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ABSTRACT

Osseointegration is crucial for the long-term success of dental implants and depends
on the tissue reaction at the implant interface. Mechanical properties and
biocompatibility make zirconia a suitable material for dental implants, although surface
processing are still problematic. The purpose of this study was to perform a literature
review on current surface modification techniques to enhance the biological and
osseointegration behaviour of zirconia-based implants in dentistry and to develop
bioactive zirconia surfaces using two different bioactive glasses (BG) and dopamine
(DOP) to improve hard and soft tissues integration around zirconia dental implants. A
literature review was performed on PUBMED database to identify relevant studies
regarding zirconia surface treatment to enhance osseointegration. For laboratorial
studies, Y-TZP disks were made in two different protocols for biological and mechanical
analysis. For biological tests, Y-TZP disks was infiltrated with 45S5 and 58S bioactive
glass and/or dip-coated with dopamine and 58S bioactive glass. Biocompatibility of
disks was evaluated by MTS colourimetric test, cell proliferation was assessed by
PicoGreen dsDNA reagent, and cell adhesion and morphology were analyzed by
scanning electron microscopy (SEM). MC3T3-E1 preosteoblasts and human
mesenchymal stem cells (MSCs) were used for 3 or 7 days. For mechanical tests,
disks were infiltrated with 45S5 BG and 58S BG and dip-coated with 58S BG.
Mechanical properties was evaluated by roughness, contact angle, SEM images in
surface and cross section samples w, X-ray diffractmeter (XRD) before and after biaxial
flexural strength. The results on literature review reported a large number of
physicochemical methods that have been used to change the implant surfaces and
therefore to improve the early and late bone-to-implant integration. A BG-infiltration
zirconia for implants has shown encouraging mechanical and biological behavior. The
Y-TZP modified with BG and DOP were biocompatible to MC3T3-E1 and MSCs and
reduced cell proliferation from day 3 to day 7 of MC3T3-E1 and MSCs, indicating cell
commitment to differentiation pathways. On the mechanical tests, biaxial bending
results was 579 + 144 MPa on Y-TZP group and decreased on BG infiltration groups
(496+50MPa for Y-TZP + 45S5 BG and 101 + 244MPa for Y-TZP + 58 BG). XRD
revealed the presence of tetragonal and monoclinic zirconia. The roughness of Y-TZP
was lower (Sa=0.92+0.67) when compared to zirconia infiltrated with bioactive glasses
[Y-TZP + 45S5 BG (Sa=4.31+2.16) and Y-TZP + 58S BG (Sa=4.08+0.69)]. BG-
infiltrated zirconia evaluated in laboratorial studies presented favourable mechanical
and biological properties, and should be evaluated in clinical studies to provide realistic
point view.

Keywords: Zirconia 1; Surface modification 2; Bioactive glass 3; Dopamine 4;
Osseointegration 5; BG - infiltrated zirconia 6.



RESUMO EXPANDIDO

DESENVOLVIMENTO DE SUPERFICIE BIOATIVAS DE ZIRCONIA PARA
APLICAGAO BIOMEDICINAL

Introducgao

A zircbnia tetragonal estabilizada com itria (Y-TZP) surgiu na odontologia como
um material promissor para diversas aplicagdes devido ao seu bom resultado estético,
imitando a aparéncia natural dos dentes (STADLINGER et al., 2010). Além da
exceléncia estética, estudos afirmam que os implantes de zircOnia apresentam
resultados semelhantes aos implantes a base de titanio com relagdo a
osseointegracdo, também apresentam caracteristicas mecéanicas Unicas como
tenacidade a fratura, resisténcia a fadiga, alta resisténcia a flexdo, alta resisténcia a
corrosao e radiopacidade (BONA; PECHO; ALESSANDRETTI, 2015; ZHANG, 2012).
No entanto, apesar dos achados favoraveis, resultados clinicos de longo prazo ainda
estdo faltando e ainda ha algumas controvérsias em relagdo a osseointegracao da
zircOnia, pois alguns estudos relataram altas taxas de falha e perda éssea cristal peri-
implantar nos implantes de zirconia (KOHAL et al., 2016). Outros autores consideram
a zircbnia um material bioinerte (ROEHLING et al., 2017; SCARANO et al., 2003).
Portanto, pesquisadores vém dedicado esforcos para modificar a superficie da
zircbnia com a intengcdo de proporcionar aspectos morfolégicos e bioativos
apropriados para uma excelente adesao, proliferagédo e diferenciagao celular durante

a osseointegracao, além de um bom desempenho mecanico.

Objetivos

O objetivo deste trabalho € desenvolver uma superficie bioativa de zircbnia
utilizando dois diferentes vidros bioativos (45S5 BG e 58S BG) e dopamina. O intuito
€ melhorar o comportamento biolégico e mecanico de implantes a base de zirconia
em odontologia e, consequentemente, melhorar a integracédo dos tecidos duros e

moles em torno dos implantes dentarios de zircbnia.



Metodologia

A presente tese foi dividida em cinco capitulos. O primeiro capitulo contém a
introdugcdo de tépicos relevantes relacionados ao trabalho. O segundo capitulo é
intitulado “Zirconia surface modifications for implant dentistry” publicado em 2019 na
Materials Science and Engineering C. Este capitulo apresenta uma revisédo da
literatura relatando os diferentes tipos de tratamentos de superficie existentes para a
zirconia (ZrO2), com a intengcdo de melhorar a superficie, 0 comportamento biolégico
e a osseointegragcdo. A pesquisa foi realizada em 2018 através de uma busca
eletrdbnica na base de dados PubMed utilizando as seguintes combinagbes de
palavras-chave: “tratamento de superficie de zirconia”, “modificacdo da superficie de

” “* ” “* ” “*

zirconia”, “revestimento de zirconia”, “osseointegracao”, “propriedades bioldgicas”,
“pbioatividade” e “propriedades funcionalmente graduadas”.

