9364.58 1.69
VII 6343.14 0.85
VIII 6681.68 1.44
X 7198.76 1.44
X 8125.44 2.16
photoexcited I 947.10 99.36 I 857.78 99.15

synthesis (UV)

However, for AuNP-PLU:2.0, which was produced under ambient light (Figure 4B),
faster sedimentation is observed, which may be associated with the presence of larger
particles. Similar to our previous report [31], the Is-g*(s) sedimentation distribution profiles
at 260 nm and 530 nm for this NC showed the highest and broadest peak with smaller and
less abundant ones, probably formed by heterogeneous particle populations according to
the distribution analyses.

The main particle population measured at 530 nm corresponds to peak I (43.2%)
with a sedimentation coefficient 520,w of 1451.17S, while the next two populations that
contribute significantly are those related to peak II (13.3%) and III (20.04%) with 2613.09S
and 3477.32S, respectively (Figure 4D and Table 2). Other peaks with less than 5% in
the distribution analyzed are also detected, suggesting a small content of other particle
sizes. A control experiment performed with plain PLU showed that the same conditions
of ultracentrifugation are unable to sediment the polymer during the experimentation
time. The similarity between the Is-g*(S) distribution versus S20,w at 260 and 530 nm
of the samples suggests that all particles detected are formed by complexes of gold and
polymer. The absence of polymeric aggregates without gold in its structure indicates that
the presence of gold or UV irradiation, by itself, does not induce spontaneous aggregation
of the polymer.

The SV-AUC results are in agreement with those found using transmission electron
microscopy (TEM), presented in Figure 3, where the sample synthesized with UV pho-
toexcitation (AuNP-PLU:2.0UV) presented a narrower size distribution. Indeed, the TEM
and SV-AUC characterizations show that implementation of UV irradiation improves the
reaction by producing samples with a more controlled size and size distribution.

3.1.4. The Role of UV Light and PLU on the Formation of AuNP-PLU

The results of the UV-vis and FTIR-ATR analyses presented in Figures 1 and 5 showed
that the PLU and HAuCly solutions do not show spectral variations when exposed to UV
radiation. Thus, the formation of AuNP-PLU is surely related to the effect of irradiation in
the reaction mixture (PLU + HAuCly).

The structural features of nanocomposites were evaluated further using ATR FTIR
and Raman spectroscopies. As shown in Figure 5, the ATR-FTIR spectrum of plain PLU
after being submitted to UV irradiation for 10 min does not show any signs of additional
oxidation or any conformational change, remaining identical to that not exposed to UV [31].
On the other hand, the spectrum of AuNP-PLU:2.0UV contains an additional broad band
between 1700 and 1750 cm !, which is ascribed to the C=O stretching in aldehydes, ketones,
or carboxylic acids, thus confirming the oxidation of the polymer when irradiated in the
presence of AuCly ™~ ions. In addition, the v(C-O-C) band is shifted to higher wavenumbers
(1100 to 1110 cm™1). This shift could be related to the presence of a lower amount of PLU,
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as observed in the TGA analysis of AuNP-PLU:2.0UV, or changes in PLU molecular weight
due to more extensive polymer degradation and oxidation in the UV light method.
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Figure 5. ATR FTIR spectra obtained for aqueous solutions of F127 at a concentration of 2.0 mmol L~
and the AuNP-PLU:2.0UV sample after 10 min of photoexcitation. Inset: enlarged view of the region
close to 1700 cm ™.

It is known that the thermal reduction of AuCl;~ in the presence of an aqueous
solution of various organic molecules creates AuNPs by the nucleation and growth pro-
cesses [49]. Usually, the first step is the association of anionic Au®>* complexes with the
organic molecules, followed by a multiple-step redox reaction that results in Au® nuclei and
oxidized organic molecules. In these cases, the size of AuNPs depends strongly on the rate
of reduction of the Au* species; an increase in the rate of the redox reaction creates a large
number of Au” nuclei and decreases the number of oxidized gold species in the solution.
The consequence is a more uniform growth of small AuNPs. The mechanism of AuNP for-
mation under UV irradiation of a reaction mixture containing HAuCly and citric acid seems
to be similar to the respective thermal mechanism, with the photoexcited citrate—AuClz ™
complex being responsible for the speeding up the formation of Au” nuclei [49].

It is well established that when trivalent gold ions AuCly ™ are irradiated with UV-light,
the reduction occurs in successive steps: (i) reduction into the unstable bivalent state Au?t;
(ii) disproportionation of Au®* into Au®* and Au'*; and (iii) reduction of accumulated
Au'" ions to Au® [35]. It is worthwhile to note that Au!* is not easily reduced as long
as Au®* ions are present in high amounts, and it does not disproportionate because the
reduction potential Au'*/Au’ is considerably negative (—1.4 V). Mallick et al. propose
that photolysis of HyO (UV source dependent) generates both H and OH radicals that
can react with organic molecules producing strong reducing molecular radicals, which are
able to reduce Au'* to Au® [36]. Thus, it can be concluded that the presence of organic
radicals is very likely to accelerate the formation of Au® nuclei. In this regard, Sokolsky-
Papkov and Kabanov studied the formation of AuNPs from HAuCly in the presence of
Pluronic F127, and they found a strong relation between the presence of oxygen reactive
species (i.e., superoxide, hydroxyl radicals, hydrogen peroxide), which were formed by the
decomposition of the hydroperoxides initially present in Pluronic, and the characteristics
of AuNPs [34]. Simply stated, as the amount of oxygen-reactive species increases, the size
and polydispersity of AuNPs reduce. Further, they concluded that Pluronic undergoes
oxidation/degradation with the formation of lower molecular mass alcohols. Although
this detailed study was performed without UV irradiation, it is reasonable to consider
that these oxygen-reactive species play an important role in the formation of AuNPs from
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HAuCly/PLU mixtures under UV light, and it may explain a great part of our results
regarding reaction time, size, morphology, yield, and polydispersity of AuNps.

3.2. In Vitro Cytotoxicity Assay

Figure 6 shows the effect of concentration and exposure time of AuNP-PLU:2.0UV and
AuNP-PLU:2.0 on the viability of NIH-3T3 cells. In the short term (15 min), the largest con-
centrations of AuNP-PLU:2.0UV and AuNP-PLU:2.0 caused a slight reduction in viability
compared to controls, less than 20%. However, after 24 h of incubation, AuNP-PLU:2.0UV
(at 1.7 pM) and 3.4 uM AuNP reduced respectively, about 62 and 90% of NIH-3T3 cells
viability, compared to control group. Additionally, for the same dose (0.86 uM), AuNP-
PLU:2.0UV was significantly less toxic (reduction of 26%) than AuNP-PLU:2.0 (reduction of
92%). The IC50 value estimated for AuNP-PLU:2.0UV was 1.29 uM (R? = 0.7453), whereas
the value for AuNP-PLU:2.0 was 0.32 uM (R? = 0.7495). Cells treated only with PLU showed
viability greater than 80% (Supplementary Figure S6).
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Figure 6. Effect of AuNP-PLU:2.0UV or AuNP-PLU:2.0 on viability of the NIH-3T3 cells determined
using an MTT assay. Cells were incubated with AuNP-PLU:2.0UV (A) or AuNP-PLU:2.0 (B) for
15 min or 24 h. AuNP concentrations ranged from 0.22 to 3.4 uM in the AuNP-PLU:2.0UV sample and
0.05 to 0.86 uM in the AuNP-PLU:2.0 sample. Data are presented as mean =+ standard deviation (SD)
from three independent experiments. Differences among groups were determined using the Kruskal—-
Wallis test and Dunn’s multiple comparison post hoc test. Asterisks indicate significant differences
compared to the respective control group: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

According to these findings, AuNP-PLU:2.0UV nanocomposites are potential can-
didates for use as biocompatible carriers of drug and/or contrast agents. In general,
information about the toxicity of NPs, particularly in vulnerable populations such as preg-
nant women and their fetuses, has lagged behind the development of new applications.
AuNPs can cross the placental barrier and directly damage fetal tissues and/or interfere
with proper placental development and function, creating a hostile gestational environment
for fetal growth and development [50]. There is evidence that 3-4 nm AuNPs cross the
human placental barrier in limited amounts and accumulate in the placental, depending on
their size and surface modification [51]. To support the safety-by-design concept within nan-
otechnology research, we seek to understand if AuNP-PLU:2.0UV impacts maternal—fetal
health using a model of pregnant rats.

3.3. In Vivo Maternal and Fetal Toxicity in Rats

While there may not be many studies specifically evaluating the maternal toxicity or
teratogenicity of AuNPs during pregnancy, there is some evidence suggesting that these
particles could have harmful effects [52-54]. Therefore, the toxicological effects of AuNPs
for both mother and fetus were evaluated. Table 3 shows the maternal toxicological param-
eters, and no differences were noted among the groups in maternal weight, gravid uterus
weight, food and water consumption, relative organ weight, and biochemical parameters.
In an animal laboratory, factors such as body weight and water and feed consumption,
as well as organ weight, are considered important parameters in the assessment of the
systemic toxicity of a substance [55]. In addition, increased AST and ALT concentrations in
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blood are used as biochemical markers of hepatic tissue damage, and urea and creatinine
are used to evaluate renal function [43]. Our data showed no differences in these parameters

between groups, thus suggesting that treatment performed with AuNP-PLU:UV should
not impart maternal toxicity.

