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RESUMO

Este trabalho objetivou o desenvolvimento e otimizacdo das propriedades fisicas, quimicas e
bioldgicas de filmes de 6xido de tantalo (Ta,Oy) depositados por pulverizagio catédica sobre
a superficie de titdnio comercialmente puro (Ticp). Inicialmente, filmes de TacOy, com
diferentes estruturas (amorfa ou cristalina) foram desenvolvidos dependendo dos diferentes
fluxos de oxigénio e parametros utilizados. As propriedades Opticas, morfologia, rugosidade,
composi¢do quimica e energia de superficie foram avaliadas. Além disso, o impacto dos
filmes de TasOy na adesdo inicial de Streptococcus sanguinis foi investigada. A morfologia e
espalhamento de células pré-osteobldsticas da linhagem MC3T3E1 na superficie de Ta,Os
cristalina foram avaliados. A andlise de difratografia de raios-X (DRX) revelou que o grupo
depositado em 8 sccm de O, (600 °C/400 W) mostrou cristaliza¢do correspondente a fase -
Ta;0s. As andlises Opticas mostraram que o grupo depositado de 4 sccm de O, (200 °C/
300W), 8 sccm de O, (200 °C/300 W), 8 sccm de O, (400 °C/300 W), 8 sccm de O, (600
°C/150 W), 8 sccm de O, (600 °C/300 W) e 10 sccm de O, (200 °C/ 300 W) exibiram franjas
de interferéncia regulares, sugerindo alta homogeneidade dos filmes. A superficie cristalina [3-
Ta,0s exibiu maior rugosidade e energia de superficie que os demais grupos (p<0,05) e
apresentou biocompatibilidade. Comparados ao Ticp, os filmes de Ta,Oy ndo aumentaram a
adesdo bacteriana (p>0,05). Posteriormente, foi desenvolvido um segundo estudo in vitro que,
além de avaliar as propriedades fisico-quimicas, analisou as performances eletroquimicas e
bioldgicas do filme de Ta,Os cristalino. Discos de Ticp foram divididos em dois grupos: Ticp
polido (controle) e Ticp tratado com filme de Ta,Os (experimental). Testes de caracterizagao
como DRX, microscopia de forca atdomica (MFA), energia de superficie e espectroscopia de
fotoelétrons excitados por raios X (XPS) foram realizados. O ensaio eletroquimico foi
conduzido em simulador de fluido corpéreo (SFC) e o potencial de circuito aberto,
espectroscopia de impedancia eletroquimica e testes potenciodinamicos foram realizados. A
adsor¢do de albumina e fibrinogénio foi investigada através da microbalanga eletroquimica de
cristal de quartzo (EQCM). Células da linhagem MC3T3-E1 foram cultivadas nas superficies
de Ticp e os ensaios metabolicos (MTT) e morfoldgicos (MEV) foram realizados apés 1,2 e 4
dias de cultura. A microscopia de fluorescéncia foi usada para avaliar a morfologia ap6s 1 e 2
dias de cultura. A mineralizacdo foi avaliada através do ensaio de Alizarina apds 4, 7 e 14
dias. Os niveis de expressdo do fator de transcricdo 2 relacionado com Runt (RUNX?2),
fosfatase alcalina (ALP), osteocalcina (OC) e coldgeno tipo I (Col-1) foram avaliados apo6s 1,
2 e 3 dias. A bioatividade foi avaliada apds a imersdao das amostras em SFC por 14 dias.
Mudangas na topografia de superficie foram notadas na anélise de MFA para o grupo Ta,Os.
O grupo Ta,Os exibiu maiores valores de rugosidade e energia de superficie (p<0,05). Altos
valores de resisténcia a corrosdo foram notados para o grupo Ta,Os (p<0,05). O grupo Ta,Os
mostrou valores mais positivos de potencial de corrosdo (Ec.:) € valores reduzidos de
densidade de corrente de corrosdo (I.or) € taxa de corrosao (p<0,05). No teste de adsor¢do de
proteinas, os grupos ndo mostraram diferenca estatistica entre si (p>0,05). O filme de Ta,Os
impactou positivamente na morfologia e espalhamento celular. Na andlise de mineralizagao,
quando comparado ao Ticp, o grupo Ta,Os mostrou maior concentracao de fons de cdlcio no
14° dia (p<0,05). O grupo Ta,Os mostrou os maiores valores de expressao de RUNX2 no 1°



dia e de OC e Col-1 no 3° dia quando comparado ao Ticp (p<0,05). O grupo experimental
mostrou melhor habilidade para formacao de cristais de hidroxiapatita. Os filmes de 6xido de
tantalo foram capazes de melhorar as propriedades de superficie, estabilidade eletroquimica e
biocompatibilidade do titanio.

Palavras-chave: Titanio, Corrosdo, Implantes dentédrios, Eletroquimica, Propriedades de
superficie, Materiais biocompativeis.



ABSTRACT

This study aimed to tailor the synthesis and controlling the physical, chemical and biological
properties of tantalum (Ta)-based thin films onto a commercially pure titanium (cpTi) surface
by magnetron sputtering technique. Firstly, TaOy films with different structures (amorphous
or crystalline) were produced depending on the various oxygen flow rates and parameters
used. The structural and optical properties, morphology, roughness, chemical composition and
surface energy were assessed. The impact of Ta,Oy films on initial Streptococcus sanguinis
adhesion was investigated. The morphology and spreading of pre-osteoblastic (MC3T3-E1)
cells on a crystalline tantalum oxide film were evaluated. X-ray diffraction (XRD) analysis
revealed that the 8 O, sccm (600 °C/400 W) group showed crystallization corresponding to
the B-Ta,Os phase. Optical analysis showed that the 4 O, sccm (200 °C/300 W), 8 O, sccm
(200 °C/300 W), 8 Oz scem (400 °C/300 W), 8 O, sccm (600 °C/150 W), 8 O, sccm (600
°C/300 W) and 10 O, sccm (200 °C/300 W) groups presented regular interference
oscillations, suggesting high homogeneity of the films. The crystalline B-Ta;Os coating
showed higher roughness and surface energy values than the other groups (p<.05) and was
biocompatible. Compared with cpTi, the amorphous and crystalline tantalum oxide films did
not increase bacterial adhesion (p>.05). Subsequently, a second in vitro study was developed
which, in addition to evaluating the physical and chemical properties, analyzed the
electrochemical and biological performances of the crystalline Ta,Os film. CpTi disks were
randomly divided into two groups: polished cpTi (control) and cpTi treated with Ta,Os film
(experimental). Surfaces were characterized by XRD, atomic force microscopy (AFM),
surface energy and x-ray photoelectron spectroscopy (XPS). The electrochemical tests were
conducted in simulated body fluid (SBF) and the open circuit potential, electrochemical
impedance spectroscopy and potentiodynamic tests were performed according to the
standardized method of three-cell electrodes. For biological assay, the protein adsorption of
albumin and fibrinogen were investigated by electrochemical quartz crystal microbalance
(EQCM). MC3T3-E1 cells were cultured on the cpTi surfaces and the metabolic analysis
(MTT) and the morphology (SEM) were evaluated after 1, 2 and 4 days. Also, fluorescence
microscopy was used to evaluate the morphology after 1 and 2 days of cell culturing. The
mineralization was determined via staining with Alizarin Red-S after 4, 7 and 14 days. The
expression levels of runt-related transcription factor 2 (Runx-2), alkaline phosphatase (Alpl),
osteocalcin (Ocn), Collagen-1 (Col-1) were analyzed after 1, 2 and 3 days. The bioactivity
was evaluated by immersion of the coating in SBF for 14 days. Changes in surface
topography were noted in AFM analysis for Ta,Os group. Higher values of surface roughness
and surface energy were found for Ta,Os group (p<.05). Higher values of corrosion resistance
were noted for Ta,Os group (p<.05). More positive values of corrosion potential (Ecor) and
lower values of corrosion current density (I.or) and corrosion rate were found for Ta,Os group
(p<.05). No statistically significant differences were found between the groups for protein
adsorption (p>.05). Morphology analysis revealed that Ta,Os-treated surface positively
impacted the cell morphology and spreading. In the mineralization test, Ta,Os group showed
the highest calcium ion concentration values when compared with cpTi surface on day 14
(p<.05). Ta,O5 group showed higher Runx-2 expression values on day 1 and higher Ocn and
Col-1 expression on day 3 when compared with cpTi (p<.05). Tantalum oxide films were able



to improve the surface properties, the electrochemical stability and the biocompatibility of
cpTi.

Key-words: Titanium, Corrosion, Dental implants, Electrochemistry, Surface Properties,
Biocompatible materials
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1 INTRODUCAO

O titanio (T1) € um dos materiais mais amplamente utilizados para fabricacdo de
implantes dentdrios devido a sua estabilidade quimica, biocompatibilidade e resisténcia a
corrosdao (Prasad et al., 2015). A formacdo de uma fina camada de 6xido que ocorre na
superficie do Ti quando exposto ao ar ou dgua, que consiste em didxido de titdnio (TiO»),
reduz sua reatividade no ambiente biolégico (Olmedo et al., 2008) ao prover resisténcia a
corrosao e biocompatibilidade (Strnad e Chirila, 2015). No entanto, a natureza, espessura €
composi¢ao da camada de 6xido do Ti podem ser afetadas pelas condi¢des do ambiente
biolégico (Bhola et al., 2011). Estudos prévios mostraram que o0 comportamento
eletroquimico do Ti € negativamente influenciado quando exposto a saliva, fluoretos, 4cido,
lipopolissacarideos (LPS), nicotina e metabdlitos provenientes de bactérias (Nakagawa et al.,
1999; Bardo et al., 2011; Mathew et al., 2012; Zhang et al., 2013; Royhman et al., 2015;
Sridhar et al., 2015; Beline et al., 2016; 2016).

O processo de corrosdo, definido como a deterioracdo de um material devido ao
ataque eletroquimico, pode resultar na liberacio de ions no microambiente ao redor dos
implantes (Cohen, 1998). Ainda, a liberacdo de ions metdlicos advindos do processo de
corrosdo pode estar associada a sitios acometidos por periimplantite (Safioti et al., 2016).
Foram encontradas altas concentracdes de ifons de Ti ao redor de implantes acometidos por
periimplantite quando comparados a implantes saudaveis (Safioti et al., 2016), revelando que
a liberacdo de fons de Ti da superficie do implante durante o evento de corrosdo estd
associada a periimplantite. Dessa forma, os fatores citados previamente impdem a necessidade
de se buscar alternativas para aumentar a biocompatibilidade, bioatividade e auxiliar na
prevencdo da degradacdo dos implantes no ambiente oral, objetivando-se a redugdo das taxas
de falhas dos implantes dentérios.

Dentro desse contexto, o tantalo (Ta) tem recebido atencdo como biomaterial
alternativo ao Ti e suas ligas por apresentar superior biocompatibilidade, bioatividade e
resisténcia a corrosdo quando comparado ao Ti (Bermudez et al., 2005). O Ta € um metal de
transicao (numero atbmico 73; peso atomico 180,05) que permanece inerte in vivo (Bencharit
et al., 2015). A inércia e biocompatibilidade do Ta resultam das camadas de 6xido de tantalo
formadas na superficie do Ta (Bencharit et al., 2015). O Ta possui duas formas de 6xidos: o
diéxido de tantalo (TaO;) e o pentéxido de tantalo (Ta;Os), sendo este dltimo, o 6xido de
maior estabilidade (Fairbrother, 1967; Bencharit et al., 2015). Estudos prévios confirmaram as
excelentes propriedades Ta ao favorecer a osteogénese in vivo (Wauthle et al., 2015) e in vitro

(Welldon et al., 2008; Sagomonyants et al., 2011). No entanto, o uso do Ta para a fabrica¢do
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de implantes é considerado limitado uma vez que possui elevada temperatura de fusdo
(~3017° C) (Balla et al., 2010). Tal caracteristica dificulta o seu processo de fabricacdo e o
torna oneroso. Levando esses fatores em consideracdo, a combinacdo das boas propriedades
do Ti e do Ta através da aplicagao de filmes de 6xido de Ta, como tratamento de superficie
para o Ti, poderia ser considerada uma alternativa vidvel para superar as limitagcdes relatadas
acima e alcancar a combinacdo desejada de propriedades para produzir implantes de Ti com
excelente qualidade.

