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RESUMO

O magnésio (Mg) ¢ um material metalico ndo-ferroso com propriedades como baixa densidade
e modulo de elasticidade proximo ao do osso humano. Trata-se de elemento essencial para o
corpo humano, o que o torna um potencial candidato para produgdo de implantes 6sseos.
Contudo, sua alta taxa de corrosdo e de liberacao de gas hidrogénio em meios fisioldgicos
limitam sua utilizacdo. Dessa forma, a investigagdo de estratégias para reducao da taxa de
corrosdao do magnésio sem comprometer sua biocompatibilidade ¢ um desafio enfrentado por
diversos autores. Este trabalho consistiu em modificar a superficie do Mg com recobrimento
ceramico a base de fosfato dicalcico dihidratado (DCPD) e filme hibrido composto por alcool
polivinilico (PVA) e vidro bioativo (BG). O Mg utilizado nesse estudo foi inicialmente
processado por laminagdo a quente visando garantir que esse material possuisse resisténcia
mecanica favoravel para aplicacdo como implante 6sseo. Os resultados obtidos nesse estudo
sdo apresentados no formato de dois artigos cientificos. O primeiro deles abordou a deposicao
do DCPD sobre o Mg por meio da sua imersdo em banho de fosfatizagdo. No segundo artigo
se avaliou a deposicdo por processo dip coating de filme hibrido PVA/BG sobre o
recobrimento de DCPD previamente produzido. Avaliou-se a estrutura, a resisténcia a
corrosdo em meio corporeo simulado e a biocompatibilidade dos materiais preparados. Foi
observado que a deposigao do revestimento de DCPD aumenta a resisténcia a corrosao do Mg,
além de promover uma rapida formacao de hidroxiapatita (HAp) sobre o material. A formagao
de HAp ¢ um importante indicio da biocompatibilidade de um material, visto que se trata da
fase mineral do osso humano, favorecendo a integragdo do biomaterial com o meio fisiologico.
Ensaios de citometria de fluxo demonstraram que o material modificado com DCPD nao
apresentou toxicidade em células de rim de embrido humano. A posterior modificagdo da
superficie do Mg/DCPD com filmes hibridos PVA/BG aumentaram ainda mais sua resisténcia
a corrosdo em fluido corporal simulado (simulated body fluid-SBF), alcangando valores
superiores de mdédulo de impedancia e melhor resposta de viabilidade celular (acima de 90%).

Esse estudo contribui para uma aplicagdo mais efetiva do Mg em engenharia de tecidos 6sseos.

PALAVRAS-CHAVE: Magnésio; corrosdo; biocompatibilidade; engenharia de tecidos

0sseos; revestimentos.



ABSTRACT

Magnesium (Mg) is a non-ferrous metallic material with properties such as low density and
modulus of elasticity close to that of bone. It is an essential element for the human body,
making it a potential candidate to produce bone implants. However, its high rate of corrosion
and hydrogen gas release in physiological media limit its use. Thus, the investigation of
strategies to reduce the corrosion rate of magnesium without compromising its
biocompatibility is a challenge faced by several authors. This work consisted in modifying the
Mg surface with a ceramic coating based on dicalcium phosphate dihydrate (DCPD) and a
hybrid film composed of polyvinyl alcohol (PVA) and bioactive glass (BG). The Mg used in
this study was initially processed by hot rolling to ensure that this material had favorable
mechanical strength for application as a bone implant. The results obtained in this study are
presented in the format of two scientific articles. The first one deals with the deposition of
DCPD on Mg by means of its immersion in a phosphating bath. The second article evaluated
the deposition by dip-coating process of a PVA/BG hybrid film on the previously produced
DCPD coating. The structure, corrosion resistance in simulated body environment, and
biocompatibility of the prepared materials were evaluated. It was observed that the deposition
of the DCPD coating increases the corrosion resistance of Mg and promotes a rapid formation
of hydroxyapatite (HAp) on the material. The formation of HAp is an important indication of
the biocompatibility of a material since it is the mineral phase of human bone, which favors
the integration of the biomaterial with the physiological environment. Flow cytometry test
evaluated that the material modified with DCPD did not present toxicity in human embryonic
kidney cells. Therefore, the subsequent surface modification of Mg/DCPD with PVA/BG
hybrid films further increased its corrosion resistance in simulated body fluid (SBF),
achieving higher impedance modulus values and better cell viability response (above 90%).

This study contributes to a more effective application of Mg in bone tissue engineering.

KEYWORDS: Magnesium; corrosion; biocompatibility; bone tissue engineering; coatings.
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1. INTRODUCAO

O magnésio (Mg) tem sido muito investigado nos ultimos anos por ser um material
biocompativel e ndo-tdxico, com grande potencial de aplicacdo em implantes biodegradaveis
como placas, vasos conectores e parafusos, dentre outros itens essenciais em procedimentos
cirargicos. O conceito da utilizacdo de um material biodegradavel como implante ¢ bastante
atrativo, visto que este sO permaneceria no corpo até ser completamente absorvido, consumido
e excretado, sem a necessidade de outra intervengao cirurgica para retira-lo (MORDIKE e
EBERT, 2001). Contudo, a aplicagdo do Mg como implante dsseo exige que alguns requisitos
sejam satisfeitos, valendo citar: boa resisténcia mecanica, integridade estrutural até que a regiao
tratada esteja totalmente recuperada, boa resisténcia a corrosdo e que os subprodutos de
corrosdo gerados ndo ocasionem efeitos adversos no paciente. Dessa forma, o maior desafio
para a aplicacdo clinica desse material ¢ a sua alta taxa de corrosdo, visto que durante esse
processo ocorre excessiva liberacdo de gas hidrogénio (H2) e grupos hidroxila (OH"). A
formagdo dessas espécies pode gerar problemas como formag¢do bolhas de gés e alcaliniza¢do
do pH sanguineo. Contudo, durante a oxidagio do Mg tem-se também a liberagio de ions Mg>*,
sendo este um elemento essencial para o corpo humano. Até o momento, nenhum estudo
apontou que implantes biodegradaveis de magnésio leva a hipermagnesemia, ou seja, excesso

de Mg*" no corpo de forma maléfica (WANG et al., 2016)

Dentre as estratégias citadas na literatura para redugdo da taxa de corrosdao do Mg e suas ligas
em meios fisiologicos, vale citar a adi¢do de elementos quimicos para produgdo de materiais
biocompositos, a modificagdo da sua microestrutura e a alteragcdo da sua superficie (SHI et al.,
2009; SILVA etal.,2017; ZALUDIN et al.,2018; CASTRO et al.,2019; BRAGA et al., 2020).
A modificacao superficial do Mg por meio da deposicdo de filmes ¢ uma forma efetiva de
reduzir sua taxa de biocorrosdo. Existem varias tecnologias disponiveis para esse fim como os
processos de anodizagdo, conversdo quimica, oxidagdo por micro arcos € processamento sol-
gel, dentre outros. Essas técnicas, além de mitigar a corrosdo do Mg, contribuem para sua

bioatividade, favorecendo sua interagao com o tecido dsseo e o processo de osteogénese.

Este trabalho teve como principal objetivo investigar o efeito da deposicdo de revestimento a
base de fosfato dicélcico dihidratado (DCPD) e filme hibrido composto por dlcool polivinilico
(PVA) e vidro bioativo (BG) sobre a taxa de corrosdo e a biocompatibilidade de substratos de
Mg previamente processados por laminacdo a quente. Os resultados obtidos sdo apresentados

nesse documento no formato de dois artigos cientificos. O primeiro deles abordou a deposicao
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do DCPD sobre o Mg por meio da sua imersdo em banho fosfatizado. No segundo artigo se
avaliou a deposi¢do por processo de revestimento por imersdo (dip-coating) de filme hibrido
PVA/BG sobre o recobrimento de DCPD previamente produzido. Foram avaliadas as
propriedades texturais, a taxa de corrosao em meio corporeo simulado e a biocompatibilidade
dos materiais preparados. O capitulo 2 dessa tese apresenta os objetivos geral e especificos
desse estudo. O capitulo 3 traz uma revisdo da literatura segundo o estado-da-arte do tema
abordado. Nos capitulos 4 e 5 sdo apresentados e discutidos os resultados obtidos nesse estudo.
No capitulo 6 sdo difundidas as principais conclusdes decorrentes dessa pesquisa, bem como

apresentadas sugestdes para trabalhos futuros.
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Investigar o efeito da modificagdo superficial do Mg laminado a quente com DCPD e filme

hibrido PVA/BG sobre sua resisténcia a corrosdo, biocompatibilidade e citotoxicidade.

2.2. OBJETIVOS ESPECIFICOS

e Realizar a modificagdo superficial do Mg por processo de conversdo quimica para

deposicao de revestimento de DCPD.

e Realizar o tratamento superficial do Mg utilizando filme hibrido PVA/BG preparado por

processo dip coating.

e Caracterizar os materiais obtidos segundo suas propriedades estruturais, de resisténcia a

corrosdo, biocompatibilidade e citotoxicidade.
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3. REVISAO DE LITERATURA

3.1. UTILIZACAO DO MAGNESIO COMO BIOMATERIAL

Materiais metalicos desempenham importante papel como biomateriais, pois sdo capazes de
reparar ou mesmo substituir o tecido 6sseo comprometido em decorréncia de processo de
fratura ou degeneracdo. Ademais, metais suportam grandes esforcos devido a sua elevada
resisténcia mecanica e tenacidade a fratura em comparacdo a outros materiais(NASSIF e
GHAYAD, 2013). Ainda ¢ muito difundida a utilizagdo como biomateriais do ago inoxidavel,
titanio e ligas a base de cromo e cobalto, apesar de esses materiais poderem exibir propriedades
fisicas e mecanicas bem diferentes daquelas observadas para o osso humano. O Mg apresenta
caracteristicas que o tornam um forte candidato para utilizacdo como biomaterial. Trata-se de
um material com menor densidade comparado ao aluminio e ago, com tenacidade a fratura
maior que materiais ceramicos. Ainda, possui médulo de elasticidade mais proximo ao do 0sso
humano do que qualquer outro biomaterial comumente utilizado como implante 0sseo

(STAIGER et al., 2006).

Diversos estudos tém sido realizados com o intuito de investigar a utilizacdo do Mg e suas ligas
como biomateriais. Essas pesquisas se basearam na avaliagdo das propriedades mecanicas, da
resisténcia a corrosao, biocompatibilidade e citotoxicidade do Mg. Diferentes configuragdes de
biomateriais a base Mg tém sido estudadas. ZHENG et al. (2014) prepararam amostras porosas
com geometria de arcabougos (scaffolds) (Figura 1). Materiais com tal porosidade permitem a
migracdo de tecidos, vasos sanguineos e células através da sua estrutura. WITTE et al. (2007)
desenvolveram compdsito utilizando matriz da liga AZ91 (composi¢ao massica (%): 90 Mg —
9 Al — 1 Zn) refor¢ada com particulas de HAp. Observou-se que o material preparado
apresentou boa biocompatibilidade. Os autores notaram que a distribuicdo de tamanho e o
arranjo das particulas de HAp possuem grande efeito sobre as propriedades mecanicas e

corrosivas do material.
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Figura 1 — (a) Fotografia de scaffold poroso da liga AZ91 e (b) modelo desenvolvido por
simulac¢do computacional (CAD — Computer-Aided Design). Adaptado de ZHENG et al.
(2014).

A citotoxicidade de um material ¢ fundamental para a avaliacdo da sua utilizagdo como
biomaterial. No que se refere ao Mg, tais ensaios permitem avaliar os efeitos nocivos
provocados pelo aumento de pH e pela liberacdo de ions Mg?" durante a degradagio do Mg no
organismo. ZHEN et al. (2015) investigaram a compatibilidade celular e a
hemocompatibilidade do Mg. Foi observado que o processo de hemolise, caracterizado pela
ruptura da membrana das hemécias e a consequente liberacdo de hemoglobina e outras
substancias no sangue, esta mais relacionado ao aumento de pH do meio fisioldgico do que com
o aumento da concentragdo de ions Mg®" devido a corrosio do Mg. SILVA et al. (2017)
estudaram amostras de Mg processadas por diferentes técnicas de deformagdo plastica severa,
com objetivo de reduzir o tamanho de grao do material e verificar o impacto dessa propriedade
em sua biocompatibilidade. Foi observado que o Mg processado por técnicas como fundigao,
laminacao e deformacao plastica severa (prensagem angular de canal igual (ECAP — equal
channel angular pressing) e tor¢ao de alta pressio (HPT — high pressure torsion) nao
apresentaram citotoxicidade a células humanas de osteosarcoma (SAOS-2) (Figura 2). Anélises
quantitativas conduzidas pela técnica de MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) indicaram que células expostas por 24 h ao Mg nao apresentaram
alteracoes significativas em sua atividade metabolica mitocondrial. Ainda, se observou que os
grupos testados produziram niveis de funcao celular acima de 50%. A anélise de citotoxicidade
usando o método LIVE / DEAD revelaram de forma qualitativa que boa parte das células
expostas a materiais a base de Mg por 24 h se mantiveram vivas. Nesse teste células vivas

exibem fluorescéncia verde, enquanto as mortas se mostram vermelhas. As células vivas foram
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observadas em grande concentracdo em todos os grupos examinadas, indicando que os

resultados de LIVE / DEAD estdo de acordo com aquele obtido por MTT.

a) 140 b)  comg Laminagsio
Mg-Cp Ensaio LIVE/DEAD -
120 Teste MTT ] Fluorescéncia verde:
24 horas (p < 0,05) células vidveis

Fluorescéncia vermelha:
células mortas

100 —

80 Controle negativo Lamma(;ao + recozimento

Controle positivo Lammagao + ECAP

60 |

Atividade metabolica (%)

a0}

20 |

o

Controle Fundido Laminado Laminado Laminado HPT
+ +
Recozimento ECAP

Figura 2 — (a) Atividade metabolica de SAOS-2 expostas por 24 h a amostras de Mg obtidas
por diferentes processamentos termomecanicos. (b) Status vital das células SAOS-2
determinado no ensaio LIVE / DEAD. C¢lulas vivas sao indicadas pela fluorescéncia verde,

enquanto as mortas sdo assinaladas pela cor vermelha. Adaptado de (SILVA et al., 2017)).