Table 3. Maternal toxicological parameters of rats treated with water (Control) or AuNP-PLU:2.0UV
(Treated) during the pregnancy.

Groups
Control Treated
(n=12) (n=12)
Weight gain in pregnancy (g)

1st week 19.75 £ 5.96 20.42 +£7.95

2nd week 22.75 £ 10.60 20.75 +4.90
3rd week 79.67 £ 15.76 79.67 £ 15.76

Total body weight gain—WG 1211+ 122 115.3 £ 19.0

Gravid uterus weight—GUW (g) 725 +19.3 794 +12.1
BWG minus GUW (g) 44.27 4+ 14.96 38.34 + 10.65
Daily food consumption (g) 20.32 £2.11 21.39 & 2.60
Daily water intake (mL) 55.55 + 6.96 56.48 + 12.64

Relative organ weight (g/100g)

Heart 0.31 +0.03 0.31 4+ 0.03

Liver 3.94 +0.41 3.98 +0.31

Spleen 0.22 £+ 0.06 0.20 £ 0.02

Kidneys 0.55 4 0.04 0.55 4+ 0.03

Biochemical serum parameters

ALT (U/L) 41.41 +10.61 39.50 £+ 8.79
AST (U/L) 145.82 +32.42 127.98 + 42.13

Urea (mg/dL) 45.43 + 8.69 49.80 +7.70

Creatinine (mg/dL) 0.62 £0.16 0.58 £ 0.12

Data shown as mean =+ standard deviation (SD). p > 0.05 compared with the Control group (Student’s ¢-test).

For the success of pregnancy, it is essential that, during the implantation period,
the physiological and molecular processes are coordinated, involving close interactions
between the uterus and the blastocyst [56]. The pre- and post-implantation loss rates did
not differ statistically among the groups (Figure 7).

12

O Control

10

W Treated |

Percentage (%)

Pre-implantation loss Postimplantation loss

Figure 7. Percentage of losses of embryos before and after implantation at the term of pregnancy
(DP21) for rats treated with water (Control) or AuNP (Treated) during pregnancy. p > 0.05 compared
with the Control group (Fisher’s Exact test).

During pregnancy, exposure to toxic agents may lead to different effects ranging from
functional or morphological changes, developmental delay, and anomalies to lethality
in fetuses [57]. Figure 8 shows fetal and placental development. The rats that received
AuNP presented a decrease in placenta weight and skeletal anomalies rate and an increase
in normal (without anomalies) fetuses rate. Although the AuNP-PLU:UV treatment de-
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creased placental weight, this modification did not affect fetal development, which showed
unchanged fetal weight, weight classification, and ossification sites.
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Figure 8. Fetal and placental development of rats treated with water (Control) or AuNP (Treated)
during pregnancy. (A)—Fetal weight. (B)—Percentages of fetuses classified as small (SGA), adequate
(AGA), or large (LGA) for gestational age. (C)—Ossification sites of fetuses. (D)—Placenta weight.
(E)—Percentage of anomalies. (F)—Image of normal sternebra of rat fetuses. (G)—Incomplete
ossification of sternebra (arrow). * p < 0.05 compared with the Control group (A,C,D—Student’s t-test;
B,F—Fisher’s Exact test).

3.4. X-ray CT Scanner

X-ray computed tomography (CT) is an imaging technique used to uncover the in-
terior features of a patient body in a three-dimensional view. The CT image stems from
attenuation of the X-ray intensity by the body parts, in such a way that denser parts will
attenuate more than softer ones. CT images can be produced from plain organs, but better
resolution is only achieved using contrast agents, such as iodine and gadolinium. Indeed,
greater atomic number elements will attenuate the incoming X-ray more [58].

Figure 9A shows CT images of AuNP-PLU: 2.0UV with Au of 1.23 mg/mL, compared
with Optiray@320_1 containing I at the same concentration (I = 1.23 mg/mL), and AuNP-
PLU: 2.0 containing Au concentration of 1.09 mg/mL, compared with Optiray@320_2
with I at the same concentration (I = 1.09 mg/mL) attained for beam energies of 80, 100,
120, and 140 KV. Figure 9B displays variations in the CT number with the beam energy
for the commercial iodine contained contrast Optiray@320 and photochemically made
Au-PLU:2.0UV. To compare, samples of both contrast agents were tested at the same
concentration (expressed in mmol L~! of iodine or gold). Data from AuNP-PLU:2.0UV
containing a Au concentration of 1.23 mg/mL was compared with data from Optiray@320_1
with an I concentration of 1.23 mg/mL. Similarly, AuNP-PLU: 2.0 with a Au concentration
of 1.09 mg/mL was compared with an Optiray@320_2 sample with an I concentration of
1.09 mg/mL.
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Figure 9. (A) CT images of AuNP-PLU:2.0UV with Au of 1.23 mg/mL compared with Optiray@320_1
containing I at the same concentration (I = 1.23 mg/mL), and AuNP-PLU:2.0 containing a Au
concentration of 1.09 mg/mL compared with Optiray@320_2 with I at the same concentration
(I=1.09 mg/mL) attained for beam energies of 80, 100, 120, and 140 KV. (B) CT number attained for
the same samples displayed in (A) as a function of beam energy.

As shown in Figure 9B, the Au-PLU samples provide CT contrast comparable to
iodine for a same beam energy. Likewise, the CT number achieved with both agents is
similar and decreases more or less linearly with the beam energy, as shown in Figure 9B.
Furthermore, it is observed that the nanocomposite AuNP-PLU:2.0UV shows a closer CT
number to its iodine control (Optiray@320_1) than the AuNP-PLU:2.0 when compared
with Optiray@320_2. It is noteworthy that despite its established use, iodine as a contrast
agent can promote unwanted side effects, ranging from a simple skin allergy to more
acute effects including vascular permeation and renal toxicity [59]. Indeed, many patients
cannot use iodine at all when submitted to CT procedures. Gadolinium is an alternative,
although it provides lower contrast at comparable doses [60]. Recently, AuNPs were
tested for this task and showed even better attenuation ability than iodine allied to longer
circulation time, which enables for more accurate observation of vessels and tissues [61].
Furthermore, they can be designed with biocompatible and non-toxic surface coatings,
which mitigate eventual side effects during administration [62]. Considering that the
proposed photochemical method uses light instead of a reducing agent and that PLU is
recognized for its biocompatibility and negligible toxicity, the present Au-PLU:2.0UV is a
potential contrast agent for CT.

4. Conclusions

In this study we employed an UV-assisted synthesis protocol to produce biocompatible
colloidal nanocomposites, comprising gold nanoparticles (AuNPs) and Pluronic F127
(PLU). Under optimized conditions, the proposed synthesis process produces AuNP-
PLU nanocomposites at much faster rates (at least six times) than the process conducted
under ambient light. Moreover, the synthesized nanoparticles display a controlled shape,
narrower size distribution, and lower levels of PLU. Cytotoxicity assays demonstrate
that the AuNP-PLU produced under UV irradiation is significantly less toxic than that
produced under ambient light. In vivo maternal and fetal toxicity assays in rats reveal
this nanocomposite is safe for both mother and fetus. As a proof of concept, we tested the
nanocomposite as a contrast agent in X-ray computed tomography scans and found that it
performs similarly to the commercially available iodine contrast agent Optiray@320. This
is a promising feature, suggesting that AuNP-PLU synthesized under UV irradiation has
high potential as a biocompatible nanocarrier and contrast agent.
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Abstract: Phosphates in high concentrations are harmful pollutants for the environment, and new
and cheap solutions are currently needed for phosphate removal from polluted liquid media. Iron

lCJTJedc :I:tfgsr oxide nanoparticles show a promising capacity for removing phosphates from polluted media and
Citation: Ramirez, PD.; Lee, C.; can be easily separated from polluted media under an external magnetic field. However, they have to
Fedderwitz, R;; Clavijo, AR ; display a high surface area allowing high removal pollutant capacity while preserving their magnetic
Barbosa, D.P.P; Julliot, M.; properties. In that context, the reproducible synthesis of magnetic iron oxide raspberry-shaped
Vaz-Ramos, J.; Begin, D.;Le Calvé, S, nanostructures (RSNs) by a modified polyol solvothermal method has been optimized, and the con-
Zaloszyc, A.; etal. Phosphate ditions to dope the latter with cobalt, zinc, and aluminum to improve the phosphate adsorption have
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Finally, the adsorption of phosphates as a function of pH, time, and phosphate concentration has
been studied. The undoped and especially aluminum-doped RSNs were demonstrated to be very
effective phosphate adsorbents, and they can be extracted from the media by applying a magnet.
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1. Introduction

Phosphates released into the environment come from agricultural (fertilizers) and
industrial sources, from human excreta, and from phosphate-based detergents or washing
powder. In Western Europe, point-source phosphate pollution is estimated at 3.5 grams
per capita per day: 1.2 grams from human excreta, and the rest mainly from detergents.
Moreover, 0.5 to 2.5% of phosphorus used in fertilizers is washed away from cultivated soils
Attribution (CC BY) license (https:// by rai.n aﬁd c.irainage water [1]. Phpsphates are the main cause Qf ?utrophication and .dys—
creativecommons.ore /li trophication in France and worldwide. Although they are not toxic in themselves for animal

.org/licenses/by/
10/). and plant life, they are harmful to the environment when present in high concentrations:
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they become real fertilizers for aquatic environments, which they help enrich excessively in
organic matter. For instance, the algae growth induced by phosphorus makes waters less
attractive for swimming and other aquatic recreation and degrades the conditions that fish,
bugs, wildlife, and desired plants need to grow. In addition to these pollution problems,
phosphorus remains a scarce resource, and world reserves of phosphates are limited [2].
A shortage of phosphate fertilizers would have significant consequences for world food
production. It is therefore urgent to find solutions for phosphorus recovery.

