UNIVERSIDADE ESTADUAL PAULISTA “JULIO DE MESQUITA FILHO”

Programa de Pds-graduagao em Ciéncia e Tecnologia de Materiais (POSMAT)

César Augusto Anténio

DEPOSIGAO DE REVESTIMENTO BIOATIVO EM TITANIO POR OXIDAGAO
ELETROLITICA COM PLASMA

SOROCABA
2018



César Augusto Anténio

DEPOSIGAO DE REVESTIMENTO BIOATIVO EM TITANIO POR OXIDAGAO
ELETROLITICA COM PLASMA

Tese apresentada como requisito a
obtencdo de titulo de Doutor ao -
Programa de P6s-Graduagao em Ciéncia e
Tecnologia de Materiais, area de
concentracdo Ciéncia e Engenharia de
Interfaces, sob a orientagdo do Prof. Dr.
Nilson Cristino da Cruz.

SOROCABA
2018



Antonio, Cesar Augusto.

Deposicdo de Revestimento Biocativo em Titénio
por Oxidacdo Eletrolitica com Plasma / Cesar
Augusto Antonio, 2018

37 £.: 4i1.

Orientador: Prof® Dr. Nilson Cristino da Cruz

Tese (Doutorado) - Universidade Estadual
Paulista. Faculdade de Ciéncias, 2018.

1. Hidroxiapatita. 2. Oxidacdo Eletrolitica
com Plasma. 3. Titénio. 4, Revestimento
Biocativo. I. Universidade Estadual Paulista.

Faculdade de Ciéncias. II. Titulo.




n ‘%’ UNIVERSIDADE ESTADUAL PAULISTA. I'="
r
unesp S

Facuidade de Génoas

ATA DA DEFESA PUBLICA DA TESE DE' DOUTORADO DE CESAR AUGUSTO ANTONIO,
DISCENTE DO PROGRAMA DE PQOS-GRADUAGAQ EM CIENCIA E TECNOLOGIA DE
MATERIAIS , DA FACULDADE DE CIENCIAS - CAMPUS DE BAURU. ’

Aos 12 dias do més de setembre do ane de 2018, as 13:30 horas. no(a) Auditdrio do Campus de
Sorocaba, reuniu-se a Co_misséo Examinadora da Defesa Piblica, composla pelos seguintes
membeos: Prof. Dr. NILSON CRISTING DA ChUZ Orientadaria) do{a) Curso de Engenhana de
Conlmle 2 Automagao { Instituto de Ciéncia e Tecnologie/ UNESP! Soracaba, Prof* DrY ADRIANA DE
OlNEIRA DELGADO SILVA dofa) Departamento de Flslca Quimica e Matematica / Universidade
Federal de S&o Carlos, Profa. Dra. ELAINE CONCEICAO DE OLIVLCIRA do(a) Faculdade de
' lTecnologia José Crespo Gonzales J Fatec - Sorocaba, Prol. Ur. DIEGO RAFAEL NESPEQUE
CORREA do(a) Inslifyto Federal de S3o Paulo - Campus de Sorocaha, Prof. Dr. FRANCISCO
TRIVINHO STRIXINO dol(s) Departamenio de Fisica, Quimica e Matematica / Universidade Fedaral
de Sdo Carlos - Ceniro de Ciéncias e Tecnulogias para a Suslentabilidade, sob a presidéncia do
primeiro, a fim de proceder a argui¢ao pablica da | I:S.I: DE DOUTORADO de CESAR AUGLISTO
ANTONIO, inlituléda Deposigao de Revestimento Bioativo em Titanio por Oxidagao Elotwlmca
com. Plasma, Apos 8 exposicao, © discente foi arguido oralmen@ pelos membros da Comissao
Examinadora, lendo recebido o conceilo ﬂna/lﬂ»[’j&) Qﬁ . Nada mais havendo, f‘oi
lavrada a presente ala, que apés lida e aprovada, fol assinada pelos memhro§ da Comissdo

Examinadora.

Pro® Dr* ADRIAN?\ DF OLIVEIRA DELGADO SILVA

. Profa. Dra. ELAINE f‘ONCEICf\O DE OLIVEIRA

Prof. Br/gGO RAFAEL )(sgseeoue CORREA

Prof. Dr. FRMSE@MN HO STRIXINO

-

. T phae e S e - L .uu-unu
L li'ﬂn Aol bag TR 2 &4 STUNNA Ay . S8 P
-raw.v.\t S LI EEEFE S L B -u.c J'KW



Nao importa quanto a vida possa ser ruim,

sempre existe algo que vocé pode fazer, e

triunfar. Enquanto ha vida, ha esperanca.
Stephen Hawking
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RESUMO

O titanio e suas ligas, embora sejam biocompativeis, ndo promovem o processo de
diferenciagao celular. Em consequéncia disto, diversas técnicas sdo empregadas para
melhorar este requisito, como por exemplo, o recobrimento de sua superficie por uma
camada de fosfato de calcio, tal como a hidroxiapatita (HA). Porém processos atuais
de deposicéo de fosfato necessitam de longos periodos de tratamento, elevadas
temperaturas de deposicao e posteriores tratamentos térmicos para cristalizagao do
fosfato de calcio, transformando-o em HA. Neste estudo, a técnica de Oxidagao
Eletrolitica com Plasmas (PEQO) foi empregada para se depositar, sobre titanio Grau
4, revestimentos com altas concentragdes de hidroxiapatita, em curtos periodos de
tempos, sem a necessidade de pré ou poés-tratamentos. Também foi produzida HA
dopada com magnésio, um importante nutriente para diferenciagao celular, em uma
unica etapa de tratamento. Utilizou-se a técnica de difragcdo de raios X (DRX) com
Refinamento de Rietveld para identificar e quantificar as fases cristalinas presentes e
a composicdo quimica dos revestimentos foi determinada empregando as
espectroscopias de retro espalhamento Rutherford (RBS) e de energia dispersiva de
raios X (EDS). A rugosidade e a morfologia das superficies foram avaliadas por
perfilometria e microscopia eletrbnica de varredura (MEV), respectivamente. A
difracdo de raios X revelou que foram depositados revestimentos com até 83,5% de
HA e até 73,5% de HA dopada com Mg. Os resultados de adeséao, proliferacéo e
diferenciagao celulares, por Fosfatase Alcalina, revelaram que os revestimentos
contendo HA promoveram um aumento de até 43% na diferenciagdo celular, em

comparagao com o titanio sem tratamento.

Palavras-chave: Hidroxiapatita. Oxidagdo Eletroliica com Plasma. Titanio.

Revestimento Bioativo.