O capitulo 3 é intitulado “Dopamine - and graded bioactive glass-zirconia
modified surfaces for implant dentistry: an in vitro study” submetido em 2023 para a
Acta Biomaterialia. Neste capitulo foram desenvolvidas superficies de zirconia bioativa
utilizando dois diferentes vidros bioativos (45S5 e 58S) e a dopamina. A
biocompatibilidade dos discos foi avaliada pelo teste colorimétrico MTS, a proliferacao
celular foi avaliada pelo reagente PicoGreen dsDNA e a adesao e morfologia celular
foram analisadas por microscopia eletrbnica de varredura (MEV). Osteoblastos
MC3T3-E1 e células-tronco mesenquimais humanas (MSCs) foram usados por 3 e 7
dias.

No quarto capitulo, intitulado “Static and dynamic mechanical behaviour of Y-
TZP structures with bioactive surfaces obtained by the infiltration of 45S5 and 58S
bioactive glasses”, foram avaliadas as propriedades mecanicas estaticas e dindmicas
de estruturas de zircbnia com superficies bioativas. Discos de Y-TZP foram infiltrados
com os vidros bioativos 45S5 e 58S e a densidade foi medida de acordo com a técnica
de Arquimedes. As superficies foram analisadas por meio da rugosidade e a
Espectroscopia de Energia Dispersiva (EDS) foi realizada juntamente com a MEV
(antes e depois dos testes de fadiga). As fases cristalinas foram identificadas por
difracdo de raios-X. Ainda, metade das mostras por grupo foram submetidas a
carregamento ciclico biaxial e, posteriormente, todas as amostras foram submetidas
a flexdo biaxial para determinagdo da resisténcia mecanica. A confiabilidade da

resisténcia foi analisada através da distribuicdo de Weibull.



Por fim, no quinto e ultimo capitulo foram apresentadas as conclusdes gerais e

perspectivas para trabalhos futuros.

Resultados e discussao

Quando um novo material é proposto para aplicagdes clinicas, importantes
ensaios biolégicos sdo necessarios para responder a algumas questdes. Primeiro, o
material deve ser biocompativel, ou seja, ndo deve levar a danos as células e tecidos
circundantes devido a reacgdes inflamatdrias. Em seguida, o material deve fornecer
informagdes bioldgicas para permitir que as células venham aderir e se espalhem pela
superficie, permitindo que as células exergam suas fungdes. Finalmente, um material
bioativo deve melhorar a proliferagao celular até um numero suficiente para suportar
a cicatrizagao dos tecidos circundantes e o processo de diferenciagao para permitir a
osseointegracao. Aqui, as superficies modificadas com zircénia por infiltracdo de vidro
bioativo e/ou revestimento com dopamina provaram ser biocompativeis com células-
tronco mesenquimais humanas e osteoblastos murinos. Os resultados da revisao de
literatura exposta no segundo capitulo desta tese mostraram que a zircdnia
funcionalmente bioativa apresenta melhor desempenho mecéanico e biolégico quando
comparado a zirconia pura ou ao titdnio. Apesar disso, nenhum tratamento de
superficie foi reivindicado como primeira escolha para aumentar o potencial de
osseointegracao da zircbnia, embora as modificacbes da superficie aumentam a
rugosidade, molhabilidade e energia de superficie, ginfluenciando no aumento da
adesao, proliferacio e diferenciagao de osteoblastos.

Os estudos descritos no terceiro capitulo no presente trabalho mostram que a
superficie da zircénia obteve sucesso no recobrimento com dopamina e na infiltracéo
dos biovidros 45S5 e 58S. Nos testes bioldgicos realizados todas as amostras se
mostraram biocompativeis, reduziram a proliferacdo dos osteoblastos e das células
mesenquimais, apresentando resultados mais promissores quando comparados ao Y-
TZP. No entanto, outras analises osteogénicas devem ser realizadas para mostrar a
diferenciacdo osteoblastica das células, como atividade da fosfatase alcalina,
deteccao de proteinas 6sseas e avaliacido da mineralizacdo da matriz extracelular.

No quarto capitulo as imagens SEM mostraram que a infiltragdo de BG
modificou a superficie da zirconia, criando uma microestrutura caracterizada por

particulas de zircbnia imersas em uma matriz de vidro. As imagens apresentam



também uma significante porosidade na regido infiltrada. O teste mecanico de flexdo
biaxial mostrou valores de resisténcia a flexdo mais baixos para zirconia pura (579 +
144 MPa) quando comparado a estudos anteriores (aproximadamente 900 a 1400
MPa), possivelmente devido ao jateamento realizado na superficie. Os resultados de
resisténcia a flexao diminuem ainda mais com a infiltragédo de BG (496+ 50MPa para
Y-TZP + 45S5 BG e 101 + 244MPa para Y-TZP + 58BG). Uma possivel explicagao
para tal comportamento pode ser o tempo excessivo de sinterizacdo descritos. Os
resultados de DRX em todos os grupos revelaram presenga de zircOnia tetragonal e
monoclinica. A rugosidade de Y-TZP foi menor (Sa=0.92+0.67) quando comparada a
zircOnia infiltrada com os vidros bioativos Y-TZP + 45585 BG (Sa=4.31+2.16) e Y-TZP
58S (Sa=4.08+0.69). Nas imagens realizadas no microscoépio eletrénico de varredura
foi possivel identificar o biovidro infiltrado com sucesso na zircdnia, no entanto, a

superficie exibe um grande niumero de poros em todos os grupos.