Iron oxide nanoparticles have been widely developed to remove phosphates from pol-
luted media [3-6] and appear to be very suitable compounds to enhance the phosphate
removal from polluted media due to the high affinity of phosphate for iron. In addition, iron
oxide nanoparticles may be recycled. Indeed, an earlier study using iron oxide nanoparticles
of 40 nm demonstrated that it was possible to recycle iron oxide nanoparticles by adjusting
pH, and the performance was maintained after several cycles [7]. The effective recycling
implies that the nanoparticles can be easily separated from polluted media by an external mag-
netic field. For such magnetic extraction, the nanoparticles have to display a high saturation
magnetization, but at the nanoscale, the saturation magnetization of iron oxide nanoparticles
is strongly decreased due to spin canting and defect effects [8-10]. At the same time, the
nanoparticles have to display a high surface area that would allow high removal pollutant
capacity. Therefore, a balance between high saturation magnetization and high surface specific
area has to be found. Iron oxide raspberry-shaped nanostructures (RSNs), which consist
of oriented aggregates/nanoclusters of iron oxide nanograins, possess very high saturation
magnetization close to that of the bulk magnetite phase (85 emu/g), which makes them easy
to recover from liquid media with a magnet. In addition, these nanostructures are synthesized
by a modified polyol-solvothermal process, which allows for the production of large amounts
of powder [11].

Table 1. Influence of the substituents on magnetite adsorption capacity towards phosphates in
aqueous media.

Adsorption Capacity of Adsorption Capacity of Increase in the

Substituents Magne_tllte Doped Ma_glnetlte Adsorption Capacity (%) Ref.
(mg-g—1) (mg-g—1)
Aluminum 1.21 5.96 492 [4]
Zinc-aluminum / 21.8
Magnesium-aluminum / 20.0 / [12]
Nickel-aluminum / 174
Silica-lanthanum oxide 11.02 27.8 252 [13]
Alum1nu1?1-doped / 439 / [14]
ferrite
Cobalt ferrl.te and 116 1.05 / [15]
magnetite
Fe-Cu binary oxide 35.2 / [16]
Fe30,@C@Zr0O; 52 13.99 /
Fe-Zr binary oxide > 13.65 / [17]
32 21.3 /

Furthermore, it was demonstrated that doping of iron oxide is also a promising
approach to improve phosphate uptake [4,13-18]. Table 1 presents some studies on how
the doping of spinel iron oxide nanoparticles may increase the phosphate adsorption
capacity. However, the many missing data points in the literature on the adsorption
capacity of undoped spinel iron oxide make it difficult to estimate the increase in adsorption
capacity. In addition, the homogeneous doping of iron oxide nanostructures synthesized by



Nanomaterials 2023, 13, 587

30f22

RSN Synthesis

Fe;0,
Raspberry-Shaped
Nanostructures

/ Different sizes (precursor study)

\@

a polyol-solvothermal approach remains a chlenge. Nevertheless, among doping elements,
aluminum appears promising and was thus selected to dope RSNs to enhance phosphate
removal [4,12].

In this work, the reproducibility of the synthesis of raspberry-shaped iron oxide
nanostructures (RSNs) described by Gerber et al. [11] was first studied, followed by the
doping of RSNs by zinc, cobalt, and aluminum. We demonstrated the strong impact of
starting iron chloride precursors and of the mixing and reaction times on the nanostructure
characteristics (diameter, nanograin size, doping efficiency). Then, the phosphate uptake
of RSNs and aluminum-doped RSNs in water was compared. Figure 1 summarizes the
different studies on the RSN and the performed experiments on the RSNs and aluminum-
doped RSNs (AI-RSNs) for phosphate removal.

v -
-
e@e

Fe,0, (RSN) L Inwater(pH 3, pH 7): Kineticsand
P adsorption isotherm investigations

_aN

FeCO, (carbonates)

Fe,0, (RSN)
Carbonate problem (precursor study)

Phosphate Capture

Zn,Fe;,0,
Al,Fe, 0, (Al-RSN)

Cofe; 0,
Doping RSN

Al,Fe;,0, (AI-RSN)

Figure 1. General concept schematizing the different performed investigations on the synthesis of
the raspberry-shaped nanostructures and on the evaluation of the RSN and the AI-RSN materials for
phosphate removal.

2. Materials and Methods
2.1. Materials

Iron(III) chloride hexahydrate (CAS: 10025-77-1), urea 99.3+% (CAS: 57-13-6), ethylene
glycol 99% (CAS: 107-21-1), trisodium citrate dihydrate 99% (CAS: 6132-04-3), ammonium
molybdate 99% (CAS 13106-76-8), zinc(II) chloride 98% (CAS 7646 85 7), and cobalt(II)
chloride hexahydrate 98% (CAS 7791-13-1) were supplied by Alfa Aesar. Succinic acid (CAS:
110-15-6), ammonium hydroxide solution 25% (CAS: 1336-21-6), and nickel(II) chloride 98%
(CAS 7718-54-9) were provided by Sigma-Aldrich, and cetyltrimethylammonium bromide
99% (CTAB) (CAS: 57-09-0) by Roth. Deionized water was used for all experiments.

2.2. Synthesis Conditions of Iron Oxide Based RSNs

Magnetite Fe;_,O4 RSN synthesis. In a typical synthesis, FeCl3-6H,O (1.626 g),
succinic acid (0.24 g), and urea (3.6 g) were completely dissolved in ethylene glycol (EG)
(60 mL) by vigorous mechanical mixing (700 rpm) (for 2 hours up to overnight) and
sonication (3 times 20 minutes, changing the water of the ultrasound bath) (Figure 2). The
solution was carefully sealed in a Teflon-lined stainless steel autoclave (75 mL capacity)
and slowly heated at 200 °C at a heating rate of 1.5 °C/min. The temperature was kept at
200 °C for several hours (between 5 and 10.5 h). The autoclave was then cooled down to
room temperature outside of the oven for 3 hours. The black sediment was separated from
the supernatant by magnetic decantation. In the first trial, it was washed three times with
ethanol and three times with deionized water to eliminate organic and inorganic impurities.
This washing step has been improved here and will be discussed later.
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Figure 2. Synthesis conditions of RSNs (top) and of doped RSNs (down). EG: ethylene glycol.

Systematically, before each synthesis experiment, the glasses and Teflon containers
were cleaned with an acidic solution (HCI, 6 M) for at least one hour and then washed with
deionized water and ethanol.

The optimized parameters were the following: reactants dissolution step by adjusting
the mixing time (3 h, 8 h or overnight, 24 h), the reaction time (6 or 10.5 h), the autoclave
size, the cooling protocol of the autoclave (inside or outside the oven).

Doped RSNs. The same protocol as for the iron oxide RSNs was kept (Figure 2).
Zinc chloride (ZnCl,-6H,0) was used as the precursor for zinc, cobalt, chloride hexahy-
drate (CoCly-6H,O) for cobalt, and aluminum chloride hexahydrate (AlCl3-6H,0O) for
aluminum. The synthesis of doped nanostructures by applying the same synthesis protocol
as for undoped iron oxide RSNs has not been successful. We have therefore investigated
this doping step by carrying out the synthesis by substituting cobalt to iron in different
1:X ratios (X =1, 2, 3, 4, 7, 9—depending on the synthesis). The total concentration of metal
cations was kept at 0.1 mol-L 1.

The synthesis conditions for each doping element are given below.

Zinc-doped RSNs. Mixing time of 3 h and reaction time of 12 h. A long reaction
time is needed to ensure the dispersion of the Zn inside the structure. Indeed, a study by
Nguyen et al. [19] reported on the formation, at first, of a Zn shell around the RSNs, with
Zn gradually diffusing when increasing the reaction time.

Cobalt-doped RSNs. Mixing time of 3 h or overnight, and a reaction time of 10.5, 21,
or 30 h. The two different mixing times evidenced the importance of a good dissolution of
CoCl,-6H,0 in the reaction mixture.