Em outro trabalho conduzido por LOPES et al. (2019), foram avaliadas amostras de Mg e
algumas de suas ligas obtidas pelo processo HPT. Os ensaios de citotoxicidade realizados nao
indicaram diferengas significativas na atividade mitocondrial de células expostas as diferentes
ligas por 24 h em comparagdo ao grupo controle negativo. A atividade metabdlica celular foi
superior a 80%, indicando uma alta viabilidade celular. Os resultados de LIVE / DEAD
indicaram que a maioria das células expostas as amostras de Mg por 24 h preservou o seu status
vital. CASTRO et al. (2019) processaram tanto o Mg quanto a liga AZ91 em conjunto com
particulas de HAp e BG 58S (composi¢do em peso (%): 58 SiOz — 33 CaO — 9 P,0s) para
producdo de compositos bioativos. Nesse trabalho as particulas de BG ¢ HAp foram
incorporadas e compactadas em conjunto com particulas de Mg e da liga AZ91. Foi observada
rapida corrosdo nos compositos com vidro bioativo e, apds duas horas de imersdao em solugao
de Hank (HBSS — Hanks balanced salt solution), notou-se a deposi¢cdo de CaP na superficie
dos materiais. Contudo, os compositos com HAp exibiram melhor desempenho em relagao a

corrosdo, além de melhor resposta nos ensaios mecanicos.
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3.2. CORROSAO DO Mg EM MEIOS FISIOLOGICOS

A maior preocupacdo com relagdo a utilizagdo do Mg como biomaterial se refere a sua corrosao
acelerada em meios fisiologicos. Como demonstrado na Equacgdo (3.1), a corrosdo do Mg
culmina na formacdo de gas hidrogénio (H2) e na liberagdo de ions Mg?" para o meio. A
formagdo dessas espécies pode gerar problemas como a formagdo bolhas de gis e a

alcalinizag¢do do pH sanguineo (SONG e SONG, 2007).

b }
Mg(s)+ 2H20(1) - Mg(;.) + 2OH(aq.) +H2(g) (31)

Na Figura 3 ¢ ilustrado o mecanismo de corrosdo do Mg em meio fisioldgico. Inicialmente
observa-se a oxidagdo do metal e a liberagio de citions Mg** para o meio. Os cétions gerados
podem reagir com ions OH™ provenientes da redu¢do da dgua, dando origem a uma camada de

Mg(OH), sobre a superficie do Mg (Equacgao (3.2)).
Mgifq.) +20H(,q) — Mg(OH)y) (3.2)

Entretanto, a camada de Mg(OH)> ndo resiste por muito tempo na superficie do material, pois
a solugao fisiologica € rica em ions cloreto que rompem essa camada protetora (ZHENG et al.,

2014).

Moléculas
organicas

"
N tecido

o

' Células

. 1 meio B gom.

biodearadavel

[P=] camada molecular [ Apatita

Figura 3- Representagcdo do processo de corrosdo do Mg em meio fisiologico. Adaptado de
ZHENG et al. (2014)
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O comportamento eletroquimico do Mg e suas ligas ainda tem sido destaque em muitos estudos
devido a sua importancia tecnologica. Do ponto de vista da corrosdo, o0 Mg ¢ altamente reativo
em ambientes aquosos. Isto se deve em parte ao seu potencial altamente negativo, em torno de
-2,37 Vnue. Ainda, deve-se considerar que a reagao catodica resultante dessa corrosdo ¢ a

reducdo da dgua, conforme mostrado na Equagdo (3.3).

2H,0, +2¢" — Hy(y) + 20H,q) (3.3)

Nota-se que a Equacdo (3.3) ocorre sem a necessidade da presenca de oxigénio. Isso permite
que a corrosao do Mg ocorra livremente em pH inferiores a 11, como mostrado no diagrama

exibido na Figura 4 (BIRBILIS ef al., 2013).

0
Mg “‘Hamh‘
-1 Corrosion Mg(OH),
Passivation
-
S
_____ Mg=———— -
MgH,
-3 Immunity (Mg)
T
: 7 14

pH

Figura 4- Diagrama E-pH para o sistema Mg-H>0O a 25 °C e 1 atm.
Adaptado de (POURBAIX, 1974).

A partir do diagrama de Pourbaix (Figura 4) € possivel obter informagdes importantes sobre a
estabilidade do Mg em meios aquosos, o qual todo o dominio de estabilidade do magnésio esta
bem abaixo do da 4gua. O magnésio, portanto, se dissolve como Mg* e Mg ** juntamente com
a evolugdo de hidrogénio.

Tratando-se de Mg em fluido corporal simulado, observa-se que este reage fortemente com a

agua, liquido abundante em fluido corporal, produzindo H, ¢ Mg (OH)> de acordo com o
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mostrado no diagrama de Pourbaix e com as reagdes apresentadas pelas equagdes 3.1 € 3.2. Em
ambientes com pH elevado (acima de 11,5), o Mg(OH), atua como uma camada protetora sobre
a superficie do Mg. Contudo, em pH inferiores o Mg(OH): ¢ instavel, ocorrendo a corrosao do

Mg (SALAHSHOOR e GUO, 2012).

E importante compreender o processo de corrosio do Mg em fluido corpéreo simulado (SBF —
simulated body fluid), para entdo desenvolver um biomaterial baseado nesse metal. WANG et
al. (2008) investigaram processos fisicos e quimicos observados quando o Mg ¢ mantido no
SBF por diferentes tempos. Os autores notaram que o Mg degrada de forma heterogénea, sendo
que sua taxa de corrosdo aumenta com o tempo de imersdo via processo de corrosdo localizada.
KALB ef al. (2012) também pesquisaram a corrosdo do Mg quando imerso em SBF. Foi
observado mecanismo de corrosdo micro galvanica devido a presenca de particulas catddicas
de ferro. Nesse processo, o ferro proveniente de impurezas age como um catodo micro
galvanico, favorecendo a corrosdo. ZENG et al. (2015) avaliaram a resposta a corrosdo do Mg
em solucdes de HBSS e de cloreto de sodio (NaCl, 0,9% vol./vol.). Os autores variaram os
teores de glicose nessas solucdes de modo simular o comportamento do Mg em pessoas
portadoras de diabetes. Foi observado que a taxa de corrosdo do Mg aumentou com a elevagao
do teor de glicose na solugdo de NaCl, devido a diminuicdo de pH em decorréncia da
transformacgdo da glicose (CsHi206) em 4cido gluconico (C¢Hi207). Esse efeito promove a
absorcao de ions cloreto de forma mais acelerada sobre a superficie do Mg. Contudo, na solucao
de HBSS o aumento do teor de glicose diminui a taxa de corrosdao do Mg. Isso se deve a
associagio da glicose a ions Ca’" na solu¢io HBSS, promovendo a formagdo de compostos a

base de fosfato de célcio (CaP) na superficie do Mg (ZENG et al., 2015).

LOPES et al. (2020) estudaram o comportamento corrosivo do Mg quando associado a HAp
em HBSS. A incorporagdao da HAp no Mg foi conduzida por meio de processamento HPT. O
ensaio de impedancia eletroquimica (EIS — electrochemical impedance spectroscopy) com
diferentes tempos de estabiliza¢do do potencial de circuito aberto (OCP — open circuit potential)
foi uma das formas de analisar a corrosdo. Foi observado que o material composito produzido
exibe impedancia mais baixa que o Mg puro apos curtos tempos de imersao em HBSS (Figura
5). A maior resisténcia a corrosdo do compdsito Mg/HAp foi atribuida & formagdo de camada

protetora a base de MgO e de compostos ricos em Ca, P e O sobre a superficie do material.
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Figura 5 — Diagramas de Nyquist para diferentes tempos de OCP para o (a) Mg puro (b) e (c)
compodsito Mg/HAp. Adaptado de LOPES et al. (2020).

3.3. ESTRATEGIAS UTILIZADAS PARA AUMENTO DA RESISTENCIA A
CORROSAO DO Mg

3.3.1. REFINAMENTO DE GRAO

O Mg possui baixa resisténcia a corrosdo em meios fisioldgicos, acarretando na fragilizagdo do
material. Como consequéncia, a utilizacdo do Mg como biomaterial ¢ comprometida pela
ocorréncia da sua degradacdo, fato que o impede de suportar grandes solicitagdes mecanicas
por longos tempos (SAHA et al, 2015). Dessa forma, estudos tém sido realizados para
contornar o problema da corrosdo do Mg e a consequente perda de estabilidade mecanica. Nesse
contexto, técnicas de processamento termomecanico tém sido utilizadas para refinar os graos
do Mg e aumentar sua resisténcia a corrosao. Dentre os métodos mais difundidos, vale citar
laminacao e técnicas de deformacao plastica severa, incluindo ECAP, HPT e colagem
acumulativa de rolos (ARB — accumulative roll bonding) (SAHA et al., 2015; MIYAMOTO,
2016). E sabido que o tamanho de grio possui influéncia direta sobre o mecanismo de corrosio
do Mg; a ocorréncia de corrosdo localizada e corrosdo intragranular diminui com a redugado do
tamanho de grdo do material. Contudo, o0 mecanismo de corrosdo generalizada ¢ favorecido

quando o tamanho de grao do Mg ¢ reduzido (MIYAMOTO, 2016).

SONG et al. (2010) avaliaram o efeito do refino de grao do Mg por ECAP sobre seu
comportamento corrosivo utilizando solucao salina contendo NaCl. Os autores observaram que
o refino de graos ocasionou na redugao da resisténcia a corrosao do Mg. Por outro lado, SILVA
et al. (2017) obtiveram resultados contrarios aqueles descritos por SONG et al. (2010). Os

autores justificaram tal efeito ao maior refinamento de grao atingido em razdo de diferencas no
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processamento termomecanico utilizado. A Figura 6 exibe micrografias de materiais preparados

nos dois estudos. Nota-se que o tamanho de grao ¢ menor na amostra 6a do que na 6b.

a) Laminado+ECAP

Figura 6 — Mg laminado e processado em 4 passes por (a) ECAP a 200 °C com tamanho de
grdo proximo a 3,6 um. (b) Material processado por ECAP em 4 passes a 300 °C com
tamanho de grao entre 100 e 200 um. Adaptado de (a) (SILVA et al., 2017) e (b) (SONG et
al., 2010).

O efeito do refino de grao do Mg sobre sua resisténcia a corrosao também foi avaliado por LI
et al. (2013). Na Figura 7a ¢ observado que o material fundido apresentou granulometria
bastante grosseira (1500 um). Apos a deformagdo do material por ECAP em diferentes
temperaturas (primeiro passe a 360 °C e os demais a 200 °C), houve consideravel refino de grao
e aumento da resisténcia a corrosdo do Mg (Figura 7b). Notou-se que o material processado em
dois passes apresentou potencial de corrosdo mais nobre e maiores correntes de corrosdo. Para
passes adicionais esse potencial reduziu. Além disso, a corrente de corrosdo indicou uma

tendéncia de variagdo similar para os diferentes nimeros de passes.
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Figura 7 — Microestruturas de Mg fundido e processado por ECAP (a) apds 1, 2 e 4 passes. (b)
Curvas de polarizagao potenciodinamica obtidas em meio fisiologico HBSS. Adaptado de (L/

etal., 2013).

ALVAREZ-LOPEZ et al. (2010) estudaram o efeito do tamanho de grio sobre o
comportamento eletroquimico da liga AZ31 (composi¢do massica (%): 97 Mg — 2,5-3,5 Al —
0,6-1,4 Zn — 0,2 Mn) em solucdo de NaCl (8 g.L'") e soro fisioldgico fosfatado (PBS —
phosphate-buffered saline). As ligas estudadas foram submetidas a diferentes tipos de
processamento, tais como laminacdo (tipo I) ¢ ECAP seguido de laminagao (tipo II). Os
resultados reportados apontaram uma maior resisténcia a corrosdo para o material com
granulometria mais refinada. Foi também notado que o meio fisiologico também teve influéncia
significativa nos resultados obtidos. A solugdo PBS induziu a formacdo de um composto
compacto contendo fosforo que juntamente com o Mg(OH),, garantiu uma maior protecdo da
superficie do material contra o ataque de ions cloreto. A Figura 8 apresenta as microestruturas

observadas apds o processamento do Mg, bem como os ensaios eletroquimicos realizados.
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Figura 8 — Microestrutura da liga AZ31 processada por (a) laminagao (tipo I) e (b) ECAP
(tipo II). Diagrama de Nyquist das amostras tipo I e Il em (c) NaCl e (d) PBS. Adaptado de
(ALVAREZ-LOPEZ et al., 2010).

3.3.2.MODIFICACAO DA SUPERFICIE DO Mg COM REVESTIMENTOS
BIOCOMPATIVEIS

Os fosfatos de calcio pertencem ao grupo de minerais denominados ortofosfatos. Estruturas
biologicas como ossos e dentes os contém em suas composigoes. As fases presentes em
ortofosfatos sdo classificadas de acordo com a razdo Ca/P que possuem. Dentre esses materiais,
vale citar o DCPD, a HAp e o fosfato tricalcico (TCP — tricalcium phosphate) (SHADANBAZ
e DIAS, 2012).

CHENG et al. (2014) depositaram camada de DCPD sobre substrato de AZ91. Nesse estudo os
autores utilizaram banhos de fosfatizagao com diferentes teores de CéH4OsNSNa e NaMoO4,
com objetivo de uniformizar e densificar o recobrimento. Observou-se que a adi¢do de
NaxMoO4 deu origem ao molibdato de magnésio (MgMoOQO4) que atuou como sitio de nucleagado

e crescimento de cristais de fosfatos. Foi também notada a influéncia do pH do banho de
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fosfatizagdo sobre a formagao do recobrimento. Em pH 2,5 notou-se que o substrato de Mg foi
consumido, havendo liberacdo de grande fragdo de Ha(g). Quando o pH do banho foi ajustado
para 3,0, um revestimento uniforme e denso foi obtido. Para valores superiores de pH foram

obtidos revestimentos porosos, compostos por longos cristais de fosfato.

