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RESUMO

Os implantes dentarios sdo comumente usados na reabilitagdo protética e o processo de
osseointegragdo ¢ mandatorio para o sucesso e longevidade do tratamento. A osseointegracao
envolve processos organizados, dos quais fazem parte proteinas, citocinas inflamatdrias,
células e a precipitacdo de hidroxiapatita. Todos esses processos podem ser influenciados
pelas propriedades da superficie do implante. O titanio (Ti) e suas ligas sdo os materiais mais
utilizados devido as suas adequadas propriedades mecanicas e biocompatibilidade. Tais
propriedades sdo devidas a formacdo natural de uma camada instavel de didxido de titdnio
(TiO2) na superficie, protetora ao processo de corrosdo. Contudo, a bioatividade do Ti pode
ser reduzida de acordo com o envelhecimento natural da superficie. Assim, foram propostos
dois estudos in vitro: o desenvolvimento de um filme de TiO: estavel e cristalino, a fim de
melhorar as propriedades fisico-quimicas do Ti (1), seguido da fotofuncionalizagdo por luz
ultravioleta (UV), capaz de renovar a superficie (2). No primeiro estudo, filmes de TiO»
pulverizados foram formados na superficie de Ti, com diferentes fases cristalinas (anatase,
rutilo e fase mista). Os filmes foram avaliados quanto ao comportamento eletroquimico,
propriedades de superficie, adsor¢ao de proteina e precipitacao da hidroxiapatita. Para isso, as
superficies foram caracterizadas quanto a composicdo quimica, topografia, fase cristalina e
energia livre de superficie. Testes eletroquimicos foram conduzidos usando solugdo de fluido
corpdreo (SFC). A adsor¢@o de albumina foi medida pelo método do acido bicinconinico. A
precipitagdo da hidroxiapatita foi avaliada apds 28 dias de imersdo em SFC. Em geral, as
fases cristalinas de TiO2 apresentaram melhor comportamento eletroquimico, especialmente a
mista, que apresentou a maior resisténcia a polarizacao (p<0,05). O rutilo apresentou maior
diminui¢do da densidade de corrente e taxa de corrosdo, enquanto a fase mista apresentou
comportamento passivo mais estavel (p<0,05). A fase mista aumentou a adsor¢do de albumina
(p<0,05). A morfologia da hidroxiapatita foi dependente da fase cristalina, sendo mais
evidente no grupo misto. A combinac¢do das fases anatase e rutilo nos filmes de TiO> parece
ser mais adequada para a aplicacdo em implantes, devido a maior protecdo contra corrosdo,
maior adsor¢do de proteina e bioatividade. Assim, no segundo estudo, apenas a fase mista do
TiO, foi usada para testar sua influéncia e da fotofuncionalizacdo (meio de ativagdo da
superficie) nas alteragdes fisico-quimicas de superficie e comportamento celular. As
superficies foram analisadas quanto a morfologia, topografia, composicdo quimica, fase
cristalina e molhabilidade. Células pré-osteoblasticas (MC3T3E1) foram utilizadas para

avaliar a morfologia, adesdo, viabilidade, mineralizacdo e expressdo de citocinas (IFN-y,



TNF-a, IL-4, IL-6 e IL-17). A fotofuncionalizagdo aumentou a molhabilidade das superficies
tratadas com TiO2 e ndo tratadas (p<0,05). O TiO, fotofuncionalizado apresentou maior
adesdo e viabilidade celular nos dias 2 e 4 (p<0,05). A fotofuncionalizacdo potencializou essa
viabilidade e induziu maior mineralizagdo (dia 14) para ambas as superficies (p<0,05). Em
geral, as proteinas avaliadas foram levemente afetadas pelos tratamentos UV ou TiO;. Assim,
a incorporagdo de TiO> misto na superficie do Ti, seguida da fotofuncionaliza¢do por UV ¢

promissora para aplicacdo em implantes dentarios.

Palavras-chave: Titanio. Implantes dentarios. Hidroxiapatitas. Corrosdo. Proteinas sanguineas.

terapia ultravioleta. Osteoblastos. Citocinas.



ABSTRACT

Dental implants are commonly used in prosthetic rehabilitation, and the osseointegration is
mandatory for the success and longevity of the treatment. The osseointegration process
involves organized mechanisms, in which proteins, inflammatory cytokines, cells and
hydroxyapatite orchestrate such process. These mechanisms can be governed by the surface
properties of an implant material. Titanium (T1) and its alloys are the most used material due
to their adequate mechanical properties and bioactivity. Such properties are due to the
unstable titanium dioxide oxide (TiO7) naturally formed on its surface, which is protective to
the corrosion process. Furthermore, the bioactivity of Ti can be reduced according to the
natural aging of the surface. Thus, two in vitro studies were proposed: an incorporation of a
stable and crystalline TiO2 film to improve the physical-chemical properties of Ti (1),
followed by an ultraviolet light (UV) photofunctionalization, which is able to renew the
surface (2). In the first study, sputtered TiO, films were grown on titanium (Ti) surface, with
different crystalline phases (anatase, rutile and mixed phase). Films were evaluated regarding
their electrochemical behavior, surface properties, protein adsorption and hydroxyapatite
precipitation. The surfaces were characterized as chemical composition, topography,
crystalline phase and surface free energy (SFE). Electrochemical tests were conducted using
simulated body fluid (SBF). Albumin adsorption was measured by bicinchoninic acid method.
Hydroxyapatite (HA) precipitation was evaluated after 28 days of immersion in SBF. In
general, TiO» crystalline phases showed improved electrochemical behavior, specially mixed
TiO, that showed the highest polarization resistance (p<0.05). Rutile phase exhibited a greater
influence on decreasing the current density and corrosion rate, while the mixed phase
displayed a more stable passive behavior (p<0.05). Regarding protein interaction, mixed
phase increased the albumin adsorption (p<0.05). The morphology of HA was dependent to
the crystalline phase, being more evident in the mixed group. The combination of anatase and
rutile structures to generate TiO; films seems to be more suitable for biomedical implants
application as greater corrosion protection, higher protein adsorption and bioactivity were
accounted. Therefore, in the second study, we only used mixed TiO> phase to verify its
influence and the photofunctionalization on the physical-chemical surface alterations and cell
behavior. Surfaces were analyzed in terms of morphology, topography, chemical composition,
crystalline phase and wettability. Pre-osteoblastic cells (MC3T3E1) were used to assess cell
morphology and adhesion, viability, mineralization and cytokine expression (IFN-y, TNF-a.,

IL-4, IL-6 and IL-17). Photofunctionalization increased the wettability of both surface



conditions (p<0.05). TiO-treated samples featured normal cell morphology and spreading,
and greater cell viability at 2 and 4 days (p<0.05). UV potentiated such viability and induced
higher mineralization (day 14) for both surfaces (p<0.05). In general, assessed proteins were
found slightly affected by either UV or TiO; treatments. Thus, mixed TiO2 incorporation on
Ti surface followed by a UV photofunctionalization seems to be promising to be applied on

dental implants.

Key words: Titanium. Dental implants. Corrosion. Blood proteins. Hydroxyapatites.

Ultraviolet Therapy. Osteoblasts. Cytokines.
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1 INTRODUCAO

Os implantes apresentam um papel extremamente importante na reabilitacdo protética, e para o
sucesso do tratamento, a osseointegracao ¢ mandatoria. A cicatrizag¢do da ferida cirargica ocorre
por meio de uma sequéncia de processos organizados (Terheyden et al. 2012). Este processo
envolve a secrecdo de citocinas, que coordenam o processo de cicatrizagdo juntamente com as
proteinas e as células. A formacdo do novo tecido 6sseo comeca a partir da secre¢do da matriz de
colageno pelos osteoblastos (Terheyden et al. 2012), sendo crucial para a osseointegracio
(Cheng et al. 2015).

Entretanto, situacdes desfavoraveis para o tratamento com implantes dentdrios sdo
comumente encontradas em pacientes, reduzindo as taxas de sucesso e longevidade do
tratamento. Portanto, ¢ de suma importancia desenvolver métodos que possam acelerar o
processo de cicatrizacdo nas areas que receberam implantes (Hatoko et al. 2019), e
consequentemente, promover uma melhor adaptacdo dos tecidos duros e moles ao redor dos
implantes e seus componentes, favorecendo assim, ndo s6 a fungdo como também a estética.

O titanio (Ti) e suas ligas sdo os materiais mais comumente utilizados por apresentarem
excelentes propriedades mecanicas e biocompatibilidade superior comparado as outras ligas
(Kulkarni et al. 2015). Isto se deve a camada de o6xido naturalmente formada sobre a sua
superficie. Esta camada ¢ extremamente fina (5—6 nm) (Bronze-Uhle et al. 2019) e ¢ a
responsavel por proteger o Ti dos fluidos orais, reduzindo a liberagdo de ions (Lopez et al.
2011).

Entretanto, mesmo apresentando esta camada de 6xido protetora, o Ti ndo ¢ capaz de evitar a
corrosdo a longo prazo (Bronze-Uhle et al. 2019). O processo corrosivo nada mais ¢ que a
liberagdo de ions e os produtos de deterioracdo do material nos tecidos circundantes (Bayon et al.
2015; Fojt et al. 2013) podendo resultar em efeitos adversos no corpo (como osteodlise,
reabsorcdo dOssea, infecgdes) e no implante (como a fratura) (Bayon et al. 2015; Bronze-Uhle et
al. 2019). Quanto maior, mais compacta e mais estavel for a camada de 6xido, melhor serd a
resisténcia a corrosdo do implante (Okazaki et al. 2005; Gabriel et al. 2012). Portanto, promover
uma camada estavel de didxido de titdnio (TiO») sobre a superficie do Ti pode ser interessante.

Outro fator a ser considerado ¢ que o Ti ¢ um material que estéd sujeito ao processo natural de

envelhecimento da superficie, levando a uma perda em sua bioatividade (Att ef al. 2009; Aita et
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al. 2009). A fotofuncionalizacdo ¢ um método que vém sendo proposto para revitalizar a
superficie do Ti, resultando em um aumento da sua bioatividade (Att et al. 2009; Aita et al.
2009). Esta ¢ um pré-tratamento na superficie do implante, no qual o implante ¢ exposto a luz
ultravioleta (UV) previamente a sua implantacdo, portanto, o paciente ndo € exposto a luz UV.
As superficies fotofuncionalizadas sdo conhecidas por serem osteocondutivas (Aita et al. 2009).
Estudos in vitro e in vivo mostraram que a fotofuncionalizagdo das superficies do Ti maquinado
ou com algum tratamento de superficie foi efetiva, promovendo a osseointegracdao da interface
osso-implante de forma mais rapida e completa (Aita et al. 2009; Kawano et al. 2013; Hori et al.
2011; Zhang et al. 2017; Miyauchi ef al. 2010; Leon-Ramos et al. 2019; Park et al. 2011; Hatoko
et al. 2019; Shahramian et al. 2019). Isto ocorre, pois, este tratamento promove alteragdes na
composi¢do quimica e na molhabilidade da superficie (Att et al. 2009; Aita et al. 2009), o que
aparentemente pode ser potencializado na presenga do TiO: (Aita et al. 2009).