Aluminum-doped RSNs. Due to the similarities between Fe3* and AI** cations (same
valence, similar ionic sizes, same hydration), we kept a mixing time of 3 h and a reaction
time of 10.5 h.
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Washings of RSNs. After their synthesis, the RSNs were separated from the super-
natant by magnetic decantation and dispersed in a mixture of 50/50 ethanol and warm
acetone (60 °C). The suspension was ultrasonicated for 5 min, then magnetically decanted
to remove the supernatant. Different washing treatments were tested, but traces of reactants
(especially EG) always remained at the RSN surface. To remove the most of EG traces, the
RSNs were washed 9-10 times.

2.3. Phosphate Adsorption Experiments
2.3.1. Preparation of Phosphates Solutions

Orthophosphoric acid was used as a phosphate source. A first solution at 309.9 P-mg/L
was freshly prepared by introducing 68.4 uL of orthophosphoric acid (85%) in 100 ml of
Milli-Q water. The solution was adjusted using a 2 M NaOH aqueous solution to precisely set
pH 7. Other phosphate solutions were prepared by diluting this solution.

2.3.2. Adsorption Experiments

The RSN suspension was added to a solution containing phosphate at a known
concentration. After magnetic mixing for different times for the kinetics study and for 24 h
for the adsorption study, the RSNs were separated by magnetic decantation and washed
with water. Finally, the phosphate remaining in supernatants was analyzed by UV-vis
spectrophotometry using the “blue of molybdene” method described below.

The blue of molybdenum method. This method was already performed by Daou et al. [20]
in order to quantify the amount of phosphates in supernatants. This method is effective and
allows quantifying very low concentrations of phosphates in water. It consists in generating a
phosphate complex, which can be quantified using UV spectroscopy.

7 H2PO47 +12 (NH4)6MO7024 +72H" =7 (NH4)H2PO4(MOO3)12 + 65 I\IH47L + 36 HzO (1)

(NH4)H,PO4(MoO3)1, + 6 Sn** — ‘Blue of Molybdenum’ + 6 Sny* )

Preparation: 2.5 g of ammonium molybdate (NH4)sMo07074) was dispersed into
17.5 mL of pure water. In parallel, 28 mL of sulfonic acid (H,SO4, Carlo Erba) was dispersed
in 40 mL of ddH;O. Both solutions were then mixed and diluted up to 100 mL with ddH,O
to obtain the first reagent.

The second reagent was prepared as follows: 0.5 g of tin chloride dihydrate
(5nCl,-2H,0) was dispersed in 50 mL of 85% glycerol. Both reagents were kept in glass
containers and wrapped with aluminum paper to avoid premature degradation from
light exposure.

Five hundred microliters of the molybdenum reagent and 500 uL of the tin reagent
were mixed with the appropriate amount of the phosphate solution and filled up to 10 mL
with ddH,O.

Nota Bene: These experiments have to be carried out under specific conditions: (i) the
temperature must be between 20 and 25 °C to ensure the complex formation; (ii) to ensure
that no traces of phosphates remain on the glasses, all required glasses are cleaned before
each measurement with NaOH 2 M [20]; (iii) the blue of molybdenum complex is not stable
with time, requiring a rapid measurement of absorption, typically after 10 min of mixing.
Indeed, at the end of the mixing step, the complex is stable for only 15 min.

The reference mixture (obtained without phosphate) also undergoes a form of degra-
dation. Therefore, the reference has to be repeated for each measurement. Regarding the
measurement uncertainties, the complexation reaction itself does not always occur at the
same reaction rate, leading to different values for a fixed concentration. The precision of
the 10 min timing can also generate additional uncertainty.

Kinetics of phosphate adsorption as a function of time. For these experiments, a
known amount of RSNs was dispersed in a phosphate solution with a given concentration,
and the amount of remaining phosphate in the supernatant was analyzed at different
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times. Experimentally, 20 mg of RSNs was dispersed in 20 mL of a phosphate solution
(50 P-mg-L*l at pH 7). The mixture was stirred on a rotating wheel for 30 min up to 24 h.

Isotherm of adsorption experiments. Twenty milligrams of RSNs was dispersed in
20 mL of phosphate solution at different concentrations. The experiments were per-
formed in water at pH 3 and 7. The range of investigated phosphate concentrations was
3.1-154.9 P-mg-L~!. The mixtures were stirred on a rotating wheel for 24 h.

In the first approach, we considered the S, L, H, and C isotherm models to understand
the interactions between phosphates and iron oxide. Then, different kinetics models were
used to characterize more precisely the phosphate adsorption kinetics: the Langmuir,
Freundlich, and Redlich—Peterson models.

2.4. Characterization Techniques

Thermal gravimetric analysis (TGA) measurements were performed with a TA Instru-
ments DSCQ1000 instrument (New Castle, DE, USA) operated at a scanning rate of 5 °C
min~! on heating and cooling.

The NPs were characterized by transmission electron microscopy (TEM) with a JEOL
2100 microscope (Tokyo, Japan) operating at 200 kV (point resolution: 0.18 nm).

The X-ray diffraction (XRD) pattern was collected at room temperature with a Bruker
D8 Advance diffractometer equipped with a monochromatic copper radiation source
(Ko = 0.154056 nm) and a Lynx-Eye detector in the 25-65°(20) range with a scan step
of 0.03°. High-purity silicon powder (a = 0.543082 nm) was systematically used as an
internal standard. Profile matching refinements were performed through the Fullprof
program [21] using Le Bail’s method [22] with the modified Thompson-Cox-Hasting
(TCH) pseudo-Voigt profile function.

Standard infrared spectra were recorded between 4000 and 400 cm ! with a Fourier
transform infrared (FTIR) spectrometer, (Spectrum 100, Perkin Elmer, Waltham, MA, USA).
Samples were gently ground and diluted in non-absorbent KBr matrices.

Magnetic measurements were performed using a superconducting quantum interfer-
ence device (SQUID) magnetometer (Quantum Design MPMS-XL 5, San Diego, CA, USA).
Magnetization curves as a function of a magnetic field (M(H) curves) were measured at
300 K. Magnetization saturation (Mg) was measured from hysteresis recorded at 300 K and
was determined after removing the mass of organic ligands according to TGA experiments.

BET nitrogen (N) adsorption/desorption isotherms. To characterize the surface
specific area of the RSNs, adsorption and desorption of nitrogen isotherms were measured
on an ASAP 2420 V instrument with around 100 mg of RSNs. The Brunauer-Emmett-Teller
(BET) method was used to calculate the surface area.

3. Results
3.1. Optimization of the Synthesis of Iron Oxide Nanostructures
3.1.1. Reproducibility of RSN Synthesis

The protocol of Gerber et al. [11] was first reproduced using the same reactants (iron
precursor flask: Alfa-Aesar 2 (AA2)) and under the same conditions (Table S1). The
so-synthesized RSNs were characterized with SEM and TEM, FTIR spectroscopy, X-ray
diffraction, and magnetic measurements. These characterizations are detailed in the SI
and summarized in Table S1. The structural and magnetic characterizations (Figure S1)
confirmed an oriented aggregation of nanograins, but the RSN diameter and nanograin
sizes were observed to be different from the study of Gerber et al. [11]. Indeed, using the
same reactants and synthesis conditions, the mean diameter of RSNs is smaller (245 vs.
157 nm) when the mean grain size is higher (25 vs. 30 nm). For both RSN samples, the grain
size is higher than the crystallite size deduced from the XRD pattern. Gerber et al. [23]
attributed such a mismatch between both sizes to the presence of defects or dislocations
resulting from the formation mechanism of the oriented aggregates (coalescence of grains,
recrystallization processes). The lattice parameter is similar and agrees with the presence
of mostly magnetite. Its slightly higher value than the bulk magnetite phase value may be
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explained by the presence of defects and strains induced by the oriented aggregation. The
saturation magnetization (Ms, 3pox) value is also lower (78 [23] vs. 70 emu- g’1 (this study))
and may be explained by the difference in sizes leading to a slightly higher oxidation of
the magnetite phase in RSNs. Indeed, Gerber et al. observed similar results in RSNs, with
larger nanograins displaying lower interfaces, which normally contribute to preventing
nanograins from oxidation.

To conclude, the reactants and experimental conditions were the same, and the only
parameter was their “aging” (two years). An impact of the precursor nature on the synthesis
of RSNs was at first suspected. Indeed, the iron precursor flask was stored in the laboratory
without particular precautions and an effect of the aging of the iron precursor was also
suspected. In order to investigate a possible effect of the iron chloride precursor, the RSN
synthesis was performed using different FeCl3-6H,O precursors provided by different
companies or stocked at different times in the laboratory.

3.1.2. Effect of the Commercial Nature of Hexahydrate Iron Chloride(III) Precursor

In the following experiments, the sole difference was the brand and batch of hexahy-
drate iron chloride(IIl), the other used reactants and the experimental conditions were the
same. The previous synthesis was performed with the reactant Alfa Aesar-2 (AA2). The
characteristics of RSNs obtained using different types of iron precursor are given in Table 2.

Table 2. Mean crystallite size (deduced from XRD patterns) and mean diameter and nanograin size
of RSN as a function of the used iron precursor and representative SEM images of the synthesis.