ZALUDIN et al. (2018) avaliaram o comportamento eletroquimico de substratos de Mg
modificados com DCPD por meio de ensaios de polarizagao potenciodinamica e EIS (Figura 9).
Os autores também realizaram deposigdes com um subsequente tratamento alcalino com
objetivo de obter HAp estabilizada na camada de DCPD. As Figuras 9a e 9b mostram as anéalises
eletroquimicas de EIS e revelam que ambos os revestimentos melhoraram a resisténcia a
corrosao do Mg em SBF. Contudo, o revestimento sem tratamento alcalino (curva vermelha na
Figura 9a) composto unicamente por DCPD apresentou maior resisténcia a corrosdo em
comparagdo aquele preparado por tratamento alcalino. Notou-se que o tratamento alcalino

provocou a erosao da superficie das amostras tratadas, diminuindo sua resisténcia a corrosao.
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Figura 9- Diagramas de Nyquist para o (a) Mg puro, Mg/DCPD e Mg/DCPD/HAp. (b) Mg
puro e Mg/DCPD/HAp. (¢) Circuito elétrico equivalente simulado para as amostras
examinadas. Adaptado de (ZALUDIN et al., 2018)

WANG et al. (2009) depositaram revestimento de DCPD em substrato de Mg e avaliaram seu
desempenho frente a corrosao em SBF. Para isso, foi considerada a perda de massa registrada
em func¢do do tempo de imersao. Notou-se que as perdas de massas em amostras recobertas com
DCPD foram inferiores as observadas para amostras sem revestimento. Ainda, o aumento de
pH do SBF foi menor no grupo revestido do que no grupo sem revestimento. Os autores

observaram que nos primeiros 3 dias de imersdo em SBF, o revestimento DCPD ainda se
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mostrava intacto e cobria totalmente o substrato. A dissolugdo do DCPD tornou-se visivel no

5° dia de imersdo, mas essa camada se manteve sobre o Mg durante os 21 dias de imersao.

LI et al. (2012) depositaram revestimento de DCPD sobre a superficie da liga ZK60
(composi¢cdo massica (%): 94 Mg — 4,8-6,2 Zn — > 0,45 Zr). A citotoxicidade dos materiais
obtidos foi avaliada através de ensaios de MTT, utilizando células 1.-929 de fibroblastos de
camundongos. Extratos foram preparados conforme sugerido na norma ISO 10993-5 e, em
seguida, diluidos a 25%, 50%, 75% e 100%. Por fim, as solugdes obtidas foram incubadas por
72 h a 37 °C em atmosfera rica em CO>. A viabilidade celular foi avaliada através de ensaio
MTT (Figura 10). Os materiais ensaiados foram: ZK60 puro, ZK60/DCPD e ZK60/DCPD
tratado termicamente a 300 °C por 3 h. Notou-se que as amostras de ZK60 recobertas nao
exibiram modificacdo ap6s um dia de cultura nas diferentes concentragdes de extratos. Apos
trés dias de cultura celular (FiguralOb), observou-se uma reducdo da densidade Optica para
todas as amostras em todas as concentragdes do extrato. Esse efeito foi mais pronunciado para
o extrato de 100%. Nota-se que os materiais revestidos com DCPD e, especialmente aqueles
tratados termicamente, apresentaram uma maior viabilidade celular apos trés dias de cultura.
Testes in vitro conduzidos em amostras de Mg e suas ligas sugeriram que quanto menor a
resisténcia a corrosdo do material, maior o valor de pH do meio e maior € a sua citotoxicidade.
Dessa maneira, era esperado que com a reducdo da taxa de corrosdo da liga apos seu

revestimento com DCPD, menor seria sua citotoxicidade (LI ez al., 2012).
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Figura 10 — Viabilidade de células L-929 expressa pela densidade Optica apos (a) 1 dia e (b) 3
dias de ensaio sobre liga ZK60 nao revestida, liga ZK60 revestida com DCPD e liga ZK60
revestida com DCPD e tratada termicamente. Adaptado de (LI et al., 2012).

Materiais ceramicos como BG e vitroceramicas tém sido amplamente utilizados em aplicacdes

biomédicas devido as suas grandes bioatividades. O BG, em particular, possui grande
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capacidade de formar ligacdes interfaciais com tecidos vivos, contribuindo para restauragdo de
orgdos e sistemas defeituosos. Ademais, possui capacidade de se degradar no corpo humano,
sendo gradativamente substituido pelo tecido regenerado (SOLA et al., 2011). Dessa forma, a
aplicacdo do BG como material de revestimento sobre o Mg e suas ligas ndo apenas combina
sua bioatividade com as boas propriedades mecanicas dos materiais metalicos, mas também

melhora a estabilidade quimica do substrato (LIU e MIAO, 2004).

ZHANG et al. (2014) recobriram substratos de Mg com CaP e filmes compositos BG/CaP. Na
primeira etapa do processo de fabricagao, foi obtida camada de CaP por conversdo quimica. Em
um segundo estagio, BG particulado foi obtido por meio de rota sol-gel. Na terceira etapa o BG
produzido foi adicionado a banho fosfético para producdo de revestimento compoésito BG-CaP.
Verificou-se que o material revestido exibiu formacao de camada de HAp mais efetiva que o
Mg puro, sobretudo ap6s 30 dias de imersdo em SBF (Figura 11). Notou-se que a densidade da
corrente de corrosdo obtida para o Mg revestido com BG/CaP foi mais baixa do que a do Mg

ndo revestido ou recoberto com CaP.

15 dias

30 dias

Figura 11 — Morfologias da superficie do Mg revestido com BG/CaP imerso em solugao de

SBF por 7 dias (a — c), 15 dias (d — f) e 30 dias (g — 1). Adaptado de (ZHANG et al., 2014).

Revestimentos hibridos organicos-inorganicos também tém sido empregados em aplicagdes
biomédicas. Segundo (SAVELEVA et al., 2019), esses materiais sdo candidatos promissores,
pois sdo hidrofilicos, sdo capazes de acumular ions na interface superficie/meio fisiologico e
podem proteger o substrato contra ions agressivos responsaveis pela sua corrosao.

Biopolimeros como poliésteres alifaticos sintéticos e polimeros naturais também podem ser
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empregados para revestir materiais metalicos devido as suas multiplas fun¢des. Sdo materiais
versateis, com biocompatibilidade e biodegradabilidade adequadas(AGARWAL et al., 2016;
SONG et al., 2020). Nesse trabalho, optou-se por utilizar o alcool polivinilico (PVA) para
produzir revestimentos hibridos biocompativeis e anticorrosivos. O PVA ¢ um polimero
sintético hidrofilico e biodegradavel, bastante utilizado em engenharia de tecidos. Ademais,
possui boa estabilidade quimica, térmica e mecanica (IBRAHIM et al., 2017; TEIXEIRA et al.,
2019).

Na literatura existem varios trabalhos relacionados & producdo de compdsitos a partir da
combinacdo de PVA e BG. Entretanto, a maior parte deles ¢ focada na producdo de scaffolds
(GAO et al., 2012; MANSUR et al., 2012; TEIXEIRA et al., 2019). DILSHAD et al. (2019)
recobriram uma liga Mg/Ca com filme compdsito PVA/fosfato de magnésio. Os autores
observaram que as amostras recobertas exibiram maior fracdo de Ca e P sobre suas superficies.
Ainda, essas amostras apresentaram grande bioatividade apdés 72 h de imersdo em SBF.
BAKHSHESHI-RAD et al. (2015) avaliaram uma liga Mg-Ca-Zn revestida com recobrimento
hibrido composto por policaprolactona (PLC), HAp e ortofosfato de calcio. Por meio de ensaio
de EIS em SBF, foi observado que a presenca do filme hibrido aumentou a resisténcia a corrosao

da liga examinada (Figura 12).
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Figura 12 - Diagrama de Bode para liga Mg-Ca-Zn em SBF.
Adaptado de (BAKHSHESHI-RAD et al., 2015).

- METODOS DE DEPOSICAO DE REVESTIMENTOS
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Recobrimentos organicos e inorganicos podem ser produzidos por meio de suspensdes
coloidais, a partir de métodos denominados processos de revestimentos a imido (wet coating).
Dentre esses métodos, vale citar pintura, revestimento rotativo (spin-coating), eletrodeposigao,
pulverizagao e imersao (dip-coating) (Figura 13). A técnica de dip-coating consiste, de forma
geral, na imersdo de um substrato em uma solucdo contendo o material a ser depositado, em
sua retirada do meio liquido a uma velocidade constante, na secagem e no tratamento térmico
do material preparado. Mediante monitoramento de variaveis como a viscosidade do meio
liquido e a velocidade de retirada do substrato, ¢ possivel controlar a espessura do revestimento
produzido (HORNBERGER et al., 2012). Trata-se de técnica versatil, amplamente empregada
em processos industriais em uma variedade de substratos (metalicos, ceramicos e poliméricos)

com diferentes geometrias (TANG e YAN, 2017).
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Figura 13 — Visdo geral dos processos de revestimento a imidos empregados na deposigdo de

filmes inorganicos e organicos. Adaptado de (HORNBERGER et al., 2012).

Outra maneira efetiva de realizar a modificag¢do superficial do Mg de forma pratica e barata ¢
através de processo denominado conversdao quimica. Esse método consiste em manter o
substrato de Mg em uma solugdo contendo os compostos que se deseja depositar sobre o
material. No caso do DCPD, a solucao utilizada ¢ geralmente constituida por nitrato de célcio,
oxido de célcio e acido fosforico. Durante a imersdo do Mg nessa mistura, hd a formagao de
DCPD sobre sua superficie. O mecanismo envolvido nesse processo ¢ descrito em detalhes no
capitulo 4. Trata-se de técnica simples que da origem a recobrimentos aderentes, uniformes e

bastante adequados para se revestir substratos com geometrias complexas (SU et al., 2016).
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4. OBTENCAO E CARACTERIZACAO DE REVESTIMENTOS A BASE DE
DCPD SOBRE SUBSTRATOS DE MAGNESIO

Esse trabalho teve como objetivo preparar revestimento de DCPD por meio da imersdo de
amostras de Mg em banho de fosfatizagdo com pH em torno de 2,9 por diferentes tempos (entre
6 ¢ 48 h). O DCPD possui razao Ca/P igual a 1, apresentando similaridade quimica com a fase
mineral do osso e favorecendo a formagao de HAp quando presente em meios fisioldgicos.
Compostos a base de CaP sdo uma boa op¢ao para preparacao de revestimentos para reducao
da taxa de corrosdo do Mg e aumento da sua bioatividade. Os materiais obtidos foram
examinados quanto as suas propriedades estruturais, resisténcia a corrosao, biocompatibilidade
e citotoxicidade. As amostras obtidas apos 24 h de imersao em banho fosfatico se mostraram
livres de trincas, mais compactas ¢ espessas. Essas amostras exibiram a maior resisténcia a

corrosdo dentre os materiais examinados nesse trabalho.

Publicado em Surface & Coatings Technology (volume 386, 125505, 2020).
DOI: 10.1016/j.surfcoat.2020.125505
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FABRICATION AND CHARACTERIZATION OF DICALCIUM PHOSPHATE
COATINGS DEPOSITED ON MAGNESIUM SUBSTRATES BY A CHEMICAL
CONVERSION ROUTE

Jorgimara de O. Braga, Sandhra M. de Carvalho, Lucas M.C. Silva, Renata B. Soares,
Vanessa F.C. Lins, Eric M. Mazzer, Manuel Houmard, Roberto B. Figueiredo, Eduardo H.M.

Nunes.

ABSTRACT

It is well established that magnesium (Mg) is a promising material for use in biomedical
applications. Nonetheless, it exhibits an accelerated corrosion rate when present in
physiological media, which may lead to premature degradation of the implant in the body. As
a result, it is necessary to slow down the corrosion of Mg in order to ensure that the implant is
able to maintain its mechanical integrity during the whole healing period. In this work,
dicalcium phosphate dihydrate (DCPD) coatings were formed on hot-rolled Mg substrates by a
chemical conversion route aiming to increase the corrosion resistance and biointegration of the
latter. The materials prepared herein were examined by scanning electron microscopy, Fourier
transform infrared spectroscopy, X-ray diffraction, electrochemical impedance spectroscopy,
and in vitro assays. The sample obtained after immersing Mg in the phosphating bath for 24 h
and with no heat treatment was the one with the highest corrosion resistance. This sample also
exhibited the formation of a hydroxyapatite layer on its surface after soaking in Hank’s balanced
salt solution for times as short as 1 day. Moreover, this specimen showed no toxicity to rat

mesenchymal stem cells, suggesting that it is a promising material for biomedical applications.

KEYWORDS: Magnesium; Bioimplant; Chemical conversion; Dicalcium phosphate

dihydrate; Corrosion resistance; Structural evaluation.
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4.1. INTRODUCTION

It is well established that metallic implants are promising candidates for use in orthopedic
applications due to their enhanced mechanical stability when compared to polymers and
ceramics [1,2]. Magnesium (Mg), for instance, has attracted great attention over the past years
due to properties such as biodegradability, mechanical behavior similar to that displayed by
natural bone, and compatibility with the physiological environment [3,4]. Moreover, Mg is non-
toxic and it is unlikely that its dissolution causes adverse side effects in the human body [5,6].
Indeed, it has been reported that the presence of Mg is beneficial to bone strength and growth
[7]. Nonetheless, Mg exhibits accelerated corrosion when present in physiological media [8],
which may lead to premature degradation of the implant in the body. As a consequence, it is
necessary to slow down the corrosion of Mg in order to ensure that the implant is able to
maintain its mechanical integrity during the whole healing period. When Mg is soaked in
physiological media, the contact between the fresh surface and electrolyte-containing solution
causes the corrosion of Mg at high rates. This process involves both the release of hydrogen
and alkalinization of the environment [9]. The mechanism of Mg biodegradation strongly
depends on the medium in which it is immersed; each physiological solution will induce a
different biocorrosion process. As a result, different corrosion products can be generated. For
instance, MgO, Mg(OH)2, and MgCOs are the main degradation products observed when Mg
is exposed to Hank’s balanced salt solution (HBSS), Kokubo's simulated body fluid (SBF), and
Dulbecco's modified eagle medium (DMEM), respectively. However, despite the several works
carried out in recent years focused on understanding the biocorrosion of Mg and its alloys, it is
a consensus among researchers that the mechanisms involved in this process are still far from

a complete understanding and much effort must be made to determine them [9,10].

Several strategies have been used to control the biodegradation rate of Mg, including alloying
and surface modification [11-13]. Among these approaches, the deposition of coatings on Mg
is a promising method. Calcium phosphate (CaP) coatings have been widely investigated
because they are non-toxic and biocompatible, besides providing corrosion protection to Mg
[14,15]. Su et al. [16] studied the deposition of CaP coatings on an AZ60 magnesium alloy by
a chemical conversion method. The authors reported that the temperature and pH of the
phosphating bath show a great effect on both the structure and corrosion behavior of the
prepared coatings. Tan ef al. [17] coated a biodegradable AZ31 alloy with CaP. They observed
that the corrosion potential of the CaP coated alloy increased significantly and that human

osteoblast-like cells showed good adherence, proliferation, and differentiation on the surface of



41

the coated alloy. Zaludin et al. [18] coated Mg substrates by combining a phosphating method
with an alkaline treatment. They noticed that the phosphating approach led to the formation of
a dicalcium phosphate dihydrate (DCPD, CaHPO4.2H>0O) coating, whereas the alkaline
treatment converted it into hydroxyapatite (HAp, Caio(POs)s(OH)2). It was also reported that
both treatments improved the corrosion resistance of Mg. Li et al. [19] investigated the
corrosion resistance of a ZK60 alloy coated with DCPD. The authors heat-treated coated
samples in air at 300 °C for 3 h. They reported that the annealed samples displayed higher
corrosion resistance than the as-prepared ones, which arises from the increase in density
exhibited by the DCPD coatings after the heat treatment step. Nonetheless, as far as we know,
there is no study in the literature that simultaneously addresses the structural properties,
corrosion behavior, biocompatibility, and cytotoxicity of DCPD coatings deposited by chemical
conversion on Mg substrates, as performed herein. Thus, this work brings new insights

concerning the use of DCPD to slow down the biocorrosion of Mg.