ABSTRACT

Although titanium and its alloys are biocompatible, they do not promote cell
differentiation. As a consequence, various techniques are employed to improve this
requirement. In this sense, one of the most important approach is the coating of its
surface by a layer of calcium phosphate, such as hydroxyapatite (HA). However,
current phosphate deposition processes require long treatment time, high deposition
temperatures and subsequent thermal treatments for crystallization of calcium
phosphate, transforming it into HA. In this study, Plasma Electrolytic Oxidation (PEQO)
technique has been used to deposit, on Grade 4-Titanium samples, coatings with high
concentrations of hydroxyapatite, in short periods of time, without the need for pre or
post treatments. Furthermore, magnesium, an important nutrient for cell differentiation,
was incorporated in HA coatings in a single treatment step. X-ray diffraction (XRD) with
Rietveld refinement was used to identify and quantify the crystalline phases. The
chemical composition of the coatings was determined using Rutherford backscattering
(RBS) and X-ray dispersive energy (EDS) spectroscopies. Surface roughness and
morphology were evaluated by profilometry and scanning electron microscopy (SEM),
respectively. X-ray diffraction revealed that some coatings contained up to 83.5% HA
and up to 73.5% Mg doped HA. Cell adhesion, proliferation and differentiation results,
by Alkaline Phosphatase, revealed that HA-containing coatings promoted an increase
in up to 43% in cell differentiation compared to untreated titanium.

Keywords: Hydroxyapatite. Plasmas Electrolytic Oxidation. Titanium. Bioactive
Coating.
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INTRODUGAO

O titAnio e suas ligas sdo metais largamente usados na fabricagdo de
implantes dentarios e ortopédicos por possuirem propriedades tais como mddulo de
elasticidade relativamente baixo, boa resisténcia a fadiga, conformabilidade,
usinabilidade, resisténcia a corroséo e biocompatibilidade. No entanto, os implantes
com tais metais sédo bioinertes, ou seja, ndo estimulam a osseointegracdo, que é a
capacidade de promover a transformacao de células osteoblasticas em osso. Este
aspecto pode ser melhorado a partir da formacdo de revestimentos como, por
exemplo, uma camada de fosfato de calcio, como a hidroxiapatita (HA,
Ca10(PO4)sOHz2), que compde cerca de 70% do osso humano, que torna a superficie
do implante bioativa e com 6tima funcionalidade in vivo. A HA sintética € semelhante
ao mineral o6sseo e dentario,b com boa bioatividade e biocompatibilidade
(Halouani,1994 e Thomas, 1981). Desta forma, quando produzida sinteticamente
sobre o implante, promove boa ligagao quimica com o tecido ésseo corpéreo (Fatehi,
2008).

Interessantes propriedades bioldgicas das HA produzidas sinteticamente tém
sido alcangadas. Porém, a busca por maior similaridade da HA do osso nativo com a
sintética tem motivado o desenvolvimento de técnicas que possibilitem obter HA cada
vez mais bioativa (Elliott, 2013 e Mayer, 2000). Neste sentido, diversas técnicas
podem ser empregadas para a produgao de revestimentos contendo hidroxiapatita.
Lewis (2017), por exemplo, depositou HA utilizando a técnica de plasma spray.
Embora esta seja a unica técnica comercialmente empregada, ela demanda
tratamentos térmicos em temperaturas que podem ultrapassar 1000° C por periodos
superiores a 60 minutos. Tais temperaturas elevadas podem promover distorcoes
dimensionais e delaminacgao dos revestimentos. Além disto, para se depositar HA por
Plasma spray € necessario que o substrato seja previamente submetido a um jato de
gas a alta velocidade contendo particulas de algum material duro, como a alumina,
por exemplo, para aumentar a rugosidade superficial. Apds este preparo ocorre a
deposicdo dos revestimentos que se da pela condensacgao de particulas de fosfato de
célcio langadas sobre a superficie por um jato de plasma (um gas aquecido pela

passagem de corrente elétrica). Algumas desvantagens desta técnica, incluem
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tempos de deposicédo prolongados e a necessidade de submissdo dos implantes a
processos de tratamentos térmicos em temperaturas entre 600° a 700° C, por um
tempo minimo de duas horas, para melhorar a cristalinidade da HA. Recentemente,
Dominguez-Trujillo et al (2018) produziram HA em titdnio poroso a partir da técnica
Sol-Gel. Para tanto, foi necessaria a imersdo em solugdo de Fosfato de Trietila
(CeH1503P) e Nitreto de Calcio (CasN2) hidrolisado por 24 horas, seguido por
tratamento térmico a 450° C durante 5 horas em um forno a vacuo. Esse processo
aléem de ser composto por varias etapas, demanda ao menos 30 horas para a
finalizacao.

Apatitas biolégicas ndo sao de composig¢ao estequiométrica, possuem baixa
cristalinidade e muitas vezes contém impurezas ionicas, tais como Zn*2, Mg*?, Na*,
COs3?2, e F (Narasaraju, 1996). Estes elementos idnicos incorporados a HA
desempenham um papel significativo no metabolismo 6sseo, tais como crescimento e
absorcdo de nutrientes. Por esta razdo, a incorporagao de elementos idnicos nas
apatitas sintéticas € considerada relevante para promover melhores propriedades
biolégicas e a busca pela similaridade ao osso natural (Yerokhin, 2000 e
Adamopoulos, 2007). Dentre estes elementos que podem ser incorporados a HA, o
magnésio € amplamente estudado, sendo um dos ions mais importantes para
manutencdo da saude dos ossos. E o quarto elemento mais abundante no corpo
humano e auxilia na diminui¢do da cristalizacado, reduz o tamanho do cristal e diminui
a proliferacédo e a atividade de células semelhantes a osteoblastos (Marchi, 2009 e
Sharifnabi, 2015). Sua deficiéncia afeta todas as etapas do metabolismo esquelético
levando a inibicdo do crescimento dsseo, diminuindo as atividades osteoblasticas e
osteoclasticas e causando fragilidade ao osso (Fini, 2003 e Chen, 2005). Em
consequéncia disto, investiga-se também os efeitos da incorporagao deste nutriente
aos revestimentos de hidroxiapatita. Usualmente isto é feito em duas etapas. Na
primeira delas é realizada a deposicao de HA pelos processos convencionais, como
o plasma spray, por exemplo, e, posteriormente, faz-se a dopagem da HA, tipicamente
com processos de difusdo em via umida, seguido de tratamentos térmicos. Stipniece
(2014), por exemplo, obteve a dopagem da HA através da imersao das amostras em
solugdo contendo Mg por um periodo para estabilizagdo dos implantes na solugao e

posterior secagem pela submissdo das amostras a temperatura de 105° C por 20
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horas. Procedimento semelhante foi empregado por Aneta Zima (2017), que obteve a
incorporagdo de magnésio através da precipitagcdo de ions de Mg em amostras
contendo HA imersas em solugao fisioldgica por 24 h a temperatura ambiente. A
técnica de deposigéo a Laser Pulsado (PLD) foi utilizada para depositar hidroxiapatita
dopada com Mg por Mroz et al (2009), em uma amostra de titanio recoberta por Nitreto
de Titanio (TiN). Foram produzidas camadas com 3 uym de espessura a partir da
deposigao, durante 35 minutos, a base de fosfato de calcio. Apds esse procedimento,
a hidroxiapatita foi obtida por processos em via umida. Assim, para produzir
hidroxiapatita dopada com magnésio foram necessarias varias etapas (Mroz et al,
2010). Neste contexto, uma técnica com grande potencial, mas ainda pouco explorada
€ a Oxidacao Eletrolitica assistida por Plasmas (PEO) (Yerokhin, 2000), que combina
os efeitos da oxidagao eletrolitica convencional com micro-arcos elétricos que surgem
na amostra quando a tensado aplicada nos eletrodos ultrapassa algumas centenas de
volts. Este método tem sido usado para produzir revestimentos ceramicos em metais
leves tais como Ti, Al, Nb, Ta e Mg (HEANEY, 2006).
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OBJETIVOS GERAIS E ESPECIFICOS