Brand and Lot Sigma-1 Alfa Aesar-1 Alfa-Aesar-2 Acros Organics-1
RSN size (nm) 291 + 52 296 + 35 157 + 42 ~100
TEM nanograin 38 +7 26+ 6 30+6 2749
size (nm)
XRD crystallite 324 19.9 20.2 254
size (nm)
TEM image

(scale bar =1 um)

SEM images show that all experiments gave nanoclusters with an aggregated and
spherical morphology, but RSNs have different mean sizes of nanoclusters, nanograins,
and crystallites. The nanograin sizes determined from TEM images are always larger
than the crystallite sizes. A correlation with the used iron chloride precursor is evident.
Several hypotheses may explain such a discrepancy; our first hypothesis is the hydrolysis
of iron chloride, as the latter is well known to be very sensitive to hydrolysis [24,25].
The iron precursors would display different hydration rates as a function of the aging
time. Several groups also reported on the effect of water in polyol synthesis [26,27] and
more precisely, in the nanocluster formation. Cao et al. [28,29] controlled the particle
size and size distribution by adjusting the amount of water. They pointed out that the
coordination of water molecules with iron ions is stronger than that of EG with iron. They
observed a modification of the morphology with water: when water is added, the size
of grains increases, and that of nanoclusters decreases. However, a direct link cannot be
confirmed because these authors also increased the concentration of iron in their initial
solution, and several groups have already confirmed a link between iron concentration and
morphology [28].
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Another problem encountered in these experiments was the random formation of iron
carbonates within the final product (see details in SI: iron carbonate formation). The iron
carbonate particles (siderite) with their characteristic brush morphology [30] were observed
in the SEM images (Figure S2). As they are not identified by X-ray diffraction (except for
one sample), these iron carbonates should represent less than 5 weight % of the sample
(the necessary percentage to be detected by XRD). Iron carbonates are certainly formed out
of CO; produced by the thermal decomposition of urea into CO, and ammonia [9]. Once
formed, this FeCOj3 cannot be decomposed further because of its stability over a wide range
of temperatures. Similar carbonate formation was reported by Li et al. [31], who observed
the intermediate formation of cobalt carbonates, CoCO3, which decompose to form cobalt
ferrite at very high temperatures (>800 °C). It is worth noting that if a new (unaged) iron
chloride precursor was used in the synthesis, no carbonates were detected. Therefore, the
potential hydration of the reactant could be linked to the carbonates” formation.

Thus, the above results could be explained by an aging effect resulting in the gradual
hydration of different iron precursors. All iron chlorides were characterized to check if
the iron chlorides were hydrolyzed or polluted by other substances. XRD, TGA, element
analyses, and iron quantification experiments were performed and are detailed in the SI.

First, the color of the four iron precursors is different (Figure S3). Sigma 1 has a
bright yellow color; Alfa Aesar-1 is darker and presents a brown-orange color rather
than yellow; Alfa Aesar 2 is visually more similar to Sigma, and Acros Organics (AO1) is
opaquer. The morphology of powders is also different: Sigma 1 and Alfa Aesar 2 (AA2)
are less compact than Alfa Aesar 1 (AA1) and Acros Organics. The iron amount has also
been determined by relaxometry measurements (Table 3). All commercial batches of iron
chloride(IlI) hexahydrate contain less iron than expected. However, there is no strong
correlation between the amount of iron and the mean RSN diameter (Table 3). The lower
iron content is suggested to be due to a higher water content or hydrolysis rate of the
iron precursors.

Table 3. Fe/Cl and Fe/O atomic ratios determined by SEM-EDS and amount of iron in the different
iron precursors determined by relaxometry measurements.

Iron Precursor

Sigma 1 Alfa Aesar 1 Alfa Aesar 2 Acros Organics 1

RSN diameter (nm)

291 £ 52 296 + 35 157 £ 42 100 £ 50

Iron amount determined by relaxometry measurements

Expected iron weight (mg) 1 1 1 1
Measured iron weight (mg) 0.89 0.93 0.94 0.93
SEM-EDS analysis: Theoretical Fe/Cl = 0.33 and Fe/O = 0.17
Fe/Cl 0.35 0.36 0.38 0.44
Fe/O 0.33 0.30 0.38 0.37
FeCly-yH,O FeCl; g¢-3H,0 FeCly 75-3.3H,0 FeCly 43-2.6H,0 FeCly 27-2.7H,0

SEM images of the four reactants (Figure S4) showed the same morphology: a rough
but uniform surface without grains or sheets. The associated EDS elementary analysis
(Figure S4) showed, in addition to iron, chlorine, and oxygen, the presence of traces of
some elements (aluminum and silicium), which do not seem to impact the RSN synthesis
(see details in SI). Fe/Cl and Fe/O ratios have been extracted from these analyses (Table 3,
Figure S4, Fe and Cl from FeCl3, and Fe and O from H,O). In theory, the atomic ratios
for Fe/Cl of 0.33 and Fe/O of 0.165 are expected. The mean diameter of RSNs decreases
with the increase in both ratios, showing the impact of these elements in the synthesis.
The analysis of these results, detailed in SI, led us to conclude that a hydrolysis of iron
chloride [24] has certainly occurred. However, as the iron precursors are in the form of big
particles (SEM images in Figure S54), one might expect that the particles consist of a core of
FeCl;-6 H,O with a hydrolyzed layer at the surface.
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The hydrolysis of the precursors may be calculated (Table S3), and the hydrolyzed
species given in Table S3 are similar to those observed during the synthesis of the iron
stearate precursor from iron chlorides: Fe(OH); ¢(H;0)3 4 [25]. Some differences are ob-
served, suggesting a higher hydrolysis of Sigma and AA1 by comparison with other iron
chlorides. However, these hydrolysis reactions do not allow explaining the observed ratios
and are obtained by putting iron chlorides in direct contact with water, which is not the
case here. A partial hydration may explain the decrease in the Fe/Cl ratio but not that
of the Fe/O ratio, which in all cases remains in the range of 0.30-0.38. In fact, the O/Fe
ratio is very close to 3 without a large amount of water and it suggests the formation of
either Fe(OH)x(H2O)y with a lower amount of water than a hydrolysis in water and even
quite no water or Fe(OH)xCly type compounds. The formation of iron oxychlorides cannot
be excluded, nor can the beginning of the olation reaction lead to oxo-hydroxides such as
FeOOH. The main problem is that there are numerous papers on the hydrolysis of iron
chlorides in water but not on the aging of iron chlorides in powder form [24,25]. The AA2
and AOL iron chloride samples are likely more “hydrolyzed”, which could explain the
lower diameter of RSNs synthesized from these.

The different iron precursors have been characterized by XRD, FTIR spectroscopy, and
TGA (Figure S6). XRD patterns (Figure S6A) show only the XRD peak characteristic of
FeCl3-6H,O (PDR 00-033-0645), but FTIR spectra (Figure S6B) confirm the contamination of
the precursors with silicon and the surface hydrolysis of the iron chlorides with a different
hydrolysis rate. TGA experiments (Figure S6C) were performed to try to quantify the
amount of water, but, if the water quantification remains difficult, TGA curves were shown
to exhibit different characteristics (see SI on TGA experiments).

3.1.3. Discussion on the Synthesis of RSNs

To conclude on the effect of the commercial origin of iron precursors: different com-
mercial batches of FeCl3-6H;0 led to RSNs with different mean diameters and nanograin
sizes. The different characterizations performed showed that they are all hydrated and that
a hydrolysis of some precursors cannot be excluded. This hydration/hydrolysis is certainly
responsible for the different observed results. In an agglomerate of reactant particles, a
gradual modification of the composition should be observed: from the initial iron chloride
(in the center) to a more hydrated form at the surface. In agreement with the reported
results on the effect of water on the RSN diameter [26], the hydration of the iron chloride
precursor leads to a smaller diameter of RSNs. The variation of the nanograin size is not
easy to explain, but it should also depend on the hydration rate.

In the RSN formation mechanism reported in [11] and Figure S7, the coprecipitation
of iron oxide nanoparticles occurs first due to ammonia resulting from urea decomposition,
and then there is a heterogeneous nucleation and growth induced by the decomposition
of an intermediate iron precursor resulting from the reaction of remaining iron chloride
with EG. We may hypothesize that the different hydration rates of commercial precursors
would affect these different steps. The hydration may favor the coprecipitation step leading
to a higher amount of RSNs resulting from coprecipitation and there is thus not enough
intermediate precursor to induce a heterogeneous nucleation. The intermediate precursor
contributes only to the growth of the first-formed RSNs, which would explain their smaller
diameter and also the different observed nanograin sizes. Further experiments would be
needed to confirm these hypotheses.

Besides these observed differences in RSN diameter and nanograin sizes, we have
evidenced another drawback of the iron precursors” hydration, which is the formation of
iron carbonates. This hydration affects their dissolution in ethylene glycol. Indeed, the
effect of mixing time allowing to dissolve the reactants has been studied: with an “old”
iron chloride flask, a mixing of the reaction mixture for overnight allowed avoiding the
formation of carbonates. With “new” and “well stored” iron chlorides, overnight mixing
was not necessary. This confirms another impact of the hydration rate of iron precursors.
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Therefore, to obtain reproducible results, it is mandatory to store the flask in optimal
conditions: under a vacuum atmosphere to avoid humidity and at a controlled temperature
(maximum suggested temperature: 35 °C). RSN syntheses were then realized with a “new”
FeCl3-6H,0 precursor, stored under the previous conditions, and renewed every six months.