Consideragoes finais

Os avangos na tecnologia melhoraram a superficie da zircdnia e aceleraram a
resposta de cicatrizagao 6ssea, estimulando a osteogénese, a adesao celular e ainda
promovendo um efeito antibacteriano. Desta forma, a superficie da zircbnia quando
modificada é transformada de “bioinerte” para “bioativa”, proporcionando respostas
biolégicas e mecanicas mais favoraveis ao tecido peri-implantar quando comp
as superficies nao tratadas.

Nesta tese a zirconia foi recoberta com sucesso por dopamina e obteve éxito
na infitragdo em ambos os biovidros (45S5 e 58S). Os estudos bioldgicos
apresentaram descobertas favoraveis que foram alcangadas com metodologias
simples e acessiveis que podem ser aplicadas em larga escala. Os estudo mecanicos
apresentaram desempenho inferior da zirconia infiltrada em relacdo aos discos
monoliticos de zircbnia, tanto em condigbes estaticas quanto em condi¢des de fadiga.
Tais achados sugerem que os implantes de zircénia infiltrada com biovidros precisam
de mais estudos para uso como solugao alternativa aos implantes de zirconia

monolitica na implantodontia.
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Chapter 1 — Introduction and objectives

1.1. Introduction

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) is a popular bioceramic
and is increasingly being used for dental applications due to its capacity to stimulate
osteogenic cells during osseointegration. Additionally, Y-TZP has unique mechanical
characteristics such as high fracture toughness, fatigue resistance, high bending
strength, high corrosion resistance, low temperature degradation and radiopacity
(ZHANG et al., 2012a). Despite the favorable findings, long-term clinical results are still
lacking and some controversies regarding the zirconia osseointegration have been
debated due some studies report high rates of failure and bone loss peri-implant
zirconia crystal (KOHAL et al., 2016) and some authors consider zirconia a bioinert
material (ROEHLING et al., 2017; SCARANO et al., 2004). Therefore, implant
technology has devoted substantial efforts to modify the zirconia "bioinert" surface to
a bioactive one, allowing appropriate cell attachment, proliferation, and differentiation
to promote bone-implant integration (PARDUN et al., 2015; YIN et al., 2017).

Previous investigations have considered methods to enhance biocompatibility
and induce hydroxyapatite formation in a biological environment, essential for
subsequent bone proliferation. These modifications accelerate osteoblasts and
fibroblasts adhesion, proliferation, and differentiation, thus affecting peri-implant tissue
attachment and integration on implant surfaces, in addition, the purposes of such
modifications include antibacterial effect and osseointegration acceleration (SANON et
al., 2015). Some of this methods include sandblasting and acid-etching (BACCHELLI
et al., 2009), coatings with silica (MOEZZIZADEH; NOJEDEHIAN; HAGHI, 2017),
nitrogen (SCHIENLE et al., 2016), carbon (SCHIENLE et al., 2016), calcium phosphate
(YANG et al., 2013), hydroxyapatite (CHO et al., 2015), dopamine (LIU; LEE; LUI,
2013), graphene (LI et al., 2014) and bioactive glass (MOEZZIZADEH; NOJEDEHIAN;
HAGHI, 2017).

The sandblasting process using 50-110 ym Al2O3 particles is an alternative
solution to increase the surface area in zirconia implant structure, providing a more
attractive surface for osteoblasts attachment and accelerating the osseointegration
process. (BACCHELLI et al.,, 2009; GAHLERT et al., 2007; KOHAL et al., 2004).



Sandblasted zirconia implant surfaces presents significant advances on peri-implant
osteogenesis compared to machined titanium surfaces surfaces (BACCHELLI et al.,
2009; GAHLERT et al., 2007; KOHAL et al., 2004). Moreover, using the sandblasting
method with additional chemical treatments, and hydrofluoric acid (HF) etching,
appears to be best technique to enhance bone apposition (FLAMANT et al., 2016;
GAHLERT et al., 2010) . Flamant et al. (2016) reported that HF 40% etching leads to
the fastest and most uniform etching method and seems to be the most appropriate
substance for treating zirconia dental implants. Hempel et al. (2010) cultured SAOS-2
osteoblasts over sandblasted/etched zirconia surface and compared them with
sandblasted/etched titanium surface. Sandblasted/etched zirconia promoted faster cell
spread, and a higher number of adherent cells on zirconia than titanium surface.
Therefore, this study indicated that topographical differences of sandblasted/etched
zirconia mediate a pronounced effect on osteoblast adhesion, proliferation and
differentiation compared to titanium surfaces (HEMPEL et al., 2010).

Implant dentistry innovations face the primordial challenge of enhancing
biological and mechanical properties of implants by approaches like bioactive bioglass
(BG). The use of BG on zirconia surfaces combine the mechanical properties of the
high-strength zirconia with the bioglass bioactivity. BG were discovered in 1969 by
Larry Hench as a material capable of forming a hydroxyapatite surface layer after
contact with biological fluids, promoting a stable bond to the bone (osteoconduction)
and stimulating cells to differentiate (osteoinduction). Thus, the essential condition for
glasses to form an interfacial bond with the bone is establishing a hydroxyapatite layer
on their surface (HENCH et al., 1977). BG stimulate bone cells towards a path of
regeneration and self-repair, thus significantly accelerating tissue healing kinetics. This
regeneration is due to the release of calcium and phosphate ions that are present in
the BG composition and play an essential role in bone metabolism (angiogenesis and
tissue mineralization). The first commercial BG was 45S5 and it is still widely studied
due to its outstanding bone-bonding properties. In the 90s, a new BG was developed
through the sol-gel method to obtain an alternative compound with similar properties
to 45S5. It was named 58S BG (FERRARIS et al, 2000; HENCH, 2015;
MOEZZIZADEH; NOJEDEHIAN; HAGHI, 2017; ZHONG; GREENSPAN, 2000).
Sepulveda et al. (2002) showed that melt-derived 45S5 glass powders exhibit lower
dissolution rates for apatite formation than 58S gel-glass powders (SEPULVEDA,;
JONES; HENCH, 2002).