Virias técnicas t€m sido utilizadas para depositar filmes de Ta e TaOy sobre
diferentes substratos, incluindo a deposi¢do eletroquimica, implantacdo i6nica por imersdo em
plasma, sol-gel, deposi¢ao de vapor quimico e pulverizacdo catédica (Pelletier et al., 2002;
Zein El Abedin et al., 2005; Balla et al., 2010; Bouchet-Fabre et al., 2011; Sun et al., 2013). A
técnica de sol-gel, por exemplo, é considerada simples de executar, no entanto, seus
precursores organometdlicos (butéxido de Ta e o etéxido de Ti) possuem alto custo e sdo
instaveis (Kim et al., 2011; Sun et al., 2013). A técnica da pulverizacdo catddica € capaz de
produzir filmes uniformes (Baia et al., 1999) e de alta qualidade em termos de adesdo ao
substrato, o que torna esse método de deposi¢do atrativo para diversas aplicacdes tecnoldgicas
(Alami et al., 2009; Sarakinos et al. 2010; He et al., 2013; He et al., 2013; He et al., 2014; He
et al., 2014; Zhang et al., 2014). Além disso, os filmes podem ser produzidos em larga escala
e baixo custo (Alami et al., 2009).

Através da técnica de deposicdo por pulverizacdo catédica, 6xidos metélicos de
diferentes composi¢des podem ser sintetizados. Por meio do controle dos parametros de
deposi¢do como, por exemplo, composicdo da atmosfera reativa (fluxos de argénio (Ar) e
oxigénio (0O,)), pressdo de trabalho, poténcia e temperatura, é possivel otimizar as
propriedades do filme, como rugosidade, composi¢do quimica e morfologia (Kester et al.,
1993). Uma das fases cristalinas do 6xido de Ta é o B-Ta,Os que tem mostrado boas
propriedades bioldgicas. Pham et al. (2013) mostraram que a biocompatibilidade da liga de
Co-Cr foi significativamente aumentada apds o recobrimento com filme cristalino de 6xido de
Ta. No estudo desenvolvido por Chang et al. (2014), foram encontrados resultados similares,
onde o filme de B-Ta,Os cristalino mostrou alta biocompatibilidade quando testado em
fibroblastos humanos e o filme de 6xido de Ta amorfo reduziu a adesdo de Streptococcus
aureus e Actinobacillus actinomycetemcomitans. No entanto, estudos sobre a obtencao da fase
B-TayOs e sua cristalizagdo e a cinética eletroquimica de filmes finos de Ta,0Os, pela técnica

da pulverizacdo catddica tem sido pouco explorados. Assim, estudos que elucidem como
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modular a formacgdo dessa fase, bem como controlar as propriedades dos filmes de 6xido de
Ta e seu comportamento eletroquimico sem afetar a performance biolégica sdo necesséarios.
Dessa forma, este estudo objetivou o desenvolvimento e andlise do controle das
propriedades dos filmes de 6xido de tantalo (Ta,O,) depositados por pulverizacdo catddica
sobre a superficie de titdnio comercialmente puro (Ticp). Os objetivos especificos foram (1)
controlar a sintese de filmes de 6xido de Ta sobre a superficie do Ticp através da pulverizacao
catédica por meio da modulacdio dos parametros de deposi¢do, (2) caracterizar suas
propriedades fisicas e quimicas, (3) investigar o impacto dos filmes na adesdo inicial de
Streptococcus sanguinis; (4) avaliar a influéncia do tratamento de superficie com Ta;Os no
comportamento eletroquimico do Ticp e (5) investigar a resposta de células pré osteobldsticas

MC3T3-El1 frente ao tratamento de superficie com Ta,Os.
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e Amorphous and crystalline tantalum oxide films were synthetized by sputtering
e Titanium surface properties were improved by the crystalline tantalum oxide film
e Neither the amorphous nor crystalline tantalum oxide film have contributed to the
increase of bacterial adhesion

e The crystalline tantalum oxide film improved cell spreading and morphology
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Abstract

The aim of this study was to tailor the deposition parameters of magnetron sputtering to
synthetize tantalum oxide (TaxOy) films onto commercially pure titanium (cpTi) surface. The
structural and optical properties, morphology, roughness, elemental chemical composition and
surface energy were assessed. The impact of Ta,Oy films on initial Streptococcus sanguinis
adhesion was investigated. The morphology and spreading of pre-osteoblastic (MC3T3-E1)
cells on a crystalline tantalum oxide film were evaluated. Ta,Oy films with estimated
thickness of 600 nm and different structures (amorphous or crystalline) were produced
depending on the various oxygen flow rates and parameters used. X-ray diffraction analysis
revealed that the 8 O, sccm (600 °C/400 W) group showed crystallization corresponding to
the B-Ta,Os phase. Optical analysis showed that the 4 O, sccm (200 °C 300 W) to 8 O, sccm
(600 °C 300 W) groups and 10 O, sccm (200 °C 300 W) group presented regular and large-
amplitude interference oscillations, suggesting high optical homogeneity of the films. The
crystalline B-Ta,Os coating showed higher roughness and surface energy values than the other
groups (P <.05) and was biocompatible. Compared with cpTi, the amorphous and crystalline
tantalum oxide films did not increase bacterial adhesion (P >.05). By tailoring the deposition
parameters, we synthetized a crystalline B-Ta,Os coating that improved titanium surface
properties and positively affected cell spreading and morphology, making it a promising

surface treatment for titanium-based implants.

Key words: Dental implants, Magnetron sputtering, Tantalum oxide, Biofilms, Optical

characterization.
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1. Introduction

Commercially pure titanium (cpTi) is one of the most extensively used materials
for manufacturing dental implants due to its chemical stability, biocompatibility, corrosion
resistance, and successful integration with the surrounding bone tissue [1]. Although the
treatment with Ti-based dental implants exhibits a high success rate [2], failures are prone to
occur [3,4], since Ti and its alloys do not present suitable bioactive properties and exhibit
mechanical bonding rather than chemical bonding with the human bone. This is evidenced by
their slow ingrowth into bone and poor bone-bonding ability. Consequently, implant
loosening and premature fracture are common [5].

Within this context, tantalum (Ta) has been thought of as a promising metal, and
compared to Ti, Ta is highly bioactive and makes a chemical bond with bone tissue that
provides better biomineralization kinetics, optimizing the osseointegration process [6]. In
addition, its excellent biocompatibility, corrosion resistance, radiopacity, and
hemocompatibility have contributed to Ta becoming a promising material for using in
biomedical implants [7,8]. However, the bulk use of Ta implants is limited due to its high
density, high melting point, and manufacturing costs [9]. Thus, combining the good properties
of Ti and Ta by applying a layer of Ta oxide film as a coating onto a Ti surface would be a
good alternative to overcome this drawback and to achieve a desirable combination of
properties to produce a Ti-based implant with excellent quality.

Several techniques have been used to deposit Ta and Ta,Oy thin films onto
substrates, including electrochemical deposition, laser processing, liquid phase deposition,
metal-organic decomposition, plasma immersion, ion implantation, chemical vapor
deposition, sol-gel, and magnetron sputtering [6,10—-13]. The sol-gel technique is considered
easy to handle in practice, but the tantalum butoxide and titanium ethoxide - organometallic
precursors — used in sol-gel technique are unstable and expensive [10,14]. Magnetron
sputtering deposition can produce uniform film growth over very large areas [15] and high-
quality films in terms of adhesion, making this technique attractive for several technological
applications [16-22].

In the magnetron sputtering technique, metal oxide films with different
compositions can be obtained. Controlling such deposition parameters as the reactive
atmosphere (Ar and O, flows), sputter pressure, plasma power and temperature 1is
fundamental to optimize the properties of the films, such as roughness, phase composition,

chemical state, and morphology [23]. One of crystalline phases of tantalum oxide is B-Ta,Os,
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which has good biological properties. Pham et al. [24] showed that the in vitro
biocompatibility of Co—Cr coated by DC magnetron sputtering with crystalline tantalum oxide
film was significantly improved. Chang et al. [8] observed similar results, wherein
hydrophilic crystalline tantalum oxide (B-TaOs) coatings exhibited superior human skin
fibroblast cellular biocompatibility, while the amorphous tantalum oxide coatings reduced
Streptococcus aureus and Actinobacillus actinomycetemcomitans adhesion. However,
obtaining this phase and its crystallization are challenge and have not been reported [25].
Thus, more studies are warranted to understand how to control the phase formation and
properties of TasOy films deposited by magnetron sputtering.

Therefore, this study aimed (1) to tailor the synthesis of Ta-based thin films onto a
cpTi surface by magnetron sputtering technique; (2) to characterize the physical and chemical
properties of Ta-based films; (3) to investigate the impact of Ta-based films on initial
Streptococcus sanguinis adhesion; and (4) to observe the morphology and spreading of pre-

osteoblastic (MC3T3-E1) cells on crystalline Ta oxide film.

2. Materials and methods
2.1. Sample preparation

CpTi discs (Mac-Master Carr, Elmhurst, IL, USA) were polished with sequential
SiC grinding paper (#320, #400 and #600) (Carbimet 2, Buehler, Lake Bluff, IL, USA) and
polishing cloth (Satyn MB, Buehler) with a 9-pm aqueous polycrystalline diamond
suspension (MetaDi Supreme, Buehler) in an automatic polisher (EcoMet/AutoMet 250 Pro,
Buehler). Afterwards, the final polishing with a colloidal silica suspension and polishing disk
(Chemio MB, Buheler) was conducted to obtain a mirror-finished surface with a standardized
surface roughness (Ra) of 0.02 £0.008 um. Samples were cleaned in an ultrasonic bath with
deionized water (10 min), acetone (10 min), and isopropyl alcohol (10 min) and air-dried at

250 °C.

2.2. Magnetron sputtering deposition

TasOy films with an estimated thickness of 600 nm were deposited by a radio
frequency (RF) magnetron sputtering system (Kurt J. Lesker Company, PA, USA) using a 3”-
diameter metallic Ta target (99.95% of purity) (Kurt J. Lesker Company, PA, USA) in an
Ar+0O; atmosphere. To remove contaminants from the target surface, prior to each film
deposition process, cleaning plasma was applied to the Ta target surface with a pure Ar

atmosphere at 7.5 mTorr using 100 W RF power for 5 minutes [26].
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The initial choice of the film deposition parameters was based on the deposition
rates obtained from a quartz crystal microbalance (FTM-2400, Inficon, Bad Ragaz,
Switzerland). For this, the sensor head with a quartz crystal (Gamry Instruments, Warminster,
PA, USA) was positioned inside the chamber at the same distance at which the substrate
holder (70 mm) remained during the further depositions. During these tests, the film
deposition rates were measured while O, flow was varied, and the working pressure, power,
and Ar flow were kept constant at 4.0 mTorr, 300 W and 20 sccm, respectively.

After defining the deposition rates of the films in the various oxygen flows,
different substrate temperatures were used to investigate possible structural changes in the
films. The chamber base pressure was maintained lower than 5.0 x 10~ mTorr while the
working pressure was varied from 7.5 mTorr to 20 mTorr to develop a suitable reactive
environment to deposit the TacOy films. Six samples were produced in each deposition

process. The tailoring deposition parameters of each group are listed in Table 1.
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Table 1. Tailored deposition parameters of Ta-based films.

#1 #2 #3 #4 #5 #6 #7 #8
1 O, sccm 4 O, sccm 8 O, sccm 8 O, sccm 8 O, sccm 8 O, sccm 8 O, sccm 10 O, sccm

Group code 200 °C 300 W 200 °C 300 W 200°C300W 400°C300W 600°C150W 600°C300W 600°C400W 200 °C 300 W
RF power (W) 300 300 300 300 150 300 400 300

DC Bias (V) -148 -158 -157 -155 -122 -155 -164 -154

Ar flow (sccm) 20 20 20 20 20 20 20 20

0, flow (sccm) 1 4 8 8 8 8 8 10

Pressure (mTorr) 7.5 7.5 7.5 7.5 2.0 7.5 6.0 7.5

Theater (°C) 200 200 200 400 600 600 600 200

Total time 10 74 7 72 75 7 67 77

deposition (min)

*Depending on the deposition conditions, the reflected RF power varied from1 to 4 W.
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2.3. Surface Characterization
2.3.1. X-ray diffraction analysis (XDR) analysis

Structural properties of the films were investigated by XRD (X’Pert’ Powder,
PANalytical) with a CuKo (A = 1.54056 A) radiation, using 6-20 configuration in the 20° to
80° range with 0.01° step size.