Sendo assim, o TiO; parece ser promissor tanto para aumentar a resisténcia a corrosdo do Ti,
como também para potencializar o efeito da fotofuncionalizag¢ao desta superficie, revitalizando-a.
O TiO; apresenta natureza polimodrfica (Lim et al. 2014), exibindo duas principais fases
cristalinas: a anatase e o rutilo, as quais aumentam a resisténcia do TiO2 e também apresentam
atividade fotocatalitica (Pantaroto et al. 2018), por isso podem potencializar o efeito da
fotofuncionalizacdo. Para incorporar o TiO; na superficie do Ti, diversos métodos podem ser
realizados, como a técnica “sol-gel” (Ochsenbein et al. 2008; Shahramian et al. 2019), “spin-
coating” (Westas et al. 2017), a anodizacdo (Beltran-Partida et al. 2017; Liu et al. 2017) e a
pulverizacdo catddica ou “magnetron sputtering” (Rupp 2012; Cao 2014; Pantaroto 2018). Esta
ultima apresenta destaque, pois promove melhor adesdo do filme a superficie, dureza e apresenta
baixo custo (Choi ef al. 2009; Yaghoubi et al. 2010; Cao et al. 2014; Lim et al. 2014). Além
disso, na pulverizacdo catddica ha possibilidade de obtengdo de filmes unicamente compostos de
anatase ou rutilo, bem como formado pelas duas fases cristalinas (Mraz et al. 2011). Portanto, ¢
um 6timo método para deposicao do filme de TiO> nas suas diferentes fases cristalinas.

A incorporagdo do TiO2 no Ti confere beneficios funcionais e estruturais (Lebre et al. 2017,
Pantaroto et al. 2018), sendo um material promissor no campo biomédico devido a sua nao
toxicidade e propriedades ndo inflamatorias (Ahmed et al. 2011). Ademais, o pé de TiO:
apresenta interacdo positiva com a proteina albumina, uma das mais abundantes proteinas

presentes no plasma sanguineo (Marucco et al. 2013). A adsor¢do de albumina ¢ um fator chave
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na biocompatibilidade dos implantes (Ahmed er al. 2011) e ¢ considerada o primeiro
acontecimento na superficie do biomaterial quando em contato com o sangue (Huang et al. 2003;
Milleret et al. 2015; Roy et al. 2016; Shahramian et al. 2019). As proteinas inicialmente
adsorvidas fazem uma cobertura sobre a superficie do implante, deixando-a apropriada para a
adesdo celular (Li et al. 2018) e consequentemente, integrando o implante aos tecidos
circundantes.

Outro fator chave na implantodontia, ¢ a habilidade do material para formacdo da
hidroxiapatita (Gowtham et al. 2016) uma vez que isso mostra a habilidade do material se ligar
ao osso (Kokubo et al. 2006), algo extremamente importante para a osseointegracdo. Além disso,
o tamanho e formato da hidroxiapatita formada pode estimular as respostas inflamatdrias apds a
sua implanta¢do (Lebre et al. 2017). Portanto, ¢ de suma importincia investigarmos tanto a
habilidade do material na formagdo de hidroxiapatita, quanto a morfologia da hidroxiapatita
formada sobre a sua superficie (Lebre et al. 2017).

Assim, fica evidente que os filmes de TiO; podem apresentar um papel importante em varios
fatores cruciais para o processo da osseointegracdo e consequentemente Nno sucesso €
longevidade do tratamento reabilitador. Entretanto ainda ndo hd um consenso na literatura sobre
qual seria a melhor fase cristalina do TiO; para aplicagdo em implantes, considerando a técnica
de pulverizagdo catodica. Entdo, esta tese tem como objetivos:

(1) comparar as diferentes fases cristalinas nos filmes de TiO» obtidos pela técnica de
pulverizacdo catodica, considerando a resisténcia a corrosdo, a adsor¢ao de proteina, bem
como a formag¢ao e morfologia da camada de hidroxiapatita;

(2) investigar a acdo da fotofuncionaliza¢do na superficie do TiO; cristalino e delinear a
influéncia do TiO, e da fotofuncionalizacio no comportamento de células pré-
osteoblasticas (quanto a morfologia, adesdo, viabilidade e mineraliza¢do) e na expressao

de citocinas inflamatorias.
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ABSTRACT

We tailored different crystalline phases in sputtered TiO; films to verify their surface and
electrochemical properties, protein adsorption, apatite layer formation and morphology on
titanium-based implant material. Two TiO: crystalline phases (anatase and rutile) were grown
on commercially pure titanium (cpTi) by magnetron sputtering to obtain the following groups:
A-TiO; (anatase), M-TiO; (anatase and rutile mixture), R-TiO; (rutile). Non-treated cpTi was used
as control. Surfaces were characterized as chemical composition, topography, crystalline phase
and surface free energy (SFE). Electrochemical tests were conducted using simulated body fluid
(SBF). Albumin adsorption was measured by bicinchoninic acid method. Hydroxyapatite (HA)
precipitation was evaluated after 28 days of immersion in SBF. Sputtering treatment modified
the topography of cpTi, increasing the surface roughness. CpTi and M-TiO; groups presented
the greatest SFE. In general, TiO; crystalline phases showed improved electrochemical
behavior, specially M-TiO, that showed the highest polarization resistance. Rutile phase
exhibited a greater influence on decreasing the current density and corrosion rate, while the
presence of a bi-phasic polycrystalline condition displayed a more stable passive behavior.
Regarding protein interaction, M-TiO increased albumin adsorption. The morphology of HA
was dependent to the crystalline phase, being more evident in the bi-phasic group. The
combination of anatase and rutile structures to generate TiO; films seems to be more suitable
for biomedical implants application as greater corrosion protection, higher protein adsorption

and bioactivity were accounted.

Keywords: Titanium; dental implants; corrosion; blood proteins; hydroxyapatites.

Highlights

e TiO; incorporation influenced the topography, roughness and surface free energy.

e  Pure rutile phase and bi-phasic anatase and rutile trigger improved electrochemical stability.
e  Bi-phasic polycrystalline TiO, enhances protein absorption.

e Different morphologies of hydroxyapatite are observed among TiO, phases.
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1. Introduction

Biomedical implants have been widely used in actual and past years. The most used material is
titanium (Ti) and its alloys due to their suitable properties such as excellent mechanical
characteristics and superior biocompatibility compared to other alloys [1]. The excellent
biocompatibility of Ti is due to the amorphous titanium dioxide (TiO) film naturally formed on
its surface with a few nanometer (5-6 nm) thick [2], which protects Ti from body fluids attack,
reducing ions release [3].

Even presenting this protective oxide layer, when exposed to body fluids, Ti is not able to
prevent long term corrosion [2]. The corrosion process involves the release of metal ions and
degradation products to surrounding tissue [4,5], which can result in adverse effects on the
body (e.g. osteolysis, bone resorption, infections) and implants (e.g. loosening and failure) [2,4].
The thicker, more compact and stable the oxide layer, the better the corrosion resistance of an
implant [6,7]. Thus, one strategy to improve Ti corrosion resistance could be the incorporation
of a stronger TiO; film on Ti surface [3]. For instance, a thicker crystalline layer of TiO, (100 nm)
on Ti surface significantly increases its corrosion resistance [8].

TiO2 has a polymorphic nature [9], exhibiting two main crystalline phases: anatase and

rutile.
Anatase exhibits a higher electron mobility and photocatalytic activity while rutile is the most
stable phase at all temperatures and pressures, besides to present higher hardness [10,11].
Several methods can be used to create TiO films including sol-gel [8,12], spin-coating [13],
anodization [14,15], and magnetron sputtering [11,16,17]. Magnetron sputtering is widely used
because it produces films with greater adhesion to the substrate, improved hardness and have
a low cost of production [9,17-19]. Utmost important, this technique has the ability to generate
pure TiO; phases of anatase and rutile [20].

The incorporation of TiO; into implants confers structural and functional benefits [11,21],
being a useful material in the biomedical field due to its non-toxicity and non-inflammatory
properties [22]. Additionally, TiO; powder presented a positive interaction with albumin, one of
the most abundant human plasma proteins [23]. Protein adsorption is a key issue in the

biocompatibility of medical implants [22] and it is considered the first major event induced on
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the surface of the biomaterial when in contact with blood [12,24-26]. The initially adsorbed
proteins cover the implant surface, leaving the surface appropriate for cell adhesion [27], and
consequently integrating the implant to the tissues. Another key factor for implants material is
the ability to form apatite [28] since it may dictate whether the material is able to bind to the
living bone [29], which is extremely important to accomplish its osseointegration. Moreover,
the shape and size of hydroxyapatite particles can stimulate inflammatory responses following
implantation [21].

Thereby, it is evident that TiO; films may play an important role on several crucial factors
for osseointegration process and implant treatment success. However, there is still no
consensus in literature about which TiO2 crystalline phase would be the most promising for
biomedical applications, considering sputtering technique. Thus, here we tailored different
crystalline phases in sputtered TiO: films to verify their surface and electrochemical properties,

protein adsorption, apatite layer formation and morphology on Ti-based implant material.

2. Materials and methods

2.1 Experimental design

Commercially pure titanium (cpTi) discs with 10 mm in diameter and 1 mm thickness were
polished, randomly divided and submitted to TiO, deposition treatment by radiofrequency (RF)
magnetron sputtering. Different TiO, crystalline phases were deposited on the experimental
groups: anatase (A-TiOy), rutile (R-TiO2) or mixture of phases (anatase + rutile) (M-TiO;). Non-
treated surface was considered the control group (cpTi). Surface analysis of crystalline phase,
topography, chemical composition, and surface free energy were performed. The corrosion
resistance of each surface was evaluated using standard electrochemical tests. Plasma protein
interaction with the different surfaces were evaluated using albumin protein adsorption
measurement. The surface ability to form apatite was evaluated using simulated body fluid

(SBF). The experimental design is shown in Figure 1.
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Control Group Experimental Groups

CpTi A-TiO, M-TiO, R-TiO,
\_ \ -/
Surface analyses Eletrochemical properties Biological properties
v Crystalline phase — XRD v Open circuit potential v Plasma protein adsorption
v' Chemical composition — XPS v’ Electrochemical impedance spectroscopy v’ Hydroxyapatite assay
v Morphology and roughness — AFM v’ Potentiodynamic polarization curve

v’ Surface free energy - goniometer

Figure 1. Experimental design of the study. XRD = X-ray diffraction, XPS = X-ray photoelectron
spectroscopy, AFM = atomic force microscopy, cpTi = commercially pure titanium, A-TiO; = cpTi
treated with pure anatase TiO; film, M-TiO, = cpTi treated with mixture of anatase and rutile

TiO; film, R-TiO, = cpTi treated with pure rutile TiO; film.

2.2 Sample preparation

2.2.1 Polishing and cleaning procedures: CpTi discs were polished in an automatic polisher
(EcoMet 300 Pro with AutoMet 250; Buehler, Lake Bluff, IL, USA) using sequential SiC grinding
papers #320, #400 and #600 (Carbimet 2, Buehler). A mirror-finished surface was obtained with
diamond paste (MetaDi 9- micron, Buehler) and colloidal silica polishing suspension
(MasterMed, Buehler). Samples were ultrasonically cleaned in deionized water (10 min) and

70% propanol (10 min) (Sigma-Aldrich) and hot air dried [30].

2.2.2 Crystalline TiO; film deposition

TiO; film deposition was performed by a RF magnetron sputtering in a Kurt J. Lesker sputtering
chamber (model KIL—System |) using a Ti-metal target (purity of 99.999%) (AJA International,
North Scituate, MA, USA). Before each deposition, the target was sputtered with Ar for 10 min
to ensure that the target was cleaned at the moment of the film growth [31]. The parameters
used were previously reported by our group [11]. Sputtered samples were individually stored

on dust free small bags before the surface and electrochemical analyses.