To combine BG bioactivity with the mechanical properties of zirconia, Zang et
al. (2009) proposed the infiltration of BG into zirconia, creating a functionally graded
material (FGM) that improves aesthetics, bioactivity, and suppress flexural damage.
The FGM has BG incrusted at the top and the bottom, like a sandwich structure:
glass/zirconia/glass (G/Z/G). G/Z/G presents strength and contact damage resistance
while retaining surface, physical and optical properties similar to porcelain (ZHANG,
2012; ZHANG; REGEROS; KIM, 2009c). The invention applied a powder of BG
composition on surfaces of dense pre-sintered zirconia using a solution-precipitation
method and covering the ceramic substrate surfaces with a layer of the BG. This
process was performed under temperatures ranging from 750 °C up to 1450 °C
(ZHANG; REGEROS; KIM, 2009). Despite the aforementioned advantages of this
system, there is only a few studies on CPG/Y-TZP, contrasting to a vast literature on
glass infiltrated zirconia structures (ZHANG, 2012; ZHANG; SUN; ZHANG, 2012b).

Furthermore, another surface modification has been applied for improving soft
tissue integration around zirconia is dopamine (DOP), the precursor of 3,4-dihydroxy-
L-phenylalanine (LEE et al., 2007). DOP is a critical component that can self-
polymerize and adhere firmly to a wide range of organic and inorganic materials. DOP
coatings can enhance antimicrobial properties and facilitate protein adsorption and cell
adhesion of inert surfaces (LEE et al., 2007). Liu et al. (2015) explored the influence
of DOP coating on zirconia disks regarding soft-tissue integration and antibacterial
effect. The coating decreased bacterial activity and enhanced fibroblasts adherence,
which has a vital role in the peri-implant soft-tissue integration. Therefore, this surface
modification approach holds great potential for improving soft-tissue integration around
zirconia abutments, which is another important clinical application of zirconia in implant
dentistry (LIU et al., 2015).

Zirconia surface modifications should be further studied, considering chemical
bonding and deterioration. Even though zirconia implants offer aesthetic benefits over
titanium implants, titanium-based materials still possess higher mechanical strength
than zirconia and are currently the first-choice material for dental implants. Implant
technology has devoted significant efforts to modify zirconia regarding the
morphological and bioactive aspects desirable for an appropriate cell attachment,
proliferation, and differentiation during bone healing (PARDUN et al., 2015; YIN et al.,

2017). Considering the necessity to enhance the behavior of zirconia-based implants



in dentistry, this thesis was divided in three parts: a literature review, a biological and

a mechanical in vitro study of zirconia surface treatment.



1.2. Research objectives

This work aims to develop, through in vitro preliminary studies, bioactive zirconia
surface for biomedical applications.
The specific objectives are:
- Produce zirconia surfaces with the sandblasted and acid etched treatment;
- Produce BG-infiltrated zirconia;
- Produce dopamine coated zirconia surfaces;
- To analyze the surfaces produced in terms of roughness, wettability
(contact angle) and bioactivity;
- Analyze the static and dynamic mechanical properties of zirconia
components embedding the new surfaces;
- Analyze the biocompatibility morphology, cell adhesion and bioactivity;
- Analyze the surface microstructure and chemical composition in scanning
electron microscopy (SEM) with Energy-dispersive X-ray spectrometer
(EDX).

1.3. Thesis structure

This thesis is structured in five chapters. Chapter 1 comprise the introduction of
relevant topics related to this work. Chapter 2 is a literature review that explore the
state of art of zirconia surface treatment to enhance the biological and osseointegration
behavior of zirconia in implant dentistry. Research chapters are presented on Chapter
3 and Chapter 4. Each one is divided into sections: introduction, materials and
methods, results and discussion, and conclusions. References are merged at the end
of the document.

On chapter 3 bioactive zirconia surfaces was developed using bioactive glass
and dopamine. Therefore, physical and mechanical analyses of the materials,
biocompatibility, and cell proliferation, adhesion, and morphology were evaluated.
Chapter 4 evaluate the static and dynamic mechanical properties of zirconia structures
with bioactive surfaces produced through the infiltration of bioactive glasses. Finally,

in Chapter 5 the general conclusions and an outlook for future works are presented.