2.3.2. Optical characterization — reflectance and transmittance

Optical characterizations of the films were performed using reflectance
measurements. The reflectance at nearly normal (8°) and the transmittance at normal
incidence were performed from 250 to 1800 nm in a Perkin Elmer Lambda 1050
spectrophotometer, with a 150 mm integrating sphere apparatus.

The transmittances were used to determine the thickness (/4), refractive index
dispersion (n(hw)), and the absorption coefficient (a(hw)) as a function of the photon energy
(hw) of the films by using the Cisneros’s method [27]. In this method, the refractive index
dispersion is modeled by the Wemple and DiDomenico dispersion relation [28], which is
characterized by the oscillator energy Ey and the dispersion energy Eg. The explicit
relationship [28] of n the photon energy is:

EvEq

nthw) =1+ —5—-——
(hw) EZ — (hw)?
Another useful parameter that can be derived from this equation is the static

refractive index (n,), which corresponds to the value of n(Aw) in the limit Aw — 0.

2.3.4. Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS)
analyses
To characterize the film morphologies and the elemental composition (% atomic),

SEM and EDS (Philips XL-30 FEG) analyses were conducted.

2.3.5. Profilometry (surface roughness)

A profilometer (Dektak 150-d; Veeco, Plainview, NY, USA) with a 500-um
cutoff, at a constant time of 12 s was used for the measurement of the surface roughness (Ra —
arithmetic mean). Three measurements were obtained for each disc, and a mean value was

obtained (n = 5).

2.3.6. Surface Energy
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The surface energy analysis was performed according to the protocol suggested by
Combe et al. [29] through a goniometer (ramé-hart Instrument Co., Succasunna, NJ, USA).
For the determination of surface energy, the measurement of the contact angle between the
disc surface and a sessile drop (2 uL) of deionized water (polar component) and
diiodomethane (dispersive component) was conducted. Three drops of each liquid were used
to perform the measurement at room temperature (21 1 °C) and controlled humidity. The
image obtained was immediately captured by the computer, and the contact angle formed by
the drop on the substrate surface was automatically measured by the Drop Image Standard
software (ramé-hart Instrument Co.). The surface energy and the polar and dispersive

components were obtained [29] (n =5).

2.4. Microbiologic assay
2.4.1. Bacterial growth condition

For the bacterial growth condition, a total of 100 uL of S. sanguinis IAL 1832
were grown in 5 mL of brain heart infusion (BHI) broth (Difco Laboratories, France)
supplemented with 1% of glucose under 10% CO, incubation at 37 °C overnight. Afterwards,
1 mL of the mixture of the inoculum and BHI was extracted and transferred to a tube
containing 9 mL of BHI supplemented with 1% of glucose, and the bacteria grew for 6 h
(exponential growth phase) under the same conditions aforementioned. Then, the tubes were
subjected to centrifugation (6000 g for 5 min at 4 °C) and washed twice with 0.9% NaCl, and
the precipitate was resuspended in BHI broth. A spectrophotometer (DU800 Beckman
Coulter, Brea, CA, USA) was used to adjust the optical density at 600 nm (OD = 1.0 £0.02)
of the final suspension of 107 cells/mL [30].

2.4.2. Bacterial adhesion assay
Discs were sterilized by gamma radiation (0.87 £0.05 kGy) (Cobalt-60,
Gammacell 220, Atomic Energy of Canada Ltd., Ottawa, ON, Canada) prior to being tested
[31]. To simulate the oral cavity, discs were coated with a human saliva pellicle prior to the
bacterial adhesion assay. Three healthy volunteers provided stimulated human saliva. This
study was approved by the Local Ethics Committee in Research (registration number:
57496116.5.0000.5418). Volunteers delivered written formal consent according to the rules of
the aforementioned ethics committee.
After collecting saliva, the pool was centrifuged under 10,000 g for 10 min at 4

°C. The supernatant was filter-sterilized and immediately used. The discs were individually
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and horizontally immersed in 1 mL of saliva in a 24-well culture plate and incubated under
agitation for 2 h at 37 °C to form the salivary pellicle. Saliva-coated discs were transferred to
another 24-well culture plate containing 100 pL of S. sanguinis cell suspension (10 cells/mL)
and 900 pL of BHI broth supplemented with 1% glucose. Discs were incubated under
microaerophilic (10% CO,) conditions at 37 °C. After 4 h of incubation, to remove loosely
attached cells, the discs with bacterial adhesion were washed with 2 mL of 0.9% NaCl and
transferred to another 24-well plate containing the previously described fresh media and
incubated for 4 h. All assays were performed twice independently, in triplicate (2 x 3 =6 —n

value).

2.4.3. Number of viable cells

To detach bacterial cells, the discs containing adhered bacteria were washed twice
with 0.9% NaCl and then transferred to cryogenic tubes containing 3 mL of 0.9% NaCl and
sonicated (7 W during 30 s). The sonicated suspensions were serially diluted in 0.9% NaCl,
and 20 pL samples were plated in triplicate onto Trypticase Soy Broth (TSB) (Difco
Laboratories) with agar. The TSB plates were incubated at 37 °C in 10% CO,, and after 48 h,

the colony-forming units (CFUs) were counted and expressed as CFU/mL.

2.5. Biological assay
2.5.1. Cell culture

MC3T3-El cells were cultured in Minimum Essential Medium Eagle — Alpha
Modification (Alpha MEM: Gibco, Life Technologies, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Technologies), streptomycin
(100 mg/mL: Gibco, Life Technologies) and penicillin (100 U/mL) in a humidified incubator
at 5% CO, atmosphere at 37 °C. To determine the effect of the experimental surface on cell
morphology, MC3T3-E1 cells were plated in duplicate at 2 x 10* cells/mL in 24-well culture
plates in Alpha MEM supplemented with 10% FBS and antibiotics for 24 h to allow cell
adhesion on the discs. Then, medium was replaced with Alpha MEM supplemented with 2%
FBS plus antibiotics (day 0), which was replaced every other day until the end of the
experimental period. Cell morphology was verified by SEM analysis at day 4. Briefly, culture
medium was aspirated, and the cells were fixed with Karnovsky’s solution (pH 7.4) overnight
at 4 °C and post-fixed in 1% osmium tetraoxide in distilled water for 1 h at room temperature.
Then, they were dehydrated through a graded ethanol series (35%, 50%, 70%, 90%, and

100%) at room temperature for 10 min each. Finally, samples were critical-point dried (mod.
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DCP-1, Denton Vacuum, Moorestown, NJ, USA) and gold sputtered (mod. SCD 050, Bal-
Tec,) [32].

2.6. Statistical analysis

Statistical analyses were performed with statistical software (SPSS v.20.0, SPSS
Inc., IBM Corp, Armonk, NY, USA). The Shapiro-Wilk method was performed to verify the
normality of all response variables. One-way ANOVA was used to evaluate the effect of
surface type on the film thickness, roughness, surface energy and CFU data. Tukey’s HSD

test was used as a post hoc technique for multiple comparisons (o =.05).

3. Results and Discussion

Starting the analysis of the results with the characterization of the growth rates
and film thicknesses, Fig. 1 shows the representative graph of deposition rate as a function of
oxygen flow. At low oxygen flow, the deposition rate measured was approximately 4.0 um/h.
When the O, flow increased, the deposition rate decreased significantly (approximately 0.60
pm/h). Such a drop of the deposition rate values is due to the transition from metal mode to
poisoned mode, caused by the oxygen on the target surface. In this condition, the difference
between the metal sputtering yield (0.40 atoms/Ar" ion) and the oxide sputtering yield (~0.10
atoms/Ar" ion), as estimated by TRIM calculations when considering Ar" ions accelerated by
the target voltage bias, may explain the reduction of the deposition rate in higher oxygen flow

conditions.
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Fig. 1. Deposition rates measured with a quartz crystal microbalance under constant Ar flow

(20 sccm) and RF power (300W) as a function of different O, flow.

The X-ray diffraction analysis of the as-grown tantalum oxide films deposited
onto cpTi are shown in Fig. 2. All the diffraction patterns showed the presence of metallic
titantum. Since the penetration depth of CuKa radiation into tantalum oxide is approximately
10 pm and the measured thickness of the films was approximately 0.6 um, the presence of
metallic titanium peaks in all diffraction patterns is expected [33]. Only the 1 O, sccm and 8
O, sccm (600 °C/400 W) groups showed crystallization of the deposited films. The analysis
revealed that the diffraction peaks found in the 1 O, sccm group corresponded to TaO,
(tetragonal body centered cubic structure) (ICDD PDF no. 77-2305). Schonberg et al. [34]
reported that this phase, also named 6-TaO,, has a rutile structure, with a= 4.702 A and c=
3.065 A. However, such a structure has not received much attention, and the optimal values
are not well known [25]. The 8 O, sccm (600 °C/400 W) group showed crystallization, as
indicated by some small peaks at 27.5°, 49.0°, 53.2° and 70.6°, which corresponded to the
orthorhombic phase of Ta;Os film [35]. Lehovec [36] has attributed an orthorhombic structure

to tantalum pentoxide, which is known as [-Ta;Os. The crystal structure of B-Ta,Os phase
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consists of 2D layers of Ta,Os that are connected to each other by twofold-coordinated O
atoms between Ta atoms in adjacent layers [36-38].

The different tantalum oxide phases found in this study may be related to the
deposition regime. The deposition regime in the metallic mode (i.e., low oxygen flow),
wherein the deposition rates measured were approximately 4 pm/h, favored the TaO,
amorphous phase growth. On the other hand, the increased oxygen flow contributed to the
poisoned mode, resulting in a decrease of the deposition rate (approximately 0.6 um/h),
favoring the crystalline Ta,Os phase development. Almeida Alves et al. [39] reported phase
changes of tantalum oxide films grown by sputtering using different values of oxygen flow,

which were assigned due to the deposition regime.
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Fig. 2. X-ray diffraction pattern obtained from cpTi substrate and Ta,Oy films deposited onto
cpTi substrate. The diffraction pattern of the bare substrate (cpTi) was included for
comparison, and the position of the corresponding peaks was marked using dashed lines. The

peaks corresponding to the Ta,Os planes were labeled.

The reflectance of Ta,O, films deposited onto cpTi is displayed in Fig. 3(a). The
samples of the 1 O, sccm group presented metallic behavior with optical reflectance

characteristics similar to the polished cpTi substrate and transmittances very close to zero for
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samples deposited onto silica glass substrate (as shown in Fig. 3(b)). The other groups
characterized by O, flows of 4 sccm or higher, clearly exhibited large interference fringe
amplitudes, compatible with transparent low absorption and uniform thickness, indicating the
formation of the Ta;Os films [40]. In the 400-700 nm ranges, the interference oscillations
were mostly below the reflectance of the substrates, so the films acted as anti-reflective layers
for Ti.

The regularity and large amplitude of the interference oscillations in samples of
groups 4 O, sccm to 8 O, sccm (600 °C 300 W) and 10 O, scem evidenced a high optical
homogeneity of the films, indicating that both their thickness and refractive index were
homogeneous inside the optical probe area (10 mm x 4 mm). The exception was the film of
group 8 O, sccm (600 °C 400 W), in which the amplitude of the oscillations was attenuated
and the regularity was clearly hindered in the 300400 nm range. This attenuation was
attributed to scattering due to a surface roughness higher than the one observed on the other
samples and to the presence of crystallites embedded in the amorphous tissue of the oxide
films. The X-ray diffraction experiments of Fig. 2 clearly support the last proposition since

group 8 O, sccm (600 °C 400 W) was the only one to show peaks related to Ta;Os

crystallites.
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Fig. 3. Representative graphs of (a) reflectance spectra of the films deposited onto cpTi
substrates and (b) transmittance spectra of the films deposited onto silica glass substrates. The

spectra of a bare cpTi and silica glass substrates were included for comparison.