2.3. Surface analyses
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2.3.1 Chemical composition and crystalline phase

The chemical composition of the surfaces was analyzed by X-ray photoelectron spectroscopy
(XPS) (K-Alpha X-ray XPS, Thermo Scientific, Vantaa, Finland) using an Al K Alpha source, energy
step size of 0.100 eV and a spot size of 400 um (n = 1). Crystalline phase was verified using a X-
ray diffraction (XRD) (Rigaku-Ultima 2000+, Rigaku Corporation, Salem, NH, USA) employing a
Cu-K - A = 1.54056 A in a radiation operating at 40 kV and 20 mA at a continuous speed of 0.02°
per second in a fixed angle 2.5° and a scan range from 15° to 80° (n = 1). XRD analysis was

performed to confirm the TiO incorporation and its crystalline phases.

2.3.2 Morphology and topography

The morphology and topography of the surfaces were observed by atomic force microscopy
(AFM) (Park System-NX-10; Park systems, Suwon, Korea) in a tapping mode with a constant
force of 42 N/m, using a frequency of 320 kHz. Two- and three-dimensional micrographs of 20 x
20 um, 5 x5 um and 1 x 1 um were obtained (n = 1). Values of roughness arithmetic average
(Ra) and root means square average (RMS) were obtained in three different areas of the 20 x
20 um micrograph, and the total surface area was estimated using specific software (Gwyddion

v 2.37; GNU General Public License; Czech Republic).

2.3.3 Surface free energy

Surface free energy (SFE) was evaluated using a goniometer (Ramé-Hart 100-00; Ramé-Hart
Instrument Co., Succasunna, NJ, USA) by the sessile drop (2 mL) method through the Owens—
Wendt approach (n = 5). Polar (water) and dispersive (diiodomethane) components were used
to determine the SFE, considering the contact angle formed in the surfaces by liquids with
different polarities. Measurement of contact angles was conducted by the Ramé-Hart DROP

image Standard software (Ramé-Hart 100-00; Ramé-Hart Instrument Co.) [32].

2.4 Electrochemical properties
The electrochemical behavior of cpTi, A-TiO,, M-TiO; and R-TiO; surfaces (n = 5) was evaluated

in simulated body fluid (SBF; pH 7.4; 37 +1 2C) [30,33] based into the regulatory standards of
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the ASTM International (formerly the American Society for Testing and Materials — ASTM)
(G61-86 and G31-72). The electrochemical tests were conducted as per our previous protocol
[33]. Briefly, three tests were conducted: open circuit potential (OCP), electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization curve were performed using a
three-electrode cells associated with a potentiostat (Interface 1000, Gamry Instruments,
Warminster, PA, USA). A saturated calomel electrode (SCE) was used as a reference electrode
and a graphite rod as a counter electrode. For data analyses, the exposed area of 0.79 cm? was
considered for all surfaces (working electrode). EIS data were examined by Echem Analyst
software (Gamry Instruments) using an appropriated circuit for each surface to determine the
polarization resistance (Rp) and capacitance (Q) of the oxide layer. Nyquist, Bode, and phase
angle plots were drawn. The potentiodynamic polarization curves were analyzed by the Tafel
extrapolation method (Echem Analyst Software, Gamry Instruments) to obtain the following
parameters: Ecorr (COrrosion potential), icorr (cOrrosion current density), ipass (passivation current

density) and corrosion rate.

2.5. Biological properties

2.5.1 Plasma protein adsorption

To evaluate the plasma protein interaction with TiO, surfaces, albumin adsorption was
investigated. Five samples of each group were incubated in 100 mg/mL of albumin (Sigma—
Aldrich, St. Louis, MO, USA) under horizontal stirring (7.85 rad/s) at 37 °C for 2 h. After
incubation, in order to remove non-adherent proteins, samples were washed twice in
phosphate-buffered saline (PBS) (Gibco, Life Technologies, Gaithersburg, MD, USA) and
transferred to cryogenic tubes containing 1 mL of PBS. Samples were sonicated at an amplitude
of 80% for 60 s. The solution was vortexed and 10-fold serially diluted. Finally, the protein
adsorption was evaluated by the bicinchoninic acid method (BCA Kit, Sigma—Aldrich, St. Louis,
MO, USA), following the manufacturer’s recommendation. The protein adsorption was

calculated according to a standard curve prepared with bovine serum albumin [33,34].
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2.5.2 Hydroxyapatite precipitation

In order to investigate the bioactivity of the surfaces, samples were immersed in SBF solution,
which has concentration and composition similar to the human body fluid [35]. SBF solution
was prepared according to a previous protocol [29]. Control and experimental discs were
soaked in polypropylene tubes with 7.9 mL of SBF and incubated at 37 °C for 28 days. SBF was
refreshed every 24 h. After soaking for 28 days, samples were gently washed in purified water
and dried in a desiccator without heating [29]. To observe hydroxyapatite precipitation,
samples were analyzed by scanning electron microscopy (JEOL JSM 5600 PV, JEOL, Tokyo,
Japan) at 15 kV in magnifications of 500x, 1000x, 2000x and 8000x.

2.6 Statistical analyses

One-way ANOVA was used to test the influence of different surface conditions (4 levels) on the
SFE, electrochemical parameters and protein adsorption. Tukey HSD test was used as a post-
hoc technique to compare groups. A mean difference significant at the 0.05 level was used for

all tests (IBM SPSS Statistics for Windows, v. 21.0., IBM Corp., Armonk, NY, USA).

3. Results

3.1 Surface properties is dependent on the TiO; crystalline phase

The chemical composition of the outer layer formed on the surfaces was analyzed using XPS. All
surfaces were chemically composed of titanium (Ti), oxygen (O) and carbon (C) (Figure 2a).
Considering C is a contaminant, it was excluded from the analysis [36]. The detailed spectra of
peaks and the atomic percentage of each compound are presented. Two peaks of Ti were
observed in the Ti 2p binding energy region in all surfaces, Ti 2p1/2 and Ti 2p3/2 located at
464.7 eV and 458.4 eV respectively (Figure 2b). The energy difference between the peaks of Ti
2p1/2 and Ti 2p3/2 is 5.7 eV, thus it is expected to be Ti** in TiO2 bond [2]. A TiO2 bind can be
observed at 530 eV on the oxygen spectrum, and the peak at 532 eV is related to O—H hydroxyl
species and the peak correlated to C-O, which represent contaminants. Considering the

presence and localization of the referred peaks, it suggests the binding of Ti and O, configuring
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the TiO2. The A-TiO; spectrum presented a slight shift of the peaks compared to the other

groups. This shift can be probably due to the less oxygen content on this surface.

The surface crystallinity was analyzed by XRD (Figure 2c). All the diffraction peaks found

were related to titanium and its oxide phases. Titanium peaks were found in all surfaces due to

the substrate being made of titanium. TiO, peaks such as anatase and rutile were found only in

TiO2 coated surfaces at 25 and 27 (20) respectively. The A-TiO, surface showed anatase and

titanium peaks, M-TiO, presented titanium and a mixture of anatase and rutile peaks, while R-

TiO, was composed of rutile and titanium peaks. It suggests that the TiO, films were

successfully grown, since the films present different crystalline phases as proposed.
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Figure 2. (a) Atomic concentration (%) composition of cpTi, A-TiO2, M-TiO, and R-TiO> surfaces

obtained by XPS (n = 1). (b) Detailed XPS spectra for Ti2p and O1s and (c) XRD pattern of cpTi,
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A-TiO2, M-TiO; and R-TiO; surfaces (n = 1). Letters T, A and R in the XRD plot refers to

corresponding peaks of titanium, anatase and rutile, respectively.

The surface morphology and topography can be seen in Figure 3. CpTi surface presented a
smoother surface compared to the TiO;-treated groups as a result of its mirror-finished
condition. TiO; groups showed a granular surface, suggesting TiO, nanoparticles incorporation,
and presented homogenous film distribution on the entire substrate. R-TiO, surface exhibited
greater grains size than M-TiO; and A-TiO. A tridimensional profile illustrates the peaks and
valleys obtained for each surface. TiO, mixture phase showed the highest values of Ra and RMS

followed by rutile, anatase and cpTi, respectively.
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Figure 3. Topography, roughness average (Ra) and root means square (RMS) of cpTi, A-TiO2, M-
TiO2 and R-TiO; surfaces obtained by AFM (n = 1).
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Wettability is dependent on the SFE and contact angle data. SFE was calculated using the
water and diiodomethane contact angles. The smaller the contact angle, the higher the SFE and
wettability. SFE of each surface is shown in Figure 4a and their contact angles are shown in
Figure 4b. Here is possible to see the affinity of each surface with dispersive and polar
components. All surfaces presented a higher affinity with the polar component, which means
that the water sessile drop presented a greater spread on the surfaces compared to the

diiodomethane sessile drop. CpTi and mixture surfaces presented the highest SFE.
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Figure 4. (a) Surface free energy and (b) contact angle of cpTi, A-TiO;, M-TiO, and R-TiO>
surfaces (n = 5). Different letters indicate statistically significant differences between groups

(p<0.05, Tukey HSD test).

3.2 TiO: drives improved electrochemical stability

The oral environment plays an important role on long-term implant materials durability
because of their interaction with body fluids. In this context, electrochemical tests were carried
out to evaluate the corrosion resistance and stability of the TiO: film as a function of different
crystalline phases. CpTi and TiO-treated surfaces were immersed in SBF to observe the OCP
evolution (Figure 5) and the free potential of material for 1 h (Table 2). Although all surfaces

presented a clear stable potential (vs. SCE) after immersion in SBF, R-TiO; and M-TiO; tended to
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faster stabilize the potential (around 250 s after immersion) than the other groups. This
behavior can be related to a rapidly growth of a spontaneous passive film on the materials
surface. Interestingly, A-TiO> showed the most electropositive potential, which is indicative of a

nobler behavior.
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Figure 5. Representative open circuit potential evolution (vs. SCE) curves of cpTi, A-TiO,, M-TiO>

and R-TiO; surfaces as a function of time in SBF.

Table 2. Mean (and standard deviation) of open circuit potential (OCP) (vs. SCE) of cpTi, A-TiO>,
M-TiO; and R-TiO; surfaces (n = 5) after 1 h in SBF.

Group OCP (V vs. SCE)
cpTi -0.13 (0.06)
R-TiO, -0.07 (0.02)°
M-TiO, -0.19 (0.01)¢
A-TiO, 0.02 (0.01)

Different letters indicate statistically significant differences between groups (p<0.05, Tukey HSD

test).

EIS assessment was performed to understand the electric properties of the film/oxide layer
formed on each surface. Wider diameter for the hemiarches of Nyquist plots (Figure 6a) and
higher values of impedance (|Z|) and phase angle on the bode plot (Figure 6b) represent a
more protective behavior against corrosion. TiO: film improved the electrochemical stability of

Ti where M-TiO; displayed the most open hemiarch followed by the R-TiO, (Figure 6a). Both
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groups also exhibited higher values of impedance (Figure 6b). Analyzing the phase angle, two-
time constants are clearly seen for M-TiO; and A-TiO2 but with different shapes. While the
surface formed only with anatase phase presented higher phase angle at higher frequencies,
the mixture-phase group showed a considerable increase for this parameter at low frequencies,
which can imply in a greater resistance to corrosion of the inner regions of the film. On the
other hand, R-TiO> demonstrated the best performance at low frequencies with a very stable

phase angle for the intermediate frequencies.
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Figure 6. (a) Representative Nyquist and (b) bode plots of cpTi, A-TiO2, M-TiO, and R-TiO>

surfaces.