Chapter 2 — Literature review — Zirconia surface modifications for implant

dentistry’

2.1. Introduction

In the last decade, yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has
emerged in dentistry as a promising material for various applications such as multi-
unit, crowns, onlays, inlays, and implant structures, due to aesthetic outcomes such as
color and opacity that mimic a natural teeth appearance (STADLINGER et al., 2010).
Zirconia-based materials have been claimed as a biomaterial with a high chemical
stability that avoid the release of toxic products to the surrounding tissues (PICONI,
MACCAURO, 1999; YIN et al., 2017). Y-TZP provides stimulation of osteogenic cells
during osseointegration in combination with unique mechanical characteristics such as
high fracture toughness, fatigue resistance, high bending strength, high corrosion
resistance, and radiopacity (BONA; PECHO; ALESSANDRETTI, 2015; ZHANG,
2012a). Additionally, some studies have shown that zirconia decrease bacteria
adhesion and biofilm accumulation leading to low risk of inflammatory reactions in
adjacent peri-implant tissues (KOHAL et al., 2016; SCARANO et al., 2003). Moreover,
recent in vitro and in vivo studies have demonstrated that zirconia implants have similar
results regarding osseointegration indexes when compared to titanium-based implants
(ALBREKTSSON; HANSSON, 1985; DEPPRICH et al., 2008; DUBRUILLE et al.,
1999; GAHLERT et al., 2012; KOHAL et al., 2004; KUBASIEWICZ-ROSS; HADZIK;
DOMINIAK, 2018). Nevertheless, corrosion and the greyish colour of titanium are both
considered as disadvantage since that can affect the health state and appearance of
the peri-implant tissues, causing aesthetic drawbacks (KAROUSSIS et al., 2003;
MARECI et al., 2016).

In implant dentistry, osseointegration is a biological dynamic process leading to
the direct contact of bone tissue to the implant surface that depends on factors related
to the implant, surgical site, bone type, and patient conditions (ALBREKTSSON,;
WENNERBERG, 2004; DEPPRICH et al., 2008; HAN et al., 2016, 2014). The bone to
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implant contact (BIC) can be measured by histomorphometric analyses at different
time points over the period of osseointegration (ALBREKTSSON; WENNERBERG,
2004; BOSSHARDT; CHAPPUIS; BUSER, 2017; BRANEMARK et al., 1969;
GAHLERT et al.,, 2012; HAN et al., 2014). Previous studies have reported similar
results for bone healing surrounding zirconia or titanium implants (DUBRUILLE et al.,
1999; KOHAL et al., 2004; SCARANO et al., 2003). However, zirconia-based surfaces
have revealed a lower number of bacteria when compared to titanium implant surfaces
regarding microbiological assays (ROEHLING et al., 2017; SCARANO et al., 2004).
Despite the favorable findings recorded for zirconia-based surfaces, clinical long term
results are still lacking and some controversies towards zirconia osseointegration are
still being debated. Some previous studies have reported high failure rates and zirconia
peri-implant crestal bone loss in human studies (KOHAL et al., 2016). Also, zirconia
has been claimed as an inert biomaterial (PICONI; MACCAURO, 1999; YIN et al.,
2017) although the adsorption of blood protein, platelets and migration of osteogenic
cells suggest a biological interaction with zirconia-based surfaces. That should be
further studied considering chemical bonding and the deterioration of zirconia. Even
though zirconia implants offer aesthetic benefits over titanium implants, titanium-based
materials still possess higher mechanical strength over zirconia and it is currently the
first-choice material for dental implants. Nevertheless, implant technology has devoted
significant efforts to modify zirconia regarding morphological and bioactive aspects that
is desirable for an appropriate cell attachment, proliferation, and differentiation during
the surrounding bone healing (PARDUN et al., 2015; YIN et al., 2017). On improving
zirconia surfaces, several physicochemical methods have been used such as: grit
blasting (BACCHELLI et al., 2009), laser treatment (MOURA et al., 2017), micro-
machining, CVD, and PVD. The development of coatings composed of silica,
magnesium, graphene, dopamine, and bioactive molecules has been assessed
although the development of a functionally graded material for implants has shown an
enhancement in mechanical behavior and biological response (MOURA et al., 2017).

Thus, the aim of this study was to perform a literature review on current surface
modification techniques to enhance the biological and osseointegration behavior of

zirconia-based implants in dentistry.



2.2. Search strategy

A literature review was performed on PUBMED database to identify relevant
studies regarding zirconia surface treatment to enhance osseointegration. The
electronic search was performed using the following combination of key words and
MeSH terms: “zirconia surface treatment” OR “zirconia surface modification” OR
“zirconia coating” AND “osseointegration” OR “biological properties” OR “bioactivity”
AND “mechanical properties” OR “functionally graded properties”. The inclusion criteria
used for this review involved clinical trials, meta analyses, in vivo, and in vitro studies
written in English language up to May 2018. Three of the authors (BH, MEG, FHS)
independently evaluated the titles and abstracts of potentially relevant previous
studies. Selected studies were individually read and analyzed concerning the focus of
the present review, which was to discuss and summarize important key publications
regarding zirconia surface modifications for dental implants. Author names, journal,
publication year, objectives, methods, and main outcomes were retrieved from the

selected relevant articles.

2.3. Results and discussion

Previous studies have reported that zirconia surface modification influences the
adhesion, proliferation, morphology, and differentiation of fibroblasts and osteoblasts
leading to the osseointegration of implant surfaces (ALTMANN et al., 2017; SANON et
al.,, 2015). The understanding of surface physicochemical modifications on the
biocompatibility and osseointegration measured by histomorphometric analyses have
been evaluated to predict the clinical outcome and peri-implant tissue stability over
time (COELHO et al., 2015; LIU et al., 2015). Accordingly, a large number of methods
have been developed to change dental implants physicochemical properties to speed
up the early and late bone-to-implant response (ALBREKTSSON; WENNERBERG,
2004) as shown in Figure 1 and Table 1.



Figure 1 - Schematics and SEM images on different zirconia surface modifications:
machined (LIU et al., 2015), acid etched (QUENTINFLAMANTA et al., 2016), grit
blasted (LIU et al., 2015), ZLA (ROEHLING et al., 2017), and multi-layered coatings

(KAROLINE PARDUN et al., 2015; LARANJEIRA et al., 2014; LIU et al., 2015).
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Table 1 - BIC percentage and roughness values among machined surface, grit
blasted surface, acid etched surface, laser, and UV light modified zirconia surface

after different time points.