3.2. Optimization of the RSN Synthesis

A typical RSN synthesis (3 h of mix and 10.5 h of reaction) with the new iron precursor
leads to the expected raspberry-shaped morphology (Figure S8A) with oriented aggregates of
nanograins (Figure S8B). These nanoclusters, whose characterizations are detailed in SI, have
a diameter of around 296 + 35 nm with nanograins of ca. 25 nm, and a magnetite composition.
Magnetic measurements confirmed their superparamagnetic behavior (no hysteresis) and led
to a saturation magnetization value of ca. 90 emu-g !, a value close to that of bulk magnetite
(92 emu-g’l) [32]. These results are compared with those of Gerber et al. [23] and with
previous results with the aged precursor in Table 4. The diameter and nanograin size are
higher and would confirm the impact of the hydration of the precursor. The higher nanograin
size leads to a composition as close to that of magnetite as expected and thus to a higher
saturation magnetization [8,33].

Table 4. Comparison of the RSNs synthesized with different iron precursors.

Gerber et al. First RSNs New RSNs
(Sample RSN25) (AA2 Precursor) (New Precursor)
Size of RSN (nm) 245+ 12 157 + 42 296 + 35
TEM nanograin size (nm) 25+3 30+6 38 £10
XRD crystallite size (nm) 155 +£0.2 202403 3002
Lattice parameter (A) 8.39 £0.01 8.39 £0.01 8.40 = 0.01
Saturation magnetization (emu g~1) 78 70 90

As the objective is to synthesize RSNs with the highest specific surface area in order to
capture as much phosphate as possible, different synthesis parameters have been tuned: the
mixing times to dissolve reactants (3 h and overnight) and the reaction times (6 and 10.5 h).

Effect of mixing time and reaction time. SEM images confirmed the formation of
aggregates of nanoparticles, and the characterization results are given in Table 5. The values
of the lattice parameter confirm a magnetite composition for all samples. For experiments B,
C, and D, nanoclusters of around 300 nm are obtained when, in synthesis A, RSN diameters
are around 266 nm. In experiments A and B, with 3 hours of mixing and different reaction
times, there is a strong correlation between the reaction time and the RSN size and grain
size. This result agrees with the observations of Gerber et al., that longer reaction time
produced the bigger RSNs with higher grain size [11]. Therefore, it explains the increase in
the crystallite size with the reaction time, whatever the mixing time.

However, considering experiments C and D with different reaction times and con-
ducted with a similar but longer mixing time (overnight), one may notice that RSNs have
almost the same size and only the crystallite size has increased. This suggests that the
overnight mixing led to RSNs, which reached their maximal diameter after 6 h of reaction
while 10.5 h of reaction time is needed when the reactants’ mixing time is only 3 h.

The effect of the dissolution time (mixing time) of reactants is also visible by comparing
experiments A and C, and B and D. After 6 h hours of reaction, the mixing time of 3 h
(A) leads to smaller RSNs compared to that of 24 h (C). By contrast, 3 h of mixing and
10.5 h of reaction lead to similar RSN sizes as 24 h of dissolution and 6 h of reaction, but
the grain size is higher. Therefore, the longer the mixing time the faster the reaction. These
experiments show that the dissolution of the reactants is a very important step and affects
the reaction kinetics and thus the characteristics of RSNs.
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Table 5. RSN synthesis of experiments A, B, C, and D with 3 or 24 h of mixing and 6 or 10.5 h of
reaction time at the highest reaction temperature (standard deviation for lattice parameter: £0.01).

Experimental A 3h Mixing, 6h B 3 h Mixing, 10.5 h C Overnight Mixing, 6 D Overnight Mixing,
Conditions Plateau Plateau h Plateau 10.5 h Plateau

SEM image
(scale bar: 100 nm)

RSN size (nm) ~266 ~317 ~320 ~310
Nanograin size (nm) 24+5 29+ 8 36 + 12 43+ 10
Lattice parameter (A) 8.41 8.39 8.40 8.40

Specific surface area

(m2g-1) 242 27 18.9 17.8

Finally, Brunauer-Emmett-Teller (BET) measurements showed the specific surface
area in the range of 17 and 30 m?-g~!. As expected, the RSNs with the smaller nanograin
sizes display the highest values.

Therefore, the conditions leading to RSNs with the highest surface specific area are:
3 hours of mixing and 10.5 hours when the temperature plateau is reached (200 °C).

3.3. Synthesis of Doped Iron Oxide Nanostructures

The doping conditions have been optimized by taking care to preserve the raspberry
morphology, to be able to remove the particles with a magnet and to obtain a high specific
surface area.

3.3.1. Doping of RSNs with Zinc (Zn-RSNs)

Zinc doping is interesting for modulating saturation magnetization. In the doped
ferrite, zinc mostly occupies the tetrahedral sites in the spinel structure, and Mg would
increase if x in ZnyFe; O, increases [34]. Nevertheless, after a given x, the measured
magnetization decreases. Indeed, zinc ferrite (ZnFe,O,) has a spinel structure, and the
absence of Fe>* in Td sites (occupied by Zn) results in a weak antiferromagnetic material
within Fe3* and Fe?* at Oh sites [35].

Preliminary experiments suggested that the zinc diffusion inside iron oxide in the RSNs
would be longer, and thus the reaction time has been increased from 10.5 to 12 h and different
iron/zinc ratios have been tested. In all cases, the SEM images (Figure 3(A.1-A.3)) confirm
the formation of clusters of NPs with a partial conservation of the raspberry morphology. All
ratios produced nanoclusters of similar size (300 £ 103 nm, 280 £ 86 nm, and 272 + 46 nm,
respectively). However, the 1.2:1 and 2:1 syntheses led to a larger particle size distribution.
EDS analysis further showed a very low (<1%) amount of zinc for these syntheses.

In order to enhance the zinc doping, the initial ratio of Fe-Zn was increased to 9:1.
SEM images confirmed the RSN morphology, and EDS analysis showed an increase in the
zinc amount (3%) even if it is always lower than expected. XRD patterns showed only the
characteristic XRD peaks of a spinel phase but no modification of the lattice parameter
(respectively: 8.391; 8.391 and 8.388 A) confirming the low Zn doping. The calculated
crystallite size was 32.6 nm for the last sample, this value corresponds to the grain size of
the previous magnetite RSNs. The low amount of zinc in the doped RSNs confirmed the
reported difficulty in doping magnetite RSNs with zinc [19].

From these experiments and reported results, we conclude that the difficulty is the
complete dissolution of the zinc chloride precursor. In future experiments, other zinc
precursors will be tested, as well as varying the mixing time.
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Figure 3. (A.1-A.3) SEM images of all zinc-doped RSNs (inner image: size distribution); (B) XRD
pattern; (C) IR spectrum of zinc-doped RSNs (9:1) (mixing time: 3 h; reaction time 12 h) (inner image:
zoom on the Fe-O band characteristic of slightly oxidized magnetite).

3.3.2. Doping of RSNs with Cobalt (Co-RSNs)

The ferrite CoFe,O,4 drew attention because, in its bulk state, it is a well-known hard
magnetic material with a high coercivity (Hc), a high Curie temperature (520 °C), a moder-
ate saturation magnetization (80 emu-g™!) and a high anisotropy constant
(2.65 x 10°-5.1 x 10° erg-cm~3). Stoichiometric CoFe;O4 NPs would present a higher
saturation magnetization due to the presence of Co?* ions in the octahedral sites of
the spinel structure: [(Fe3")rq(Co?*Fe**)on](0?~)4 [36]. However, at the nanosize, Co®*
atoms are observed to replace also some Fe3* atoms in tetrahedral sites leading to an
inverse spinel structure: (CoxFe;_y)1q[Co1_xFe1+xJonOs, where x depends on the synthesis
conditions [37].

Following the previous protocol (3 h of mixing), the RSN synthesis has been performed
with two different Fe:Co ratios. For a Fe:Co ratio of 1:1, RSNs with a mean size of 292 + 76 nm
(Figure 4(Al)) are observed, but the size distribution is quite broad. With the Fe:Co ratio 2:1
(Figure 4(A2)), the RSN size distribution is narrower and the diameter smaller: 224 4 26 nm.
Some of the RSN are hollow, and at the top of the SEM image, metal carbonate particles are
identified. This carbonate formation is random and linked to the reactant dissolution step.
Even if the SEM-EDS analysis showed a higher Co doping amount than with zinc (from 7 to
12 atomic %), the presence of carbonates affects this value. To avoid carbonate formation, the
mixing time and the reaction time of 21 and 30 h have been increased to favor the reactants’
dissolution in the reaction media. SEM images (Figure 4B) showed RSNs with a close mean
diameter: 287 + 25 nm for 10.5 h, 262 + 25 nm for 21 h, and 267 + 22 nm for 30 h). However,
for the synthesis for 10.5 h, nanograins appear smaller and the surface is less rough than the
others. EDS analysis shows a decrease in the cobalt amount (7-7.5 %) (no carbonate was
detected). From the three experiments, the reaction time appears to have no effect on the
cobalt doping amount.
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Figure 4. SEM images of cobalt-doped RSNs. (A) Experiments with 3 h mixing (golden shading
in A2 shows the carbonate particles and inner images = SEM size distribution). (B) Experiments
with overnight mixing. (C) XRD pattern. (D) FTIR spectrum (inner image = zoom on Fe-O bands
showing one band at 580 cm ™! characteristic of the magnetite phase). (E) Magnetization curves of
the undoped and cobalt-doped (B.1) RSN at 300 K.