The transmittance data of films deposited onto silica glass on the same deposition

processes as those plotted in Fig. 3(a) are depicted in Fig. 3(b). These were used to determine
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the thickness (h), refractive index dispersion (n(hw)) and absorption coefficient (a(Aw)) as
a function of the photon energy (Aw) of the films. As mentioned in Section 2, these
determinations were made using Cisneros’s method [27] and the Wemple and DiDomenico
dispersion relation [28] for the refractive index. The absorption coefficients were employed to
determine the optical bandgap using Tauc’s procedure [41,42] and to estimate the minimum
energy for direct transitions by the use of the a? plot as a function of the photon energy [43].
The resulting optical parameters are shown in Table 2. The corresponding refractive index
dispersion curves and a? plots are shown in Figs. 4(a) and 4(b), respectively. The results
obtained for Ta,Os by Rodrigues-de-Marcos et al. [44] were included in the figures for
comparison. Table 2 shows the numerical proximity and Fig. 4 illustrates the similarity of the
optical behavior of the films. The only difference was in the behavior of the crystallized
sample (8 O, sccm (600 °C 400 W)). It displayed a slightly smaller set of refractive indices
and a slight shift of the a? edge to higher energies. As the sample presented a morphology
that could be understood as a mix of crystallized and amorphous regions, the results for this
particular sample shall be understood as an average. The optical differences noted in the
group of samples were not strong, but the difference noted on samples of group 8 O, sccm
(600 °C 400 W) was important to support, together with the X-ray diffraction, the analysis of

cell growth presented later.
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Fig. 4. (a) Refractive index dispersion curves for the different films. The plots correspond to
the interpolation of the refractive index data using the Wemple and DiDomenico [28]
dispersion relation, determined using the maxima and minima of the transmittance data. (b)
Square of the absorption coefficient as a function of the photon energy for the different
deposition conditions. The curve in dark red corresponds to data from Rodriguez-de Marcos

et al. [44].
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Table 2. Optical parameters determined from transmittance and reflectance measurements. The film thickness (h), the deposition rate (um/h),
refractive index dispersion data: static refractive index (ng), Wemple and DiDomenico mean (Em) and dispersion (Ed) energies, bandgap

energies determined using the Tauc [28,45] model (EgTauC) and the minimum energy for direct transitions (Egi).

#2 #3 #4 #5 #6 #7 #8

40,5ccm200°C 8 Oy sccm 200 °C 8 O, scem 400 °C 8 O, scem 600 °C 8 O, scem 600 °C 8 O, scem 600 °C 10 O, scem 200 °C  Rodriguez-de

Group code 300 W 300 W 300 W 150 W 300 W 400 W 300 W Marc[zz]et al.
h (nm) 789 620 619 648 632 816 636 ]
rate (mm/h) 0.64 0.52 0.52 0.52 0.53 0.73 0.61 )
n 2.04 2.03 2.05 2.03 2.06 1.95 2.05 2.04
Em (eV) 6.97 6.92 7.00 7.06 7.05 6.94 7.11 7.8
Ed (eV) 2.1 217 2.6 219 228 19.4 227 22.9
E,"™" (eV) 4.17 4.17 4.17 4.19 4.21 4.18 4.17 -

Egir (eV) 4.48 4.50 4.48 4.48 4.50 4.51 4.48 4.79
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To characterize the surface morphology of TaOy/cpTi samples, SEM
micrographs of the surfaces were taken at x20,000 magnitude (Fig. 5). It is noticeable that the
Ta,0Os film deposited using 8 sccm of O,, 400 W and 600 °C was the only group that
presented a pronounced change in the morphology compared to the cpTi surface, exhibiting
granular structure with complex geometry. On the other hand, the other groups showed very
similar characteristics to the polished cpTi surface, which exhibited slightly smooth surfaces
with longitudinal grooves resulting from the polishing procedure. These results remarkably
match the surface roughness data (Fig. 6), wherein the Ta,Os film deposited in the 8 sccm of
O, flow, 400 W and 600 °C group presented higher surface roughness values (0.052 +0.008
um) compared with control and the other groups (P <.05, Tukey's HSD test). The surface
roughness is one of the most important aspects that influence the implant fixation to bone.
Surface roughness improves the osseointegration process compared with smooth Ti [46]. The
nano-roughening (roughness between 0.01 and 1 pm) of the implant surface can significantly
contribute to the protein adsorption, migration and differentiation of osteoblasts and,

consequently, the osseointegration velocity [47].
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1 0, sccm 200°C 300W 4 0, sccm 200°C 300W

8 0, sccm 200°C 300W 8 0, sccm 400°C 300W 8 0, sccm 600°C 150W

8 0, sccm 600°C 300W 8 0, sccm 600°C 400W 10 O, sccm 200°C 300W

Fig. 5. SEM micrographs of Ta,O, coatings for different deposition parameters. The
magnification (%20,000), the size of reference bar (bar = 1 um), the electron acceleration

potential (15 kV) and the working distance (10 mm) were kept constant in all measurements.
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Fig. 6. Surface roughness of TacOy coatings as a function of different deposition parameters
(oxygen flow, temperature and deposition power). The roughness of control (cpTi) was
included for comparison. The standard deviations are represented using error bars. Different

letters indicate significant differences among groups (P <.05, Tukey HSD test) (n = 5).

The semi-quantitative elemental chemical composition of the cpTi substrate and
the TaxOy films deposited onto the cpTi surface evaluated by EDS can be seen in Fig. 7. The
control group presented a chemical composition consisting of titanium (Ti) and oxygen (O).
In general, the Ta-treated groups presented tantalum (Ta), oxygen (O) and titanium (Ti) in the
chemical composition. The presence of Ti may be explained due to the thin film thickness. In
the graph, when the groups deposited under different oxygen flow and with the same working
pressure (7.5 mTorr) and RF power (300 W) conditions were compared, the amount of Ta was
inversely proportional to the oxygen content in the chamber. This event can be attributed to
the oxidation of the target surface in the presence of a greater amount of oxygen, which

implies a lower amount of Ta that can be removed from the target [39]. The 8 O, sccm group
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deposited at 150 W showed the lowest Ta amount in its composition compared with the
groups deposited at the same O, flow. In this case, the low power applied during the
deposition may have hindered the exit of a greater number of atoms from the target,

influencing the chemical composition of the 8 O, sccm (600 °C 150 W) group.
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Fig. 7. Elemental chemical composition (at. %) for control (cpTi) and TasOy coatings as a
function of different deposition parameters (oxygen flow, temperature and deposition power)

determined by EDS.

The surface free energy is defined as a thermodynamic measurement, which
contributes to the interpretation of the phenomena occurring in interfaces [48] and is one of
the most crucial parameters that affect the biological response of biomaterials. In this study,
the total surface free energy of the TayOy films was determined as the sum of the dispersive
and polar components of the contact angle (Fig. 8). The group deposited at 8 O, sccm (600°
C/400 W) (contact angle approximately 86°) showed a slightly higher surface energy than
control and the other groups, indicating a hydrophilic tendency. The other groups had similar
surface energy (P >.05, Tukey HSD test). Moderately hydrophilic (contact angle
approximately 85-90°) and positively charged substrates can optimize cell adhesion due to
the adsorption of cell adhesion-mediating proteins in an advantageous geometrical
conformation, while surfaces with high hydrophilicity (contact angle <2°) prevent the

adsorption of proteins [49].
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Fig. 8. Surface energy and corresponding standard deviation (error bars) for control (cpTi)
and Ta,Oy coatings as a function of different deposition parameters (oxygen flow, temperature
and deposition power). Different letters indicate significant differences among groups (P

<.05, Tukey HSD test) (n = 5).

The aspects affecting bacterial adhesion to a biomaterial surface are complex and
depend on both surface and bacterial properties [8]. In this study, we report the interaction
between S. sanguinis and different Ta,Oy films deposited onto the cpTi surface. S. sanguinis
is considered one of the first colonizers in the oral cavity [50], being the most predominant
bacteria found on implant materials [51]. Therefore, it has been used by several studies on
bacterial adhesion models due to its high importance in biofilm development process [30,52].
Fig. 9 shows the bacterial adhesion in colony-forming units as a function of surface type.
Similar values of CFU were noted for all groups (P =.740, ANOVA). Although the 8 O, sccm
(600 °C/400 W) group showed a higher roughness value and a slight tendency of
hydrophilicity compared to the other groups, such surface characteristics did not affect the
number of bacteria adhered on the surface. Such findings are in agreement with previous

studies, which reported that the implant surface roughness does not change the initial biofilm
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formation [53,54]. Thus, even with the higher roughness value, the 3-Ta,Os film was not able
to increase bacterial adhesion, which may prevent biofilm-related diseases such as peri-

implantitis and the failure of implant treatment [55].

8

»
1

CFU (Log10)
+

2-
0-
Q“‘ QQ\“‘ '50@“‘ ‘bog\“‘ 0@“‘ 6@“‘ 0@"‘ &Q@“ QQ\“‘
OG QC» 0C- 0Cr QG QG QG 00
10 19 19 ) N N O 19
00(0 006\ 00(0 00(0 oc'(“ 006\ 00(0 00(0

\oq’% 09 O'Lg 0’16 0@6 0'16 016\ O'Lg

Fig. 9. Colony-forming unit (CFU) quantification and the corresponding standard deviation
(error bars) for control (cpTi) and Ta,Oy coatings as a function of different deposition
parameters (oxygen flow, temperature and deposition power). The CFU data were plotted in a

logo scale. No significant difference was found among groups (P =740, ANOVA) (n = 6).

Because it presented a crystalline structure, the 8 O, sccm (600 °C/400 W) group
was selected to analyze the morphology and spreading of MC3T3E-1 cells after 4 days of
incubation since the crystalline -Ta,Os structure has better biological performance compared
with amorphous Ta oxide films [8]. According to SEM observation (Fig. 10), the morphology
of MC3T3-E1 cells cultured on B-Ta,Os film was notably different compared to uncoated
cpTi (control). On the B-Ta,Os surface, adherent cells with better spreading were seen, with
the presence of a great number of filopodia extensions, which are considered a crucial part of

the cell cytoskeleton that is necessary for proper cell movement, attachment and morphology
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[56]. This behavior suggests a better cell response on the B-Ta,Os surface compared to
uncoated cpTi. The crystalline B-Ta,Os surface showed higher roughness values than control
and the other Ta groups, presenting a greater surface area available for cell attachment and
proliferation. This is in agreement with a previous study that showed that biomaterial
morphological characteristics affect cell attachment and proliferation [57]. Additionally, the
interaction of the underlying crystalline B-Ta,Os surface and the cell membranes seemed to
have been governed by the surface energy. Indeed, the results of the present study suggest that
the combination of such good surface properties presented by B-Ta,Os film improved the
biocompatibility of Ti.

_ B-Ta 05
cpTi 8 O, sccm (600 °C/400 W)

x500

46081

x1500

1SkU X1, 5688 185m

Fig. 10. SEM micrographs of MC3T3 cells morphology after 4 days of cell culture on cpTi
(left column) and on B-TayOs film surfaces (right column). The growth condition of the -
Ta,0Os film is indicated in the top of the right column. The figure clearly shows that the cell

growth is favored when the -Ta,Os film is present.

Aiming to reduce the failure rates in implant rehabilitation treatment, surface

treatments have been proposed to improve the biological performance of Ti-based dental
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implants as well as to protect their surfaces against the chemical and microbiological
degradation in the oral environment. This study showed that $-Ta,Os film improved pre-
osteoblastic (MC3T3-El) cell spreading and morphology. In addition, Ta surface treatment
did not affect the number of bacteria adhered on the surface. Although promising, the results
obtained in this study are preliminary and therefore should not be immediately transferred to a
clinical setting. This study only evaluated the impact of Ta,0Os thin films on the morphology
and spreading of MC3T3E cells. Further in vitro and in vivo studies are necessary to

investigate the bone-cellular response of the proposed surface treatment.