In this work, DCPD coatings were deposited on Mg substrates by a chemical conversion
method. It has been reported that this approach is a simple procedure to prepare uniform and
well-adhered CaP coatings [16]. Hot-rolled Mg substrates were initially immersed in a
phosphating bath for times ranging from 6 to 48 h. Next, they were heat-treated in air at 100°C
for 6 h and examined by scanning electron microscopy (SEM), atomic force microscopy
(AFM), Fourier transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The
corrosion behavior of the prepared samples in HBSS was evaluated by electrochemical
impedance spectroscopy (EIS). The samples cytotoxicity was also examined by LIVE/DEAD
and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. The in vitro
bioactivity was evaluated after soaking the prepared samples in HBSS for up to 21 days.

4.2. MATERIALS AND METHODS

4.2.1.SAMPLES PREPARATION

Commercial grade Mg (99.7% purity) was provided as ingots by RIMA (Bocaitiva-MG). Mg
plates were obtained after multi-pass hot rolling (4 passes) at 300 °C in air. Substrates with
dimensions of 20 x 20 x 1 mm? were then cut from the hot-rolled plates. The substrates were
subsequently ground with SiC papers of different grain sizes (up to #4000 grit), cleaned with
deionized Milli-Q water, and degreased by sonication in ethanol at room temperature for

15 min. The as-prepared substrates were then immersed in a bath of calcium nitrate tetrahydrate
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(Ca(NO3)2.4H>0, 12 g.L'Y), calcium oxide (CaO, 1.2 g.L'!) and phosphoric acid (H3PO4, 85
vol% in water, 8 mL.L™"). The immersion time ranged from 6 to 48 h. The temperature and pH
of the phosphating bath were kept constant at room temperature and 2.8 which, according to Su
et al. [16], give rise to CaP coatings able to provide corrosion protection to Mg. After the
immersion step, the coated samples were rinsed with deionized water. Some samples were
subsequently heat-treated in air at 100 °C for 6 h to investigate the effect of this step on the
behavior of the prepared coatings. The as-prepared samples were designated as CaP-Xh, where

X represents the immersion time (h) in the phosphating bath. The heat-treated specimens were

labeled as CaP-Xh-HT.

4.2.2. STRUCTURAL CHARACTERIZATION

XRD was carried out on a Philips-Panalytical PW 1710 system operating at 40 kV and 30 mA.
XRD patterns were taken at a step size of 0.02° (20) and using CuKa as the radiation source (A
=1.54 A). The crystalline phases observed in obtained patterns were identified according to the
JCPDS database (Joint Committee on Powder Diffraction Standards). SEM was conducted on
Jeol JISM-6360LV and Fei Quanta FEG 3D microscopes at accelerating voltages ranging from
510 20 kV. The examined samples were previously sputter-coated with a 10 nm-thick gold film.
Energy dispersive spectroscopy (EDS) was carried out with Thermo Noran systems available
in the SEM microscopes. AFM was conducted on an Asylum Research MFP-3D microscope
operating in the tapping mode. Silicon cantilevers with a spring constant of 26 N.m™ and
resonance frequency of 300 kHz were employed in these tests. FTIR was conducted on a Bruker
Alpha spectrometer using an attenuated total reflectance (ATR) accessory and a diamond
crystal as the reflective element. The FTIR spectra were taken at a resolution of 4 cm™! and 128
scans. EIS was conducted at 25 °C with an Autolab PGSTAT 100N potentiostat. Three
electrodes were used in these tests, namely saturated calomel as the reference electrode,
platinum as the counter-electrode, and the Mg sample as the working electrode. The surface
area evaluated in these tests was kept constant at 1.2 cm?. Samples were kept soaked in HBSS
for 1 h prior EIS tests for stabilization purposes. EIS was performed at the corrosion potential
using an amplitude of 10 mV within a frequency range of 10 kHz -10 mHz. The thicknesses of
the prepared coatings were measured on a PosiTector 6000 FNS gauge. It was considered the

average of 10 different test points distributed on the surface of the examined samples.

4.2.3. IN VITRO ASSAYS
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Sample’s cytotoxicity was evaluated using rat mesenchymal stem cells (MSCs) by direct
contact through MTT and LIVE/DEAD assays. Female Wistar rats of 6-8 weeks old and 220-
250 g in weight were used in this study. All procedures, care, and treatment of these animals
were conducted as recommended in the Guide for the Care and Use of Laboratory Animals of
the US National Institutes of Health [20]. The following antibodies obtained from BD
Biosciences (San Jose, CA, USA) were used: anti-CD45 (clone 69 mouse), anti-CD54 (clone
1A29 mouse), anti-CD73 (clone 5 F / B9 mouse), and anti-CD90 (clone Ox-7 mouse). MSCs
were initially cultured at 37 °C in a 5 %CO; environment for 72 h in a DMEM supplemented
with fetal bovine serum (FBS — 10 vol%), streptomycin sulfate (10 mg.mL!), penicillin G
sodium (10 units.mL"), and amphotericin-b (0.025 mg.mL™). All these reactants were supplied

by Gibco BRL (NY, USA). The cultured cells were used for experiments in passage 3.

The square samples (3.5 x 3.5 mm?) used in MTT assays were prepared as suggested in the ISO
10993-5:2009 standard [21]. These materials were initially exposed to ultraviolet radiation for
60 min on each side before culture initiation. Cell populations were initially synchronized in a
serum-free medium for 24 h. Next, 3x10° cells/well were seeded on samples grown in 24-well
plates. Controls were used with the cells and DMEM containing FBS. It was used as the positive
control 1 vol% Triton X-100 in phosphate-buffered saline and as the negative control chips of
sterile polypropylene Eppendorf tubes (1 mg.mL™"). After 72 hours, the medium was aspirated
and replaced by 210 pL culture medium with serum. Cells were incubated at 37 °C and 5 %
CO; after adding 170 puL of MTT (5 mg.mL™"). After 4 h, 80 uL of a solution of isopropyl
alcohol and hydrochloric acid (4 vol%) was added to each well. Next, 100 pL was removed
from each well and transferred to a 96-well plate to assess the absorbance in a Bio-
Rad I Mark Microplate Reader at a wavelength of 595 nm. The cell viability (Cell%) was
calculated by considering the absorbance measured for the samples (Abssamples) and control

groups (Abscontrol) as described in Eq. (4.1):

Absgm,
Cell(%)= <A—p‘) X100 . 4.1

bscontrol

For LIVE/DEAD assays, MSCs were initially synchronized in a serum-free medium for 24 h.
Next, 3x10° cells/well were seeded on the samples grown in 24-well plates. After 72 h the
medium was aspirated, the cells were washed 3 times with phosphate-buffered saline and then
treated for 30 min with a LIVE/DEAD viability/cytotoxicity kit following the supplier

specifications (Life Technologies of Brazil, Sdo Paulo). Images were obtained with a Leica
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DMIL LED microscope and fluorescence was taken for calcein (530.0 £ 12.5 nm) and
propidium iodide (645 £+ 20 nm). The data obtained in MTT and LIVE/DEAD assays were
examined with the Prism software (GraphPad Software, San Diego, CA, USA). The following
parameters were considered in these statistical analyses: P < 0.05, N = 6, one-way ANOVA,
Bonferroni test. The adhesion and spreading of MSCs on the examined samples were evaluated
by SEM following the procedure described elsewhere [22]. Briefly, samples were initially fixed
with 2% glutaraldehyde for 16 h and dehydrated after washing them with a series of aqueous
ethanol solutions (ethanol concentration ranging from 20 to 100 vol%). The materials were
subsequently dried in a nitrogen flowing reactor for 4 h and outgassed under vacuum for 12 h.
Before the examination, samples were carefully sputter-coated by keeping them at the
maximum distance from the gold target and at a low sputtering rate to prevent damages on their

surface.

The in vitro bioactivity of the coated-samples was evaluated after soaking in HBSS for up to
21 days. HBSS and SBF are probably the most used solutions to mimic the ionic composition
of human plasma and evaluate the bioactivity of biomaterials [23]. Although SBF has a stronger
buffer capacity to keep pH around 74 due to the presence of
tris(hydroxymethyl)aminomethane, this compound may both react with Ca** and inhibit the
mineralization process [24]. Therefore, HBSS was selected in this study. The temperature and
pH of this solution were kept at 37 °C and 7.4 during the test. The solution pH was checked
twice a day and adjusted by slowly adding an aqueous solution of hydrochloric acid (0.1 M)
into it. After removing samples from HBSS, they were rinsed with deionized water and air-

dried at 100 °C overnight. They were subsequently examined by XRD, FTIR, SEM, and EDS.

4.3. RESULTS AND DISCUSSION

4.3.1. COATED SAMPLES

Fig. 14 displays the XRD patterns collected in this study. The bare substrate showed diffraction
lines ascribed to Mg only, which reveals that no contamination or oxidation occurred during
the hot rolling step. The coated samples exhibited additional lines associated with DCPD,
indicating that a CaP coating was successfully formed on the Mg substrate. It has been reported
that during the phosphating process, anodic (Eq. 4.2) and cathodic (Eq. 4.3) reactions may take

place at different polarization sites on the Mg surface [16]:
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2+ -
Mg — Mg, +2e 4.2)
2H20(1) +2¢ — H2(g) + 2OHan) (43)

It has been also proposed that Mg?" ions may react with OH" species, which gives rise to a

partially-protective Mg(OH): film [25]:

Mg(, )+ 20Hzq) — Mg (OH)y (4.4

However, Cl" anions present in HBSS may both displace water molecules and transform

Mg(OH); into a water-soluble MgCl phase [26]:
Mg(OH), ) + 2Cl,q) — MgCly, + 20H, (4.5)
Ca0, H3PO4, and H,O may also react in the phosphating bath:
CaO,)+ 2H;PO4 1y + HyOy — Ca(H,P04),.2H, 0y (4.6)
However, Ca(H2PO4)2.2H20 is unstable and may dissociate into different products:
Ca(H,P0,),.2H,0) — CaPO} () + HyPOyuq) + 2H(yq) + 2H,0 4.7
The complex CaPO4 can also dissociate in the phosphating bath:
CaPO} () — Cagay + P03 ag) (4.8)

Similar reactions to Eq. (4.6) to (4.8) have already been suggested for zinc phosphating baths
[27,28]. The formation of DCPD may be related to Eq. (4.9) and (4.10) [29]:

2H,POjyoq) + 26— 2HPOZ (o) + Hy(g) (4.9)

Cafyg) + HPOj(aq) + 2H,0¢) — CaHPO,.2H, 0y (4.10)
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Figure 14- XRD patterns taken in this study. The JCPDS cards used as the reference in these

analyses are also shown for comparison purposes.

Fig. 15 exhibits SEM micrographs obtained for samples prepared in this study. Grooves and
scratches related to the hot rolling step are observed on the bare substrate. These features are
also observed in the AFM images shown in Fig. 16.a. The roughness measured for the bare
substrate according to two different parameters, namely Ra and RMS, was 63.7 £ 1.7 and 83.3
+ 0.8 um, respectively. Ra is the roughness average of a surface measured considering peaks
and valleys. RMS, on the other hand, is calculated as the root mean square of this roughness
[30]. From Fig. 15, the coated samples displayed flakes with a flower-like shape associated
with the DCPD phase [16,18,19]. This finding was also confirmed by EDS: the Ca/P ratio
assessed in these analyses was about 1. It appears that the heat treatment of the coated samples
at 100 °C for 6 h caused the formation of defects such as cracks and holes on their surface.

Besides, a surface peeling was observed for some samples after the heat treatment step.
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Figure 16 — (a) AFM images collected from the bare Mg substrate. (b) Thickness evaluated

for the DCPD coating deposited on different samples. Inset: cross-sectional SEM micrograph

of DCPD-coated sample obtained after 24 h of immersion in the phosphating bath.
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Fig. 16.b depicts the thickness evaluated for DCPD coatings deposited on different samples.
The increase of the soaking time of Mg in the phosphating solution from 6 to 12 and 24 h
increased the coating thickness from 5.0 £ 1.6 to 9.5 £ 1.7 and 14.0 £ 1.3 um, respectively. A
further increase of the soaking time to 48 h did not affect the coating thickness since it remained
around 14.0 £ 1.7 um. The formation of DCPD on Mg has been related to the low solubility of
the former in the phosphating bath, which favors the occurrence of Eq. (10) [31]. This phase
accumulates on Mg during the immersion step, giving rise to a thick coating on it. It appears
that the saturation of DCPD on the Mg surface takes place for a 24 h immersion time, justifying
why no further increase in thickness was observed when the soaking time was increased from
24 to 48 h. The heat treatment of CaP-6h at 100 °C increased the coating thickness from 5.0 +
1.6 to 10.0 £ 1.2 um. However, a similar behavior was not observed for other samples. One
observes from Fig. 15 that the heat treatment of CaP-6h caused the disappearance of flower-
like structures related to DCPD. It is possible that the heat treatment step caused the
transformation of DCPD into other calcium phosphate phases, which contributed to the
observed change in thickness. This behavior was not observed for samples prepared after
soaking times longer than 6 h probably because the thickness displayed by these materials in
the as-prepared condition was much larger than that detected for CaP-6h. Further experiments
are needed to fully understand this mechanism. The inset exhibited in Fig. 16 displays a cross-
sectional SEM micrograph of a DCPD-coated sample obtained after 24 h of immersion in the
phosphating bath. This image was obtained using backscattered electrons, which allowed
distinguishing the Mg substrate from the DCPD coating. The thickness measured for this
coating was about 12 um, which is in line with the results shown in Fig. 16.b. The cracks
observed between the coating and substrate in this micrograph is due to the preparation stage

of the sample used in this examination, which involved both grinding and polishing steps.
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Fig. 17 shows Bode plots obtained from EIS. Fig. 17.a exhibits the phase angle as a function of
frequency. One observes that the resistive effect of the test solution is more evident at
frequencies above 10° Hz. Zaludin ef al. [18] reported that the dielectric properties of DCPD
also contribute to this behavior. A capacitive behavior ascribed to the presence of the DCPD
coating is observed at frequencies from about 10 to 10?> Hz. CaP-6h-HT displayed a maximum
phase angle of about 20°, revealing that it is the sample with the lowest corrosion resistance.
On the other hand, CaP-12h and CaP-24h exhibited a maximum phase angle around 60° and
the highest corrosion resistance. It seems that more than one time constant is observed for some
samples, which suggests that Cl” ions could penetrate the DCPD coating towards the metallic
substrate and give rise to additional time constants [32]. Fig. 17.b depicts the impedance
modulus (|Z]) as a function of frequency. It can be observed that CaP-24 h showed the largest
|Z| at frequencies below 10° Hz, which reveals that this sample exhibits the highest polarization
resistance (R,). It can also be observed that there is a decrease of |Z| at frequencies around 10~

Hz, which has been ascribed to the relaxation of adsorbed Mg?* ions [33].