The electrochemical parameters (Table 3) were obtained after fitting the EIS results with
equivalent circuits (Figure 7). CpTi group was fitted with a simple circuit consisting of R,
(polarization resistance) and a constant phase element (CPE, named as Q) in parallel (Figure 7a).
For the TiO,-treated groups, another pair of elements was considered due to the presence of
the film; hence two different electrochemical interfaces are presented. The external and
internal electrochemical interfaces were represented by Qout/Rpout and Qin/Rpin, respectively
(Figure 7b). To confirm if the EIS data were appropriately fitted, the fitting lines are shown in
the Nyquist and bode plots. Additionally, the chi-square (x?) values for all groups were settled in
the order of 103 (Table 3), showing that the equivalent circuit chosen for each surface is
adequate. Qiot and Rptwot Were obtained by the sum of both Q and Ry and used for the statistical

analysis. The polarization resistance of M-TiO2 was more than 3 orders higher compared with

-0 (degrees)
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other groups (p < 0.05). On the other hand, R-TiO; possessed the lowest values of capacitance.
In fact, all the TiO,-treated surfaces showed statistical lower Q:ot than control cpTi (p < 0.01),
evidencing their protective behavior. For all TiO> films, the Rpin was higher than Rpout. However,
A-TiO; showed a higher Q for the inner electrochemical interface, which can infer a decrease of
the corrosion resistance. This fact can be related with the drop of the phase angle in low
frequencies. M-TiO, seems to be the most homogeneous film since it had the highest n values

for both electrochemical interfaces.

a)
Rsol
RP
b)
Rpout Rpin

Figure 7. Equivalent circuits used to fit EIS data of (a) cpTi, (b) A-TiO2, M-TiO; and R-TiO;
surfaces. Rsol represents the solution resistance; Q represents the constant phase element of a
sigle compact oxide layer; Qout and Qi represent the constant phase element of the outer and
inner oxide layer, respectively; and Rpout and Rpin represent the polarization resistance of the

outer and inner oxide layer, respectively.
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Table 3. Means (standard deviations) of electrical parameters obtained from the equivalent circuit models of cpTi, A-TiO2, M-TiO2

and R-TiO; surfaces (n = 5).

Groups

*oAg- -2 -
(MQcm?)  (GQem?) (§*s"aem™)x10

rl_out

(S*shaem?)x107° (S*shacm?)x10¢

X2 X 10-3

cpTi
R-TiO;
M-TiO;

A-TiO,

(0.81x107)° 10.28 (0.65)

2.51(3.90)  2.51(3.89) 0.46 (0.08)

0.02 (0.01)° 2.15(0.11)

0.94
(0.01)
0.92
(0.02)
0.84
(0.01)
0.91
(0.01)

10.28 (0.65)"
0.18 (0.07) 0.64 (0.16)°
2.82 (0.20)°

6.00 (0.98)°

1.30 (0.86)
0.78 (0.56)
4.65 (0.50)

0.47 (0.09)

Different letters indicate statistically significant differences between groups (p<0.05, Tukey HSD test).



32

The electrochemical stability of TiO, films was also tested based on variety of cathodic

and anodic potentials via potentiodynamic polarization test. A representative polarization

curve for each group is shown in Figure 8 and the electrochemical parameters derived from

these curves are described in Table 4. R-TiO; and M-TiO; exhibited the greatest corrosion

behavior, where nobler Ecorr values and lower icorr, ipass and corrosion rate were noted (p <

0.05). However, observing the polarization curves some differences may be noticed. For

instance, the film composed by the mixture of anatase and rutile displayed a remarkable

passive behavior. It can be observed by a stable and wider passivation region at very low

current density that starts almost immediately after the onset of the anodic region. The

presence of the film seems to influence this feature, since all TiO,-treated groups showed

the passivation region shifted to the left of the graph.
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Figure 8. Representative polarization curves of cpTi, A-TiO2, M-TiO; and R-TiO; surfaces.

Table 4. Mean and (standard deviation) values of electrochemical parameters obtained from

the potentiodynamic polarization curves of cpTi, A-TiO2, M-TiO; and R-TiO; surfaces (n=5).

Group Ecorr Icorr Ipass Corrosion Rate
(mV) vs. SCE (nA) (nA) (mpy) x 103
cpTi -285.20 4593.42
(100.86)° 9.08 (1.38)° (350.92) 4.15 (0.63)°
R-TiO; -125.00 (44.91) 2.68 (1.07)¢ 8.22 (1.44)° 1.22 (0.39)¢
M-TiO; -238.75 (24.90)* 3.61 (0.42)° 5.73 (0.66)° 1.65 (0.15)°
A-TiO2 -324.75 (19.21)° 16.01 (2.75) 25.20 (2.41)° 7.31(0.98)
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Different letters indicate statistically significant differences between groups (p<0.05, Tukey’s

HSD test).

3.3 Protein adsorption and apatite morphology are surface dependent

Figure 9 displays the interaction between cpTi and TiOx-treated surfaces with albumin. M-
TiO; surface presented the highest albumin adsorption compared to the cpTi, A-TiO, and R-
TiO2 which presented a similar behavior. The association of higher surface roughness and

surface free energy may be one reason for this superiority.
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Figure 9. Albumin adsorption of cpTi, A-TiO2, M-TiO2 and R-TiO; surfaces (n = 5). Different

letters indicate statistically significant differences between groups (p<0.05, Tukey HSD test).

The hydroxyapatite layer formed on the surfaces after immersion in SBF solution for 28
days are shown in Figure 10. All surfaces were able to form apatite; however, the apatite
morphology was surface dependent. CpTi and A-TiO, presented a needle shaped
morphology whereas M-TiO, and R-TiO> presented a spherical shaped, in which a
considerable small feature for M-TiO, can be observed. The hydroxyapatite layer formation
over TiO; surfaces containing rutile were more complete compared to the cpTi surface and

A-TiO,, which presented only agglomerates on their surface.
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Figure 10. Scanning electron micrographs (at 15 kV) of hydroxyapatite layer on cpTi, A-TiO>,
M-TiO; and R-TiO: surfaces immersed in SBF after 28 days. Scale bar = 10 um. (Arrows

indicates hydroxyapatite precipitation and * indicates uncovered surface.

4. Discussion

Developing protective and bioactive films for biomedical implants has been shown an
important option to ensure treatment success in the last years. Herein, TiO; films with
different crystalline phases (anatase, rutile and a mixture of phases) were incorporated onto
cpTi surfaces. These films (312-338 nm) [11] were able to improve the corrosion resistance
and biological properties of this biomaterial. To the best of our knowledge, this is the first
time that these features could be directly correlated with the crystalline phases of films
formed by magnetron sputtering on cpTi. TiO; crystalline phases drove the surface
properties, electrochemical parameters, albumin adsorption and hydroxyapatite

precipitation.
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Previews studies have demonstrated that TiO; films formed by sputtering are more
stable than the natural oxide layer formed on metal surfaces, and can effectively enhance
the corrosion resistance of Ti by reducing the cathodic and anodic reactions [37,38]. In
general, M-TiO, and R-TiO; showed the best behavior for all electrochemical tests.
Concerning to R-TiOg, this surface presented the lowest values of Qtot, icorr and corrosion rate,
which are parameters related with the ions exchange between the electrolyte and substrate.
The lower these values, the higher the corrosion resistance. In this case, the film acted as a
barrier against the transport of ionic species in the electrolyte through the surface slowing
down the electrochemical process [37]. It is well known that rutile phase is the most stable,
dense and resistant among the crystalline TiO, phases [10,39], which may have guaranteed
the above-mentioned results.

Consonantly, M-TiO; surface must be highlighted since the mixture of anatase and rutile
produced a surface with polarization resistance almost 6 orders higher than the non-treated
control group, indicating an extreme protection against corrosion. Besides that, M-TiO;
displayed a great passivation behavior which can ensure long-term electrochemical stability
and lower degradation rates of the implant material. This behavior may be related to the
higher degree of crystallinity [40] that was obtained by the combination of both TiO; phases.
Besides, this surface may have a more homogeneous film with small or none defects/pores
and a strong bonded interface with the substrate, which can be confirmed by the higher
values of nin» and greatest phase angle at low frequencies, resulting in a drastic inhibition in
pitting propagation [41]. The small Qi.t difference between M-TiO, and R-TiO, can be
explained by the surface features, since the higher roughness and wettability of the mixture
group may affect negatively the passive film formation [42,43] and can enhance the
electrochemical exchanges by lowering the contact resistance between the electrode and
electrolyte [43,44], respectively.

In contrast, A-TiO, exhibited the worst electrochemical performance among the
sputtered surfaces, but still better than that of non-treated control. Some hypotheses can be
drawn to such behavior. Firstly, A-TiO, film presented the most electropositive potential
(OCP) amongst the surfaces exhibiting the highest difference with the cpTi. Such difference
can favor the occurrence of galvanic corrosion between the coating and the substrate [37].

Secondly, the small amounts of Ti2p and O1s observed in the XPS analyses may be another
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reason since Ti has a very high affinity towards O and their decrease can reflect in a low
degree of crystallinity, and the presence of amorphous inclusions in the film structure [40].
In addition, among the TiO; surfaces, anatase has the lowest hardness [11] and may be less
stable than the other films leading to an increase in the degradation rate. Thus, it is notable
that rutile phase presents a greater positive influence on the electrochemical stability of
films formed on Ti. However, the combination of both TiO; phases showed a remarkable
protective behavior. Controlling the amount of rutile in M-TiO2 films could be a way to
improve even more this surface since it seems that a higher amount of anatase is observed
over rutile in the XRD spectra.

With regard to the morphology found in the studied surfaces, it was quite characteristic
of TiO2 nanoparticles incorporation, since TiO2 nanoparticles are smaller than 1 um and are
used to arrange in agglomerates [10]. The particle size varied according to the crystalline
phase [45]. Rutile presented larger grains compared to small anatase grains, and it is
possible to note grains of both sizes in the mixture surface, which may justify its greater
roughness. The difference in the grain size is due to the crystallinity process, in which
amorphous TiO; firstly forms anatase, which can be transformed in rutile phase. The rutile
particle shape suggests that its grains has formed via the coalescence of several “prior”
anatase particles [46], increasing the grain size and reducing the surface area [45].

Correlating surface morphology and contact angle, it is known that surface roughness
can directly influence the contact angle. The highest roughness observed on mixture phase
reflected on its higher hydrophilicity status, which can be explained by the Wenzel state, in
which the liquid is in contact with the asperities of the surface [47,48]. However, for A-TiO;
and R-TiO; surfaces it was different, since they presented the lowest roughness and a similar
contact angle to the mixed phase group. Such behavior can be explained by the
Cassie-Baxter relation, in which the droplet sits on top of the roughened surface with
trapped air underneath, presenting a reduced spreading and consequently an increasing in
its contact angle [47,48].

Furthermore, roughness and surface free energy can influence the protein adsorption
[49,50]. While higher roughness may enhance the number of binding sites for proteins, a
superior surface free energy can lead to an improved interaction between fluids and surface.

The mixture of anatase and rutile phases presented the greatest albumin adsorption, which



37

can be explained by its higher roughness and surface free energy compared to the other
surfaces. Both anatase [12,22] and rutile [2] separately are capable of adsorbing proteins on
their surfaces. A previous study also investigated the albumin adsorption onto mixture of
anatase and rutile using the TiO, powder P25, varying the ionic strength and pH, and found
that albumin adsorption was achieved within a few minutes [51]. It has been showed that
the albumin adsorption among powders of anatase, rutile and the mixture of phases were
similar [23]. As can be seen, herein all surfaces were able to interact with albumin. The film
formed by the mixture phase of TiO, seems to be more interesting to albumin adsorption.
The difference between our results and the literature is related to the material and
evaluation method. The reported studies used TiO, powder dissolved in solutions to verify
the protein adsorption, while in the present study we used a resistant TiO; film-bonded
nanoparticles formed by a sputtering method that presents other features (e.g. roughness,
wettability, composition) to be considered.