Apds uma extensa busca na literatura especializada, considerando artigos
publicados entre 2011 e 2018, ndo foram encontrados estudos, além dos
apresentados neste trabalho, com a finalidade de produzir HA pela técnica PEO com
a incorporagéo de Mg. Sendo assim para contribuir com a redugédo da caréncia de
informacgdes nesta area, o presente trabalho objetivou a produgéo de revestimentos
com elevada quantidade de HA e em curtos periodos de deposi¢cédo sobre a liga de
titanio Grau 4. Apds alcangados relevantes resultados na deposi¢cédo do revestimento
com hidroxiapatita, buscou-se a incorporagéo de magnésio aos revestimentos em uma
unica etapa.

Alguns dos principais resultados obtidos neste trabalho foram publicados em

dois artigos apresentados e brevemente discutidos a seguir.
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PROCEDIMENTO EXPERIMENTAL

Discos de Titanio Grau 4 foram gentilmente cedidos pela empresa Conexao
com 8 mm de didmetro e 2 mm de espessura. Os tratamentos foram realizados em
cuba de ago inoxidavel (Fig. 1) equipada com um sistema de refrigeragao e conectada
ao terminal negativo de uma fonte de alta tenséo pulsada. Todos os tratamentos foram
realizados no modo potenciostatico com pulsos de 480 V, 120 Hz, ciclo de trabalho de
60% e densidade média de corrente de 1,7 A/cm?. O tempo de tratamento foi variado
entre 120 e 600 s. A solucdo eletrolitica foi preparada dissolvendo-se 0,2 mol de
Acetato de Calcio e 0,2 mol de glicerofosfato de sédio em 1 litro de agua deionizada.

Com o objetivo de dopar a HA com magnésio, os tratamentos foram realizados
por 120 s acrescentando em condicbes semelhantes a descrita anteriormente
acrescentando-se acetato de magnésio ao eletrolito em proporg¢des variando de 0,2 a
0,8 mol.

Figura 1: llustracdo esquematica da cuba eletrolitica.

Fonte

Entrada de agua para i
refrigeraciio ! | | Ssida de agua para

refrigeracdo

Porta amostra
isolante

Fonte: Autor.

A composicdo quimica das amostras foi analisada por Espectroscopia de
retroespalhamento de Rutherford (RBS) usando um feixe de hélio de 3,29 MeV e carga

total de 10 uC. Perfis de composicao e profundidade elementar foram determinados
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por simulagdes computacional com softwares RUMP 52 e SIMNRA 53 (MAYER,
2000). As fases cristalinas dos revestimentos foram determinadas por Difracdo de
Raios X obtidos com o equipamento da marca Panalytical X-Pert PRO, em geometria
© - 26, empregando radiagdo Cu-Ka (A = 1,54 A). A aquisicdo de dados foi realizada
em angulos de difragédo entre 20° e 60° em passos de 0,02° e 5 segundos por passo.
A técnica de refinamento de Rietveld foi empregada para determinar a proporcao de
cada fase, bem como parametros de rede da célula cristalina da hidroxiapatita. O
refinamento foi realizado usando o software X'Pert HighScorePlus com o modelo
estrutural (banco de dados ISCD). A espessura das amostras foi determinada pelo
corte e preparagdo metalografica da secgao transversal que evidenciou o
revestimento, possibilitando a realizagdo das medidas em microscépio eletronico de
varredura (JEOL — JSM 6010). Este microscopio também foi empregado no modo de
elétrons retroespalhados com tensdo de aceleragdo de 5 kV para investigar-se a
morfologia superficial das amostras. A rugosidade foi determinada por perfilometria,

usando um perfildmetro Profiler Veeco, Destak 150.
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The present study reports the deposition of coating using Plasma Electrolytic Oxidation (PEO) onto
grade 4 titanium to produce novel surface features. Samples were treated in an electrolytic solution
of calcium acetate and sodium glycerolphosphate. The temporal evolution of hydroxyapatite coatings
with high Ra roughness and a maximum thickness of 120 jumn was obtained. X-ray spectra revealed the
presence of hydroxyapatite, rutile and calcium phosphate. Cell growth measurement by MTT assay
showed that the coatings were not toxic because cells grew on all samples.

Keywords: Plasma Electrolytic Oxidation (PEO), hydroxyapatite, titanium

1. Introduction

Titanium is widely-used as a biomaterial because it
is biocompatible, chemically inert, and possesses good
mechanical properties. It is not an ideal material from a
medical standpoint as it does not present good bioactivity,
i.e. bone does not grow spontaneously around it when
implanted in the human body'. We are conducting studies
to improve the bioactivity of this material.

Currently, there are two main lines of research focused on
improving the bioactivity of titanium through changes in it is
surface properties. These are based on the growth of a layer
of hydroxyapatite, Ca, (PO,),(OH),. the principal mineral
component of bone, on the metal surface. Hydroxyapatite
(HA) has superior biocompatibility to any other known
material‘. Many studies propose the modification of the
titanium surface to accelerate the spontaneous precipitation
of apatite when in contact with the body: others propose the
deposition of an HA layer.

The layer deposition techniques used to produce
calcium phosphate include “plasma spray™*, laser ablation,
“magnetron sputtering’'°, sol-gel'-'%, electrophoresis'*'¢,
and biomimetic methods'”**. In the latter technique, the
hydroxyapatite is precipitated from a saturated calcium
phosphate solution, similar to that of blood. Among the
techniques mentioned above, the only one commercially
available is plasma spray, but the layers produced present
problems. The connection between the hydroxyapatite and
metal is purely mechanical, without chemical interaction
between the two materials. Consequently, coatings behave
as a brittle ceramic, presenting a low resistance to fatigue,

*c-mail: cesar.augustoa@hotmail.com

delamination and degradation when used in implants for
prolonged periods®*?'. The particles released into body can
cause inflammatory reactions®.