Fig. 17.c exhibits |Z| at a constant frequency of 30 mHz. This frequency was chosen because,
at this value, the contributions due to either the resistive effect of the test solution or relaxation
of adsorbed ions are minimized. One notes that the coating of Mg with DCPD led to materials
with larger values of |Z| and consequently higher corrosion resistance. The immersion of Mg in
the phosphating bath increased |Z| from 3.5 x 10° (bare substrate) to 8.3 x 10 (CaP-6h), 9.4 x
10° (CaP-12h), and 16.0 x 10° Q.cm? (CaP-24h). However, a further increase of the immersion
time from 24 to 48 h decreased |Z| to 8.0 x 10° Q.cm? (CaP-48h). One notices from Fig. 17 that
CaP-48h has cracks on its surface, which may favor both the penetration of CI” ions in the
DCPD coating and corrosion of the Mg substrate. The heat treatment of the coated samples
decreased their corrosion resistance since smaller values of |Z| were evaluated for these
materials. Defects were noticed in the SEM micrographs of the heat-treated samples (Fig. 17),
which may justify the lower corrosion resistance displayed by these specimens. Such defects
may favor localized corrosion on the prepared materials, decreasing their corrosion resistance.
Nonetheless, it can be observed that |Z| increased with increasing the immersion time for the
heat-treated materials, which may be associated with the larger thickness of the DCPD coating
(Fig. 17.b).
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Figure 17 — Bode plots obtained from EIS tests. (a) Phase angle and (b) impedance modulus
as a function of frequency. (¢) Impedance modulus evaluated at a constant frequency of 30

mHz.

Figure 18 exhibits SEM micrographs and EDS spectra of samples previously used in EIS tests.
Cracks are clearly observed in the heat-treated sample, which explains the low corrosion
resistance displayed by this material (Fig. 17.c). Flower-like structures ascribed to DCPD are
observed in both samples, but the Mg substrate is exposed in the annealed specimen. One
observes in the EDS spectra provided in this Figure that a signal associated with an Mg-Ka
transition is noted for CaP-24h-HT, confirming that the substrate was in direct contact with
HBSS during the EIS tests. This contact causes the formation of an Mg(OH): layer on Mg, as
expressed in Eq. 4.4. However, this layer is highly soluble, which does not prevent the corrosion

of Mg.
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Figure 18 — SEM micrographs and EDS spectra of samples previously used in the corrosion

tests (CaP-24h and CaP-24h-HT). SEM images obtained with backscattered electrons.

It appears that the chemical conversion method used in this work gave rise to a protective layer
on the Mg substrate. Such a layer inhibited the chemical attack of Mg by Cl" ions, which could
decrease the corrosion rate of the latter in the human body. As discussed before, Mg displays
accelerated corrosion in physiological media, which inhibits its application as a biomaterial. It
is imperative that implants used as bone grafts should maintain their mechanical integrity during
the whole healing period, which may take a long time. Thus, the presence of a DCPD coating
could allow the use of Mg as a bone graft, besides improving the affinity of the implant with
the human bone. As the sample CaP-24h showed the highest corrosion resistance among the
examined materials, it was used for further in vitro tests. A bare Mg substrate was also used for

comparison purposes.

4.3.2. SOAKING TESTS IN HBSS

Fig. 21 displays the XRD patterns of CaP-24h before and after soaking in HBSS. As discussed
before, CaP-24h showed diffraction lines ascribed to Mg and DCPD (Fig. 14). Nonetheless, the

major lines of DCPD at 20 ~ 12, 21, and 29° experienced a dramatic decrease after the
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immersion in HBSS. Indeed, some diffraction lines associated with DCPD are no longer
observed after the soaking step (e.g., 26 =~ 31 and 42°). On the other hand, diffraction lines
related to HAp become visible after soaking CaP-24h in HBSS. Moreover, some lines exhibited
a significant increase probably due to the overlapping of HAp lines to those of DCPD (e.g., 26
~ 34, 36, 63, and 72°). It is not possible to clearly distinguish the contribution of HAp due to
peak overlap with magnesium. However, the decrease in DCPD suggests the formation of a

new phase, HAp, which can be related to Eq. (4.11) and (4.12) [34,35]:

10C21HPO42H20(S) + 4N32HPO4(aq.) - Calo(PO4)6(OH)2(S) + 8NaH2PO4(aq,) (41 1)
10C&HPO42H20(S) + lonan) i Calo(PO4)6(OH)2(S) + 4PO?1-(aq) + 30H20(1) (412)

It has been reported that DCPD is unstable in media with pH above 6-7, tending to transform
into HAp [35]. It is worth recalling that HBSS was kept at pH 7.5 during the soaking tests,
which could favor the formation of HAp. The ATR/FTIR spectra of CaP-24h before and after
soaking in HBSS are shown in Fig. 20. No normalization procedure was applied to these spectra
and the intensity of the absorption bands should not be compared between different samples.
The absorption bands at about 400, 520, 575, and 655 cm™ are due to the PO bending mode
[36,37]. The presence of structural water in DCPD is evidenced by the bands at 785 and 1210
cm’!, which are ascribed to O-H in-plane bending and H»O oscillating motion, respectively
[38]. The P-O(H) stretching is observed at 870 cm™!, whereas the PO stretching is noticed at
985, 1055, 1120, and 1130 cm™! [36-38]. All these bands are characteristic of DCPD and were
observed in the spectrum of the as-prepared sample. However, the samples soaked in HBSS
exhibited ATR/FTIR spectra different from that observed for DCPD. One observes that the
soaked samples have three broad bands centered at about 550, 1020, and 1410 cm™!, which have
been ascribed to HAp [39]. This finding is in line with the behavior observed in XRD tests (Fig.
19).
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Figure 20 — ATR/FTIR spectra of CaP-24h before and after soaking in HBSS for different

times. No normalization was applied to these spectra.

Figs. 21.a and 21.b display SEM micrographs of the bare Mg substrate and CaP-24h after
soaking in HBSS for 21 days. The bare substrate experienced a significant degradation over
time, showing cracking and peeling after this step. XRD lines ascribed to MgO were observed
for this material, which is in agreement with the literature; it has been reported that the soaking
of Mg in HBSS gives rise to a MgO layer on it [18]. On the other hand, HAp nodules are
observed on the surface of CaP-24h upon soaking in HBSS. Fig. 21.c exhibits an EDS spectrum
obtained over a selected area for CaP-24h. The Ca/P ratio in this spectrum is about 1.40, which
is slightly smaller than the expected one for HAp (1.65). The nodules observed on CaP-24h
have been related to HAp [40—42], which also supports the formation of this phase. The
compositional map depicted in Fig. 21.d reveals that Ca and P are nearly homogeneously
distributed on CaP-24h, whereas O and Mg show accumulation in specific areas. At this point,
it is important to remember that characteristic X-rays may be excited from a depth of several
micrometers in an EDS test. Therefore, not only signals derived from the HAp layer were
detected in these tests but also from both the DCPD coating and Mg substrate. Thus, it is
plausible to observe signals related to Mg in this compositional map, besides detecting a Ca/P

ratio between 1.0 (DCPD) and 1.65 (HAp).
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XRD, ATR/FTIR, and SEM-EDS examinations (Figs. 19 to 21) revealed that HAp was formed
upon soaking CaP-24h in HBSS for times as short as 1 day, which reinforces the
biocompatibility of this material. It has been reported that glucose favors the formation of CaP
phases on Mg. According to Zeng et al. [25], the presence of glucose on the Mg surface induces

the uptake of Ca" ions on it:
2RCOOH ;) + Cagyy) — (RCOO),Cagg) + Hyy (4.13)

where R is a CH2OH(CHOH)4 radical. The reaction of adsorbed Ca?" ions with HPO4*

complexes can lead to the formation of HAp:

10Ca,) + 6HPOZ (1) + 8OH g — Cajg(PO,)s(OH) ) + 6H,0y  (4.14)
Zeng et al. [25] also observed that glucose accelerates the corrosion of Mg. However, it is
important to use a glucose-containing medium such as HBSS for evaluating the corrosion
resistance of Mg because glucose is naturally present in the human blood plasma [43]. Thus, it
is expected that glucose plays a key role in both the formation of HAp and the degradation of

Mg in practical applications.
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Figure 21 — SEM micrographs for (a) bare Mg substrate and (b) CaP-24h after soaking in
HBSS for 21 days. (c) EDS spectrum collected over a selected area and (d) compositional
map obtained for CaP-24h after the immersion step. Please refer to the online version of this

paper to see Figure 7d in color. SEM micrographs obtained using secondary electrons.

4.3.3. CELL VIABILITY AND ADHESION

Fig. 22.a shows images obtained from LIVE/DEAD assays. This assay is a cell viability test
based on the simultaneous evaluation of live and dead cells. Live and dead cells are identified
as green and red luminescence, respectively. One observes that a smaller concentration of live
cells is observed for the bare Mg substrate when it is compared to the control group. Moreover,
a strong red luminescence related to dead cells is noticed for this material. On the other hand,
CaP-24h displayed a concentration of live cells like the control group. A slight presence of dead
cells is observed for CaP-24h. Fig. 22.b exhibits the results obtained from MTT assays. The

dashed horizontal line drawn in this figure represents cell viability of 70%; samples with cell
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viabilities below this value are considered cytotoxic. The bare substrate did not reach this cell
viability, revealing that this material is cytotoxic to MSCs. This result agrees with the
LIVE/DEAD assays where a low concentration of live cells was observed for this material.
CaP-24h exhibited, in turn, cell viability above 70%, which suggests that this sample is not
cytotoxic, which is also in line with the LIVE/DEAD assays.
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Figure 22 — Results obtained from (a) LIVE/DEAD and (b) MTT assays. The scale bars
displayed in Fig. 8a correspond to 100 pm. The dashed line exhibited in Fig. 24b is associated
with a cell viability of 70%.

The fact of the bare Mg substrate displays cell viability of 59.2 + 3.3 % after 72 h (3 days)
seems to be contradictory to the biocompatibility commonly attributed to this material.
Charyeva et al. [44] investigated the compatibility of Mg implants to primary human stem cells.
They observed a decrease in the cell viability of Mg as a function of time; this value decreased
from 93.4 + 25.3 % to 13.9 £ 5.0 % when the first and seventh days are compared. However,
the cell viability changed to 24.0 £ 19.5 % on the twenty-first day. It has been reported [45] that

the increase of Mg’s biocompatibility with time is related to its reaction with the physiological
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medium: the initial corrosion of Mg leads to both the release of Mg?" ions (Eq. 4.2) and the
formation of an Mg(OH): layer (Eq. 4) on it. At this time the corrosion rate slows down, and a
second layer consisting of amino acids and organic matter is formed. Such layers can shield the
physiological environment around the material and enable cells to grow on it, which could
explain the increase of the cell viability with time. The decrease of cell viability on the first
days may also be associated with the release of H> during the corrosion of Mg (Eq. 4.3), which

can give rise to H>O»:

H2(g) + OZ(g) — HZOZ(I) (415)

Competing reactions to Eq. (4.15) may also take place:

2H2(g) + OZ(g) — 2H20(l) (4 16)

2H202(l) — 2H20(1) + OZ(g) (417)

According to Lunsford [46], Eq. (15) to (17) are thermodynamically favorable at normal
conditions and the yield of H>O2 depends on their relative rates. The contact of living cells with

H>0» can increase oxidative stress, leading to their death [47].

Fig. 23 depicts SEM micrographs of samples used in the cell viability assays. MSCs are
observed on the surface of these specimens. The detachment of cells is noticed for the bare
substrate, revealing a poor interaction between MSCs and this sample. On the other hand, an
MSC is observed attached to CaP-24h. This finding is in line with the cell viability results
exhibited in Fig. 23.b, where it was demonstrated that the bare Mg substrate is cytotoxic
whereas CaP-24h is not. It has been reported that cell adhesion and spreading are of great
importance in living biological processes and are observed in several natural phenomena, such
as wound healing, immune response, metastasis, and tissue regeneration [22,48]. Thus, the
adhesion of MSCs on CaP-24h and its biocompatibility reveals that this material is a promising

material for use in biomedical applications.
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Figure 23 — SEM micrographs taken after the cell viability assays. (a) and (b) are associated
with the bare Mg substrate and CaP-24h, respectively. The scale bars displayed in these

images correspond to 50 um. SEM images obtained with secondary electrons.

4.4. CONCLUSIONS

In this work, a DCPD coating was formed on hot-rolled Mg substrates aiming to increase the
corrosion resistance of the latter. The DCPD coating was obtained after immersion of Mg
substrates in a phosphating bath for times ranging from 6 to 48 h. Some samples were heat-
treated in air at 100 °C for 6 h to evaluate the effect of this step on their structural properties
and corrosion behavior. This study was supported by a series of experimental tests, including
XRD, FTIR, SEM, EIS, and in vitro assays. It was observed that the heat treatment of the coated
samples gave rise to defects on the surface and a consequent decrease in their corrosion
resistance. The sample soaked in the phosphating bath for 24 h was the one with the highest
corrosion resistance, displaying a |Z| of 16 x 10° Q.cm? at 30 mHz. A 14.0 + 1.3 um thick
DCPD coating was observed on this material. This sample also exhibited the formation of a
HAp layer on its surface after the soaking in HBSS for times as short as 1 day. Moreover, it
was observed that this specimen showed no toxicity to MSCs after a 3-day MTT test, suggesting

that it is a promising material for biomedical applications.
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5. MODIFICACAO DA SUPERFICIE DO MAGNESIO COM REVESTIMENTO
COMPOSITO PARA APLICACAO EM ENGENHARIA DE TECIDO OSSEO

Nesse trabalho, investigou-se a modificagdo superficial do composito Mg/DCPD com
recobrimento composto por PVA e BG. O teor de BG nas solu¢des de revestimento
preparadas variou entre 2 e 10% vol./vol. Foi observado que os revestimentos compostos
aumentaram a prote¢ao anticorrosiva do Mg, o que foi verificado por EIS. Foi também
demonstrado que a solubilidade do PVA em meios biologicos pode ser adaptada cruzando
suas cadeias moleculares adjacentes com acido citrico (CA). A amostra contendo uma carga
de BG de 10% vol./vol. foi a de maior resisténcia a corrosdo, o que esta relacionada com a
grande espessura do revestimento obtido (cerca de 200 pm). Além disso, esta amostra
favoreceu uma rapida formagao de cristais HAp sobre a superficie composta, revelando sua
biocompatibilidade. Ensaios de citometria de fluxo indicaram que estes compdsitos
apresentam alta viabilidade celular (superior 90%) quando sdo consideradas as células

renais embrionarias humanas, reforcando seu uso promissor como biomaterial.