Despite anatase seems to be more favorable for the apatite formation [52], this study
shows that all TiO, surfaces were able to form hydroxyapatite layer. Furthermore, the
greater hydroxyapatite coverage in TiO, surfaces was previously described since TiO; seems
to present higher bioactivity than the bare Ti substrate [52,53]. However, different
hydroxyapatite morphologies were found between surfaces. It can be justified by the
different surface morphologies of the studied groups. As a matter of fact, the groups
presenting rutile seems to stimulate greater hydroxyapatite coverage and to modify its
morphology. The differences in hydroxyapatite morphology can be justified by the presence
of some points: (1) different surface topographies, since rough surface topography may lead
to a more uniform hydroxyapatite coating than a smoother surface; and (2) the differences
in matching between the crystal orientation of the initially formed hydroxyapatite crystals
and the crystal directions of the substrate surface [53]. Seeing that anatase is the first crystal
to be formed from Ti, it can justify the similarity of hydroxyapatite morphology between cpTi
and A-TiO; surfaces. With regard to M-TiO; and R-TiO,, it is clear that the hydroxyapatite
spherical shaped have grown following the grain sizes of each surface with smaller spheroids
for mixture group. As observed in AFM images, M-TiO; formed smaller grains than rutile
alone. Furthermore, the morphology and particle size of hydroxyapatite seems to influence

inflammatory response, being that needle-shaped hydroxyapatite generated a prolonged
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inflammatory response compared to spherical shaped hydroxyapatite [21]. Notwithstanding,
the cell viability seems to not be influenced by the different hydroxyapatite features, since
human fibroblast cells presented similar viability to different hydroxyapatite morphologies
synthesized in vitro [54]. Thus, in relation to hydroxyapatite precipitation, M-TiO; and R-TiO;
seems to be more interesting for the osseointegration process.

In summary, this study grew films of pure anatase, pure rutile and a mixed of anatase
and rutile TiO; crystalline phases onto Ti-based material to determine their electrochemical
stability, protein adsorption and hydroxyapatite precipitation capacity. Considering our
results, TiO> consistently improved electrochemical stability, protein adsorption and
bioactivity of Ti surface, and among the three studied TiO. phases, the mixed TiO; is the
most promising surface for implant applications. Extrapolating to a clinical situation, it is
possible to infer that the mixed TiO, film can enhance the longevity and success of

biomedical implant treatment.

5. Conclusions

TiO; films presenting different crystalline phases (anatase, rutile and mixture phases) were
grown on titanium substrates using magnetron sputtering. The role of each TiO, phase on
the surface properties, electrochemical stability, protein adsorption and apatite formation
were outlined to define the most suitable option to sputter titanium surfaces for biomedical
implant applications. Herein, phase pure rutile TiO2 and bi-phasic rutile and anatase TiO;
films trigger superior electrochemical stability. However, the bi-phasic TiO; film seems to be
more promising for implants application as greater albumin adsorption and bioactivity are

noted.
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Abstract

UV photofunctionalization has been reported as an approach to improve physico-chemical
and biological performance of titanium (Ti). This in vitro study determined the impact of UV-
photofunctionalized mixed-phase TiO> films on physico-chemical properties of Ti discs and
cell biology. Anatase-rutile TiO> films were grown by magnetron sputtering on commercially
pure titanium (cpTi) discs, and samples were divided as follow: cpTi (negative control), TiO>
(positive control), cpTi UV, TiO, UV (experimental). Surfaces were analyzed in terms of
morphology, topography, chemical composition, crystalline phase and wettability. Pre-
osteoblastic cells (MC3T3E1) were used to assess cell morphology and adhesion, viability,
mineralization potential and cytokine expression (IFN-y, TNF-a, IL-4, IL-6 and IL-17). TiO»-
coated surfaces exhibited granular surface morphology and greater roughness.
Photofunctionalization increased wettability on both surface conditions (p<.05). TiO»-treated
groups featured normal cell morphology and spreading, and greater cellular metabolic activity
at 2 and 4 days (p<.05), whereas UV-photofunctionalized surfaces enhanced cell metabolism
and increased mineral nodule formation (day 14) (p<.05). In general, assessed proteins were
found slightly affected by either UV or TiO> treatments. Altogether, the findings suggest that
UV-photofunctionalized TiO2 has the potential to improve the ability of cells to form mineral

nodules by modifying Ti physico-chemical properties towards a more stable context.

Key words:

Titanium oxide; Sputtering; Titanium; Ultraviolet Therapy; Osteoblasts; Cytokines.

Highlights:
1. Mixed TiO; + UV-photofunctionalization enhanced cell metabolism and adhesion.
2. UV-photofunctionalization increased mineral nodule formation in vitro.

3. Some inflammatory markers were slightly affected by either UV or TiO, treatments.
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1. Introduction

High success rates have been reported for implant-supported dental prosthetic
rehabilitation. Bone healing around dental implants is a coordinated and sequentially
organized repair mechanism of the organism [1]. This process involves cytokine secretion,
which coordinates the healing process along with proteins and cells. New bone formation
begins with the secretion of a collagen matrix by osteoblasts [1], being crucial for inducing
interfacial bone formation or osseointegration [2]. However, implant placement is not
always possible on “ideal” conditions, and unfavorable conditions may eventually affect
success rates and long-term outcomes. Thus, it is of utmost importance to develop methods
that could enhance and/or improve wound healing around titanium (Ti) implants [3] in order
to enhance treatment predictability. Currently Ti is the preferred material to produce dental
implants with the potential to achieve osseointegration [4]; however after manufacturing, Ti
is susceptible to a natural surface aging, which may account for a loss of bioactivity [5,6]. As
an attempt to produce more stable metal surfaces, photofunctionalization has been
proposed as a viable method [5,6].

Photofunctionalization is an ultraviolet light (UV) pretreatment on the implant surface
previously to its implantation. Importantly, photofunctionalized surfaces are known to be
osteoconductive [6]. In addition, in vitro and in vivo studies have shown that
photofunctionalization of machined Ti and Ti-treated surface is effective, and may provide a

complete and faster bone-implant interface [3,6—-13]. While photofunctionalization has been
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reported to affect chemical and wettability properties of Ti surfaces [5,6], the presence of
titanium dioxide (TiOz) has been suggested as an enhancer for such an effect [6]. A recent
study have investigated the effect of UV-photofunctionalization on crystalline mixed-phase
TiO2 obtained by alkali and heat treatment, and demonstrated that UV irradiation was able
to improve biocompatibility and antimicrobial properties of TiO, [3]. Although, some
progress has been made to understand the potential of photofunctionalization to improve
surface properties of Ti-made materials, there is a lack of evidence to establish the most
effective approach. Magnetron sputtering is a suitable and simple method to deposit
crystalline TiO; films with the advantages of resulting in greater film adhesion, hardness,
hydrophilicity and low cost [14-17]. The potential of UV-photofunctionalization on
magnetron-sputtered TiO, films remains unknown. In the current investigation, we
hypothesized that UV-photofunctionalization on magnetron-sputtered TiO; films created on

Ti discs would significantly improve their physico-chemical and biological properties.

2. Materials and methods

2.1 Experimental design

Commercially pure titanium (cpTi) discs (grade 2 as per the ASTM) (15 mm diameter x 1 mm
thickness) (Realum, Vila Prudente, Sdo Paulo, Brazil) were used. TiO,-coated cpTi samples
were submitted to radiofrequency (RF) magnetron sputtering technique to obtain crystalline
TiO; films composed of anatase and rutile. Afterwards, cpTi and TiO2-coated cpTi samples
were submitted to UV photofunctionalization. Thus, the studied groups were: 1. cpTi
(negative control); 2. cpTi UV; 3. TiO2 and 4. TiO, UV. Samples’ surfaces were characterized
based on their chemical composition, crystalline phase, morphology and wettability (contact
angle measurement). In vitro cell behavior was evaluated considering the morphology,
viability, mineralization potential and cytokine expression of a pre-osteoblastic cell line

(MC3T3-E1). The experimental design is summarized on Fig. 1.
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Figure 1. Experimental design.

2.2 Sample preparation

In order to obtain a homogeneous TiO: film deposition, discs were polished using sequential
SiC grinding papers (#320, #400 and #600) (Carbimet 2, Buehler, Lake Bluff, IL, USA) in an
automatic polisher (EcoMet/AutoMet 250 Pro, Buehler). Next, discs were mirror finished
with diamond paste (MetaDi 9- micron, Buehler), lubricant (MetaDi Fluid, Buehler) and
polishing cloth (TextMet Polishing Cloth, Buehler). Finally, a colloidal silica polishing
suspension (MasterMed, Buehler) was used with a ChemoMet | polishing cloth (Buehler).
Samples were ultrasonically cleaned in deionized water (10 min) and degreased in 70%

propanol (10 min) (Sigma-Aldrich, St. Louis, MO, USA) and hot air dried [18].

2.2.1 Mixed-phase crystalline TiO; film deposition

TiO, films were grown by a radiofrequency magnetron sputtering in a Kurt J. Lesker
sputtering chamber (model KIL—System [). A Ti-metal target (99.999%) (AJA International,
North Scituate, MA, USA) was used in a Torus 3” sputtering gun. Before each deposition, the
target was sputtered with Ar for 10 min to ensure that its surface is clean during the growth
of the films [19]. The parameters used, developed in a previous investigation [20] are shown
in Table 1. Sputtered samples were individually stored on dust free small bags before the
surface analysis, and for the biological tests samples were previously sterilized by gamma

radiation (14.50 + 0.05 kGy) [21].

Table 1. Deposition parameters of TiO; films grown by RF magnetron sputtering.
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Total time Heater
Ar flux 0 flux Pressure RF Power
deposition temperature
40 SCCM 1SCCM 1.2 x 102 Torr 240 W 12 h 400 °C

2.2.2 UV-photofunctionalization procedure

Photofunctionalization was performed in the cpTi UV and TiO, UV samples in a customized
light apparatus coupled with UVA (360 nm - 40 W) and UVC lamps (250 nm - 40 W) for 48 h
[5,10]. Photofunctionalized surfaces were used immediately (fresh surface) for surface

analysis and cell culture.

2.3 Surface characterizations

Samples were submitted to surface characterization to confirm the TiO; incorporation, the
presence of anatase and rutile crystalline phases. Furthermore, the wettability and
morphology were also evaluated, considering that such properties are important for cell

interaction [6,22-24].

2.3.1 Chemical composition and crystalline phase analysis

Chemical composition of the outmost oxide layer was determined by X-ray photoelectron
spectroscopy (XPS) analysis (K-Alpha X-ray XPS, Thermo Scientific, Vantaa, Finland)
employing an Al K Alpha source, energy step size of 0.1 eV and a spot size of 400 um (n = 1).
To investigate the crystalline phase, samples were analyzed by X-ray diffraction (XRD)
(Rigaku-Ultima 2000+, Rigaku Corporation, Salem, NH, USA) using a Cu-K - A = 1.54056 A in
operating radiation at 40 kV and 20 mA under continuous speed (0.02°/second) in a fixed
angle (2.5°) and a scan range from 15° to 80° (n=1). Considering that photofunctionalization
is not able to alter the crystalline phase [3] only cpTi and TiO; groups without UV light

application were assessed.