An alternative for the production of highly adherent
layers using a cheap and simple methodology is Plasma
Electrolytic Oxidation (PEO). Using PEO coatings can
be deposited onto samples from an aqueous electrolyte,
by applying a potential of a few hundred volts, which
generates localized discharges on the sample surface?. The
electrolytes dissolved in water dissociate to form anions and
cations. When a voltage is applied between the electrodes,
anions and cations are attracted to the anode and cathode,
respectively. Thus, at the anode, the oxidation process
begins. Initially, an insulating layer formed on the anode
causes a significant drop in system current. With the increase
of the applied voltage, the current is forced to pass through
the coating. Intense electric fields around the samples
generated localized electrical discharges, called micro-arcs.
The coating is formed by oxidation of the samples and by
deposition of elements from the electrolytic solution. As the
micro-arcs produce high temperatures the oxide layer can
be sintered and incorporate elements into the coating. The
coating is deposited across the whole surface immersed in
the solution. An improvement in adhesion of these layers
is observed compared to that of hydroxyapatite layers
deposited by plasma spray**®. In addition, the layers are
porous and rough, and resistant to wear and corrosion®*?’,
which are interesting features for good bioactivity.

Recent studies have demonstrated the possibility of
the deposition of HA films by PEO*2. The different
concentrations of calcium and phosphorus and the different
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structures of these films are easily controlled by varying
the concentration of the reagents used and the pH of the
electrolyte solution®. Reagents commonly used for the
electrolyte solution are tripolyphosphate, calcium acetate,
calcium glycerophosphate, monosodium phosphate, and
trisodium phosphate®!. Some results show that it is possible
to deposit various phases of calcium phosphate, including
hydroxyapatite®®32.

Currently, the formation of HA in coatings produced
by PEO i1s possible using long treatment times together
with high polarization frequencies. As confirmed by XRS,
however, the amount of HA produced 1is small. Thus, the
objective of this work is to obtain a coating containing a
significant amount of HA using short depositions times.

2. Experimental Description

Grade 4 titanium disks of 8 mm diameter and 2 mm
thickness were produced. After machining and polishing, the
samples were sterilized and stored in suitable containers. The
samples treatment was carried out in a stainless steel tank of
capacity 2 1. The tank was enclosed in a cooling system that
maintains the temperature of the solution at approximately
50 °C. The sample was attached at the anode and the tank
served as the cathode itself. The electrolytic solution used
for the treatment was 0.2 M calcium acetate ((CH,C0OO0),Ca)
and 0.02 M sodium glycerophosphate (C,H (OH,)PO,Na)
diluted in 1 liter of deionized water. The samples were
treated with a current density that varied between 1.7 and
0.6 A cm™ (both = 0.2 A ecm™) for times of 120, 300 and
600 s. The voltage, frequency and duty cycle were 480 V,
100 Hz and 60%, respectively. Treatment of the samples
was carried out in the potentiostatic mode, during which
the voltage 1s maintained constant and the current varies as
a function of time. After PEO treatment, the samples were
cleaned with deionized water and dried.

In this study, we investigated the structure, thickness,
roughness, morphology, chemical composition and
cytocompatibility of the coating. The coating thickness was
measured by scanning electron microscopy (SEM) after
preparation of a metallographic sample section. Sample
surface roughness was verified by profilometry. SEM was
used to analyze the morphology of the coating. X-ray
diffraction using Cu-K_ radiation (A = 1.54 A) with angles
between 20 and 60° and a step-size of 0.1°/ min, was used
to examine the phase of the coating.

The cytocompatibility, 1.e. the ability of the samples to
support adhesion and cell growth of primary osteoblasts
after 24 hours and 5 days of culture, was assessed
using the colorimetric MTT metabolism assay (3 -
(4,5-dimethylthiazol-2-yl) -2,5 diphenyl tetrazolium
bromide). Osteoblasts were obtained by extraction from
calvariae of three 20-day-old Wistar rats according to
Declercq et al 3. Osteoblasts were cultured in Dulbecco’s
modified essential medium (DMEM) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS),
gentamicin (50 pg/mL) and amphotericin B (5 pg/mL). The
cells were then harvested using trypsin/EDTA and seeded
onto 48-well culture plates containing the samples. The
culture medium was changed every 2 days. For the MTT
assay, 1x10° cells/mL were seeded in wells containing the
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samples. After 24 hours and 5 days of culture, the culture
medium was removed and the wells washed twice with
0.1 M PBS, pH 7.4, at 37 °C, followed by the addition of
200 pL of DMEM and MTT reagent (20 uL/well, containing
5 mg of MTT reagent/mL). After incubation for4 hat 37 °C,
the cells were lysed by adding 200 pL of dimethylsulphoxide
(DMSO). Subsequently, 100 pL aliquots of the solution in
each well were transferred to a new plate and the absorbance
then measured at 570 nm using a microplate reader. The data
for the cytocompatibility assay was expressed as the mean
+ standard deviation (SD) for n = 4 experiments. Analysis
of variance (One-Way ANOVA) followed by the Tukey
test (with p < 0.05) was used to assess the significance of
the data. For the data analyses the BioEstat® 5.0 statistical
software was used.

3. Results and Discussion

3.1. Current density characteristics

When the supply is turned on, the voltage between
the electrodes rises automatically to 480 V in 10 s. At this
treatment voltage, the sample surface is entirely covered
by micro-arcs and the formation of the coating begins. The
current, however, varies as function of treatment time since
the coating growing on the titanium is electrically isolated,
which changes the electrical conductivity of the system.
Consequently, as shown in Figure 1, the current density
varied from 1.7 to 0.6 Acm™ (both + 0.2 A cm™). Up to 50s
of treatment time there is a rapid fall in the current density;
subsequently, it falls at a lower rate.

3.2. Thickness and roughness

The coating growth process occurs both by sample
oxidation and by incorporation of the species present
in the electrolytic solution. In both of these processes
recombination of species occurs, forming new materials
on the treated sample surface. Figure 2 shows micrographs
obtained by scanning electron microscopy (SEM) of
transverse sections of samples treated using PEO. From
these, the average coating thickness was 22, 135 and
120 pm, respectively. Observe that the thickness of the
sample treated for 600 s is less than treated to 300 s. This
may be due to ejection of material from the coating caused
by high density micro-arcs.

Observation of the transverse section of the coating
reveals that it i1s formed by a heterogeneous and porous
layer. The large thickness shows that the coating completely
covers the titanium.

An analysis of Figure 1 reveals that the current density
mitially falls rapidly, but at greater treatment times it falls at
lesser rate. As the coating thickness increases, the electrical
resistance of the system increases. Consequently, as the
electric field 1s high near the samples, the more intense
electrical discharge leads to the formation of high intensity
micro-arcs. Thus, deposited material is ejected from the
growing coating.