Authores In vivo Surface Roughness BIC (%) Weeks
study treatment (um)

(SCARANO et al., 2003) Rabbit Machined - 68.4+624 4
(KIM et al., 2017) Rabbit Machined - 32.15+10.8 4

(ABOUSHELIB; SALEM; . . _
MONEIM, 2013) Rabbit Machined 62.14 +2.8 6
(HAN et al., 2016) Rabbit Machined 0.788 78.9 8
(HOFFMANN et al., 2012) Rabbit Machined - 33.74 £14.5 12
(KOCH et al., 2010) Dog Machined - 591175 4
(MONTERQO et al., 2015) Dog Machined 0.85 £ 0.04 57 £15.2 20
(THOMA et al., 2015) Dog Machined - 87.7+25.1 24
(HOFFMANN et al., 2012) Rabbit Grit blasted - 411':;580 * 12
(SCHLIEPHAKE et al., 2010) Minipig Grit blasted 0.98 546+ 17.6 13

Grit blasted
(SCHLIEPHAKE et al., 2010) Minipig and acid 1.162 57.6 £23.7 13
etched

(KOHAL, Ralf J. et al., 2004) Monkey Grit blasted - 67.4 £17 36
(BACCHELLI et al., 2009) Sheep Grit blasted 1.67 £ 0.08 751142 12
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(GAHLERT et al., 2012) Pig Acid etched 0.63 +0.05 63+21.5 12
(DEPPRICH et al., 2008) Minipigs  Acid etched 0.598 714 £17.8 12
Grit blasted
(LINARES et al., 2016) Minipigs and acid - 86.24 +9.7 8
etched
Grit blasted
(JANNER et al., 2018) Dog and acid - 71157 16
etched
Grit blasted 66.75
(KUBASIEWICZ-ROSS; Minioias Acid etched _ 72‘ 9 8
HADZIK; DOMINIAK, 2018) P95 Grit blasted & :
68.8
etched
(CALVO-GUIRADO et al., 2015) Dogs Laser - 47.9 12
modified
Laser
(DELGADO-RUIZ et al., 2015) Dogs modified - 60.34 + 4.3 8
(femtosecond
laser)
Grit blasted
(DELGADO-RUIZ; CALVO- Dods L"i‘j?'f‘?r . 283202 4813 8
GUIRADO, 2014) 9 modilie 9.6 +0.62 78+5
(femtosecond
laser)
(CALVO-GUIRADO et al., 2014) Dogs Laser - 65 + 4.4 12
modified
(HOFFMANN et al., 2012) Rabbit Laser - 4387 +145 12
modified
UV light
(15 min) 0.12+£0.02 52.7
(BREZAVS'CEK et al., 2016) Rat machined 4
UV light (15 0.21+£0.08 86.5
min) rough

(-) absent data in the study.

2.3.1. Machined zirconia implants

Implant dentistry chronological records have reported the success and
favourable histologic outcomes of titanium machined dental implants over a period of
50 years (YIN et al., 2017). As follows, machined zirconia implant have been studied
showing promising results on the enhancement of osseointegration and an additional
antibacterial activity. Scarano et al. examined BIC of machined zirconia implants fort 4
weeks and reported a BIC percentage of around 68.4% without the presence of
inflammatory or multinucleate cells claiming that machined zirconia implants can be
highly biocompatible and osseointegrated (SCARANO et al., 2003). Hafezeqoran et al.
compared the BIC percentage of machined zirconia and titanium dental implant from
previous studies. Such previous review article reported statistically equivalent BIC

values for machined zirconia (33.74 - 84.17%) compared to machined titanium
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implants (31.8 - 87.95%). Consequently, the study concluded that machined zirconia
implants can be as osseointegrated as machined titanium implants (HAFEZEQORAN;
KOODARYAN, 2017). The BIC percentage range of machined zirconia implants
analyzed in histological studies can be seen in Table 1. The highest BIC percentage
value corresponded to a study (THOMA et al., 2015) which evaluated zirconia implants
for 6 months while the lowest BIC values (87%) were related to evaluation for 4 weeks
after surgery (KIM et al., 2017). Thoma et al. (2015) showed that non-modified zirconia
implants had a statistically similar BIC percentage and peri-implant soft tissue
dimensions to acid etched-grit blasted titanium implants although zirconia implants
exhibited a considerable fracture rate after 6 months of loading (THOMA et al., 2015).

Considering antibacterial response, Roehling et al. investigated multi-species
biofilm adherence on zirconia machined (Y-TZP) surface compared to pure titanium
machined surfaces. A statistically significant decrease in the biofilm thickness was
noticed on zirconia-based surfaces when compared with titanium machined surfaces
(ROEHLING et al., 2017).

2.3.2. Grit blasted and acid etched zirconia surface treatment

Previous studies have reported that airborne particle abrasion known as grit
blasted surface treatment followed by acid-etching (SLA treatment) can increase the
surface area of zirconia implants for osseointegration (FISCHER; SCHOTT; MARTIN,
2016; KOHAL, Ralf J. et al., 2004) (Table 1). The grit blasting process with 50- 110 ym
AloO3 particles, has been shown as an alternative to increase the surface area for
osteoblasts attachment and then to speed up the osseointegration process. For
Gahlert et al., (GAHLERT et al., 2007) and Bacchelli et al., (BACCHELLI et al., 2009),
grit blasting zirconia implant surfaces significantly improved the peri-implant
osteogenesis and osseointegration when compared to machined titanium surfaces.
Gahlert et al. (2007) recorded the removal torque on 64 implants, including zirconia
grit blasted with Al2O3 particles, machined zirconia, and grit blasted titanium (with 0.2—
0.5 pym Al203) structures. The results showed significantly higher removal torque
values for grit blasted zirconia (40.5 N/cm) and titanium (105.2 N/cm) than those
recorded on machined zirconia (25.9 N/cm) surfaces (BACCHELLI et al., 2009).