2.3.2 Topography and morphology analyses
Surface topography was analyzed by atomic force microscopy (AFM) (Park System-NX-10;
Park systems, Suwon, Korea), using a frequency of 320 kHz in a tapping mode with a

constant force of 42 N/m. Two- and three-dimensional micrographs of 20x20 um, 5x5 um
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and 1x1 um were obtained. Roughness values arithmetic average (Ra) and root means
square average (RMS) were obtained in three different areas of the 20x20 um micrograph
and the total surface area was estimated using a specific software (Gwyddion v 2.37; GNU
General Public License; Czech Republic). Considering that photofunctionalization is not able
to alter roughness [3,7,10] and topography [5,25], only cpTi and TiO, groups without UV light

application were assessed (n=1).

2.3.3 Wettability

Contact angle was determined for all the studied surfaces using a goniometer (Ramé-Hart
100-00; Ramé-Hart Instrument Co., Succasunna, NJ, USA) by the sessile drop (15 mL) method
through the Owens—Wendt approach (n=5). Briefly, two liquids with different polarities were
used, water (polar component) and diiodomethane (dispersive component), and the contact
angle measurements were performed using the Ramé-Hart DROP software (Ramé-Hart 100-
00; Ramé-Hart Instrument Co., Succasunna, NJ, USA) [26]. Photofunctionalized surfaces were

evaluated immediately and after 1, 2, 3, 4, 5 and 6 h after UV exposure.

2.4 Cell culture

In order to determine the impact of experimental and control surfaces on cell response, a
pre-osteoblastic cell line (MC3T3-E1) was used. 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,
Gaithersburg, MD, USA), penicillin (100 U/mL) in a humidified incubator at 37 °C and 5% CO;
atmosphere. After reaching confluence (70%—-80%), cells were detached using
trypsinethylenediaminetetraacetic acid (Gibco, Life Technologies, Gaithersburg, MD, USA),
centrifuged, and resuspended in culture medium for seeding over the previously gamma

sterilized samples.

2.4.1 Cell morphology and adhesion

Cells were seeded on the samples in duplicate at 1.5 x 10 cells/mL in a 24-well plate in
Alpha MEM supplemented with 10% FBS and antibiotics. After 24 h, the medium was
replaced for Alpha MEM supplemented with 2% FBS plus antibiotics (day 0), which was
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refreshed every other day. After 1, 2 and 4 days the culture medium was removed, cells
were fixed using Karnovsky’s solution (pH 7.4) overnight at 4°C and post-fixed in osmium
tetraoxide (1%) for 1 h at room temperature. Samples were dehydrated in a series of
increasing concentrations of ethanol washes (60%, 70%, 80%, 90% and 100%) for 10 min at
room temperature, critical-point dried using CO, (Denton Vacuum, mod. DCP-1,
Moorestown, NJ, USA) and gold sputtered (Bal-Tec, mod. SCD 050, Furstentum,
Liechtenstein) [27]. Cell morphology and adhesion were determined by scanning electron
microscopy (SEM) (JEOL JSM-5600LV, Peabody, MA, USA) using 100x, 250x and 500x

magnification. Experiments were performed at least twice with similar results.

2.4.2 Cellular metabolism assay

Cells were seeded (3 x 10* cells/mL) over the samples in a 24-well plate. At the end of the
experimental periods, culture medium was removed and 900 uL of Alpha MEM with 100 uL
of MTT (5 mg/mL) (Life Technologies, USA) was added and incubated at 37 °C and 5% CO; for
4 h. Subsequently, 500 uL of dimethyl sulfoxide (Sigma-Aldrich, USA) was added to each well
to dissolve the formazan crystals produced by the cleavage of MTT salt in the mitochondria
of viable cells. Cellular metabolic activity was determined at days 1, 2 and 4 days. Three
aliquots (100 pL) of each sample were transferred to a 96-well plate and the optical density
of the solution was read at 570 nm wavelength using an Elisa Reader (VersaMax, Molecular
Devices, Sunnyvale, CA, USA). The obtained mean of the three readings of each sample was
considered as a single value [28]. Experiments were performed in triplicate and at least twice

with similar results.

2.4.3 In vitro mineral nodule formation assay

In order to determine the impact of control and experimental surfaces on cell differentiation
and in vitro mineral nodule formation, cells were incubated in aMEM (Gibco, Life
Technologies) with and without ascorbic acid, supplemented with 10% FBS (Gibco, Life
Technologies) and antibiotic (penicillin/streptomycin) (10 pg/mL) (Gibco, Life Technologies)
at 37 °Cin a humidified atmosphere of 5% CO; for 4, 7 and 14 days. After each experimental
period, cells were washed in PBS, fixed with 70% ethanol for 1 h and then, washed in

NanoPure solution to remove the ethanol. Next, cells were stained with red Alizarin solution
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(AR-S) at 37 °C for 10 min as previously reported [29] and aliquots (100 uL) of the solution
from each sample were transferred to 96-well plate in triplicate to perform the absorbance
reading in a spectrophotometer (562 nm) [29]. Experiments were performed in triplicate

and, at least twice, with similar results.

2.4.4 Cytokine profile assessment

In order to define the impact of control and experimental surfaces on the expression of
selected inflammatory markers, cells were seeded in triplicates (3x10* cells/well) in a 24-well
plate and cultured for 1, 2 and 4 days. The secreted levels of interleukin (IL)-4, IL-6, IL-17,
tumor necrosis factor (TNF)-a, and interferon (IFN)-y were determined in the culture
medium using the multiplexing technology following as previously reported [30]. Protein
concentrations were estimated using a standard curve and a specific software
(Xponent®Millipore Corporation, Billerica, MA, USA). The mean concentration of each

biomarker was calculated and expressed as picogram per milliliter.

2.5 Statistical analysis

Two-way ANOVA analysis was used to evaluate the influence of surface treatment and time
on the contact angle and cell metabolic activity (MTT). Mineral nodule formation was
statistically analyzed by three-way ANOVA to investigate the effects of surface treatment,
period and medium conditions. Tukey Honestly Significant Difference (HSD) test was used for
post-hoc comparisons. Levels of cytokines were assessed using the non-parametric Kruskal-
Wallis test to investigate the influence of surface treatment. Non-parametric Mann-Whitney
U test was used to compare groups in pairs. For all the statistical analysis a p value of 0.05

was defined (IBM SPSS Statistics for Windows, v. 21.0., IBM Corp., Armonk, NY, USA).

3. Results

3.1 Physico-chemical characterizations of titanium surfaces
Chemical analysis of the outer layer formed on the surfaces of bare and TiO, coated cpTi
substrates revealed the presence of Ti2p, oxygen (O1s) and carbon (Cls). The detailed

spectra of the peaks and the atomic percentage of each compound are presented in Fig. 2.
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Peaks of Ti such as Ti 2p1/2 and Ti 2p3/2 were detected and located at 463.6 eV and 458 eV,
respectively [31-33]. There was a 5.6 eV energy difference between these peaks, which
suggested that the oxidation state is Ti** in TiO; sites, as expected [34]. The oxygen peak
positioned at 529 eV was associated to the bonding in the TiO; lattice, while the peak at 532
eV was related to O-H hydroxyl species and the peak correlated to C-O, which may
represent contaminants most likely originating from the substrate polishing process [31-33].
The localization of surface peaks found suggests TiO> binding. Carbon contamination on Ti
surfaces is typical and unavoidable due to its spontaneously adsorbing from ambient air onto
the surface [33]. Two carbon peaks were observed, one at 284 eV representing a
hydrocarbon species or impurities C-H/C—C and another peak located at 286 eV associated
to C-0 species [33] (Fig. 2a). In summary, photofunctionalization drastically reduced the C
content and to increased Ti and O contents for both, atomic percentage and peak intensity.

This event was even more evident for TiO, UV surfaces (Fig. 2b).

a)
- O1s
Tizp Ti2p,,
Tio,
Ti2p 7 “‘\
o = seev /o o
O 3 oo Tizp, ! | B Vil 5
- O e TIO,W 6 oo To, e Tio,Uv
= Tizp,, a 3 N
S e, LAY < oH 4
2 nad Ti2D,, * e ereeennanses TIO =2l N
2 7 o 2 2 e o TO, " TiO
o) Tizp A & s 2
c e 20/ E oH, -
AR - Foeeoenn e vor cpTi UV oo oo St o, i
ISt S i ot Tl ) S
S wee GpTi R U oeemes pTi
T T T T T T )
475 470 465 460 455 450 545 540 535 530 525
Binding energy (eV) Binding energy (eV)
Ci1s b)
C.0C-C/CH XPS atomic concentration (%)
— e e TIO, UV
cC/CH Groups Ti (o} C
AN
- co.” AN
(:“x_ e e e e tee TiO, cpTi 54 26.8 67.8
> co “CICH _
a — I T epTilV cpTi UV 17.8 67.5 14.6
kol c-C/C-H
£ -
Tio, 15.3 46.7 38
c-o/,r"’
Foe e e e e Ml . cpTi Tio, UV 20.3 71.1 8.5
T T T T
295 290 285 280

Binding energy (eV)

Figure 2. (a) Detailed XPS spectra and (b) chemical composition (at%) for cpTi and TiO»-

coated surfaces before and after UV-photofunctionalization.
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The crystalline phases of the samples were evaluated using an XRD (Fig. 3). The peaks found
were Ti (T), Anatase (A) and Rutile (R) related to titanium and its oxide phases. Titanium
peaks were found in all surfaces due to the substrate being made of titanium, whereas TiO;
anatase and rutile peaks were found only for TiO; coated surfaces. Therefore, data analysis

confirmed the successful incorporation of mixed-phase crystalline TiO, on the cpTi surfaces.
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Figure 3. XRD pattern of surfaces for cpTi and TiO,-coated surfaces (n = 1). Letters T, A and R
refers to the corresponding peaks of titanium, anatase and rutile, respectively. The XRD
spectra are reprinted (with modifications) from Dental Materials, Pantaroto et al.
Antibacterial photocatalytic activity of different crystalline TiO, phases in oral multispecies

biofilm, 34:182e195, 2018; Copyright (2020), with permission from Elsevier.

Fig. 4a shows the affinity of each surface with polar (water) and dispersive
(diiodomethane) components by immediately measuring the contact angle of liquids. A
contact angle below 90° suggests a great droplet spread and consequently a hydrophilic
surface, whereas a contact angle above 90° means that the surface tends to hydrophobicity
[35]. The smaller the contact angle, the greater the surface wettability. Despite all surfaces
presenting a hydrophilic status, UV-photofunctionalization significantly reduced contact
angle (p<.05). The water contact angle mean values of cpTi and TiO, was 84° and 90°,
respectively, and 39° and 23° for cpTi UV and TiO> UV. In contrast, the diiodomethane
contact angle was only slightly reduced by photofunctionalization. Furthermore,

photofunctionalized surfaces displayed higher affinity with the polar component, which
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means that the water sessile drop presented a greater spread on the surface. Nevertheless,
the effect of photofunctionalization on the water contact angle presented a short life, where

after 1 h of UV treatment the hydrophilic nature of both surfaces was attenuated (Fig. 4b).
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Figure 4. a) Immediate (0 h) water and diiodomethane contact angles for cpTi and TiO»-
coated surfaces before and after UV-photofunctionalization. b) hydrophilic status degradation
(up to 6 h after UV treatment) for UV-photofunctionalized cpTi and TiO»-coated surfaces.
*p<0.05, using Tukey’s HSD test.