4. Conclusions

TayOy coatings having amorphous or crystalline atomic structures can be
synthetized by pulsed magnetron sputtering deposition depending on the parameters used.
Ta,Oy films with different structures and morphologies did not favor the increase of bacterial
adhesion as compared to cpTi. The film containing B-Ta,Os crystals improved the Ti surface
properties and positively affected the cell spreading and morphology, making it a promising

surface treatment to improve the biocompatibility of titanium-based dental implants.
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Highlights
e Tantalum oxide film was capable to enhance the surface properties of titanium.
e The electrochemical behavior of titanium was improved by tantalum oxide film.
e Tantalum oxide film presented higher osteogenic gene expression levels showing

more favorable cellular response.

e Tantalum oxide film showed greater ability to form hydroxyapatite crystals.
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ABSTRACT

In this study, B-tantalum oxide (B-TaxOs) thin film was synthesized via magnetron sputtering
to improve the surface properties, cytocompatibility and electrochemical stability of titanium.
X-ray diffraction analysis confirmed a crystalline orthorhombic phase of Ta,0Os film on the -
Ta,0Os experimental surface. A granular structure with a complex and hierarchical nature was
demonstrated by atomic force microscopy. Ta,Os-treated surfaces exhibited greater roughness
and hydrophilicity compared with untreated titanium discs (control). Enhanced
electrochemical stability in simulated body fluid (pH 7.4) was noted for Ta,Os-treated
surfaces wherein higher values of charge transfer resistance, nobler corrosion potential, and
lower capacitance, corrosion current density, and corrosion rate values were observed vs
untreated control. Real-time monitoring of albumin and fibrinogen protein adsorption by an
electrochemical quartz crystal microbalance disclosed similar protein interactions for control
and Ta,Os-treated discs, with higher fibrinogen adsorption rates for Ta,Os-treated surfaces.
Cell culture assays (MC3T3-E1 cells) demonstrated that Ta,Os-treated discs featured greater
in vitro mineral nodule formation, normal cell morphology and spreading, and increased
mRNA levels of runt-related transcription factor 2 (Runx-2), osteocalcin (Ocn), and collagen-
1 (Col-1). Therefore, it can be concluded that B-Ta,Os thin films may be considered a
promising strategy to trigger superior long-term stability and biological properties of titanium

implants.
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1. Introduction

Titanium (Ti) is one of the materials of choice as a permanent biomaterial,
particularly for dental and orthopedic applications, due to its favorable characteristics related
to mechanical strength, cytocompatibility, chemical stability, and corrosion resistance [1]. Ti
is a highly reactive metal likely to undergo oxidation [1,2]. Thus, the formation, on Ti
surfaces exposed to air or water, of a protective thin oxide layer consisting of titanium dioxide
(TiO,) provides corrosion resistance [3]. However, no metal or metal alloy is considered
entirely inert in the biological environment [4], since the nature, thickness, and composition
of the protective oxide layer on Ti surfaces may be affected by environmental conditions [5].
Previous studies have shown that the electrochemical behavior of Ti is negatively affected by
exposure to saliva, fluorides, acid attack, microbial components, H,O,, nicotine, and
metabolites from bacteria [6—13].

The corrosion process may result in ion release into the biological environment
[14]. The presence of metal ions released from corrosion events is associated with peri-
implant sites [15]. High amounts of dissolved Ti around implants with peri-implantitis were
found when compared with healthy implants [15], revealing that Ti ion release from implant
surfaces during the corrosion process is linked to peri-implantitis. In addition, the corrosion of
Ti may affect its resistance to fatigue, compromising implant mechanical stability [16] and
leading to treatment failure. Such facts emphasize the need for the development of alternative
materials.

In this framework, tantalum (Ta) has attracted attention as a new alternative
biomaterial because of its high bioactivity and superior corrosion resistance compared with
that of Ti in harsh environments [17,18]. Such good cytocompatibility and corrosion
resistance of Ta can be associated with the formation of a high-stability, self-passivating
tantalum pentoxide (Ta,Os) on the surface [19]. However, in the form of a bulk material, the
high cost and density of Ta implants restrict their use. Moreover, another issue to be
considered relative to its use as a biomedical device is the high melting temperature of bulk
Ta (~3017 °C) [18]. Therefore, Ta and Ta,Os coatings have been deposited on different
materials to improve their surface properties. The biocompatibility, bioinertness, corrosion
and abrasion resistance makes Ta,0s a suitable alternative for using as a protective coating in
biomedical devices [20-22]. Despite presenting the aforementioned characteristics, pure Ta
coatings do not have satisfactory wear resistance [23].

Among all the methods available for the deposition of Ta,Os films [18,24],

magnetron sputtering is a versatile technique well-known to produce uniform film growth and
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films with excellent adhesion to the substrate [25], which makes this technique interesting in
terms of corrosion protection. Additionally, the films can be deposited at relatively high purity
and low cost [26]. Our previous study tailored the deposition parameters of magnetron
sputtering to synthesize Ta,Oy films onto commercially pure titanium (cpTi) surfaces [27]. A
crystalline B-Ta,Os film appears to be more suitable for biomedical applications [27].
However, there is limited understanding of the chemical degradation of B-Ta;Os films in
simulated oral conditions. Additionally, no study has evaluated real-time protein/B-Ta,0Os film
interactions, which is crucial since protein adsorption is one of the first biological responses in
the human body to trigger a manifold of biological processes [28].

Thus, to improve the electrochemical stability and cytocompatibility of cpTi, we
deposited Ta,Os films onto cpTi surfaces by means of a magnetron reactive sputtering
deposition technique. The aims of this study were (1) to characterize the physical and
chemical properties of the Ta,Os film, (2) to evaluate the role of the Ta,Os film in the
electrochemical behavior of cpTi, (3) to investigate the real-time adsorption of albumin and
fibrinogen onto the cpTi surfaces, and (4) to evaluate the cellular responses and gene

expression of pre-osteoblastic cells (MC3T3-E1) cultured on modified cpTi surfaces.

2. Materials and methods

2.1. Sample preparation

CpTi grade II samples, 2 mm in thickness and 15 mm in diameter (Mac-Master
Carr, USA) were ground with SiC grinding paper (#320, #400, and #600) (Carbimet 2;
Buehler, USA), and polished initially using a polishing cloth (Satyn MB; Buehler) with a 9-
pum aqueous polycrystalline diamond suspension (MetaDi Supreme; Buehler) and
subsequently with colloidal silica suspension and polishing disc (Chemio MB; Buehler).
Finally, samples were cleaned in an ultrasonic bath with deionized water (10 min), acetone

(10 min), and isopropyl alcohol (10 min) and air-dried.

2.2. Deposition of Ta;0s films by magnetron sputtering

A radiofrequency (RF) magnetron sputtering system (Kurt J. Lesker Company,
USA) was used for Ta,Os films deposition. The deposition was conducted in an Ar + O,
atmosphere (Ar/O; ratio = 2.5). Before each deposition process, the metallic Ta target (3” in
diameter and 99.95% purity) (Kurt J. Lesker Company) surface was plasma cleaned during 5

minutes in an Ar atmosphere at 7.5 x 10~ Torr and 100 W power to eliminate contaminants
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from the target surface. Base pressure lower than 5.0 x 10 Torr was considered appropriate
to initiate the deposition in the chamber [29]. Next, the oxide films were deposited on heated
cpTi discs and on quartz slabs in separate deposition cycles. While Ti substrates were heated
at 600 °C, the quartz slabs used in the quartz crystal monitor were heated at 500 °C.
According to the manufacturer, the quartz crystal slabs must be subjected to temperatures
below 532 °C in order to prevent deterioration of the piezoelectric properties. A K-type
thermocouple wire was used for substrate temperature measurements during the deposition.
The deposition parameters used were based on results from our previous study [27]. The
atmosphere was composed of O, (8 sccm) and Ar (20 sccm), the bias voltage and the process
power were kept constant at -164 V and 400 W RF, while the working pressure was 6.0 x 10~

Torr. The deposition process was conducted for 67 min.
2.3. Surface characterization

2.3.1. X-ray diffraction (XRD) analysis
X-ray diffractometry (XRD - X’Pert’ PRO MRD; PANalytical, The Netherlands)
was used to investigate the structural properties of the film, with a 0-20 configuration in the

20° to 80° range with a step size of 0.01° and CuKa (A = 1.54056 A) radiation.

2.3.2. Atomic force microscopy (AFM)

AFM (Park NX10; Park System, USA) analysis was performed to evaluate the 3D
surface topography of different cpTi surfaces. Images of 5 um x 5 um were obtained in
tapping mode with a constant force and frequency of 42 N/m and 320 kHz, respectively. Two
different areas were used to obtain the roughness (Ra) values, and Gwyddion software (GNU
General Public License, Czech Republic) was used to calculate the estimated surface area of

the samples.

2.3.3. Surface energy

Surface energy measurements were performed using a goniometer (Ramé-Hart
100-00; Ramé-Hart Instrument Co., USA) which included deionized water (polar component)
and diiodomethane (dispersive component) (2 uL), following the previous protocol suggested

by Combe et al. [30]. To ensure reproducibility, the test was conducted at least five times.

2.3.4. X-ray photoelectron spectroscopy (XPS)
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To obtain the chemical composition of the oxide layer of cpTi and Ta,Os
substrates, XPS analysis was carried out. A spectrometer (K-Alpha X-ray XPS; Thermo
Scientific, Finland) with a hemispheric analyzer was operated with energy step at 0.100 eV

and spot size at 400 pm [6].

2.3.5. Cross-sectional analysis using a Focused lon Beam-Scanning Electron Microscope
(FIB-SEM)

A polished cpTi disc including the deposited magnetron sputtered Ta,Os film was
affixed onto a 45° aluminum SEM pin stub specimen mount (Ted Pella, Inc., USA) using
double-sided conductive carbon tape. A dual-beam FIB-SEM (FEI Helios Nanolab 600;
Thermo Fisher Scientific, USA) with a gallium liquid metal ion source (LMIS) operating at an
accelerating voltage of 30 kV was used to prepare cross-sections of the Ta;Os film and
underlying Ti substrate. At the center of the disc, primarily a ~50 nm layer of protective
platinum was deposited on a 2 um x 20 um (length x width) area of interest using the electron
beam (5 kV, 1.4 nA) through decomposition of a (methylcyclopentadienyl)-trimethyl
platinum precursor gas (FEI Helios Nanolab 600; Thermo Fisher Scientific). Directly on top
of this, a ~1.0 um thick protective platinum layer was deposited using the ion beam (30 kV,
93 pA) through decomposition of the same precursor gas. Subsequently, a several micrometer
deep trench was cut directly adjacent to the area of interest using the ion beam. Next, the
cross-section was cleaned up at a voltage of 30 kV and a current of 0.92 nA until
approximately halfway down the length of the area of interest. The sample was then tilted to
observe the cross-section using the electron beam at an incident angle of 45° using an Elstar
UHR immersion lens for high resolution imaging. The final thickness assessment of the Ta;Os
layer was performed using line profiles (taking into account the appropriate tilt correction)
using the xT microscope Control software (FEI Helios Nanolab 600; Thermo Fisher

Scientific).

2.4. Electrochemical assay

A potentiostat (Interface 1000; Gamry Instruments, USA) was used for the
corrosion assessment. A three-electrode cell standardized method was used in conformity
with the American Society for Testing of Materials (G61 86 and G31 72). The exposed
surface of cpTi sample was used as the working electrode, a graphite rod as the counter
electrode and a saturated calomel electrode (SCE) as the reference electrode. AFM analysis

was performed to estimate the exposed surface area of the two groups (cpTi = 1.77 cm?;
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Ta;0s = 7.06 cm?). For the simulation of the oral conditions (blood plasma), simulated body
fluid (SBF) was used at 37° C and pH 7.4 as electrolyte solution [31]. Prior to the tests, a
cathodic potential (-0.9 V vs SCE) was applied for 600 s. Subsequently, the Open Circuit
Potential (OCP) was scanned for 3600 s followed by the electrochemical impedance
spectroscopy (EIS) measurements [32]. Such data were used to estimate the real (Z,) and
imaginary (Zimae) components of the impedance, which were presented as Nyquist plot,
impedance (|Z|) and phase angle [6]. For quantifying the electrochemical kinetics, including
corrosion resistance (Rp), charge transfer resistance (R.), and constant phase element (Qq;), an
equivalent electrical circuit was used. Subsequently, the polarization of the specimens were
conducted from -0.8 V to 1.8 V (2 mV/s scan rate) [33,34]. A Tafel extrapolation method was
used to determine the polarization curves, which provided the electrochemical variables
corrosion potential (Ecoy), corrosion current density (Icon), and corrosion rate. All

measurements were performed at least five times to guarantee reproducibility and reliability.