Submetido para-Surface & Coatings Technology.
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SURFACE MODIFICATION OF MAGNESIUM WITH COMPOSITE COATINGS
FOR APPLICATION IN BONE TISSUE ENGINEERING

ABSTRACT

Magnesium (Mg) and its alloys are promising candidates for use in bone tissue engineering due
to their good biocompatibility and mechanical stability. Nonetheless, the fast biodegradation of
Mg in physiological media inhibits its use as a bone graft. Aiming to improve its corrosion
resistance, a dicalcium phosphate dehydrate (DCPD) coating was initially deposited on the hot-
rolled Mg substrates by immersing them in a phosphating bath at room temperature for 24 h.
Polyvinyl alcohol-bioactive glass (PVA-BG) composite coatings were then deposited on these
materials. The samples prepared here were examined according to their structure, corrosion
behavior, and biocompatibility. We observed that the composite coatings greatly increased the
corrosion protection of Mg, and also accelerated the formation of HAp on its surface when
soaked in a simulated body fluid (SBF) solution. Flow cytometry assays revealed that the
composites prepared have high cell viability (over 90%) when immortalized human embryonic
kidney cells are tested. The coating method suggested in this work is simple, environmentally
friendly, safe, and easily scalable. It is the first time that this approach is reported in the
literature, which highlights its novelty.

KEYWORDS: Magnesium; Bone tissue engineering; Polyvinyl alcohol; Bioactive glass;

Corrosion behavior; Biocompatibility.
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5.1. INTRODUCTION

It is estimated that over 2 million bone grafts are performed annually worldwide [1]. The best
option would be to use autologous bone grafts, which do not require any processing and provide
an osteoinductive graft material [2]. However, autologous tissue is limited by the graft size and
shape, and by issues related to the donor site morbidity. Moreover, the amount of natural bone
grafts currently available is far from meeting the clinical demands, especially considering the
aging and obesity of the world population [3]. Consequently, great attention has been paid to
synthetic materials that can repair or restore functions of defective systems. Therefore, metallic
grafts have been widely investigated due to their higher mechanical stability compared to

polymers and ceramics [4].

Metallic magnesium (Mg) and its alloys have been reported to show high biocompatibility to
the human body [5-8]. These materials also display good mechanical and electrochemical
behaviors, making Mg a promising material for application in bone tissue engineering [9,10].
However, the fast biodegradation of Mg in physiological media has been a significant concern
in several works [11-14]. Aiming to decrease its biodegradation rate, Mg has been surface
modified to create a protective layer and allow its persistence at the grafted site for longer
periods [15,16]. This property is critical to ensure that the implant can maintain its mechanical
integrity during the entire healing period. Despite the several works conducted in past years
dealing with the Mg biocorrosion, researchers agree that the mechanisms involved in this
process are far from a complete understanding, and much effort must be made to elucidate them

[11,17].

In a previous work [18], we deposited dicalcium phosphate dihydrate (DCPD) coatings on hot-
rolled Mg by a chemical conversion route. It is well established that hot rolling gives rise to
fine-grained Mg samples with improved corrosion resistance [19]. In that study [18], Mg
substrates were soaked at room temperature in a phosphating bath for times ranging from 6 h
to 48 h. We observed that the specimens immersed in the phosphating bath for 24 h were those
with the highest corrosion resistance, displaying an impedance modulus (|Z[) of 16 x 10° Q.cm?
at 30 mHz. On the other hand, the bare Mg substrate exhibited |Z| of 3.5 x 10° Q.cm? at the
same frequency, revealing that it corroded faster than the coated samples. The presence of
DCPD also positively affected the biological behavior of Mg, promoting a rapid formation of
hydroxyapatite (HAp) on its surface when soaked in a Kokubo’s simulated body fluid (SBF):
HAp was observed on DCPD-coated samples after the first day of soaking in SBF.
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In this work, we deposited polyvinyl alcohol-bioactive glass (PVA-BG) composite films on
DCPD-coated Mg substrates. As far as we know, this is the first time this approach is reported
in the literature. PVA is a hydrophilic and biodegradable polymer widely used in tissue
engineering [20,21], while BG is a bioceramic commonly employed to repair and regenerate
damaged tissues and organs [22]. BG was initially developed by Hench and co-workers [23] by
a melting-quenching method. Here we synthesized BG by the sol-gel process, which gives rise
to samples with higher specific surface areas and pore volumes compared to melt-quenched
specimens. Such properties play a key role in the biological response of biomaterials [24]. The
substrates were dipped in an alcoholic solution of PVA-BG and air-dried at 90 °C. The obtained
materials were examined by scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
electrochemical impedance spectroscopy (EIS), laser granulometry, and N> sorption. We also
evaluated the cytotoxicity of the prepared samples by flow cytometry. Their biocompatibility

was examined after soaking in SBF for up to 21 days.

5.2. MATERIALS AND METHODS

5.2.1. PREPARATION OF Mg SUBSTRATES

Mg ingots (99.7% purity) were provided by RIMA (Bocaitva-MG). Flat plates were obtained
from these ingots after four hot-rolling passes at 300 °C in air. Substrates with dimensions about
20 mmx 20 mm % 1 mm were cut from these plates. The substrates were subsequently ground
with silicon carbide papers of different abrasive grit sizes (up to #4000 grit), cleaned with
deionized water, and sonicated at room temperature for 15 min in absolute ethanol (EtOH,
99.6%, Synth). As discussed earlier, hot-rolled Mg displays both a fine-grained microstructure

and improved corrosion resistance. [19]
5.2.2. SOL-GEL SYNTHESIS OF BG
BG 58S (molar composition (%): 60S10,-36Ca0O—4P,0s) was prepared by sol-gel process

following a procedure described in detail elsewhere [25]. Briefly, an acidic aqueous solution

(pH 2) was initially prepared by mixing deionized water and nitric acid (HNOs, Synth, 70%).
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The silicon precursor (Tetraethyl orthosilicate, TEOS, Aldrich, 98%) was dropwise added to
this solution, and the molar ratio of TEOS: H>O was adjusted to 12: 1. The as-prepared solution
was kept under stirring at room temperature for 60 min. Triethyl phosphate (TEP, Aldrich,
>99.8%) and calcium nitrate tetrahydrate (CNTH, Vetec, > 98%) were then added to the
solution, the latter being added 1 h after the former. The obtained solution was stirred for 1 h at
room temperature and then poured into polytetrafluoroethylene (PTFE) molds and aged at
60 °C for 72 h. The as-prepared monoliths were powdered in an agate mortar and air-dried at
120 °C for up to 5 days. BG was subsequently heat-treated in air at 700 °C for 6 h using a
heating rate of 1 °C.min"'. BG particles were then dry milled for about 8 h in a ball mill to break

the particle agglomerates.

5.2.3. COATING PROCESS

A DCPD layer was initially deposited on the hot-rolled substrates by a chemical conversion
route [18]. The substrates were soaked at room temperature for 24 h in a solution of CNTH
(12 g.L'Y), calcium oxide (CaO, Aldrich, 1.2 g.L'"), and phosphoric acid (PAc, 85 wt.% in water,
Aldrich, 8 mL.L"). The bath pH was kept constant at 2.8. After the immersion step, the DCPD-
coated samples were rinsed with deionized water and air-dried at room temperature.
Simultaneously, PVA pellets (My = 9,000 — 10,000 g.mol™' / 80% hydrolyzed, Aldrich) were
dissolved under stirring at room temperature in a solution of deionized water and EtOH (30
vol.%). The previously prepared BG particles were co-added with citric acid (CA, = 99.5%,
Aldrich) to this solution, and the CA loading was kept at 1 wt.% of the BG concentration. The
BG loading in the prepared solutions varied from 2 vol.% (6.1 wt.%) to 10 vol.% (26.1 wt.%).
The DCPD-coated substrates were dipped into the PV A/BG-containing solutions and removed
at a withdrawal rate of 2 mm.s™!'. The samples were air-dried at 90 °C for about 5 min after each
dip-coating step. Three dip-coating steps were applied to each sample. Specimens coated with
DCPD were designated as Mg DCPD, while samples coated with DCPD and PVA/BG
composite films were labeled as Mg DCPD PVA/BG (X vol.%), where X represents the
loading of BG. Figure 24 summarizes the experimental work performed to prepare the samples

used in this work.
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Mg ingots
Hot rolling / 4 passes / 300 °C in air
Water | +
s1810 ¢ Hot rolled Mg
TEOS CNTH | + | CaO | + | PAc
TEP Stirring
CNTH Phosphating bath
Solution Soaking / 24 h / room temperature
Aging / powdering DCPD-coated Mg
drying / calcining
milling CA - - , Final samples
: Dip coating / drying

BG 58S M BG + PVA solution /3 cyeles

Water |+|PVA |+ | EtOH

Stirring

| PVA-based solution |

Figure 24 — Schematic representation of the methodology used to prepare the coated samples.

5.2.4. CHARACTERIZATIONS

SEM was conducted on a Jeol JSM-6360LV microscope at an accelerating voltage of 20 kV
using samples previously sputter-coated with gold. EDS was carried out with the Thermo Noran
system available in the electron microscope. XRD was carried out on a Philips Panalytical
PW1710 diffractometer at a scanning rate of 0.06°.s". CuKa (A = 1.54 A) was employed as the
X-ray radiation source. FTIR was performed on a Bruker Alpha spectrometer, using an
attenuated total reflectance (ATR) accessory and a diamond crystal as the reflective element.
The spectra were taken at a resolution of 4 cm™ and 128 scans. N» sorption was conducted on
a Quantachrome Nova 1200e system, using samples previously degassed under vacuum at 100
°C overnight. The multipoint Brunauer-Emmett-Teller (BET) method and non-local density
functional theory (NLDFT) were used to obtain the specific surface area and pore size
distribution. Laser granulometry was performed on a Cilas 1064 granulometer and using the
Fraunhofer method. These tests were carried out using filtered water as the dispersing medium
and no surfactant. EIS was performed at room temperature on an Autolab PGSTAT 100 N
potentiostat using SBF as the electrolyte. In these tests, three electrodes were used: the Mg

sample as the working electrode, platinum as the counter-electrode, and saturated calomel as
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the reference electrode. The surface area assessed in these tests was kept constant at 1.2 cm?.
Such experiments were carried out at the corrosion potential using an amplitude of 10 mV and
at a frequency range from 10 kHz to 10 mHz. It was also used a previous open circuit potential

(OCP) stabilization of 60 min.

5.2.5. IN VITRO ASSAYS

SBF was prepared following the procedure described by Kokubo and Takadama [26]. SBF
mimics human blood plasma concerning ion concentration and pH. The HAp formation while
soaking a material in this solution is an essential reference to endorse its bioactivity because
HADp is responsible for binding the implant to the bone and ensuring biological functions during
regeneration [27,28]. The samples were soaked in SBF at 36.5 °C and pH 7.4 for up to 21 days.
They were removed from SBF at different times, rinsed with deionized water, and examined by

SEM, XRD, and FTIR.

To evaluate the cytotoxicity profile of the prepared samples, a human cell line (immortalized
embryonic kidney cells / ATCC® CRL-1573; HEK-293) was used. The cells were cultured in
50 mL cell culture flasks. Dulbecco’s modified eagle medium (DMEM / Aldrich) (4500 mg.L™!
glucose; 4 M glutamine; 11 mg.L"' sodium pyruvate; 3.7 gL' sodium bicarbonate)
supplemented with fetal bovine serum (10%) and streptomycin (1%) was used as the culture
medium. The cells were incubated at 37 °C in a CO> incubator (Thermo 311) with a controlled
atmosphere (95% O2; 5% COz) and humidity. After proper confluence, about 10® cells were
transferred to cell culture plates with 12 wells in which the composites prepared here were
previously added. The cells were seeded only over the samples’ surface and kept at 37 °C for
24 h in a CO» incubator to cell adhesion. The following experimental groups were established
(n = 3 per group): (i) sterile NaCl solution (0.9% (wt./vol.)), as negative control; (ii)) DMSO
solution (20 %), as positive control; (iii) samples. All experiments from cell culture and flow
cytometry assays were carried out following the biosecurity standards described by the ISO
10993-5 [29]. All used materials were previously sterilized, and all steps of cell manipulation
were performed in a biological safety cabinet BIOSEG 12, Class II type A1 (Veco Group, Sao
Paulo, Brazil). Flow cytometry analysis was performed using a Fixable Viability Stain®
V450-A (BD Biosciences - Sao Paulo, Brazil) kit, which was able to discriminate the living
cells from the unviable ones. The tests were conducted in duplicates, and for each sample
10.000 events were acquired. Parameters such as side scattering (SSC), forward side scattering

(FSC), and V450 emission were taken into consideration.
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5.3. RESULTS AND DISCUSSION

5.3.1. STRUCTURAL CHARACTERIZATION

- BG 58S

Figure 25a displays an XRD pattern collected for BG 58S, where a broad halo commonly
attributed to amorphous structures is observed [30]. It has been reported that the presence of an
amorphous network favors the bioactivity of BG due to an improved ions exchange with the
surrounding body [31-33]. The particle size distribution of BG after the milling stage is
exhibited in Figure 25.b. This material has a mean particle size (¢p) of 20 um. The milling step
is mandatory to break the particles agglomerates and ensure their good dispersion in the slurry
used in dip-coating; the value assessed for ¢ before the milling step was over 200 pm, which
is related to large particle agglomerates. A well-dispersed suspension is required to obtain
homogeneous coatings with no apparent defects. The inset displayed in Figure 25.b is
associated with an SEM micrograph of BG. Particles with irregular shapes and sharp edges are
observed in this image. These particles also have a broad size distribution, which agrees with

the histogram displayed in Figure 25b.