Fig. 5 illustrates the morphology and topography of cpTi and TiO, surfaces. CpTi
featured a smoother surface due to the mirror finishing procedure, whereas the TiO; surface
showed a granular nature, suggesting TiO2 nanoparticles incorporation. It is possible to note
the presence of granules in different sizes, as a result of anatase (smaller granules) and rutile
(larger granules) structures [36]. Additionally, TiO; film homogenously covered the substrate
surface. A tridimensional profiling illustrates the peaks and valleys obtained of each surface.

TiO; presented higher values of Ra and RMS in comparison to cpTi.
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Figure 5. Topography, morphology, roughness average (Ra), root means square (RMS) for

cpTi and TiOz-coated surfaces before UV-photofunctionalization obtained by AFM.

3.2 Biological data

3.2.1 Cell morphology and adhesion

In order to evaluate cell adhesion, spreading and colonization on control and experimental Ti
surfaces, SEM analysis was performed after 1, 2 and 4 days (Fig. 6). Overall, data analysis
showed that cells cultured on TiO; and TiO, UV surfaces presented more cellular filopodia
with a higher degree of extension, indicating a more favorable environment for cell
migration [37]. These findings suggest that TiO, and UV-photofunctionalization are potential

strategies to improve cell attachment.
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Day1

Day 2

Day 4

Figure 6. SEM micrographs of pre-osteoblastic MC3T3-E1 cells morphology and adhesion for
cpTi and TiO;-coated surfaces before and after UV-photofunctionalization after 1, 2 and 4

days of cell culture at 100x and 250x magnification using 15 kV.

3.2.2 Cell metabolism

In the current study, the impact of control and experimental surfaces in cell metabolism was
assessed by the MTT assay at days 1, 2 and 4 (Fig. 7a). In general, intra-group analysis
demonstrated that all the experimental groups displayed a significant increased metabolic
activity at day 2 as compared to day 1 (p<.05), with a tendency of returning to the initial
levels at day 4. Furthermore, inter-group analysis demonstrated that at day 2, TiO, UV

featured the highest metabolic activity as compared to the other groups (p<.05) followed by
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TiOz, cpTi UV and cpTi. At day 4, inter-group analysis showed that the TiO, UV group
continued to present higher metabolic activity as compared to the other groups (p<.05), but

now followed by cpTi UV, TiO,, and cpTi.

3.2.3 In vitro mineral nodule formation

In the current investigation, the potential of control and experimental surfaces to affect cell
differentiation and mineral nodule formation was assessed by the alizarin red assay. Cells
were cultured or not under differentiation conditions and statistically compared. Intra-group
analysis revealed that the osteogenic condition distinctly affected the cells across the
experimental groups, but in general resulted in a greater amount of mineralization starting
as early as at 4 days for the TiO; group (p<.05). Importantly, inter-group analysis showed
that UV-photofunctionalization, for both cpTi and TiO, groups, significantly affected the

ability of MC3T3-E1 cells to produce mineral nodules under osteogenic conditions at day 14

(p<.05).
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Figure 7. a) Viability of pre-osteoblastic MC3T3-E1 cells cultured for 1, 2 and 4 days on cpTi
and TiOz-coated surfaces before and after UV-photofunctionalization. Capital letters denote
statistical differences between periods within each surface condition, while lower case
letters represent statistical differences between groups within each period (p<0.05, Tukey’s
HSD test). b) Calcium ion concentration of pre-osteoblastic MC3T3-E1 cells cultured in non-
osteogenic medium (control) and osteogenic medium for 4, 7 and 14 days on cpTi and TiO»-
coated surfaces before and after UV-photofunctionalization. Different letters indicate

statistically significant differences between surfaces within each period and culture medium,
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while asterisk represent statistical differences between culture medium within each surface

and period (p<0.05, Tukey’s HSD test).

3.2.4 Secretome analysis

In the current work, we determined whether or not control and experimental surfaces
affected the expression of selected inflammatory markers at days 1, 2 and 4 (Fig. 8). In
general, assessed proteins were found slightly affected by either UV or TiO; treatments and
time. Inter-group analysis showed that the association of TiO, and UV photofunctionalization
reduced the levels of IFN- y at day 4, while it resulted in increased levels of IL-6 at the same
time point (p<0.05). Data analysis further demonstrated that TNF-a, IL-4 and IL-17 secretion
were not significantly affected by the experimental surfaces. Furthermore, intra-group
analysis showed that at day 2, TNF-a secretion was increased in the cpTi UV and TiO, UV
compared to day 1 (p<0.05), returning to the basal levels at day 4. In addition, IL-6 levels
were decreased at day 2 as compared to day 1, and significantly increased at day 4 for the

TiO2 group (p<0.05).
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Figure 8. The expression of selected cytokines, including IFN-y, TFNa, IL- 4, IL-6 and IL- 17,
was determined in pre-osteoblastic MC3T3-E1 cells cultured in cpTi and TiO;-coated surfaces
before and after UV-photofunctionalization at days 1, 2 and 4. Bars indicate statistical inter-
group differences within each period, whereas * indicates intra-group differences overtime

compared with Day 1 (p<0.05, Mann-Whitney U test).

4. Discussion

This study investigated whether photofunctionalization of a mixed-phase crystalline
TiO> film on cpTi surface would affect its physico-chemical and biological properties. Here, it
was found that bi-phasic polycrystalline TiO> thin films were successfully grown by
magnetron sputtering, obtaining a mix of anatase and rutile phases. Furthermore, in the
present study, TiO, surface roughness (10 nm) was found to be close to the optimal
roughness (Ra) value (13 and 16 nm) as previously proposed for cell culture interaction with

a biomaterial [38]. It is now known that a more stable and strong surface resulting from the
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presence of a crystalline structure [3,20], along with topography, wettability and chemical
characteristics will play a key role on cell response [6,22—-24]. The overall findings of the
current investigation clearly demonstrate the potential of UV-photofunctionalized TiO> films
created by magnetron sputtering treatment to modify Ti disc surface and modulate MC3T3-
E1 cell physiologic characteristics towards an increased cell metabolism and higher ability to
differentiate and produce mineral nodules in vitro.

In the present study, photofunctionalization significantly affected wettability of both,
cpTi and TiO2 surfaces. The photofunctionalized cpTi and TiO, surfaces presented a contact
angle reduction of 53.5% and 73%, respectively, leading to a better wettability. This
reduction in contact angle occurs due to the decreased percentage of atomic carbon [6]
observed on photofunctionalized surfaces. Carbon is a common surface contaminant in Ti
and Ti compounds [31] and after photofunctionalization, both C peaks and atomic%
presented a great reduction on cpTi UV and TiO, UV surfaces. Additionally, TiO>, UV
presented a greater C reduction probably due to the TiO, photocatalytic action that promote
great removal of hydrocarbons [6] compared to cpTi UV. In addition, cpTi has a thin Ti oxide
layer naturally formed onto the surface [39,40], which is less stable than sputtered TiO..
Intriguingly, such effect was not maintained overtime, where after 1 h of dry storage the
increased hydrophilic nature of cpTi and TiO, surfaces was attenuated. A wet storage
method using distilled H,O has been suggested to maintain the achieved outcome of
photofunctionalized surfaces for up to 28 days [41].

Exposure time and type of light are important factors in C removal from the surface.
Despite some progress, there is a lack of evidence to define the most appropriate light
apparatus and its usage time to produce optimal photofunctionalized metal surfaces.
Existing data suggest that longer UV irradiation time may result in a greater effect by
photofunctionalization [5,6,10]. Both UVA and UVC irradiation are able to modify the
chemical properties of Ti surfaces without sacrificing its excellent physical characteristics;
however UVC appears to be more effective for C removal, promoting a higher content of Ti—
OH on the surface [25,42]. In the present study, UVA and UVC lights were used in order to
obtain a higher spectrum of the light. The amount of C adsorbed on TiO, at the time of
implant placement has been suggested as a critical factor to determine the initial affinity

level for osteoblasts [6]. Here, C removal by photofunctionalization of both cpTi and TiO;
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surfaces may have indeed played an important role to modulate cell response, as pre-
osteoblastic cells were found to have increased metabolic rates and a higher potential to
produce mineral nodules when cultured on UV-photofunctionalized Ti discs. Altogether, the
findings of the present work showed that the levels of C removal achieved by the methods
used suggest that UV-photofunctionalization may induce cell differentiation in vitro leading
to an enhanced process of biomineralization. Previous in vitro studies have indeed
demonstrated that cell attachment, spreading, proliferation, alkaline phosphatase activity,
and mineralization are enhanced by photofunctionalized surfaces structured with
amorphous TiO, [6,8,10,11] and crystalline TiO, [3,7,12] compared to non-
photofunctionalized surfaces. Additionally, enhanced platelet activation has been reported
on photofunctionalized crystalline TiO, surface [13]. A potential rationale for the improved
biological properties reported for photofunctionalized surfaces resides on the exposition of
Ti* sites after C removal, promoting a positive charging onto the surface, which favours the
interaction of negatively charged cells, such as osteoblasts [6]. Despite the fact that UV-
photofunctionalization rises as a promising strategy to modulate host response, the present
study is limited to an in vitro setup and additional in vivo studies should be proposed in order
to prove this model as a valuable approach.

As an attempt to expand our knowledge on the potential mechanisms involved with a
biological response to photofunctionalized Ti surfaces, in the current investigation, we
addressed the question of whether or not UV-photofunctionalized Ti surfaces affected
inflammatory markers expression by MC3T3-E1 cells. To the best of our knowledge, there is
no evidence suggesting that inflammatory cytokines, such as the ones assessed in the
present study, are modulated by UV-photofunctionalization. An inflammatory process occurs
after implant placement, and macrophages play a crucial role in the wound healing process
[43]. Macrophages can be dynamically induced to the pro-inflammatory M1 or anti-
inflammatory M2 phenotype depending on the factors in the microenvironment [43—-45]. In
the early stage, IFN-y can stimulate macrophages (M1) [45], which subsequently will secret
proinflammatory cytokines such as TNF-a and IL-6 to keep with the inflammatory response
to microbes and foreign bodies [43]. TNF-a and IL-6 expression may also be regulated by IL-
17 [46], which regulates neutrophil homeostasis [47,48] and has also been reported to be

involved in cell activation, growth, and proliferation [46], leading to an inflammatory process
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or inflammation inhibition [44]. After 4-10 days, the anti-inflammatory mediators such as IL-
4 can induce macrophages M2 [49,50], which promote vessel maturation, tissue repair [51]
playing a critical role in wound healing response [44,52]. Therefore, the ability of a given
material to modulate the inflammatory response may be a key factor controlling
angiogenesis and tissue remodeling [53]. In general, the findings of the current investigation
highlight the ability of certain surface treatment to regulate cytokines expression. Here, for
the first time, UV photofunctionalized TiO, surfaces presented the potential to modulate
inflammatory cytokine expression by pre-osteoblastic cells, suggesting that further studies
should be considered in order to expand our knowledge on the potential of these surface
treatment to promote biomineralization in unfavorable clinical conditions, including for

example diabetes.