The rougness values are expressed as the average and the
standard deviation of three measurements. Figure 3 shows
that the roughness Ra increases with increasing treatment
time. This increase 1s also justified by the action of micro-
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Figure 2. SEM micrograph, of the section of the titanium samples treated by PEO for different periods of time: (a) 120 s with magnification
of 200x, (b) 300 s with magnification of 500x (c) 600 s with magnification of 500x.

arcs. The sample treated for 600 s has a greater roughness.
Long treatment times generate more intense micro-arcs.
The action of these micro-arcs increases the roughness
of the samples by ejection of already-deposited material.
Inspection of the standard deviation of the roughness of the
sample treated for 600 s shows that the surface roughness
1s not uniform in the sample.

3.3. Morphology of the coating

The morphology of the samples treated by PEO may be
observed in Figure 4. Inspection of Figure 4(a) shows that a
new structure forms on the porous matrix. As the treatment
time increases this structure grows and covers the porous
matrix. At a treatment time of 300 s, the structure grows to
form of clusters with tridimensional columns. It may also
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be observed that the morphology of the layer is irregular,
which explains the observed increase in roughness.

3.4. X-ray diffraction

The coatings produced by PEO, at a voltage of 480 V,
on the titanium substrate are composed of HA, rutile and
calcium phosphate (Ca,P,0,). The spectrum of the samples
treated for 120 s, presented in Figure 5, has well-defined
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Figure 3. Sample roughness of titanium treated by PEO 1in different
time.
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peaks due to rutile and HA. Calcium phosphate is also
detected, but the peaks have low intensities.

As the treatment time is increased the rutile phase
disappears and the coating is composed only of HA and
calcium phosphate. The peaks due to HA and calcium
phosphate of the sample treated for 300 s have increased
intensities compared to these of the spectrum of the sample
treated for 120 s. Figure 4(a) shows that on the porous matrix
a new cluster-like structure grows and as time passes the
matrix 1s completely covered. Probably, the matrix bound
to the titanium substrate 1s composed of rutile and the phase
that covers the matrix i1s composed of HA and calcium
phosphate. This interpretation is based on the observation
that as the treatment time is increased rutile is no longer
observed in the X-ray spectra. The first layers formed are
more susceptible to the presence of rutile, since rutile is
formed by the oxidation of titanium from the substrate.

As the coatings grow and the supply of titanium for
production of rutile 1s interrupted HA and calcium phosphate
predominate. Hence the clusters formed in the porous matrix
(Figure 4) are made of HA.

Note that there are no significant differences between
the spectra of samples treated for 300 and 600 s, except
for a slight reduction in the intensity of peaks due to HA.
To obtain HA in the coating, therefore, a time of 300 s is
sufficient.

0
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(b)
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Figure 4. SEM micrograph, with magnification of 1000x, of titanium treated by PEO for different periods of time: (a) 120 s, (b) 1s 300

(c) 600 s.
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No peak due to titanium metal 1s observed in the
spectrum of the coating, which demonstrates the complete
coverage of the samples surface.

3.5. Cell viability

The cytocompatibility of the HA coated-titanium
samples after 120s, 300s and 600s of coating time was
assessed by MTT assay, which is based on the ability of
viable cells to reduce yellow 3-(4, 5-dimethythiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT) by mitochondral
succinate dehydrogenase. Since osteoblasts are anchorage-
dependent cells and only metabolically active osteoblasts
can attach to a substrate, the MTT results were interpreted
as a measure of cellular adhesion and proliferation.

Figure 6 shows that samples treated by PEO, regardless
of coating time, allowed cells to adhere to the sample surface
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after 24h of culture (p> 0.05). No statistical differences were
found among the samples in comparison with tissue culture
on untreated Ti, which were used as a control (p>0.05).

After 5 days of culture, it is observed in Figure 6 that
all samples significantly stimulated cellular growth in
relation to 24h of culture time (p<0.05). Among the HA
coated samples, no statistically significant differences in
cell densities were found (p>0.05); however, the amount of
viable cells found in the samples coated for 600s was lower
than those found in uncoated Ti samples (p<0.05).

It has been shown that coating of HA onto implantable
surfaces enhances osteoblast affinity, improving cell
adhesion and proliferation®S. In the present study, however,
these results were not confirmed. On the other hand,
although cytocompatibility of the coated samples was not
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Figure 5. XRD patterns of coating produced by plasma electrolytic oxidation for different times, where H — Hydroxyapatite (Ca(PO,),

(OH); C - Calcium Phosphate (Ca,P,0,) and R - Rutile (T10,).
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impaired for cell adhesion and proliferation, it was not
significantly improved.

Similar results were reported by Yeung et al 3, who
assessed the cytocompatibility of PEO coated TiO, with
human osteosarcoma cells (MG-63s) and found that PEO
coated samples had fewer viable cells in comparison with
plasma-sprayed HA samples and TCPS. The same authors
believe that cellular behavior may be inhibited by the
specific morphology or chemical composition of the PEO
coating®.

For 5 days of cultivation, the sample treated for 600 s
was the only that presented cellular growth significantly
less than the untreated sample, which was used as a control
to compare with the treated samples (p <0.01). The sample
treated for 600 s presented detachment of the deposited
material, due to smaller thickness than the sample treated for
300 s. The standard deviation of the roughness shows that
the surface was strongly affected by exposure of the sample
to a long treatment time. The chemical composition and
surface topography may have reduced the coating stability,
which promoted less cell growth.

In general we can say that the treated samples are
cytocompatible and stimulate significant cellular growth.
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Plasma Electrolytic Oxidation (PEO) is promising for the processing of biomaterials because it
enables the production of surfaces with adjustable composition and structure. In this work, aimed
at the improvement of the bioactivity of titanium, PEO has been used to grow calcium phosphide
coatings on titanium substrates. The effects of the addition of magnesium acetate to the electrolytes
on the composition of the coatings produced during 120 s on Ti disks using bipolar voltage pulses
and solutions of calcium and magnesium acetates and sodium glycerophosphate as electrolytes have
been studied. Scanning electron microscopy. X-ray energy dispersive spectroscopy. Rutherford
backscattering spectroscopy. X-ray diffractometry with Rietveld refinement and profilometry were used
to characterize the modified samples. Coatings composed of nearly 50 % of Mg-doped hydroxyapatite
have been produced. In certain conditions up to 4% Mg can be incorporated into the coating without
any observable significant structural modifications of the hydroxyapatite.

Keywords: Plasma Electrolytic Oxidation, Mg-doped hydroxvapatite, titanium

1. Introduction

Owing to high biocompatibility. good corrosion and
wear resistance, good mechanical properties. low density
and chemical inertness, titanium and its alloys are widely
used in the production of dental and orthopedic implants'=,

Although titanium is biocompatible’4, its intrinsic
bioinertness does not stimulate spontaneous bone-implant
integration®. To expand the successful applications as dental
and orthopedic implants several methods are used to modify
the titanium surface with the objective of improving its
bioactivity. In this context, great improvement in biological
properties, consequently reducing the rejection of implants®,
has been achieved with calcium phosphate coatings.