Other studies have shown different results. Kohal et al. (2004) investigated the

osseointegration on unloaded zirconia implants compared to titanium implants for five
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months after tooth extraction. The titanium implant surfaces were grit blasted with
Al>O3 and acid etched (H202/HF) while zirconia implants were only grit blasted with 50-
um Al203/50 um. The results showed that the mean height of the soft periimplant tissue
cuff was 5 mm around the titanium implants and 4.5 mm around the zirconia implants.
The BIC was around 72.9% on titanium implants and 67.4% on zirconia implants.
Within these results, the mentioned study concluded that grit blasted zirconia implants
revealed similar integration to bone and peri-implant soft tissue dimensions when
compared to SLA titanium implants (KOHAL et al., 2004).

Moreover, grit blasting has been performed with additional chemical treatment
such as: hypo-phosphorous acid, and the mixture of KOH and NaOH to improve BIC
of zirconia. Though, hydrofluoric acid (HF) etching appears to be the first choice to
enhance bone apposition resulting in higher implant removal torque values (GAHLERT
et al., 2010; QUENTINFLAMANTA; et al., 2016). The incorporation of fluoride at the
ceramic surface could enhance osteoblastic differentiation and interfacial bone
formation, as found for fluoridated titanium surfaces (COOPER et al., 2006;
THOMPSON et al., 2011; VU et al., 2017). A commercially zirconia implant treated with
HF etching showed BIC at 81% (OLIVA; OLIVA 2010).

Besides, other studies have reported the effect of acid etching treatment on
zirconia surfaces and its impact on biofilm adhesion. Depprich et al. (2008) compared
the BIC percentage for 24 Y-TZP acid etched implants (Ra at 0.598 um) with 24 acid
etched titanium implants (Ra at 1.77 ym). The peri-implant tissues were histologically
inspected for 1, 2, and 4 weeks. A significant BIC increase was observed on acid
etched zirconia implants when compared to titanium implants (DEPPRICH et al.,
2008). Also, Roehling et al. (2017) reported a decrease in biofilm growth on grit blasted
and acid etched zirconia surface (ZrO2-ZLA) when compared to titanium grit blasted
titanium surface (Ti-SLA) (ROEHLING et al., 2017).

In another study, zirconia disks were acid etched in 5%, 20%, and 40% HF for
30 min, 1 h and 2 h (FLAMANT et al., 2016). A standard and faster roughening was
achieved in 40% HF for 60 min, although the mechanical properties of the zirconia was
not assessed. In that study, the etching at 40% HF dissolved zirconium and yttrium
oxide producing fluoride, and hydroxide complexes. Yttrium oxides have very low
solubility in 40% HF leading to the precipitation of yttrium trifluoride octahedral crystals
on the surface. Yet, zirconium oxides are partially soluble an bonded to yttrium,

zirconium and fluoride precipitates, probably due to the saturation threshold for
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zirconium fluoride complexes (FLAMANT; ANGLADA, 2016). Oh et al. (2017) tested
HF in two concentrations (10% and 20%) and in different time points (1, 2, 10, and 60
min) on pure zirconia, porcelain, and in bioactive glass that was infiltrated into pre-
sintered zirconia. The roughness of zirconia was not affected by the etching time or
the acid solution concentration although etched bioactive glass-infiltrated zirconia
revealed similar surface topographic aspect when compared to grit blasted/acid-etched
titanium (OH et al., 2017).

Hempel et al. (2010) cultured SAOS-2 osteoblasts cells on grit blasted, grit
blasted/etched zirconia and compared with grit blasted/ etched titanium. The findings
showed an increase in adhesion, spreading, and differentiation of SAOS-2 cells when
compared with titanium. However, there was no significant differences between
zirconia surface modifications (HEMPEL et al., 2010). Additionally, Bergnmann et al.
compared the osteogenic genetic marker for human primary osteoblasts on different
zirconia surfaces: machined, grit blasted, acid etched/grit blasted and acid etched/grit
blasted/heated with machined titanium implants. The previous study showed that both
acid etched surfaces with Ra roughness values of around 1.3 ym had a drastically
increase of osteocalcin expression and cell adherence when compared with machined
titanium (Ra at 0.54 ym) and machined zirconia (Ra at 0.59 pm). In fact, higher
roughness values corresponded to acid etched surfaces with a more favourable area
for osteoblasts adhesion (BERGMANN et al., 2015). The roughness values recorded
in the previous studies corresponded to the moderate rough titanium implants that has
been claimed to promote a high BIC percentage and successful osseointegration in
previous in vivo studies (WENNERBERG; ALBREKTSSON, 2009).

An in vivo study reported the BIC percentage around zirconia implants after
surface conditioning in different solutions. HF acid etching and immersion in NaOH and
KOH was compared regarding the enhancement of osseointegration and therefore the
BIC percentage was higher for the etched surfaces in HF. That surface treatment
induced the proliferation of multinucleated giant cells around the implant surfaces
(SAULACIC et al., 2014). Lifares et al. (2016) compared nine different zirconia or
titanium implants considering the following surface treatment to bone integration in
minipig mandibles: grit blasting with large grits of 250-500 um and acid etched with
HCI/ HoSO4. BIC percentage of the titanium implants was around 84% while zirconia
revealed a BIC around 86.2%. Additionally, gingival tissue around zirconia implants

showed higher organization of collagen fibres and lower sulcus depth measurements
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than that inspected around titanium. That suggested a mature and organized peri-
implant soft tissue around zirconia implant surfaces (LINARES et al., 2016).