2.5. Biological assessments

2.5.1. Real-time monitoring of protein adsorption by EQCM

To understand how the proteins interacted with the modified Ti surfaces, we
monitored the adsorption of albumin and fibrinogen using the EQCM device (eQCM 10M;
Gamry Instruments). For this purpose, a 5 MHz quartz crystal (Gamry Instruments) covered
with Ti (control) and a 5 MHz quartz crystal treated with a Ta,Os film (experimental) were
used. To ensure reproducibility, the tests were performed at least three times. Prior to the
tests, the quartz crystal specimens were carefully cleaned with copious deionized water and
propanol, and subsequently air-dried. The albumin (Sigma—Aldrich, USA) solution was
prepared by dissolution in phosphate-buffered saline (PBS) (Gibco, Life Technologies, USA)
(1 mg/mL). Fibrinogen (Sigma—Aldrich) solution was produced by dissolution in 0.9% NaCl
(1 mg/mL). The quartz crystal sample was coupled in the EQCM device containing 6.5 mL of
PBS or 0.9% NaCl, depending on the protein used in the test. After 30 min (1800 s) of system
stabilization, a 500-uL quantity of albumin or fibrinogen solution was inserted into the
system, and the real-time protein adsorption kinetic was monitored for 2 h and 30 min by
means of Gamry Resonator software (Gamry Instruments) at ambient temperature (25 °C).
The QCM frequency shifts (Af;) were related to the mass change (AM) per unit area on the
surface of the working electrode (quartz crystal) according to the Sauerbrey equation (1959)

[35]:
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Where n is the order of the measured harmonic (3), f; is the fundamental
frequency (5 MHz) and Z, is the theoretical acoustic impedance of quartz (8.84 x 10° kg m
s1). Thus, the adsorption of protein was calculated by means of the AM on the quartz crystal
surface as a function of time. Then, the following variables were calculated: AM (ug),
adsorption rate (ng/s), mass loss (ug), and effective mass gain (ug). For the calculation of AM
(ug), the maximum value of protein adsorption reached during the test was subtracted from
the adsorption value obtained at 1800 s (point of final stabilization of the system, when the
protein was inserted). The adsorption rate (ng/s) was determined by means of the division of
AM by the difference between the initial time (1800 s) and the time where the maximum
adsorption value was reached during the test. The mass loss was estimated by the difference
between the maximum adsorption value and the adsorption value at the end of the analysis
(10,800 s). Finally, the effective mass gain (ug) was determined by the difference between

AM and mass loss values.

2.5.2. Cell culture

Pre-osteoblastic MC3T3-E1 cells were cultivated in Alpha MEM (Gibco, Life
Technologies, USA) supplemented with penicillin (100 U/mL), streptomycin (100 mg/mL)
and 10% fetal bovine serum (FBS) (Gibco), at 5% CO, atmosphere conditions and 37 °C.
After reaching confluence, trypsin-ethylenediaminetetraacetic acid (Gibco) was used to
detach the cells. Next, the cells were re-suspended in culture medium for seeding onto the

samples.

2.5.3. MTT assay

Cellular metabolic activity on experimental and control surfaces was determined
at 1, 2, and 4 days by MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
analysis. After the experimental periods, the culture medium was replaced by o-MEM with
MTT (5 mg/mL) (Gibco) at 37 °C and 5% CO, atmosphere conditions for 4 h following the
manufacturer’s recommendation. Subsequently, dimethyl sulfoxide (Sigma-Aldrich) was used
to dissolve the formazan crystals. Next, the optical density was verified (VersaMax;
Molecular Devices, USA) at a 570 nm wavelength [36]. The tests were performed in triplicate

to guarantee reproducibility.
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2.5.4. Scanning electron microscopy (SEM) analysis

To analyze the effects of untreated control and experimental surfaces on cell
morphology, pre-osteoblastic MC3T3-E1 cells were plated in duplicate at 1.5 x 10* cells/mL
in 24-well culture plates containing a-MEM supplemented with antibiotics and 10% FBS, for
24 h in order to allow cell adhesion onto the specimen surface. Next, the medium was
replaced by a-MEM supplemented with antibiotics plus 2% FBS (day 0), which was replaced
daily until the end of each experimental period. Cell morphology and spreading were verified
by SEM analysis after 1, 2, and 4 days. Briefly, cells were fixed with Karnovsky’s solution at
4 °C for 12 h and subsequently fixed in 1% osmium tetroxide for 1 h at room temperature.
Next, cells were dehydrated in ethanol (35, 50, 70, 90, and 100%) at 25 °C for 10 min,
critical-point dried (mod. DCP-1; Denton Vacuum, USA) and sputtered with gold (mod. SCD
050; Bal-Tec, USA) [27,37].

2.5.5. Fluorescence analysis

The cell morphology was further determined by confocal imaging (LSM 800; Carl
Zeiss, Germany) after 1 and 2 days. For confocal imaging, MC3T3-E1 cells were plated at a
density of 1.5 x 10* cells/mL in 24-well cell culture plates, washed in PBS, fixed for 30 min
with 4% formaldehyde, and permeabilized for 10 min in 0.01% Triton X100 in PBS.
ActinRed™ 555 ReadyProbes® Reagent (Molecular Probes, USA) was used for the cell
cytoskeleton staining (25 min), and Hoechst (Thermo Fisher Scientific, USA) for the nucleus
staining (10 min). The specimens were then twice washed in PBS before undergoing confocal

microscopic analysis.

2.5.6. Mineralization analysis by Alizarin Red staining

Mineral nodule formation was quantitatively assessed by the Alizarin Red assay at
4, 7, and 14 days of incubation in Alpha MEM plus antibiotics either supplemented with or
without 100 nM dexamethasone, 0.05 mM L-ascorbic acid and 10 mM B-glycerophosphate
disodium salt hydrate, allowing osteoblastic cell differentiation in an atmosphere of 5% CO,
and 37 °C conditions. After the experimental periods, the fixation process of the cells in 70%
ethanol was conducted for 60 min. NanoPure water (Resistivity of 18.2 MQ.cm at 25 °C) was
used to remove the ethanol and next, the cells were stained with Alizarin Red solution (AR-S)
at 37 °C for 10 min. Subsequently, cells were immersed five times in NanoPure solution to
remove the AR-S not bound to the cells/matrix, and a 600-uL quantity of PBS was added to

each well under stirring for 15 min to reduce non-specific staining. Next, cetylpyridinium
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chloride at 10% was used to maximize the elution of AR-S staining for 30 min. Finally, a 100-
pL quantity of the solution from each sample was transferred to a 96-well plate in triplicate
for the absorbance reading of the solution by spectrophotometry (562 nm) [38]. To ensure

reliability, the tests were performed in triplicate.

2.5.7. Quantitative reverse transcriptase real-time polymerase chain reaction analysis
(rtgPCR)

To analyze mRNA levels of osteogenic markers, we cultured pre-osteoblastic
MC3T3-El cells onto untreated control and modified cpTi discs and analyzed qPCR
reactions. Cells were cultured for 1, 2, and 3 days in an a-MEM supplemented with 100 nM
dexamethasone, 0.05 mM L-ascorbic acid and 10 mM p-glycerophosphate disodium salt
hydrate, allowing osteoblastic cell differentiation. Total RNA was obtained by means of
RNeasy Plus Mini Kit (Qiagen Sciences, USA), a commercially available system as
recommended by the manufacturer. RNA concentration and quality were assessed by
spectrophotometry (Nanodrop 1000; Thermo Scientific), and cDNA was obtained by means
of a RT2 First Strand Kit for reverse transcription polymerase chain reaction (Qiagen
Sciences). JPCR reactions were performed by means of the FastStart Universal SYBR Green
Master (Roche Diagnostics GmbH, Germany) and LightCycler® 480 instrument (Roche
Diagnostics GmbH). Transcript levels for runt-related transcription factor 2 (Runx-2), alkaline
phosphatase (Alpl), osteocalcin (Ocn), and Collagen-1 (Col-1) were obtained and normalized
by B-actin mRNA levels (Table 1). All the tests were performed in triplicate.
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Table 1

Primer sequences for the assessed genes.

Genes Primer Sequences (3'to 5')

Runx-2 Forward cgtgtcagcaaagcttctttt
Reverse ggctcacgtegctcatct

Alpl Forward ggggacatgcagtatgagtt
Reverse ggcctggtagtigtigigag

Ocn Forward tgaacagactccggcg
Reverse gataccgtagatgcgtttg

Col-1 Forward gagggccaagacgaagacatc
Reverse cagatcacgtcatcgcacaac

p-actin Forward ctaaggccaaccgtgaaaag
Reverse accagaggcatacagggaca

2.5.8. Bioactivity test

For the bioactivity test, untreated control and experimental surfaces were
immersed in SBF solution at 37 °C for 14 days in a plastic tube following the protocol
suggested by Kokubo et al. [39]. The volume of SBF was estimated in agreement with the
following formula: Vggr = S4/10, where Vgpr is the volume of SBF (unit: mL) and S, is the
surface area of the specimen (unit: mm?®). After 14 days, the discs were washed with distilled
water and air dried. The XRD test was conducted to investigate the presence of apatite

crystals on the specimen [39].

2.6. Statistical analysis

IBM SPSS Statistics for Windows (IBM SPSS Statistics for Windows, v.21.0,
IBM Corp., USA) was used to evaluate the data. The comparison of surface roughness,
surface energy, corrosion data (Ry/Re, Q, Ecorr, Ieorr, and corrosion rate), EQCM data (AM,
adsorption rate, mass loss, and effective mass gain) between cpTi and Ta,Os-coated samples
were conducted with an independent t-test. A 2-way ANOVA test (factor 1, surface type in 2
levels; factor 2, days in 3 levels) and the Tukey Honestly Significant Difference (HSD) test
for post hoc comparisons were used to analyze the cell metabolism (MTT) data. Calcium ion
concentration results were evaluated with 3-way ANOVA (factor 1, surface type in 2 levels;
factor 2, days in 3 levels; factor 3, culture medium conditions in 2 levels) for investigation of
the impact of surface treatment, days, and non-osteogenic (control) or osteogenic medium
conditions and their interaction on calcium ion concentration levels. The Tukey HSD test was

used as a post hoc technique when needed. For qRT-PCR test, data were analyzed by Kruskal-
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Wallis test for investigation of the influence of the surface treatment on Runx-2, Alpl, Ocn and
Col-1 expression. To compare the groups in pairs, the Mann-Whitney U test was used (r >
0.82). The p value, which is defined as the probability of observing the given value of the
statistic test, or greater, under the null hypothesis, was considered statistically significant

when <0.05. This guarantee that the probability of error is below 5%.

3. Results and discussion

3.1. Structural analysis, surface topography, and surface energy

The X-ray diffraction patterns of control (cpTi substrate) and experimental
(TayOs) groups are displayed in Fig. 1. Both groups presented diffraction peaks equivalent to
metallic Ti. Such behavior is explained due to the penetration depth of Cu-K, radiation (~10
pm), which is higher than the film thickness (~600 nm) [40]. Additionally, the diffraction
peaks at 27.5°, 49.0° and 70.6° found in the Ta,Os group appoint to the presence of the
crystalline orthorhombic structure of the Ta,Os film (ICDD cards numbers 89-2843 and 79-
1375), which can also be referred to as f-Ta,Os [41].
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Fig. 1. X-ray diffraction patterns obtained from the cpTi substrate (red pattern) and the Ta,Os

film deposited on cpTi surfaces (blue pattern).
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The surface topography is well known for playing an essential role in
cytocompatibility, being considered crucial for biological applications [42]. The morphology
and topography of the cpTi substrate and the Ta,Os film deposited on cpTi surfaces obtained
from AFM analysis are shown in Fig. 2. The surface treatment with Ta,0Os films evidently
modified the surface topography of the cpTi substrates, showing a granular structure with a
complex and hierarchical nature. In contrast, the polished cpTi group exhibited smooth and
flat surfaces. In the 3D profile, a greater Ra value (mean * standard deviation) can be
observed for the Ta,Os group (Ra = 12.47 £ 1.96 nm), while the control group exhibited the
lowest value (Ra = 3.68 + 0.64 nm). It has been showed that cell adhesion was significantly
improved in surfaces with nanoscale patterns when compared with cells cultivated on surfaces

with microscale patterns [43].

Ra= 3.68 + 0.64 nm

Ra=12.47 + 1.96 nm

Fig. 2. AFM 2D and 3D images obtained from the cpTi substrate and Ta,0Os film deposited on

cpTi surfaces (scale bar = 1 um).

In addition to surface roughness, another important factor with respect to the
surface properties of a biomaterial is surface energy, which controls the contact area of the
substrate with the cell membrane [44]. Fig. 3 shows the surface energy values for all groups.
Higher surface energy values were found for the Ta,Os group when compared with cpTi,
which indicates a hydrophilic tendency of the Ta,Os group. It was reported that hydrophilic

surfaces positively impact on the attachment and spreading of osteoblasts [45].
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3.2. Surface chemistry characterization

Fig. 4 shows the high-resolution spectra of control and Ta,Os groups obtained
from XPS analysis. In the Ti 2p spectrum, doublets can be seen at 464.70 and 459.20 eV,
corresponding to the Ti 2p;, and Ti 2ps3,; bands, respectively (Fig. 4a). These peaks values are
related to TiO; [46,47]. The energy peaks found in the O 1s spectrum of the control group
(Fig. 4b) also correspond to TiO,. In the Ta 4f spectrum (Fig. 4c), the energy peaks found are
related to the formation of Ta;Os, corroborating results from previous studies [48,49]. Two
peaks can be observed in the O 1s spectrum of the Ta,Os group (Fig. 4d), wherein the 530.00
eV energy is appointed to Ta-O binding, constituting tantalum oxides [49,50], and the binding

energy of 531.90 eV is related to oxygen in the form of a hydroxide or to adsorbed oxygen
species [49,51].
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Fig. 4. X-ray photoelectron spectroscopy (XPS) spectra of (a) Ti2p and (b) O1s for the control
cpTi substrate and (c) Ta4f and (d) Ols for the Ta,0Os film deposited on cpTi surfaces.