Hydroxyapatite (Ca, (PO,), (OH),) (HA) is a calcium
phosphate that constitutes about 70% in weight of human
bones. HA is a natural mineral that has excellent biological
properties. When it is synthetically produced on the surface
of titanium. it can promote bioactivity and improve the
connection with bone tissue’. Nowadays it is possible to
produce synthetic HA with similar characteristics to those
of human bone, including bioactivity and biocompatibility,
that can be used in biomedical applications®’.

* e-mail: cesar.augustoa@hotmail.com

Over the last decade, various methods for producing HA
coatings on titanium and its alloys have been developed'®?.
These include plasma spray'®'®, sputtering'®*, electrophoretic
deposition®*, immersion in simulated body fluid (SBF)®,
biomimetic techniques®, sol-gel procedures®? and laser
ablation®’. There are, however. some problems related to the
hydroxyapatite coatings, such as poor control of the chemical
composition and structure and poor coating adhesion to the
substrate’?**. Therefore, there is still a demand for methods
to produce HA with greater bioactivity and similarity to
human bone combined with good mechanical properties®'*.

The absorption of nutrients and the growth of bone are
improved by the presence of ions such as Zn™. Mg, Na". CO,?
and F in non-stoichiometric compounds of low crystallinity*.
Owing to that, improvements in the biological properties
and greater similarity to human bone can be achieved by
the incorporation of ionic elements into synthetic HA".
Magnesium is the fourth most abundant ion present in the
human body. where it helps to inhibit crystallization, to reduce
crystal size, to decrease the proliferation and activities of
osteoblast-like cells**!. Therefore. magnesium deficiency
can affect bone metabolism and growth. reducing osteoplastic
activity and resulting in fragile bones*,

Plasma Electrolytic Oxidation (PEO) combines the effects
of conventional electrolysis with micro-arc discharges that
appear on the sample surface. When the voltage applied
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between two electrodes immersed in electrolytic solutions
exceeds several hundred volts. the dielectric barrier of the
oxide coating produced on the metal surface at the anode is
broken down mostly by impact ionizations. Consequently,
many high energy micro-arcs able to melt the oxide coating
arise on the surface of the sample. In this condition.
chemical elements present in the electrolytic solution can
be incorporated into the coating. Also. the high thermal
energy from the micro-arcs can produce ceramic coatings
with complex structures. This method has been successfully
used to produce ceramic coatings on light weight metals
such as Ti. Al. Nb, Ta and Mg"".

Recent studies have shown that HA can be produced
by PEO of titanium and its alloys. Usually. however. long
process times (=20 min) or two-step procedures are required
and the HA produced is of low crystallinity**+#. In titanium
oxidation using PEO other structures such as anatase.
rutile, and phosphates are also produced. Results of X-ray
diffraction (XRD) studies have shown that the proportion
of HA is generally low. i.e.. anatase and rutile phases are
predominant®. To our best knowledge there were no studies
of the production of HA by PEO with Mg incorporation
into the coating for improved bioactivity of the synthetic
HA. Thus, this study aims to produce a coating on Grade 4
titanium with a high concentration of Mg-doped HA with
very short treatment time.

2. Experimental description

The HA coatings were deposited on grade 4 titanium
disks 8 mm in diameter and 2 mm thick. After machining
and polishing. the substrates were ultrasonically cleaned
and stored. Figure 1 shows schematically the treatment
system. The treatments have been performed using a two
liter stainless steel tank. enclosed in a cooling system that
keeps the temperature of the solution constant. The substrate
was connected to the positive terminal of a pulsed bipolar
voltage supply and the tank itself served as the cathode. The
electrolytic solution used for the treatment was prepared
by diluting 0.2 M of calcium acetate and 0.02 M of sodium
glycerophosphate in deionized water. The variable process
parameter was the amount C,, of magnesium acetate (MgA)
added in concentrations of 0.0, 0.02, 0.04, 0.06 and 0.08 M to
the electrolytic solution. The samples have been biased with
positive pulses of 480 V with frequency and duty cycle of
100 Hz and 60 %, respectively. The substrates were treated
for 120 s in the potentiostatic mode. After PEO treatment.
the samples were cleaned with distilled water and dried.

A previous study by the authors® concluded that a
treatment time of 120 s was sufficient to produce a coating
with a high HA content. Therefore, based on that study. all the
other process parameters were maintained: only a different
amount of MgA in the electrolytic solution was used.
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Water Inlet

Figure 1. Schematic representation of the treatment cell.

After metallographic preparation of cross-sectioned samples.
coating thickness was measured using scanning electron microscopy
(SEM). Roughness was investigated using profilometry and
surface morphology was examined by SEM.

The chemical composition of the samples was analyzed
using Rutherford backscattering spectrometry (RBS). A He™
beam. from a Pelletron-tandem accelerator produced by
National Electrostatic Corporation (NEC) model SSDH.
was directed onto the samples in a vacuum chamber at 7°
incidence and 170° scattering angles. The energy of the ions
was 3.29 MeV and the beam charge was 10 nC. Chemical
composition and elemental depth profiles were determined
by computer simulations using RUMP** and SIMNRA®
softwares.

Analysis of the coating crystalline structure was based
on X-ray diffraction data obtained using a Panalytical X-Pert
Powder diffractometer in theta-2 theta geometry. which
employed Cu-K  radiation (A= 1.54 A). Data acquisition was
performed at diffraction angles of between 20 and 60°, using
a step-size of 0.02° at 5 s per step. The Rietveld Refinement
technique was employed to determinate the proportion of
each phase as well as hydroxyapatite cell parameters. The
refinement was performed using X'Pert HighScorePlus
software with the structural model (ISCD database) listed
in Table 1. The quantity of each phase was calculated.
but the cell parameters were determined only for the HA
phase, the main object of study in this research. The electric
current through the electrolytic cell was measured with a
digital amperimeter every 2 s during the treatment. Three
measurements were performed for each treatment condition.

3. Results and Discussion
3.1. Current density characteristics.

Figure 2 (a) shows the current density during the treatment
and the average current density after 7 s of treatment, when
the voltage reached 480 V. is presented in Figure 2 (b).
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Table 1. Structural model (ISCD database) of the possible phases
present in the PEO coating.

Phase Formula ICSD code
Anatase TiO, 200392
Rutile TiO, 36413
Titanium Ti 43614
Calcium Phosphate CaP; 74854
Hydroxyapatite Ca(PO,), (HO) 203027
Magnesium Phosphide Mg.P, 24489
w} (©)

@ %W 20 0 O W E MK W WY [ ow
Treatment time (s)

o0s
c, ™
Figure 2. (a) Current density as a function of treatment time and
(b) average current as a function of C, .

In a general way. the addition of MgA to the electrolytic
solutions increased the current density due to the increment of
ion densities in solution. The maximum value was observed
for treatments with C,, = 0.06 M. The current density in these
treatment conditions was 0.99 (£ 0.012) A cm?, which is 24%
higher than the current density measured during treatments
with C, = 0.0 M.