Nanomaterials 2023, 13, 587

14 of 22

Figure 4C displays the XRD pattern of the last sample (stirred overnight and
10.5 h of reaction time); those of other samples are very similar and not presented here. The
XRD peaks are related to a spinel structure (maghemite, magnetite) without the presence
of another phase (same observation for the sample containing carbonates). The lattice
parameter was calculated to be 8.41 A, a slightly higher value than that of bulk magnetite;
this increase can be related to the insertion of cobalt in the structure. The crystallite sizes
are: 17, 27.8, and 36 nm for Co-RSNs with reaction times of 10.5, 21, and 30 h, respectively.
The IR spectrum confirms the presence of the magnetite phase (inner image in Figure 4D)
and the presence of EG traces. SQUID measurement at 300 K of the sample B.1 (with the
smallest nanograin size) led to a saturation magnetization of 83.5 emu-g~! for CoxFe; Oy
vs. 83.8 emu-g~! for similar magnetite RSNs. As for other cobalt-doped iron oxide NPs,
a hysteresis curve was observed, confirming the cobalt doping with a coercivity value of
400 Oe (Figure 4E).

3.3.3. Doping of RSNs with Aluminum (Al-RSNs)

Aluminum has been shown to be a suitable doping element to enhance phosphate
removal. However, aluminum is a non-magnetic element, and Al substitution decreases
Ms because, unlike Zn, AI** substitutes for Fe>*" not Fe?*. So, to keep the possibility of
“magnetic decantation”, the magnetite RSNs should be doped with a small amount of
aluminum. The doping of magnetite nanostructures with aluminum should be easier than
with Zn and Co because the ionic radius of Al and Fe3* is quite close and their valence is
the same (+3). For the doping process, a reaction time of 10.5 hours and a mixing time of
3 hours were tested, as well as three Fe:Al ratios. SEM images (Figure 5) show nanostruc-
tures with the morphology of undoped RSN, but a broad size distribution is noticed with
a mean diameter of 269 £ 45 nm for the last sample. EDS analyses confirm the success
of the aluminum doping, with quite high doping amounts increasing with the amount of
introduced Al

However, during the washing step, samples with an iron quantity in the Fe:Al ratio of
2 to 7 were difficult to decant magnetically. To facilitate this step, samples were centrifuged.
However, it confirms that aluminum doping modifies the magnetic properties (in particular,
saturation magnetization). The only sample that could be magnetically decanted was the
last one (Fe:Al 10:1). Thus, this sample, called Al-RSNs, was characterized and then used
for phosphate removal experiments.

XRD patterns (Figure 5B) confirm the preservation of the iron oxide spinel structure
without the presence of other phases. The XRD peaks are broader for RSNs, with high Al
content suggesting a loss of crystallinity or smaller crystallite sizes. The lattice parameter,
8.389 A, is lower than that observed usually with undoped RSNs but would confirm
the aluminum insertion in the spinel structure. The crystallite size is calculated to be
19.5 nm (Figure 5(A5)), suggesting that the Al doping leads to a smaller crystallite size. The
highest surface specific area measured for this sample (40 m?/g) confirmed the smallest
nanograin size of AI-RSNs compared to undoped RSNs. The magnetization curve at
300 K is characteristic of superparamagnetic behavior, and the saturation magnetization
(Figure 5D), 64 emu-g’1 for Al Fe3_4Oy, is lower than that of undoped RSN, confirming
the doping of magnetite by Al and previously reported results of other groups [15,38,39].

3.4. Phosphate Removal Using Undoped and Al-Doped Iron Oxide Nanostructures

RSN, used for these experiments, have a mean diameter of 319 nm and a mean
nanograin size of 29 nm (surface specific area = 27 m? g~!). RSNs doped with 10% of Al
have a mean diameter of 269 nm, a mean nanograin size of 19.5 nm, and a surface specific
area of 40 m?-g~ 1.
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Figure 5. (A.1-A.5) SEM images of Al-RSNs (inner image: size distribution); (B) XRD pattern as a
function of the Fe:Al ratio; (C) FTIR spectra (inner image: zoom of Fe—O band characteristic of a
slightly oxidized magnetite phase); (D) magnetization curve of AI-RSNs at 300 K.

To ensure a high adsorption of phosphate at the surface of iron oxide nanostructures, it is
important to favor electrostatic interactions between phosphate and the iron oxide surface.
The isoelectric point (IEP) of RSNs is about 5.6, as depicted in Figure S9, and is slightly
shifted by comparison with the reported IEP of iron oxide, usually in the range 6-7 [40].
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This is certainly due to the washing process, which does not completely remove all reactants
(especially ethylene glycol) from the RSN surface. For phosphates, an increase in pH leads to a
change in the main species in the solution from H3POy to PO~ (Figure S9). Thus, the suitable
electrostatic interactions between deprotonated phosphates and iron oxide surfaces are for
pH < 5.5. Thus, optimal adsorption conditions would be around pH 3, as the phosphates are
deprotonated (negatively charged) and the iron oxide surface is positively charged. However,
in water depollution conditions, the pH is often around 7. At this pH, the solution contains
phosphates in HyPO,~ and HPO,?~ form when the surface of RSN is slightly positively
charged. At such a pH, the adsorption maximum is expected to be much lower than at pH 3.

The zeta potential curve of Al-RSNs as a function of pH in Figure S9 shows clearly
that the insertion of aluminum into the spinel iron oxide structure induces a shift of the
ZP curve towards higher pH. The value of the isoelectric point is shifted from 5.6 to 7.2,
and therefore, at pH 7, the electrostatic interactions would be stronger, and the phosphate
capture should be favored.

3.4.1. Phosphate Removal from Undoped and Al-Doped RSN Solutions as
a Function of Time

In the first experiment, RSNs were put in contact with phosphate solutions at var-
ious times. Figure 6 shows that the maximum adsorption is reached after one hour for
RSNs and 3 h for AI-RSNs. Then, the curve tends to reach a saturation plateau. Some
adsorption results with Fe- and Al-Fe-based materials are given in Tables 54 and S5. In
other studies of Al-Fe-based materials (Table S5), the maximum adsorption is reached after
5 h [15,38,40-42]. So, at first sight, the AI-RSNs synthesized in the present work would
ensure a faster phosphate caption.

124 .
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Figure 6. Adsorbed amount of phosphate by RSNs (left) and Al-RSNis (right) in a phosphate solution
(50 P-mg-L_l) at pH 7 for different durations.

For most other iron oxide-based nanomaterials (Table S4), the maximum phosphate
caption is reached after 5 to 15 h. The only nanomaterial that shows a caption time similar
to ours is the iron hydroxide eggshell of Mezenner et al. [43]. These authors observed a
maximum adsorption after 3 hours. From these results, we may conclude that the iron
oxide RSN without Al adsorb the phosphates at the fastest rate.

The adsorption curves have been fitted with two kinetic equations. In Figure 6, we
can observe that, for RSNs, both models seem to fit quite well the experimental data and
give similar kinetics parameter values (Table 6). The R? value of the pseudo-second-order
model is the highest and closest to 1. This model suggests that chemical sorption is the rate-
determining parameter [44-46]. More precisely, the pseudo-second-order model describes
the adsorption in two steps. The first step is a rapid adsorption on the surface of the
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adsorbent with abundant vacant adsorption sites. The second step is a slower diffusion
to finish the saturation of adsorbent sites [47]. This would be in agreement with a quick
adsorption of phosphate on iron sites and then the diffusion of phosphates to fill the
remaining sites. It is difficult to compare our results with published results because the
adsorption is strongly dependent on the initial concentration, the amount of adsorbent
introduced, and the temperature. To remove phosphates from water, different iron oxide-
based materials have been designed (Table S4): for example, iron oxide-impregnated strong
base anion exchange resin [48], a hybrid fibrous exchanger containing hydrated ferric oxide
nanoparticles [49], or a hybrid anion exchanger containing triethylamine functional groups
and hydrated Fe(Ill) oxide nanoparticles [50]. Our results are compared with studies
performed on iron oxide (nano)materials (Table S4). In Table 54, most of the data also fit
better with the pseudo-second-order model. The comparison of our RSNs to the other
iron-based materials shows that the k, value is the highest (5.28 h~1), which confirms that
our RSNs can adsorb phosphates faster.

Table 6. Kinetic parameters for pseudo-first-order and pseudo-second-order models for RSNs and
AI-RSNs.