Figure 25¢ shows the ATR-FTIR spectrum taken for BG. The absorption bands at 450 cm™ and
1030 cm™ are related to Si-O bonds [34]. The shoulder at 960 cm™ is due to silanol groups (Si-
OH) [35], while the band at 1630 cm™! has been associated with physisorbed water [36]. The
broad absorption bands centered at about 1425 ¢cm™ and 3450 cm’! are attributed to C-O
vibrations from COj; [37] and hydroxyl groups [36]. The duplet at 2350 cm™ is due to
atmospheric CO; [38]. The spectrum exhibited in Figure 25¢ reveals that BG was successfully
prepared. Figure 25d displays an N2 sorption isotherm obtained for this material. This curve
can be classified as a type-IV isotherm with an Hb> hysteresis loop, revealing that BG has a
mesoporous network [39]. The specific surface area of this material was estimated at 280 m?.g"
!, The inset depicted in Figure 25d is related to the pore size distribution evaluated by the
NLDFT method. One observes that the examined sample exhibits a significant presence of
pores around 7.5 nm, which is within the mesopores size range. As discussed before, the high
porosity observed in sol-gel-derived BG plays a crucial role in its biological response, favoring

the bioabsorption and integration of BG with living tissues [24].
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sorption isotherm of the BG sample prepared here. Insets: (b) SEM micrograph of BG

particles, and (d) pore size distribution evaluated by NLDFT method.

- HOT ROLLED Mg AND DCPD-COATED SAMPLES

Figure 26a displays SEM micrographs of an Mg substrate where grooves related to the hot
rolling step are observed. Figure 26b shows a DCPD-coated sample after soaking in the
phosphating bath. Flakes with a flower-like appearance are noted in these micrographs, which
have already been associated with DCPD [40]. EDS examinations pointed out that these
structures have a stoichiometric ratio of Ca: P equal to 1: 1, confirming that they can be due to
DCPD. As depicted in Figure 26¢, XRD also revealed the formation of DCPD on the Mg surface
after soaking in the phosphating bath. The mechanisms associated with the formation of DCPD
and its effect on the corrosion behavior of Mg are deeply discussed elsewhere [18]. The DCPD
coating played an essential role in this work as an intermediate layer between the Mg substrate
and PVA-BG top layer. We believe that the high porosity of DCPD allowed the penetration of
the PVA-BG solution into it, favoring the top layer adhesion. Besides, as discussed further,
DCPD contributes significantly to the corrosion resistance of Mg by acting as a first protective

layer [18].
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Figure 26 — SEM images of (a) bare and (b) DCPD-coated Mg substrates. (¢) XRD patterns of
an Mg sample before and after the deposition of DCPD on it. The JCPDS file numbers 35-
0821 and 72-1240 were used as references for Mg and DCPD, respectively.

- SAMPLES COATED WITH PVA/BG COMPOSITE FILMS

Figure 27 exhibits SEM micrographs of Mg DCPD_PVA/BG composites. One observes that
the higher the loading of BG in the coating solution, the more visible the glass particles present
on the substrate are. DCPD-related flakes are visible in Figures 27a and 27b which are
associated with samples containing 2 and 6 vol.% BG loading, but are not noticeable in
Figure 27¢ which is related to a specimen with 10 vol.% BG loading. It is worth noting that the
deposition of PVA/BG films with a 10 vol.% BG loading led to homogeneous coatings, where
no apparent defects are observed (Figure 27¢). Figure 27 also depicts a schematic representation
of the composites obtained. BG particles were kept adhered to the DCPD surface by the PVA
molecular chains. As discussed earlier, the porosity of the DCPD allowed the penetration of
PV A molecular chains into it, favoring the adhesion of the PVA/BG top layer. Figure 28 depicts
the composition map of Mg DCPD PVA/BG (10 vol.%). From this Figure, it is possible to
observe the spatial distribution of DCPD and BG in this composite, considering the arrangement

of Ca, P, and Si.
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Figure 27 — SEM micrographs of Mg DCPD PVA/BG composites prepared using different

BG loadings. The concentration of BG in (a), (b), and (c) are 2, 6, 10 vol.%, respectively.

Figure 28 — Composition map obtained by EDS for Mg DCPD PVA/BG (10 vol.%).
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Figure 29 displays an ATR-FTIR spectrum collected for Mg DCPD PVA/BG (10 vol.%).
Reference spectra were taken for BG, PVA, CA, and DCPD and are also shown in Figure 28.
The absorption bands at 400 cm™, 520 cm™, 575 cm™!, and 650 cm™! have been ascribed to the
PO bending mode [41,42]. The bands at 785 cm™!, 1200 cm™!, and 1645 cm™! are due to structural
water [43]. The stretching of P-OH bonds is observed at 872 cm!, whereas the PO stretching
mode can be identified at 985 cm™', 1054 cm™, and 1117 cm™ [41-43]. The contributions due
to BG increased the absorbance measured at about 400 cm™ and 1000 cm™. As mentioned
before, BG has two absorption bands at 450 cm™ and 1030 cm™ due to Si-O bonds [24] (Figure
25¢), leading to a higher absorbance in these spectral ranges for the composite. It appears that
the bands at 1435 cm™ and 1716 cm™ have contributions of CA and PVA. Such bands are
ascribed to C—H bonds from CH> groups and the stretching vibration of carbonyl groups [44].
The peak at 2936 cm™! seems to be related to PVA; it has been assigned to CHx groups of PVA
backbone [45]. The band at 3154 cm™! and the duplet at 3472 cm™ and 3533 cm™! seem to be
related to DCPD; they have already been reported for DCPD films [46]. CA mainly contributes
to the absorption band at 3255 cm™!, which has been attributed to O—H bonds [47].
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Figure 29 — Typical ATR-FTIR spectrum obtained for the Mg DCPD PVA/BG composites

prepared here. The BG loading in this sample was 10 vol.%. Reference spectra of BG, CA,

PVA, and DCPD are also exhibited in this Figure.

5.3.2. CORROSION TESTS

Figures 30a and 30b display the Bode plots obtained from EIS. It appears that three-to-four-
time constants are observed in the examined materials. The first-time constant is associated
with the interface between the PVA/BG composite films and SBF at high frequencies. Other
time constants are observed as this coating degrades and new interfaces are created. It can be
stated that Mg DCPD PVA/BG (10 vol.%) showed the highest corrosion resistance among the
examined specimens, which can be observed from the high phase angle and |Z| obtained for this
material. Figures 30c and 30d exhibit the equivalent electrical circuits modeled from the EIS
curves. It is important to note that because they are not ideal capacitors, constant phase elements
(CPEs) were also used to describe the capacitive properties of the examined samples. Figure
29c refers to the bare hot-rolled Mg, where Rs, R1, and R2 are assigned to the electrical
resistances of SBF, MgO/Mg (OH)z, and the Mg substrate. The mechanism attributed to the
oxidation of Mg in aqueous media involves the oxidation of metal atoms to form ionic species

and the release of electrons (Equation (5.1)). The reactions described in Equations (5.2) and
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(5.3) occur in acidic environments, while Equations (5.4) and (5.5) take place in neutral and

alkaline media [17,47].

2+ -
Mg(s) — Mg(aq) + 2e 5.1
2H(,q +2¢ — Hyy (5.2)
2H20(1) +2e — HZ(g) + 2OHiaq.) (53)
O, +4H(,y +4e” — 2H,0 (5.4)
02 + 2H20(l) +4e — 4OHan) (55)

The overall reaction for Mg corrosion can be written as given in Equation (5.6).

Mg(s) + H2O(l) — Mg(OH)Z(S) + H2(g) (56)

It is important to mention the so-called negative difference effect (NDE) that takes place during
the Mg corrosion. This phenomenon has been used to justify the anomalous occurrence of
hydrogen evolution associated with the formation of H" ions and derived from an increase in
applied current or electrical potential. However, the generation of H' is controversial because
this species has never been detected experimentally. On the other hand, if Mg" could exist in
the solution, it would be highly reactive and have a short lifetime of about a few microseconds.
The mechanism for the formation of monovalent Mg is associated with Equations (5.7) and
(5.8), where Mg " ions are produced as intermediate species (Equation (5.7)). They subsequently
react with water, leading to the evolution of hydrogen (Equation (5.8)) [48].

+ -
Mg(s) — Mg(aq) +e (5.7)

+ + 2+
2Mg(aq) +2H g 2Mg(aq) + Hy(g) (5.9)
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Figure 30 — Bode plots obtained from EIS tests: (a) phase angle and (b) impedance modulus
as a function of frequency. Equivalent electrical circuits evaluated for (c) bare Mg and
Mg DCPD PVA/BG, and (d) Mg DCPD. Inset: cross-sectional SEM micrograph of

Mg DCPD PVA/BG (10 vol.%).

CPEI1 is associated with salts and corrosion products deposited on the loose outer layer of Mg,
while CPE2 is due to an inner layer. Figures 30c and 30d are ascribed to Mg DCPD PVA/BG
and Mg DCPD, respectively. In such cases, CPEI1 corresponds to the capacitive properties of
the PVA/BG coating, where CPE2 is due to either an inner layer or the substrate/layer interface.
R1 and R2 are related to the DCPD layer and a charge transfer resistance at the substrate/layer
interface. An inductive loop L1 can be observed at low frequencies, and it has been assigned to
the adsorption of Mg?" ions at the solution/electrode interface. The electrical resistance R3 is

attributed to these ions [49,50].

The values of |Z| assessed at 30 mHz were 1063 Q.cm?, 2037 Q.cm?, 1819 Q.cm?, 2037
Q.cm? and 3890 Q.cm? for Mg, Mg DCPD, Mg DCPD PVA/BG (2 vol.%),
Mg DCPD PVA/BG (6 vol.%), Mg DCPD PVA/BG (10 vol.%), respectively. This
frequency was taken as a reference because, at this value, the contributions due to resistive
effects of SBF and the relaxation of adsorbed ions are minimized. The higher the value of |Z|,

the more corrosion resistant the sample is. Therefore, the deposition of DCPD and PVA/BG
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(10 vol.%) films significantly improved the corrosion resistance of Mg as the value of |Z| for
this material changed from 1063 Q.cm? to 3890 Q.cm? after this step. This behavior could be
associated with the thickness of the prepared coating. The thickness (h —m) of coatings obtained
by dip-coating is described by the Landau-Levich equation [51] (Equation (5.9)), where n
represents the solution viscosity (Pa.s), v the withdrawal speed (m.s™!), p the solution density
(kg.m), g the gravity acceleration (9.8 m.s) and yLv the surface tension at the liquid-vapor

interface (N.m™).

(n-0)*?

We observed that the increase of the BG loading in the starting solution (deionized water + CA
+ PVA + BQ) significantly increased its viscosity. Consequently, thicker coatings were
obtained, which could justify the higher corrosion resistance of Mg DCPD PVA+BG
(10 vol.%) compared to the other samples prepared in this study. As observed in the inset
displayed in Figure 30b, the coating present on Mg DCPD PVA+BG (10 vol.%) was about

200 pm thick. Thinner coatings were noted for samples containing lower BG concentrations.

In a previous work [18], we investigated the corrosion resistance of DCPD-coated Mg
specimens using Hank’s balanced salt solution (HBSS). The value evaluated for |Z| at 30 mHz
for the most resistant sample was 16 x 10* Q.cm?. As already addressed, we observed in this
work a |Z| value of about 3890 Q.cm? at 30 mHz for Mg DCPD PVA/BG (10 vol.%), revealing
that it exhibits a lower corrosion resistance. At this point, it is worth discussing the corrosion
behavior of Mg when soaked in either HBSS or SBF. SBF has a concentration of HCO3™ ions
around 4.2 mmol.L"!, while this loading is 27 mmol.L"! in HBSS. It has been reported that a
high concentration of HCOs3™ ions can slow down the Mg corrosion due to the precipitation of
protective carbonates on its surface. Since SBF has a lower concentration of these species than
HBSS, the degradation of Mg is more favored in the former than in the latter. Despite using a
harsh chemical medium, the samples prepared in this work showed good corrosion resistance.
From this finding, it is clear that the deposition of the PVA/BG films significantly improved

the corrosion resistance of Mg.

Li et al. [52] investigated the corrosion behavior of an AZ31 Mg alloy in SBF after the
deposition of DCPD/PLGA (poly(lactic-co-glycolic acid)) coatings on it. The authors observed
that the values of |Z| at 0.01 Hz for the DCPD coating were higher than those evaluated for the
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bare alloy. Moreover, an inductive loop was observed in all curves in the low-frequency region
between 0.01 and 1 Hz. This loop is because of the relaxation reaction of intermediate products
formed between the substrate and DCPD coating. Similar behavior was observed in this work
for the bare Mg and Mg DCPD. However, the Mg DCPD PVA/BG samples showed no such
inductive loop, probably because Mg has uniform corrosion, unlike the AZ31 Mg alloy, which

has localized corrosion [53].

5.3.3. BIOLOGICAL ASSAYS

- SOAKING TESTS IN SBF

Figures 31a and 31b show SEM micrographs of bare Mg and Mg DCPD PVA/BG (10 vol.%)
after soaking in SBF for 7 days. While Mg experienced a noticeable degradation (Figure 31a),
Mg DCPD PVA/BG (10 vol.%) gave rise to HAp crystals, as evidenced by the nodules
highlighted in these images (Figure 31b). The mechanism of Mg corrosion is given in Equations
(1) to (8). The formation of HAp in Mg DCPD PVA/BG (10 vol.%) was observed for soaking
times as short as 1 day, reinforcing the high biocompatibility of the prepared composites. The
inset of Figure 31b exhibits an SEM image of this composite after 21 soaking days. The

presence of HAp nodules is clearly noticed in this micrograph.

Figure 32 brings FTIR spectra taken for Mg DCPD_PVA/BG (10 vol.%) before and after its
soaking in SBF for different times. A reference spectrum collected for HAp is also shown for
reference purposes. The main absorption bands of HAp are observed at 560 cm™, 600 cm™, and
1020 cm™'. Such bands have been attributed to PO4* groups present in HAp [54]. These bands
are observed in Mg DCPD PVA/BG (10 vol.%) and become more noticeable the longer the
soaking time in SBF.
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Figure 31 — SEM micrographs of (a) bare Mg and (b) Mg DCPD_PVA/BG (10 vol.%) after 7
days of soaking in SBF. The EDS spectrum exhibited in Figure 7b was taken at a HAp
nodule. The inset displayed in this image brings an SEM micrograph of Mg DCPD_PVA/BG
(10 vol.%) after 21 days of soaking in SBF.