Inspection of Figure 2 (b) reveals some variations in the
current density. which were caused by instabilities generated
by micro-arc discharges produced when the ion density was
increased. The amount of MgA increased linearly but the micro-
arcs occur in thermodynamic non-equilibrium and the electrolysis
does not occur according to the usual electrochemical laws.
Consequently. detailed explanations of the observed variations
in the current densities are not available.

3.2. Thickness and roughness

The coating thicknesses were measured from MEV images
of sample cross-sections prepared by metallography. Averages
and standard deviations determined from measurements
of the thicknesses of three samples are given. Figures 3
(left and right) show the thicknesses as a functions of C,,
and typical cross-sections of samples treated by PEO. The
addition of magnesium acetate to the electrolytic solutions
did not change significantly the coating thickness. Samples
treated in solutions with C,, up to 0.06 M had thicknesses
of around 10 pm but samples treated at a C,, 0f 0.08 M had
thicknesses of around 8.0 pm. It was also was observed
that dispersion of the thickness measurements decreases
when the C,, was 0.06 M. Therefore. the results show that
this condition (C,, = 0.06 M) produced a more uniform
coating because the process combined the best parameters
of current density. voltage. composition of the electrolytic
solution and treatment time.

. .
v
.
. " - e on
c, ™)

Figure 3. (left) SEM micrograph of a typical cross section of a
samples treated with C,, = 0.06 M. (right) Thickness of the coatings
as a function of C,,.

As it can be noticed in Figure 4, which shows the Ra
roughness as a function of C,,. the roughness decreases
with the increasing of C,, up to 0.06 M and then grows to
reach 6.5 = 1.17 pm when C,, = 0.08 M. This result reflects
the modification of the intensities of the micro-arc as the
proportion of magnesium acetate is modified.
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Figure 4. Roughness of titanium samples treated by PEO at
different C,,.

3.3. Coating Morphology

Figure 5 presents SEM micrographs of surfaces
produced in solutions with various C,,. It can be pointed
out the presence of clusters of granular structures on the
surface of all the samples produced with C,, < 0.08 M. As
previously reported**, such structures are mostly composed
of hydroxyapatite. Therefore, the decrease of the density
of such clusters in Figure 5 suggests that the higher C,, the
lower the proportion of HA.

Apriac Ap"

Figure 5. SEM micrographs of titanium samples treated by PEO
with different C,, concentrations.
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3.4. Chemical compositions

As previously noted the samples present porous irregular
surfaces. As can be observed in Figure 6, which shows
typical simulated and experimental RBS spectra, such rough
morphology makes rather difficult the theoretical adjustment
of the measured RBS spectra. Therefore. to ensure a good
agreement between theoretical and experimental values, the
simulations were restricted to the outermost 100 nm thick
layer of all the samples. It is important to mention that the
complexities of the simulations imposed by the irregular
surface introduced an estimated error of about 5%.
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Figure 6. RBS spectrum (measured and simulated) of the sample
treated by PEO with C,, = 0.06 M.

The average proportions of Ca. P. Mg, and Ti in a 100
nm thick superficial layer can be observed in Figure 7. The
proportions of carbon (nearly 32%) and oxygen (approximately
47%) have been omitted since they do not provide any useful
information to the discussions that follow. According to
the results, the addition of MgA to the electrolytes caused
the Ca concentration to decrease from 12.2 to 8.9 at%.
independently of C,,. On the other hand. the concentration
of phosphorous remained constant at 8.4 at% and decreased
when MgA was added in proportions larger than 0.04 M
reaching 1.2 at% when C,, = 0.08 M. This strong decrease
can be attributed to the low boiling point of P (553.6 K).
which can easily evaporate from sample surface. It has
been observed the intensification of the light emitted by the
micro-arcs as magnesium acetate is added to the solution.
This observation associated to the higher current observed in
Figure 2 indicates the enhancement of the energy transferred
to the sample when MgA is added to the solution. which
may cause the heating of the coating. The heating near the
surface of the sample makes impedes the deposition of low
melting point elements and also increases the diffusion of
species to inner coating regions. Both mechanisms contribute
to the observed depletion of phosphorous. In addition. the Mg
concentration in the coating increased with the increasing of
the proportion of magnesium acetate added to the solution.
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Figure 7. Average atomic proportion of elements in samples
treated with different C,, determined by RBS in a 100 nm thick
superficial layer.

reaching about 3.6 at% on samples treated with C,, = 0.08
M. Less than 1.0% of titanium has been detected in all the
samples indicating that the electrophoretic deposition rather
than the re-deposition of the quenched metal after melting
by the micro-arc is the predominant mechanism of coating
growth. Accordingly to the RBS analyses. the surfaces
produced in this work are very promising for implants since
they are mostly composed by Ca. P. and Mg.

X-ray energy dispersive spectroscopy (EDS) has been
employed to evaluate the coating composition in bulk regions
deeper that those probed by RBS. As can be seen in Figure
8 the concentrations are significantly different from those
determine near the surface. In disagreement with what is
observed near the surface, the average concentrations of Ca,
P and Ti in the bulk are nearly independent of the amount
of magnesium acetate added up to C, = 0.04 M. Larger C,,
caused the proportions of Ca and P to decrease. When CM =
0.08 M the proportion of Ca is 35% smaller than that measured
without the addition of Mg acetate while the proportion of
titanium increases fourfold with the same variation of C,,.
It is interesting to mention that the proportions of calcium
and phosphorous in all the conditions are roughly the same
as was detected by RBS on the superficial layer of the
samples produced without the addition of magnesium. This
observation corroborates the supposition of the enhancement
of the diffusion of species to deeper regions as a consequence
of the increase of the heating caused by larger currents when
the amount of MgA in the solution is increased. Moreover,
larger current densities can produce micro-arcs intense
enough to reach the substrate beneath the coating resulting
in the ejection of molten titanium towards the liquid. The
quenching of the metal by the electrolyte explains the high
amount of Ti in the bulk of coatings as thick as 8 pm.

3.4. X-ray Diffraction and Rietveld Refinement.

Figure 9 shows X-ray diffraction spectra of the coatings
produced with various C,,. From this figure it is possible
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Figure 8. Atomic proportions determined by EDS in the bulk of
samples treated with different C,.

to observe that the treatments resulted in the formation of
anatase, rutile, crystalline calcium phosphate, magnesium
phosphides. and hydroxyapatite. The diffractograms also
reveal the modification of the crystalline structure of the
coatings as the proportion of magnesium acetate is increased.
Itis possible to conclude that the higher C,,. the smaller the
peaks related to hydroxyapatite as becomes evident if one
notes that diffractogram of the coating grown with C,, =
0.08 M contains only the peaks produced by anatase. rutile
and metallic titanium.
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Figure 9. XRD patterns of coatings produced by PEO with different
C,,. where the letters stand for: H - Hydroxyapatite: P - Calcium
Phosphate, R - Rutile, M - Magnesium phosphide, A - Anatase,

and T - titanium.