Cross-sectional analysis of theTa,Os thin film deposited onto the cpTi substrate
by means of FIB-SEM is shown in Fig. 5. The film appears homogeneously deposited and
compact (Fig. 5), with rarely displaying some pores in between the substrate and film (Fig.

S1). The film thickness was measured to be approximately 600 nm.

Pt dep (~1 pm)

Pt edep (~50 nm)

Ta,0s film (~600 nm)

cpTidisc

Fig. 5. Cross-sectional FIB-SEM micrograph of the Ta,Os thin film deposited onto the cpTi

substrate. Platinum (Pt) was deposited on the cross-section area of interest initially using the
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electron beam (Pt edep) and subsequently using the ion beam (Pt dep) to protect the film from

exposure to the ion beam during cross-sectional milling.

3.3. Surface electrochemistry characterization

The evolution of OCP as a function of time (s) for the cpTi substrate and the cpTi
covered with the Ta,Os film is shown in Fig. 6. The Ta;Os group showed the most positive
values of OCP compared with the control group. It is known that better corrosion behavior is
associated with more positive OCP values. Considering this, these data may appoint to

improvement of the electrochemical resistance of the Ta,Os surface treatment.
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Fig. 6. Representative curve of OCP evolution (in V vs SCE) for control cpTi (red curve) and

Ta,Os (blue curve) surfaces exposed to SBF solution for 3600 s.

The Nyquist plot represents the evolution of resultant impedance as a function of
Ziea and Zim,e components (Fig. 7a). It has been well-established that a decrease in the
diameter of the semicircular loop indicates a reduction in passive film resistance [52]. The
control group exhibited a decrease in the semicircular diameter (on the order of 10”). For the
Ta,Os group, the semicircular diameter of the capacitance loop was on the order of 108,
indicating improved corrosion resistance. The variation in impedance as a function of
frequency was provided by Bode plots (Fig. 7b). Greater total impedance values can be seen
for Ta,Os-treated surfaces. Such behavior indicates that this group has superior

electrochemical resistance, since high impedance values at low frequencies suggest the
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formation of a highly stable oxide film on the surface. The phase angles of the Ta,Os-coated
samples are slightly higher than those observed for cpTi samples (Fig. 7c), indicating an
improvement of the electrochemical stability of cpTi when subjected to this treatment. In
addition, it is possible to observe that both groups exhibited only one time constant. The
equivalent electrical circuit used for the simulation of the electrical parameters of the surfaces
is illustrated in Fig. 7d. The values of chi-square (X2) were on the order of 10°-107*,
indicating that the fitted data are in accordance with the experimental data. In the simplified
circuit, Ry corresponds to the resistance of the solution between the reference and working
electrodes, Qg is considered as the constant phase element (CPE) attributed to the electrical
double layer, R, is the resistance of the passive film (control group), and R is the charge
transfer resistance (experimental group). The use of this circuit was based on results from

previous studies [49,53].
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Fig. 7. Representative (a) Nyquist diagrams, (b) impedance modulus, and (c) phase angles of
EIS responses for control cpTi (red curves) and TaxOs (blue curves) surfaces. Symbols
represent experimental data and solid lines fitted data. Magnified graphs were plotted for
better visualization. (d) Equivalent circuit used for EIS data, which shows resistance of
solution (Ry) in series with a parallel combination of the constant phase element (Qg) and a

charge transfer resistance (R.) or polarization resistance (R;) of the oxide layer.
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The OCP, Nyquist, and impedance data corroborates with the results of the
electrochemical parameters obtained from EIS (Table 2). Higher values of resistance can be
seen for the Ta,Os film, while cpTi exhibited the lowest resistance values. This behavior
suggests that the surface treatment is able to provide better protection against corrosion. In
contrast, cpTi presented the greatest values of Qg corroborating the corrosion resistance
results. This fact supports the disadvantageous electrochemical properties of cpTi when it is
exposed to SBF immersion, since higher capacitance values indicate an increase in the ionic

exchange between the material and the electrolyte [6].

Table 2
Means (and standard deviations) of electrical parameters obtained from the equivalent circuit

model for control cpTi and Ta,Os surfaces.

Group R, or R, (Mohms.cm®) Qu(nQ ' S".cm™) n 10~
cpTi 1.79 (0.35)° 12451.98 (1777.77)*  0.95(0.01) 1.57 (1.10)
Ta,Os 1385.34 (646.64)" 11.14 (3.57)° 0.94 (0.03)  3.38 (0.35)

Note: Intergroup difference (cpTi vs Ta,0Os) is illustrated by the different lower-case letters.
R, is the resistance of the passive film (control cpTi group), and R is the charge transfer

resistance (Ta,Os experimental group).

In the polarization curves (Fig. 8), it is possible to observe that the Ta,Os group
shifted the current density to lower values. When compared with the cpTi group, Ta;Os
shifted the curve to the upper left region of the graph, shifting the electrode potential to more
positive values, which suggests a less active behavior in ion exchange of the Ta,Os surface

compared with cpTi.
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Fig. 8. Representative potentiodynamic polarization curves of control cpTi (red curve) and
Ta,0Os (blue curve) surfaces. The electrode potential is expressed in V vs the saturated calomel

electrode (SCE).

The electrochemical parameters including Ecoy, lcorr, and corrosion rate are
described in Table 3. I, is an electrochemical parameter that indicates the current flow at an
open circuit potential as a result of oxidation or reduction reactions [54]. The results show that
the Ta,Os group exhibited lower L. and corrosion rate values. Such findings demonstrate
that the Ta,Os film deposited on cpTi surfaces provides more efficient corrosion protection
for the cpTi surface, confirming its favorable electrochemical properties. Additionally, more
positive/nobler Ec, values were observed for theTa,Os group when compared with the cpTi
group.

The mechanism of the high corrosion protection of the Ta,Os film may be related
to its characteristics of high homogeneity and compactness as can be seen from the FIB-SEM
cross-sectional analysis (Fig. 5). Such characteristics may help to reduce the penetration of
ionic species through the film, leading to the mitigation of the electrochemical degradation

process, explaining the excellent anti-corrosion performance of the Ta,Os thin film.
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Table 3
Mean (and standard deviation) values of electrochemical parameters obtained from the

potentiodynamic polarization curves for control cpTi and Ta,0Os surfaces.

Group E.or (mV) Leom (nA/cmz) Corrosion rate (mpy)xlOf4
cpTi -206.15 (26.21)* 21.93 (3.27)" 131.52 (63.65)
Ta,0s - 14.01 (5.86)" 0.44 (0.27)° 2.05 (1.27)°

Note: Intergroup difference (cpTi vs Ta,Os) is illustrated by the different lower-case letters.

3.4. Real-time interplay between protein and biomaterial

The subsequent cell-biomaterial interactions are mediated by protein adsorption.
The human body contains thousands of proteins, with each protein performing a set of distinct
and crucial functions, essentially since they have the ability to bind to specific molecules [55].
Albumin is the most predominant protein found in blood serum (~60%) [56]. Because of its
high concentration in blood plasma, albumin is extensively used in protein adsorption studies
[55]. Another important protein is fibrinogen, an abundant glycoprotein in blood plasma,
involved in the blood coagulation process [55,57]. The previous literature demonstrated that
fibrinogen is associated to the promotion of cell adhesion in vitro [57,58]. It was found that
the adsorption of fibrinogen can contribute to fibrin formation, enhancing platelet adhesion
[57]. In this study, we investigated the adsorption kinetics of albumin and fibrinogen onto Ti
and Ta,0Os surfaces in real time using EQCM. The quantitative EQCM results showed similar
protein interactions with Ti and Ta,Os surfaces (Table 4). Fig. 9 shows the changes in Af and
AM as a function of time during the adsorption processes of (a-b) albumin and (c-d)
fibrinogen on quartz crystal sensors covered with Ti and treated with Ta,Os. When the
proteins were injected into the system (1800 s), flowing through sensor surfaces, a rapid
increase of AM and a significant decrease of Af, can be observed. Subsequently, for both
groups and proteins, AM values were gradually increased over time, while Af; showed the
opposite behavior. Interestingly, in fibrinogen adsorption tests, it was observed that the Ta;Os
group reached the maximum value of AM (as appointed by the black arrows in the graph)
more quickly when compared with the Ti group, indicating that the Ta;Os film may have a
rapid response of fibrinogen adsorption when compared with Ti. This behavior corroborates
the quantitative results shown in Table 4, wherein the Ta,Os group presented a tendency to
higher adsorption rate values. In addition, the effective mass gain (AM - mass loss) results
indicate that such values would provide good biological performance for Ta,Os-treated

surfaces, as shown in the following cellular results.
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Table 4
Mean and (standard deviation) values of albumin and fibrinogen adsorption kinetics

parameters obtained from EQCM analysis.

Adsorption rate Effective mass gain

Protein Group AM (ng) (ng/s) Mass loss (ug)  (AM - Mass loss) (ug)
Albumin Ti 0.12 (0.08) 0.01 (0.00) 0.01 (0.01) 0.10 (0.06)

Ta,0s  0.12 (0.02) 0.54 (0.72) 0.04 (0.04) 0.07 (0.05)
Fibrinogen  Ti 0.14 (0.01) 0.02 (0.01) 0.01 (0.01) 0.13 (0.02)

Ta,0Os  0.12 (0.02) 0.03 (0.02) 0.01 (0.01) 0.11 (0.02)
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Fig. 9. Changes in Af; and AM as a function of time during the adsorption processes of (a-b)
albumin and (c-d) fibrinogen on quartz crystal sensors covered with Ti (red curves) and

treated with Ta;Os (blue curves). Black arrows indicate the maximum AM value for each

group.

3.5. Cell metabolism and morphology
An appropriate cellular response to implanted surfaces is crucial for tissue

integration [59]. Therefore, in the current study, we carried out the MTT assay to determine



69

the impact of Ta,Os-modified cpTi surfaces on cell morphology and metabolism. The
absorbance of formazan crystals produced by MC3T3-E1 cells after 1, 2, and 4 days of
culturing is presented in Fig. 10. In general, data analysis showed that both groups (control
and experimental) presented an increased mitochondrial metabolism over time, suggesting a

non-cytotoxic effect, with the Ta,Os-treated group featuring an increased metabolism at day
2.
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Fig. 10. MTT assay. Absorbance is expressed as a measure of cell metabolism for MC3T3-E1
cells cultured on control cpTi (untreated; red curve) and Ta,Os-modified surfaces (blue
curve). * indicates intragroup differences (vs day 1) for cpTi, and $ indicates intragroup
differences (vs day 1) for Ta,Os film. Intergroup differences (cpTi vs TayOs) within the same

day are illustrated by the p-value.

If cells are to proliferate and differentiate, adhesion to surfaces is crucial [60,61].
Here, we investigated the impact of TaOs-modified cpTi surfaces on MC3T3-El cell
adhesion and spreading after 1, 2, and 4 days, using SEM and confocal analysis (Figs. 11 and
12). According to previous literature, shapes, widths, and sizes of diverse nanoscale patterns
can considerably influence cell adhesion, morphology, and differentiation [43]. In the current
investigation, morphological analyses demonstrated that the Ta,Os-treated group displayed a

well-defined and organized cytoskeleton, reflecting normal behavior [36] and well-spread
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morphologies when compared with those of the cpTi substrate at all experimental periods. In
addition, significantly more filopodia extensions were found for MC3T3-E1 cells cultured on
Ta,0s substrates, indicating that Ta,Os-coated samples positively affected important cellular

properties in vitro, including adhesion, spreading, and migration.

Day 1 Day 2 Day 4

x100 %250 x100 x250

Fig. 11. Representative SEM images of MC3T3E-1 cells cultured on control cpTi and Ta,0s-
modified surfaces after 1 day, 2 days, and 4 days. (scale bar = 100 pm).