84

1020 cm’!
600 cm!
560 cm!

_ I day
As-prepared
: T T r

L

Absorbance (a.u.)

HAp

—

Ch
Py
)

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm’)
Figure 32 — ATR-FTIR spectra collected for Mg DCPD PVA/BG (10 vol.%) before and after
immersion in SBF for 1, 3, and 7 days. A reference spectrum taken for a HAp sample is also

exhibited.

Figure 33 depicts XRD patterns obtained for Mg DCPD_PVA/BG (10 vol.%) before and after
soaking in SBF for 7 days. Diffraction lines ascribed to Mg and DCPD are noticed in this
material before the immersion in SBF. On the other hand, peaks associated with HAp are

observed after its soaking in SBF for 7 days, which is in line with SEM, EDS, and FTIR (Figures
31 and 32).
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Figure 33 — DRX patterns of Mg DCPD PVA/BG (10 vol.%) (a) before and (b) after its
soaking in SBF for 7 days. The JCPDS cards used the reference for HAp, Mg, and DCPD are

also displayed for comparison purposes.

The PV A sample used in this work has both a low molecular weight (My = 9,000 — 10,000) and
a low degree of hydrolysis (80%). These properties confer to this material a high solubility in
water-based systems. Consequently, this polymer is rapidly biodegraded in biological media,
allowing it to be easily eliminated by the human body [55]. Mansur and co-workers [56—58]
investigated the degradation in SBF of PVA samples with the same molecular weight as that
used here. They reported that PV A shows fast degradation in SBF, reaching a mass loss of about
50% after a soaking time of about 100 h. However, it did not show an additional mass loss after
reaching this plateau, even after 500 h of soaking. Regardless of the fast degradation of PVA,
the composite films tested here increased the corrosion resistance of Mg (Figure 30) and

promoted a rapid formation of HAp crystals (Figures 31 to 33).
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Mansur et al. [56-58] evaluated the use of glutaraldehyde as a cross-linker to increase the
chemical stability of PVA. CA has also been widely used as a cross-linker to PVA. According
to Salihu et al. [59], biomaterials cross-linked with CA, also called citrate-based biomaterials
(CBBs), exhibit advanced in vitro and in vivo properties, making them suitable for various
biomedical applications. Moreover, it has been reported that CA can also enhance the pH-
responsiveness and antibacterial activity of PVA due to the presence of free carboxylic acid
groups in the former [55]. It also deserves to mention that CA is inexpensive, environmentally
friendly, and safe. Aiming to study the chemical stability of the composite films prepared here,
we conducted the chemical modification of PVA with CA by stirring these materials in the
presence of water at 90 °C for 24 h. During this step, CA can create cross-links between
adjacent PVA molecular chains. The as-obtained mixture was then used in the preparation of
Mg DCPD PVA/BG (10 vol.%) as previously described. We examined the as-prepared
composites by SEM after 7 days of soaking in SBF. These results are provided in Figure 34.
Figures 34a, 34b, and 34c are ascribed to samples prepared using CA concentrations of 2, 6, 10
wt.% of the BG loading, respectively. The coating prepared with a 2 wt.% CA loading exhibited
a high porosity and gave rise to an expressive concentration of HAp after 7 days of soaking in
SBF. On the other hand, increasing the CA loading to 6 or 10 wt.% led to cracked coatings as
well as a poorer formation of HAp. It has been reported that CA can inhibit the formation of
calcium phosphate phases due to its strong chelation with Ca** ions [60], which could explain
the absence of HAp crystals in the sample prepared with a 10 wt.% CA loading (Figure 34c).
Some HAp nodules are noticed in Figure 34b, but cracks are also observed on it. We noticed
that the addition of CA at concentrations of 6 and 10 wt.% caused a significant increase in the
viscosity of the dipping solution, which could favor the defects formation in the prepared
coatings. Consequently, we recommend the addition of CA at a concentration of 2 wt.% of the
BG loading to improve the chemical stability of PVA/BG films and maintain their
biocompatibility. Nonetheless, it is worth stressing that despite the rapid degradation of the
PVA sample used here, the prepared films increased the corrosion resistance of Mg and induced
the formation of HAp. The chemical modification of PVA with CA will be addressed in more
depth in a forthcoming paper.
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Figure 34- SEM micrographs of Mg DCPD PVA/BG (10 vol.%) samples prepared using CA
as a cross-linker for PVA. The concentrations of CA were kept at (a) 2 wt.%, (b) 6 wt.%, and
(c) 10 wt% of the BG loading. The scale bars exhibited in these images correspond to either
20 um or 100 pm.

- FLOW CYTOMETRY

As Mg DCPD_PVA/BG (10 vol.%) was the best performing sample in terms of corrosion
behavior and HAp formation, it was used in the flow cytometry assays. Figure 35 displays the
results obtained in these tests. Figures 35a and 35b show the scattering of the laser beam along
its path (FSC) and its side scattering (SSC) measured at an angle of ninety degrees. FSC is
proportional to the cell diameter and is mainly due to light diffraction at the cell surface. SCC,
on the other hand, is associated with the light refracted or reflected at the interface between the
laser and intracellular structures, providing information about the granularity of the examined
cells. Figures 35a and 35b reveal that the cultured cells have a significant homogeneity in terms
of size and structure. Similar patterns were also taken for the negative control group and are not
shown. Figure 35c depicts SSC as a function of FSC. This graph reveals a low cytotoxicity
profile, where a significant population of live cells (red dots) is observed. Figure 35.d displays
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histograms where the patterns obtained for both the composite and the negative control group
are superimposed. These histograms were obtained by using a fluorochrome compound with a
maximum emission at 450 nm, which reacts with amines radicals present on the cells’ surface
and in the intracellular medium. Consequently, dead cells show an increased fluorescence when
compared to living cells. The similar profile shown by the composite and negative control group
reveals high cell viability of the former, which agrees with Figure 35¢. A cell viability of (93.9
+ 1.6) % was evaluated, indicating that the examined composite did not interfere with the
culture of the human cells used here. Figure 36 (supplementary material-Appendix) displays
images taken by light microscopy for HEK-293 cells from the negative control group or seeded
on the Mg DCPD _PVA/BG (10 vol.%) surface. The cells identified in these images show
similar morphologies, revealing that cell growth was not affected by the presence of

Mg DCPD PVA/BG (10 vol.%).
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Figure 35 - Flow cytometry results of HEK-293 cells seeded on the surface of
Mg DCPD PVA/BG (10 vol.%). (a) Contour plot of FSC versus V450-A. (b) Density plot of
SSC versus V450-A. (c) SSC versus FSC, where the live cells are represented by red dots and
the dead cells by purple dots. (d) Histograms of cells cultured on the composite surface and in

the negative control group as a function of V450-A.
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Figure 36- Light microscopy images of HEK-293 cells cultured in the negative control group
or seeded on the Mg DCPD PVA/BG (10 vol.%) surface. The scale bars displayed in these
images correspond to 20 um.

Additional testing is needed to fully understand the biological behavior of the composites
prepared here. Such tests could involve using human cells other than those used here and
performing in vivo assays. However, such an approach is beyond the scope of this study. We
successfully prepared composite coatings capable of providing corrosion protection to Mg,
aiming to allow its use as a bone graft. Moreover, we showed that these materials did not present
toxicity to immortalized human embryonic kidney cells, which reinforces their promising use

as biomaterials.

5.4. CONCLUSIONS

In this work, we successfully modified the surface of hot-rolled Mg plates aiming to improve
their corrosion behavior. Mg was initially coated with a DCPD layer by immersing it in a
phosphating bath at room temperature for 24 h. Next, it was coated with a PVA/BG film by a
dip-coating approach. PVA molecular chains played an essential role in keeping BG particles
adhered to the Mg surface. We observed that the composite coatings increased the corrosion
protection of Mg, which was verified in terms of |Z|: it increased from 1063 Q.cm? to
3890 Q.cm? after the deposition step. It was shown that the solubility of PVA in biological
media can be tailored by cross-linking its adjacent molecular chains with CA (we suggest using
a CA loading of 1 wt.% relative to the BG concentration). The sample containing a BG loading

of 10 vol.% was the one with the highest corrosion resistance, which is related to the large
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thickness of the coating obtained (about 200 um). Moreover, this sample favored a rapid
formation of HAp crystals on the composite surface, revealing its biocompatibility. Flow
cytometry assays pointed out that these composites present high cell viability (over 90%) when
human embryonic kidney cells are considered, which reinforces their promising use as

biomaterials.
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6. CONSIDERACOES FINAIS

6.1. CONCLUSOES

E fato que o Mg, quando presente em meio fisioldgico, possui alta taxa de degradagdo. Visando
aumentar sua resisténcia a corrosdo, nesse estudo buscou-se modificar a superficie desse
material com revestimentos biocompativeis. Com base nos resultados desta pesquisa, as

seguintes conclusdes sao destacadas:

e Revestimentos de DCPD foram depositados com sucesso sobre o Mg laminado a quente
por meio da sua imersdo em banho fosfatizante. Os recobrimentos obtidos apresentaram

boa aderéncia e espessuras entre 5 e 14 pm.

e Os recobrimentos de DCPD produzidos apds 24 h de imersdo em banho fosfatizante
apresentaram maiores valores de médulos de impedancia (|Z|) em comparacdo ao Mg sem
recobrimento e aos demais recobertos e, consequentemente, melhor resposta a corrosao.
Isso se deve ao filme formado apresentar elevada espessura e ndo possuir defeitos em sua

estrutura.

e As amostras revestidas com DCPD e tratadas a 100 °C durante 6 h apresentaram defeitos
superficiais. Essa caracteristica teve grande influéncia no ensaio eletroquimico de EIS,

comprometendo a resisténcia a corrosdo dessas amostras.

e Em relacdo a cinética de formacdo de HAp em solucdo de Hank, observou-se que o Mg
recoberto com DCPD depositado apds 24 h de imersdo apresentou uma rapida formagao

de HAp na superficie do material, sendo isto notado logo nas primeiras 24 h de imersao.

e Ensaios de MTT e LIVE/DEAD foram empregados na avaliacao da citotoxicidade do Mg
com DCDP (CaP-24 h) e Mg puro sem recobrimento. Foi observado que o material
recoberto exibiu grande viabilidade, ndo se mostrando citotoxico as células testadas
(viabilidade superior a 70%). Em contrapartida, o magnésio puro apresentou viabilidade
inferior a 70%, justificado pela liberagao de Ha(g) durante a corrosdo do Mg e pela formacao
de H202 no meio fisioldgico, aumentado assim o estresse oxidativo das células presente

no meio.
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Revestimentos biocompositos (PVA/BG) com diferentes cargas de BG foram depositados
sobre 0 Mg anteriormente recoberto com DCPD (CaP-24h) utilizando o método de dip-

coating.

O revestimento de PVA/BG com carga de 10% vol./vol. de BG apresentou melhor resposta

no ensaio de EIS. Isso se deve a elevada espessura do recobrimento (cerca de 200 pum)

A deposi¢do do recobrimento biocompdsito no Mg com DCPD (CaP-24h) aumentou o
valor do médulo de impedancia; o valor de |Z| que era de 1063 Q.cm? para Mg com DCPD

aumentou para 3890 Q.cm?com a camada de PVA/BG na frequéncia de 30 mHz.

As amostras preparadas foram imersas em SBF durante 21 dias. Porém, notou-se a
formag¢do de HAp na superficie do material biocompdsito com 10% vol./vol. de BG apds

as primeiras 24 h de imersao.

Ensaios de citometria de fluxo demonstraram uma alta viabilidade celular para o material

recoberto com filme biocomposito (10% vol. de BG).
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6.2. SUGESTOES PARA TRABALHOS FUTUROS

e Realizag¢do de ensaios mecanicos do Mg revestido.

e Utiliza¢ao de outros fluidos corporais simulados para comparagao de resultados, uma

vez que houve diferengas nos ensaios eletroquimicos realizados com HBSS e SBF.

e Desenvolvimento de metodologias para avaliagdo da taxa de biodegradacao e da

degradacao total do Mg recoberto quando presente em meio corporal simulado.

e Utilizagdo de diferentes agentes de formagdo de ligagdes cruzadas (cross-linkers) para

reducdo da taxa de degradacao/dissolucdo do PVA em meios aquosos.

e Producdo de scaffolds de PVA/BG para avaliacdo por meio de ensaio gravimétrico da

taxa de degradagao desses materiais em meios corporais simulados.
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APENDICE

- PROCESSAMENTO MECANICO E CARACTERIZACAO DO Mg UTILIZADO
NESSE ESTUDO

Os lingotes de Mg utilizados nesse trabalho foram fornecidos pela empresa Rima localizada em
Bocaitiva-MG. Esse material possui pureza de 99,7 %p./p. segundo o fabricante. O Mg foi
inicialmente conformado utilizando a técnica de laminagao a quente a uma temperatura de 400
°C. Durante esse processo o rolo de laminacdo foi mantido a 25 °C. Foram realizados 4 passes
com 20% de reducdo da espessura da amostra a cada passe até que se atingisse a espessura de
I mm. O objetivo dessa etapa foi promover o refinamento de grdo do Mg e garantir que ele
exibisse resisténcia mecanica e geometria adequadas para sua utilizagdo em implantes 6sseos.
Ademais, ¢ descrito na literatura que o refinamento de grao do Mg promove também a melhoria

da sua resisténcia a oxidagdo em meios fisioldgicos.

Figura 37- Laminacao do Mg comercialmente puro. (a) Mg passando através dos rolos de

laminagdo e (b) Mg ap0s o seu processamento.

A microestrutura do Mg ap6s seu processamento foi avaliada por microscopia Optica
(Figura 38). O tamanho de grdo para a amostra fundida era proximo a 505 pm, enquanto as
amostras deformadas por laminagdo apresentam graos com tamanho em torno de 11,5 um. A

microestrutura do material fundido apresentou-se de forma heterogénea com graos grosseiros,
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enquanto na microestrutura do material laminado (Figura 38) nota-se graos bimodais e
alongados. Tal fato se deve pela temperatura de processamento ter sido maior que a temperatura
de recristalizagdo do Mg, o que leva a recristalizacdo dindmica do material. SILVA et al. (2017)
também processaram amostras de Mg por laminacdo e encontraram valor de tamanho de grao

igual a 16 um, com microestrutura semelhante a observada desse estudo.

ft

Laminado

Figura 38- Microestrutura do Mg (a) fundido e (b) laminado.