The phase composition of the samples can be better
evaluated from the results of Rietveld refinement presented
in Figure 10. The coating produced without the addition of
MgA is composed by 83.5% HA. 15.9% rutile and 0.9%
calcium phosphate. Samples treated with C,, = 0.02. 0.04.
and 0.06 M are composed of around 50% hydroxyapatite.
The reduction in the amount of HA can be attributed to
the greater incorporation of Mg and the reduction of the
proportion of phosphorous in the coatings. as shown in
Figure 8. In addition, the same amount of P was bound as
magnesium phosphide (Mg,P,).

The greatest amount of magnesium phosphide was
observed in samples produced in electrolytic solutions with

Figure 10. Phases proportion calculated by Rietveld refinement
of samples treated by PEO as a function of C,,. The letters stand
for: H - Hydroxyapatite, R - Rutile. M - Magnesium phosphide.
and A - Anatase

C,, = 0.06 M. Therefore, this condition produced an ideal
coating for biological applications because the composition
of crystalline phases combines significant amounts of
hydroxyapatite, magnesium phosphide and TiO, (rutile).
On the other hand, the samples produced with C,, = 0.08
M were predominately composed by titanium (4.5%) and
titanium dioxide (65.3% rutile. 28.8% anatase). No HA
was formed under that condition because of the deficiency
of phosphorous.

Some authors**** have reported that Mg>* ions can be
incorporated into the crystalline structure of hydroxyapatite,
replacing Ca’ ions. The Mg*" ions have ionic radius of 0.069
nm that is smaller than radius of Ca** ions (0.099 nm). Thus
Mg** can easily replace Ca’* in the crystalline structure. This
effect can also reduce the lattice parameters @ and ¢ of the
hexagonal crystalline structure of the HA. In the present
study. it may be observed from Figure 11 that those lattice
parameters did decrease when the samples were treated with
C,,=0.02 M and 0.04 M in comparison with samples treated
without addition of MgA to the electrolyte. This effect is
attributed to the replacement of Ca®> by Mg™* ions in the
hydroxyapatite crystalline structure. The sample treated with
C,, = 0.06 M presents the lattice parameters closer to the
lattice parameters of samples treated without addition of MgA.
The results of Rietveld refinement revealed that this coating
contains 17.4% magnesium phosphide, the largest proportion
of this phase found in this study. Therefore. most of the
magnesium incorporated is present as magnesium phosphide,
thus explaining why the hydroxyapatite crystalline structure
is similar to the crystalline structure of the hydroxyapatite
produced with C,, = 0.

4. Conclusion

In the present work the efficacy of PEO to produce Mg-
doped HA was studied. The addition of magnesium acetate
to the electrolytic solution of calcium acetate and sodium
glycerophosphate allowed the production of coatings with up
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Figure 11. Hydroxyapatite lattice parameters in samples produced
by PEO with various C,,.
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10 50% of Mg-containing HA. Results of Rietveld refinement
have shown the decrease of the lattice parameters a and ¢ of
HA crystalline structures in coatings produced in solutions
with C,, = 0.02 and 0.04 M. Such characteristics suggest
the replacement of Ca by Mg ions in the HA structure,
confirming the production of Mg-doped HA. The treatment
with the electrolyte containing 0.06 M MgA was effective
in producing HA with a crystalline structure similar to that
of HA produced with C,, = 0.0 M. In that case. the coating
produced contained around 17% of magnesium phosphide.
In conclusion, this work demonstrated the versatility of PEO
since the modification of the composition of the electrolyte
allowed the adjustment of the morphology. composition,
and crystalline structure of the coatings. The PEO process
has been demonstrated to produce a large amount of Mg-
doped HA chemically bonded to the substrate in only 120s.
In addition, the coating surface is porous and rough, which
are important properties for biological applications.
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DISCUSSAO DOS ARTIGOS

O estudo descrito no primeiro artigo comprovou que a técnica PEO foi eficaz
na produgao de revestimentos com elevados teores de HA sobre o titdnio. Resultados
de DRX mostraram que 120 s de tratamento foram suficientes para produzir um
revestimento contendo 83,5% de HA, sendo este o maior valor obtido nessa pesquisa.
Os testes de viabilidade celular mostraram que as amostras tratadas por 120 s
apresentaram maior capacidade de adeséao e proliferagao celulares, confirmando a
biocompatibilidade da camada produzida. Por outro lado, observou-se a reducao da
quantidade de células aderidas sobre a amostra tratada por 600 s. Apos 5 dias, no
poco de cultivo dessas amostras, foram observadas particulas que se desprenderam
do revestimento e que provavelmente contribuiram para a diminuigdo do crescimento
celular nesta situagdo. Desta forma, os resultados sugerem que a amostra tratada por
120s possui caracteristicas interessantes no ponto vista da produgéo de revestimento
bioativo em comparagéo com o titanio nao tratado.

Conforme descrito no artigo 2, mantendo-se os parédmetros de tratamento do
artigo 1 e adicionando acetato de magnésio como uma fonte de ions de Mg a solugéo
eletrolitica foi possivel produzir HA dopada com Mg. Embora a adi¢cado de acetato de
magnésio a solugdo promoveu aumento na densidade de corrente, o aumento da
proporcdo deste elemento no eletrélito resultou na redugcdo da espessura do
revestimento. Os resultados do refinamento Rietveld dos difratogramas das amostras
produzidas com a dopagem de Mg, mostraram que os revestimentos continham até
73,5% de HA dopada. A quantidade de HA no revestimento diminuiu com a adi¢éo de

Mg, pois isto resultou na diminuicado do teor de fosforo nos revestimentos.
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CONCLUSOES GERAIS

O presente estudo mostrou que a técnica PEO foi eficiente no processo de
deposicdo de revestimentos contendo alto teor de hidroxiapatita sobre amostras de
titdnio, com tempos de tratamento curtos e sem a necessidade de pré- ou pos-
tratamentos. Foram produzidos revestimentos contendo até 83,5% de hidroxiapatita
com superficies porosas e rugosas. Quantificagcdes de fosfatase alcalina mostraram
que os revestimentos de HA aumentaram em até 43% (Apéndice A Fig. 2) a
diferenciacao celular em comparacao com o titanio nao tratado.

Quando acetato de magnésio foi adicionado ao eletrélito foram obtidos
revestimentos com até 73,5% de HA dopada com Mg em uma unica etapa de

tratamento.
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Figura 2: Resultados do ensaio de Fosfatase Alcalina

0.5

0.4

0.3

0.2

0.1

i

43%

[

TCPS

T

'I

Mg08

36

Figura 3: Imagens de células que cresceram sobre a superficie da amostra tratada com 0.6
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