5. Conclusion

The current study addressed the hypothesis that UV-photofunctionalization affected
physico-chemical and biological properties of Ti discs. Taken together, the findings of our
study shed light on the potential of UV-photofunctionalized bi-phasic polycrystalline TiO;
films to modify important physico-chemical characteristics of Ti-made discs’ surface resulting
in improved pre-osteoblastic cell differentiation and increased capacity to promote
mineralization in vitro. In addition, UV-modified surfaces presented the ability to modulate

the expression of key inflammatory markers.
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3 DISCUSSAO

O desenvolvimento de filmes protetores e bioativos para aplicagdo em implantes dentarios
tem se mostrado uma opg¢do importante para garantir o sucesso do tratamento nos ultimos
anos. Nesta tese, filmes de TiO2 em suas diferentes fases cristalinas foram depositados sobre a
superficie do Ti por meio da pulverizagdo catddica. Estes filmes foram capazes de aumentar a

resisténcia a corrosdao, bem como melhorar as propriedades bioldgicas do material.

Influéncia das diferentes fases cristalinas do TiO:

Conforme esperado, as fases cristalinas do TiOz apresentaram diferentes influéncias nas
propriedades da superficie, pardmetros eletroquimicos, adsor¢do de albumina e precipitacao
de hidroxiapatita. Em geral, as superficies de TiO2 composta por anatase e rutilo (mista) e a
superficie composta unicamente por rutilo apresentaram o melhor comportamento para todos
os testes eletroquimicos. A superficie de rutilo apresentou os menores valores de capacitancia
total (Quwt), densidade de corrente de corrosdo (icor) € taxa de corrosdo, parametros
relacionados a troca de ions entre o eletrolito e o substrato. Quanto menores forem esses
valores, maior sera a resisténcia a corrosao do material. Nesse caso, o filme funciona como
uma barreira contra o transporte de espécies idnicas no eletrdlito através da superficie,
retardando o processo de degradacdo eletroquimica (Wang et al. 2015). J& se sabe que a fase
rutilo ¢ a mais estavel, densa e resistente do TiO> cristalino (Diebold et al. 2003; Carp et al.
2004), o que pode ter garantido os resultados acima mencionados.

Ja a fase mista deve ser destacada, pois apresentou resisténcia a polarizacdo quase 6
ordens superior ao grupo controle, indicando uma extrema prote¢do contra a corrosao.
Adicionalmente apresentou um Otimo comportamento de passiva¢do, o que pode garantir
estabilidade eletroquimica a longo prazo e menores taxas de degradagdo do material. Esse
comportamento pode estar relacionado ao maior grau de cristalinidade (Kozlovskiy et al.
2019) obtido pela combinacdo das duas fases do TiO2. Além disso, essa superficie pode ter

um filme homogéneo com pequenos poros ou inexistentes e uma interface fortemente ligada



69

ao substrato (Ti), o que pode ser confirmado pelos maiores valores de nin € pelo maior angulo
de fase em baixas frequéncias, resultando uma drastica inibi¢gdo na propagagdo de corrosdo
por pitting (Shukla et al. 2017). As semelhantes propriedades entre as fases mista e rutilo
podem ser explicadas pelas caracteristicas da superficie.

J& a fase cristalina anatase exibiu a pior performance eletroquimica das superficies de
TiO2, mas ainda assim, seus resultados foram superiores ao Ti ndo tratado. Algumas hipdteses
podem explicar este comportamento. Primeiramente, o filme de anatase apresentou o
potencial mais eletropositivo (OCP) entre as superficies que apresentaram a maior diferenca
com o Ti ndo tratado. Essa diferenga pode favorecer a ocorréncia de corrosdo galvanica entre
o revestimento e o substrato (Wang et al. 2015). Em segundo lugar, a pequena quantidade de
Ti e O observadas nas andlises de XPS podem ser outro motivo, uma vez que o Ti tem uma
afinidade muito alta com o O e a sua diminui¢do pode refletir em um baixo grau de
cristalinidade (Kozlovskiy et al. 2019). Além disso, entre as superficies de TiO2, a anatase
possui a menor dureza (Pantaroto ef al. 2018) e € menos estavel que os outros filmes, levando
a um aumento em sua taxa de degradagao.

Assim, ¢ notavel que a fase rutilo influencia positivamente na estabilidade eletroquimica
dos filmes formados sobre o Ti. No entanto, a combinacdo das duas fases anatase e rutilo
mostrou um comportamento protetor notavel. Assim, controlar a quantidade de rutilo nos
filmes mistos pode ser uma maneira de melhorar ainda mais a estabilidade eletroquimica
dessa superficie, uma vez que aparentemente ha uma maior quantidade de anatase no espectro
da difracao de raios-X da fase mista.

Com relagdo a morfologia encontrada nas superficies estudadas, ¢ possivel notar a
incorporacdo das nanoparticulas de TiO2, que s3o menores que 1 pm e costumam se organizar
em aglomerados (Carp et al. 2004). O tamanho das nanoparticulas variou de acordo com a
fase cristalina (Hanaor et al. 2011). O rutilo apresentou particulas maiores em comparacao as
pequenas particulas de anatase, e na fase mista, ¢ possivel observar particulas de ambos os
tamanhos, o que pode justificar sua maior rugosidade. A diferenga no tamanho das particulas
¢ devido ao processo de cristalinidade, no qual a partir do TiO2 amorfo, primeiramente ¢
formada a anatase, a qual pode entdo ser transformada e rutilo. O formato das particulas de
rutilo sugere que suas particulas se formaram através da coalescéncia de varias particulas
“anteriores” de anatase (Gouma et al. 2001), aumentando o tamanho dos graos e reduzindo a
area de superficie (Hanaor et al. 2011), justificando assim a mesma area de superficie

encontrada em todas as superficies do TiOx.
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Correlacionando a morfologia com a molhabilidade, ja se sabe que a rugosidade da
superficie pode influenciar diretamente em seu angulo de contato. A maior rugosidade
encontrada na fase mista refletiu em seu maior status hidrofilico. Adicionalmente, uma maior
rugosidade e energia de superficie pode levar a uma maior interagdo com as proteinas (Gittens
et al. 2014; Lorenzetti et al. 2015), o que também refletiu na fase mista, a qual apresentou a
maior adsorc¢ao de albumina.

Uma maior cobertura de hidroxiapatita foi observada nas superficies de TiO2, o que ja foi
previamente descrito, uma vez que o TiO: apresenta maior bioatividade comparado a
superficie do Ti puro (Liu et al. 2004; Lilja et al. 2011). Entretanto, as fases cristalinas do
TiO2 influenciaram na morfologia da hidroxiapatita, sendo as morfologias encontradas nas
fases rutilo e mista mais interessantes para o processo de osseointegracdo (Lebre et al. 2017).

Considerando que a fase mista do TiO2 composta de anatase e rutilo apresentou destaque
quanto a resisténcia a corrosdo, adsor¢do de albumina e bioatividade, esta foi a superficie

escolhida para ser submetida ao tratamento de fotofuncionalizagao.

O TiO: misto associado a fotofuncionalizacao

A fotofuncionalizagcdo promoveu alteracdes significativas tanto na superficie do Ti,
como na do TiOz. Quanto & molhabilidade, houve uma redu¢do no angulo de contato de
53,5% no Ti e 74% no TiO,, melhorando a molhabilidade das duas superficies. Entretanto, a
duragdo deste efeito foi curta, cerca de 1 hora apds a aplicacdo da luz UV, ambas as
superficies ja apresentaram valores no angulo de contato proximos aos valores das respectivas
superficies ndo fotofuncionalizadas. Entretanto, isto pode ser evitado por até¢ 28 dias,
armazenando as superficies fotofuncionalizadas em agua destilada, assim as propriedades
serdo mantidas, evitando o envelhecimento da supertficie (Choi et al. 2017).

Esta redugdo no angulo de contato ocorre, pois a fotofuncionalizagdo promove a
reducdo no percentual atdbmico de carbono (Aita et al 2009), que ¢ um contaminante
comumente presente na superficie do Ti e seus compostos (Bertoti et al. 1995). Apds a
fotofuncionalizacdo, houve uma redu¢do de carbono considerdvel na superficie do Ti e do
TiO». Essa redugdo foi mais acentuada na superficie do TiO2, possivelmente devido a sua
propriedade fotocatalitica. O TiO» fotofuncionalizado apresentou apenas 8,5% de carbono em
sua superficie, enquadrando-o como um metal de superficie “limpa” (Liu et al. 2004). A
quantidade de carbono presente na superficie do implante no momento de sua implantagao

parece ser um dos fatores mais determinantes na afinidade inicial dos osteoblastos (Aita et al.
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2009). Isto foi provado em nosso estudo, uma vez que as células apresentaram maior
espalhamento, metabolismo e afinidade na superficie de TiO> fotofuncionalizada. Quanto a
mineralizagdo, ambas as superficies Ti e TiO; fotofuncionalizadas apresentaram maiores taxas
de mineralizacdo comparado as superficies ndo fotofuncionalizadas, o que pode ser decisivo
nas propriedades biomecanicas do tecido 6sseo a ser formado (Saruwatari et al. 2005). Sendo
assim, o efeito da luz ¢ benéfico para a mineralizagao celular, e o efeito da luz associado ao
TiO> ¢ benéfico para a adesdo, espalhamento e viabilidade celular.

O melhor comportamento celular nas superficies fotofuncionalizadas pode ser
justificado pelo fato de que quando as superficies sdo expostas a luz UV, ocorre a redugdo do
carbono, e a consequente exposi¢do dos sitios de Ti*", com isso, a superficie fica carregada
positivamente, o que favorece a interagdo com as cé¢lulas osteoblasticas carregadas
negativamente (Aita et al. 2009).

Tanto o TiO2 como a fotofuncionalizagdo ndo promoveram expressoes exageradas em
nenhuma das citocinas estudadas. Todas as superficies expressaram IFN-y, TNF-a, IL-4, IL-6
e IL-17, e esta expressdo ¢ considerada normal apds a colocagdo de um implante, de forma a
promover um processo inflamatdrio e consequentemente favorecer a cicatrizagdo tecidual (de
Oliveira et al. 2011). Considerando as poucas diferencas encontradas entre os grupos, €
possivel inferir que nem o TiO> nem a fotofuncionalizagdo diferiram da expressdo de
citocinas do titdnio, que ¢ o material mais comumente utilizado na fabricacdo de implantes.
Entretanto, ¢ preciso considerar a complexidade do sistema imune e também lembrar que nem
sempre 0 que ocorre in vitro acontecera in vivo. Ainda ha uma gama de citocinas para serem
investigadas na presenca do TiO; fotofuncionalizado, portanto, mais investigacdes sao

necessarias.

4 CONCLUSAO

Os filmes de TiO: na fase cristalina mista (anatase e rutilo) sdo promissores para a aplicacao
nas superficies dos implantes dentarios, uma vez que melhoraram a resisténcia a corrosdo do
titAnio, bem como aumentaram a adsor¢do de proteina, além de influenciarem positivamente
na formag¢do e morfologia da camada de hidroxiapatita. Além disso, o TiO2 em sua fase mista
foi capaz de potencializar o efeito da fotofuncionalizagdo, o que refletiu em uma maior
adesdo, metabolismo e mineralizacdo das células pré-osteoblasticas cultivadas nesta

superficie, confirmando assim, a sua viabilidade. Quanto a expressdo das citocinas
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inflamatorias, foi constatado que tanto a fotofuncionaliza¢do, como o TiO> (associados ou
ndo), ndo apresentaram consequéncias consideraveis na resposta inflamatoria.

Extrapolando os nossos resultados para uma situacdo clinica, podemos inferir que a
incorporagdo do TiO; cristalino misto na superficie dos implantes, seguido da
fotofuncionalizacdo, sdo tratamentos promissores, uma vez que aumentam a resisténcia do

titAnio, bem como podem acelerar o processo de osseointegragao.
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