Pseudo-First-Order Pseudo-Second-Order
K
qe K; R2 qe (2P R2
-me-o—1 -1 _mo.o—1 g
(P-mg-g~1) (h-1) (P-mg-g~7) mg T h-1)
RSN 40+0.1 5.17 +0.84 0.951 41401 528 +2.18 0.996
Al-RSN 9.8+0.3 2.04 £0.35 0.974 103 + 0.6 0.37 £0.18 0.942

For Al-RSNs, both models seem to fit the data quite well, but the pseudo-first-order
model fits the experimental data better. Such a model suggests a diffusion-controlled
process. Few works have been published on phosphate capture by iron oxide doped with
aluminum nanoparticles, and the main results are summarized in Table S5. The results in
Table S5 show that most kinetics results are fitted with the pseudo-second-order model.

To conclude, experimental results showed a maximum adsorption of phosphate after
2 hours with RSNs and 3 hours with Al-RSNs, which can be considered a “fast adsorption”.

3.4.2. Phosphate Removal from RSN and AI-RSN Solutions as a Function of the Initial
Phosphate Concentration

The adsorption curves as a function of pH and phosphate concentrations are given
in Figure 7. As expected, and in agreement with already reported results, the adsorption
is more efficient at pH 3 than at pH 7 due to more favorable electrostatic interactions.
This trend was also reported by several groups with different materials: magnetite [7],
goethite [51], aluminum oxide hydroxide [52], or MnO, [53].

If we compare the phosphatation behavior of RSNs and Al-RSNs (Figure 7A,B), the
capture of phosphates with Al-RSNs appears slower, and the plateau is reached for an
initial phosphate concentration higher than 60-70 P-mg-L~! whereas for RSN, it was
reached at 50 P-mg-L~!. For pH 3, the maximum adsorption amount of Al-RSNs is
15.5 P-mg-g~!, and at pH 7, the value is about 10 P-mg-g~!. These values are higher than
those with RSN, in agreement with the higher surface specific area of AI-RSNs.

Concerning these isotherms, curves are of the «L» type. Such an “L” isotherm confirms
the strong affinity of phosphate for iron oxide surfaces and a progressive saturation of the
surface when the concentration increases. These curves, obtained in water at pH 3 and 7,
were fitted with three different equilibrium models. The fitting curves and the adsorption
parameters are presented in Figure S10 and one may observe that these models do not allow
for fitting well the experimental curves. Nevertheless, one may notice that the Langmuir
model seems to be the most suitable model. This model suggests that the adsorption sites
do not interact between them and that their energies are equivalent. More experimental
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data are needed in the curves to conclude the most suitable model and also to consider
parameters resulting from the fitting.
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Figure 7. Adsorbed amount of phosphate in different media for 24 h by (A) RSNs and (B) AI-RSNs.
In orange, in water at pH 3; in green, in water at pH 7.

To compare our results with the reported adsorption studies listed in Table S5, we have
to be careful again, as this adsorption strongly depends on the experimental conditions:
media, temperature, initial amount of adsorbent, and concentration of phosphates. The
conditions and adsorption results are summarized in Table S6 for RSNs and Table S7 for
Al-RSNs. In Table S6 for RSNs, the models that fit better are the Langmuir and Freundlich
ones. It confirms the fitting of the previous RSN isotherm curve in water with the Langmuir
model. The smaller adsorbed amount of phosphates with RSNs than with the other iron
materials may be explained by their lower surface specific area. In Table S7 for Al-RSNss, the
model that better fits the curve is the Langmuir one. It confirms that the AI-RSN isotherm
curve in water could be fitted with this model. This model suggests that the adsorption
sites do not interact among themselves and that their energies are equivalent.

3.4.3. Adsorption Amount

The maximum adsorption of RSNs at pH 3 was calculated to be 8.8 P-mg-g~!. At
physiological pH in water, the maximum adsorbed value drops to 4.1 P-mg-g~!. At pH 7, the
maximum adsorption value for AI-RSNs is 10 P-mg-g~, at pH 3, it rises to 15.5 P-mg-g 1.
Both values are significantly larger than for RSNs (4.1 P-mg-g~! and 8.8 P-mg-g 1), but the
surface specific area of AI-RSNs is also higher. Thus, one reason for Al doping is to increase
the surface specific area, allowing a higher phosphatation capture per g of material. One may
notice that the maximum adsorption values obtained with AlI-RSNs are quite high compared
to those reported in the literature (Table S5) except for the studies of Xu et al. [15].

Our adsorption amounts were compared to those of Daou et al. [7], who have used
nanoparticles with a close surface specific area (30 m?-g~!) and similar experimental condi-
tions (room T, t = 24 h, adsorbent: 1 g-L 1, pH 3 and pH 7). The adsorption amounts with
RSNs and AI-RSNs are higher than those reported by Daou et al.: at pH 3, they measured
5.2 P-mg-g~! (3.26 P-molecule-nm~2) and at pH 7, 1.5 P-mg-g~! (1.02 P-molecule-nm~2).
Therefore, RSNs and even Al-RSNs allow a higher adsorption of phosphates on their
surfaces than iron oxide NPs. It could be explained by a different phosphate complex (i.e.,
monodentate, bidentate), the formation of a second phosphate layer, or a more favorable
nanostructuration of RSN (higher curvature of grains or stronger adsorption at interfaces).
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4. Conclusions

This study investigated the use of iron oxide nanostructures as an adsorbent to improve
phosphate removal for water depollution. The synthesis of iron oxide and aluminum-
doped ferrite raspberry-shaped nanostructures (RSNs and Al-RSNs) was optimized using a
solvothermal—polyol method. The impact of synthesis parameters such as the nature of the
iron precursor, the reaction time, and the mixing/solubilization step has been demonstrated.
Then, the phosphate removal properties of these nanostructures were tested by studying
their adsorption capacity and kinetics. The RSNs showed great affinity for phosphate,
with a maximum adsorption capacity of 4.1 P-mg/g at pH 7 and 8.8 P-mg/g at pH 3. The
Al-RSNs allowed a higher enhancement of adsorption capacity, with 10 P-mg/g at pH 7
and 15.5 P-mg/g at pH 3. The Al doping of RSN shifted the IEP of RSNs and allows thus
favorable electrostatic interactions. In addition, the surface specific area of AI-RSNs was
higher. In addition, it was demonstrated that the phosphate maximum absorption was
reached in less than 3 h for both undoped and Al-doped RSNs. These overall results showed
that such nanostructures are promising for phosphate removal in water depollution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /nano13030587/s1, Figure S1: (A) SEM, (B) TEM and (C) HRTEM
images of RSN. (D) FITR spectrum of RSN with in insert (D1) Zoom of FTIR spectrum in the range
800—400 cm~! corresponding to Fe-O bands characteristic here of a slightly oxidized magnetite.
(E) XRD pattern and (F) Magnetization curves of RSN at 300 K; Table S1. Comparison of the charac-
teristics of RSN of Gerber et al. [23] and the RSN of this work; Figure S2: SEM images corresponding
to the synthesis of RSN without (A) and with (B) iron carbonates (brushes). XRD pattern of both
RSN batches; Figure S3: Images of the four flasks containing the different iron precursors: A. Sigma
1, B. Alfa Aesar 1, C. Alfa Aesar 2, and D. Acros Organics 1; Table S2: Amount of iron in the
different iron precursors determined by relaxometry measurements; Figure S4: SEM images and
EDX graphs corresponding to the iron precursors. Table summarizing the atomic ratio of Fe/Cl
and Fe/O; Figure S5: (Left) crystal structure of FeCl;-6H,O and (right) asymmetric unit. Iron is
represented in brown, water in red and chlorine in green [54]. Table S3: pH easured, Nealculated and
main species for the different iron precursors at 0.1 M (in theory); Figure S6: A. XRD patterns un-
der air, B. FTIR spectra and C.TGA curves under air (5 °C/min) of the different iron precursors;
Figure S7: Reminder: Reaction steps of the synthesis of magnetite RSN [11]; Figure S8: (A) SEM,
(B) TEM and (C1) HRTEM images of RSN; (C2) SAED pattern; (D) XRD pattern. (E) FI-IR and
(F) Magnetization curve at 300 K.; Figure S9: Zeta potential curve of RSN vs. pH and phosphate
species as a function of pH (top) and Zeta Potential curves of RSN (in violet) and AIl-RSN (in pink)
as a function of pH (down). Table S4: Kinetics results of different iron-based materials; Table S5:
Kinetics results of different aluminum-iron oxide materials; Figure S10: Fitting results of the isotherm
adsorption curves for RSN (A,B) and Al-RSN (C,D) (Ce = equilibrium concentration). In red, the
Langmuir model, in blue the Freundlich model and in green, the Redlich-Peterson model. Tables
summarizes the parameter values corresponding to this fitting; Table S6: Adsorption isotherm
results for different iron oxide-based materials; Table S7: Adsorption isotherm results of differ-
ent aluminum doped ferrite materials. References [4-8,11,14,23,24,28,32,33,54-67] are cited in the
Supplementary Materials.
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