Day 1 Day 2

cpTi

Ta,0;

Fig. 12. Representative confocal images of MC3T3E-1 cells cultured on control cpTi and
Ta,Os-modified surfaces after 1 and 2 days. Cell nuclei are stained in blue and the cell

cytoskeleton in red.
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3.6. Mineralization potential

Next, we hypothesized that Ta,Os-modified surfaces would affect MC3T3-E1 cell
differentiation and improve mineral nodule formation in vitro. To test our hypothesis, we
cultured cells on our control and experimental discs under osteogenic and non-osteogenic
(control) conditions and carried out the AR-S assays to assess mineral nodule formation
quantitatively at 4, 7, and 14 days (Fig. 13). Intragroup analysis demonstrated a significant
increase in mineralization for both surfaces over time under osteogenic conditions at days 7
and 14. Intriguingly, intergroup comparisons showed that Ta,Os-modified surfaces displayed
increased calcium levels under non-osteogenic conditions at days 7 and 14, and at day 14
under osteogenic differentiation. Altogether, these findings demonstrate that Ta,;Os films have

the potential to enhance the differentiation of osteoblastic precursors cultured on cpTi discs.
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Fig. 13. Calcium ion concentrations for control and Ta;Os-modified surfaces. MC3T3-El
cells were plated onto uncoated cpTi and Ta,Os-coated discs and cultured or not under
osteogenic conditions for 4, 7, and 14 days. * indicates intragroup differences (vs day 4) for
cpTi, and $ indicates intragroup differences (vs day 4) for Ta,Os film in non-osteogenic or
osteogenic medium conditions separately. Intergroup differences (cpTi vs Ta,Os) within the

same day are illustrated by the p-value.
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3.7. Gene expression

For further investigation of the impact of Ta;Os-modified surfaces on the
differentiation of osteoblastic precursor cells (MC3T3-E1), in the current study the expression
of classic osteoblastic differentiation markers (including Runx-2, Ocn, Alpl, and Col-1) was
quantitatively assessed (Fig. 14). Data analysis showed that transcript levels were increased
by osteogenic conditions, except for Runx-2 and Alpl at day 3. In addition, the findings of the
current investigation demonstrated that Ta,Os-treated surfaces have the potential to modulate
the expression of key markers of osteoblastic differentiation. Under osteogenic induction, fold
change for Runx-2 was significantly increased by Ta,Os-treated surfaces as early as 24 h after
osteogenic induction, at days 2 and 3 for Ocn and at day 3 for Col-1, as compared with the
cpTi group. In contrast to the cpTi group, at day 3, Ta,Os-modified surfaces resulted in
decreased expression of Runx-2 and Alp/ in MC3T3-E1 cells under differentiation. Intergroup
analysis further demonstrated that, at days 2 and 3, Ta,Os-modified surfaces led to increased
changes for Ocn transcript levels as compared with cpTi under osteogenic conditions, whereas
Col-1 fold change was increased at day 3. Taken together, these findings suggest that Ta,0Os
films have the potential to anticipate osteoblast precursor cell differentiation and, therefore,
support the hypothesis that Ta,Os films functionally affect markers of osteoblastic

differentiation, leading to increased mineralization in vitro.
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Fig. 14. Bar graphs illustrating fold change (osteogenic/non-osteogenic conditions) of
osteogenic markers, including Runx-2, Alpl, Ocn, and Col-1, in MC3T3-E1 cells cultured on
control cpTi and Ta,Os-modified surfaces. * indicates intragroup differences (vs day 1) for
cpTi, and $ indicates intragroup differences (vs day 1) for Ta,0Os film. Intergroup differences

(cpTi vs Ta,0s) within the same day are illustrated by the p-value.

3.8. Surface bioactivity

To evaluate the osteoconductive response of the Ta,Os-treated surface and its
potential for use as a biomaterial, we carried out a bioactivity test in SBF. Fig. 15 shows the
XRD results of the samples immersed in SBF after 14 days. The Ta,Os group presented a
low-intensity diffraction peak corresponding to hydroxyapatite (HA) at 55.88° (ICDD card
number 532741) and peaks related to Ta,Os as mentioned previously in the characterization
results. Depending on the degree of crystallinity in the tantalum oxide films, substitution of
carbonate may occur within the apatite structure, in two distinct ways: in the OH-site as an
“A-type’ substitution or in the POy.-site as a “B-type” substitution. Indeed, in the “B-type”,
amorphous carbonate can be incorporated into the structure of the hydroxyapatite, which can
reduce the degree of crystallinity of the apatite, as observed by Almeida Alves et al. (2016)
[62]. In contrast, the cpTi group showed diffraction peaks related only to metallic Ti,

implying that no calcium phosphate is detected by XRD.
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Fig. 15. XRD patterns of control cpTi (red pattern) and Ta,Os (blue pattern) surfaces after 14

days of immersion in SBF at 37 °C.

3.9. Practical implications

Here, we proposed a surface modification of Ti with a B-Ta,Os thin film to
maintain the key physical properties of the bulk Ti material while modifying only its external
surface. Such a modification controls the surface properties (such as roughness and surface
energy) and, consequently, fosters the biological performance and prevents implant
degradation in the biological environment. We show that the Ta,Os film is able to protect
cpTi against corrosion and, at the same time, enhance its cytocompatibility and bioactivity.
The results obtained in this study demonstrate that the addition of a Ta;Os film may be a
forthcoming surface treatment feature to trigger the superior long-term stability of Ti
implants. However, further studies are required to evaluate the interaction of such developed

surface with living tissues.

4. Conclusions

We successfully developed a strategy to deposit a crystalline B-Ta;Os thin film
onto a cpTi surface by utilizing a magnetron sputtering technique. Ta,Os-treated surfaces
exhibited greater roughness and hydrophilicity compared to untreated cpTi discs (control).

Enhanced electrochemical stability in simulated body fluid was noted for Ta,Os-treated
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surfaces wherein higher values of charge transfer resistance, nobler corrosion potential, and
lower values of capacitance, corrosion current density, and corrosion rate were observed.
Also, pre-osteoblastic cell culture assays (MC3T3-E1 cells) demonstrated that Ta,Os-treated
discs featured greater in vitro mineral nodule formation and increased mRNA levels of runt-
related transcription factor 2 (Runx-2), osteocalcin (Ocn), and collagen-1 (Col-1) The findings
of the current investigation indicate that modification of cpTi surfaces with B-Ta,Os films
emerges as a viable and promising strategy to enhance dental implant electrochemical

stability, improving its surface properties and biological performance.
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3 DISCUSSAO

O uso de implantes dentdrios para a reabilitacio oral de pacientes parcial e
totalmente desdentados é amplamente relatado na literatura. Espera-se que o ndmero de
procedimentos para implantes continue aumentando ao longo do tempo devido ao aumento da
expectativa de vida (Casado et al., 2018). As altas taxas de sucesso clinico apresentadas na
literatura (~87%) sustentam a escolha do Ti como biomaterial para a fabricacdo de implantes
ortopédicos e dentdrios (Chrcanovic et al., 2018). A biocompatibilidade, capacidade de
osseointegracdo e resisténcia a corrosdo sio propriedades apresentadas pelo Ti sdo providas
pela formagdao de uma camada de TiO, passiva em sua superficie, que normalmente possui
menos de 10 nm (Olmedo et al., 2008). No entanto, as condi¢des agressivas do ambiente
bioldgico podem afetar a estabilidade da camada de 6xido, levando a exposi¢do da superficie
do metal e consequentemente, tornando-o susceptivel ao ataque corrosivo (Nakagawa et al.,
1999; Bardo et al., 2011; Mathew et al., 2012; Zhang et al., 2013; Royhman et al., 2015;
Sridhar et al., 2015; Beline et al., 2016).

Neste cendrio, o Ta tem recebido atencdo como biomaterial alternativo ao Ti, por
apresentar superiores propriedades de bioatividade e resisténcia a corrosdo quando comparado
ao Ti (Bermuidez et al., 2005; Balla et al., 2010). Estudos prévios confirmaram essas
propriedades do Ta ao favorecer a osteogénese in vivo (Wauthle et al., 2015) e in vitro
(Welldon et al., 2008; Sagomonyants et al., 2011). No entanto, o uso do Ta para a fabricacdo
de implantes € limitado devido sua alta densidade, ponto de fusdo e custos de manufatura
(Balla et al., 2010). Levando-se em consideracdo que as respostas bioldgicas dos tecidos ao
redor dos implantes sdo controladas majoritariamente pelas caracteristicas de superficie do
biomaterial (rugosidade, composi¢do quimica, estrutura e molhabilidade) (Turzo, 2011), a
combinacdo das boas propriedades do Ti e do Ta através da aplicacdo de filmes de 6xido de
Ta, como tratamento de superficie para o Ti, poderia ser considerada uma alternativa vidvel
para superar as limitacdes relatadas acima e alcancar a combinagdo desejada de propriedades
para produzir implantes de Ti com excelente qualidade.

Dentre as diversas técnicas utilizadas para deposi¢do de filmes de Ta e TasOy, a
técnica da pulverizacdo catédica € conhecida por produzir filmes uniformes (Pereira et al.,
2012) e de alta qualidade em termos de adesdo, o que a torna atrativa para as mais variadas
aplicacdes tecnoldgicas (Alami et al., 2009; Sarakinos et al., 2010; He et al., 2013; He et al.,
2013; He et al., 2014; He et al, 2014; Zhang et al., 2014). Ainda, através da técnica da
pulverizagdo catddica € possivel a criacdo de filmes de 6xidos metalicos de diferentes

composi¢des por meio da modulagdo dos parametros de deposigao.
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No entanto, a literatura ¢ limitada no que concerne a obtencdo da fase f-Ta,Os
através da pulverizacdo catddica e sua cristalizacdo (Ellis et al., 2018). Sendo assim, o
Capitulo 1 do presente trabalho forneceu subsidios para o entendimento dos efeitos da
variac@o dos parametros de deposicdo sobre a estrutura, morfologia e composicao quimica dos
diferentes filmes de TasOy produzidos pela técnica da pulverizacio catédica sobre a superficie
do Ticp. Os resultados mostraram que a combinagdo das boas propriedades de superficie
apresentadas pelo filme de B-Ta,Os depositado por pulverizacdo catddica sobre a superficie
do Ticp foi capaz de ndo aumentar a colonizacdo bacteriana inicial e ainda, melhorar o
processo de adesdo e espalhamento de células da linhagem MC3T3-E1.

Ainda, levando-se em consideracio que nenhum estudo avaliou a interacdo
proteinas/filme de B-Ta,Os em tempo real e que a literatura carece de estudos que avaliaram a
degradacdo eletroquimica de filmes de -Ta,Os em ambiente oral simulado, o Capitulo 2 da
referida tese apresenta os resultados dos ensaios eletroquimicos e demais testes biologicos do
filme de 6xido de Ta cristalino. No que diz respeito a caracterizacdo eletroquimica, 0s ensaios
revelaram que o tratamento de superficie proposto foi capaz de melhorar a estabilidade
eletroquimica do Ticp. Nos testes de adsorcao de fibrinogénio, o grupo tratado com filme de
B-Ta,Os levou menos tempo para atingir o valor maximo de variacdo de massa (AM) quando
comparado ao grupo recoberto somente com Ti, indicando uma resposta mais rapida do grupo
tratado com [B-Ta,Os para a adsorcdo de fibrinogénio. Além disso, os achados do presente
capitulo demonstraram que a superficie tratada com filme de B-TaOs tem potencial para
antecipar a diferenciacio de células osteobldsticas precursoras e, assim, suportar a hipotese de
que o filme de B-Ta,Os afeta funcionalmente marcadores de diferenciacdo osteobldastica,
levando ao aumento da mineralizagao in vitro.

Apesar dos resultados do presente estudo mostrarem que o filme cristalino de
Ta,Os pode ser considerado uma alternativa vidvel e promissora para melhorar as
propriedades de superficie do Ticp, sua estabilidade eletroquimica e performance bioldgica,
futuros estudos in vivo sdo encorajados para avaliar a bio-interacdo do tratamento de

superficie proposto.
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4 CONCLUSAO

Este trabalho desenvolveu filmes de 6xido de tantalo por meio da técnica de
pulverizagdo catédica. Através da modificacdo dos parametros de deposicao, foi possivel a
criacdo de filmes com diferentes propriedades estruturais (amorfa e cristalina) e morfoldgicas.
Tais filmes ndo aumentaram a colonizacdo bacteriana quando comparados ao Ticp polido.
Além disso, este trabalho mostrou que o filme de Ta,Os cristalino foi capaz de prover
prote¢do a corrosao e, a0 mesmo tempo, aumentar a biocompatibilidade e bioatividade do

Ticp.
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