Even though the described surface treatment has provided surface topographic
and biological advantages, the mechanical properties of treated zirconia can change
and affect the clinical long-term performance of the implant. The strength and phase
transformation of grit blasted zirconia has been questioned by previous studies
(AURELIO et al., 2016; FISCHER; SCHOTT; MARTIN, 2016; ZHANG et al., 2006).
Grit blasting can induce stress concentration and consequently a transition from
tetragonal to monoclinic phase. Thus, this phase transition can improve zirconia
mechanical properties due to the introduction of compressive stress, but can also
cause degradation of zirconia affecting density and mechanical stability (FISCHER;
SCHOTT; MARTIN, 2016). A systematic review reported that the flexural stress of grit
blasted yttria-stabilized zirconia increased, regardless abrasion factors and aging
effect (AURELIO et al., 2016). Studies have also reported that grit blasting decrease
the fatigue resistance of zirconia (ZHANG et al., 2006). A study showed that grit
blasting zirconia with 105 ym alumina, HF acid etching, and 1 h of heat treatment is a
reliable process to increase zirconia Ra roughness to 1.2 ym which is comparable to
the standard titanium roughness (Ra at 1.5 pm) that can support a successful
osseointegration rate (WENNERBERG; ALBREKTSSON, 2009). That study showed
an increase of the zirconia flexural strength after grit blasting, although the fatigue
strength was not assessed (FISCHER; SCHOTT; MARTIN, 2016; WENNERBERG;
ALBREKTSSON, 2009). As a matter of fact, the strength of zirconia might be reduced
by particle abrasion, since that can cause deep micro-cracks. Any compression caused
by particle abrasion can strengthen and inhibit micro-crack extension due to zirconia
phase transformation supporting the results from previous studies on the benefits of
grit blasting (AURELIO et al, 2016; FISCHER; SCHOTT; MARTIN, 2016).
Nevertheless, Zhang et al. have shown in their study that the compressive stresses
caused by grit blasting are not enough to counteract the strength loss caused by micro-
cracks specially under high static load and fatigue tests which resemble real clinical
conditions (ZHANG et al., 2006). Clinically, zirconia implants should be grit blasted with
soft and round particles, avoiding the use of sharp particles to decrease the formation
of micro-cracks. Further studies involving fatigue tests are required to evaluate grit
blasting parameters to attain a desired roughness and to decrease micro-crack
formation (FISCHER; SCHOTT; MARTIN, 2016; ZHANG et al., 2006).
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Other studies have also revealed that heat and acid treatment can decrease
zirconia flexural strength due to tetragonal to monoclinic phase transformation and low
temperature degradation conditions (SATO et al., 2008; SRIAMPORN et al., 2014). In
a recent study, Xie et al. evaluated the effects of three types of acid treatment on
zirconia. Hydrofluoric (HF), acetic, and citric acid were tested at different
concentrations. HF was the most efficient acid to increase roughness, however,
40%HF treatment at room temperature decreased considerably the surface hardness
and flexural strength of the samples. As follows that study concluded that the acid
concentration should be maximum 5%HF to avoid any potential damage to zirconia
mechanical structure (XIE et al., 2015). Fischer et al. showed that zirconia strength
decreased after HF etching for 4 h while etching for 1 h was recommended although a
short time of etching could not improve the morphological aspects of zirconia implants
(XIE et al., 2015). Even though acid etched zirconia has been claimed as a promising
material that enhances osseointegration, further studies are suggested to determine

etching conditions without affecting the mechanical behavior of zirconia.

2.3.3 Ultraviolet light treated zirconia

Regarding in vitro and in vivo studies, UV light treatment has been claimed to
be an effective zirconia surface treatment to enhance the attachment, proliferation, and
differentiation of osteoblast without affecting zirconia mechanical properties
(BREZAVS'CEK et al., 2016; HENNINGSEN, A. et al., 2018). UV light can induce
electron excitation, increasing zirconia surface energy. Henningsen et al. reported an
increase in wettability of zirconia surfaces treated by UV light to an ultra-hydrophilic
state. The water contact angle of grit blasted zirconia surfaces decrease from 51° down
to 9.4° after UV light treatment, as seen in Table 2 (HENNINGSEN, Anders et al.,
2018). The fact that UV treatment increases zirconia wettability was also supported by
another previous study testing UV light for 15 min (BREZAVS'CEK et al., 2016).
Additionally, histomorphometric analysis revealed that UV treated zirconia specimens
had a faster osseointegration process and higher BIC percentage (86.5%) when
compared to untreated zirconia for 2 and 4 weeks of implantation. After 4 weeks,
untreated samples had still fibrous connective tissue at the implant-bone interface
while UV treated samples were almost entirely surrounded by bone (Table 1). Another

study showed that UV treated zirconia became super-hydrophilic and increase human
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alveolar bone derived osteoblasts attachment and spreading after 21 days when
compared to untreated samples concluding that UV treatment can induce faster
healing and higher BIC percentage (YANG et al., 2015). Even though, some studies
have suggested that UV surface treatment is a promising strategy to promote bone
morphogenesis around zirconia implants, additional in vivo studies are required to
validate such concept (BREZAVS'CEK et al., 2016; TUNA et al., 2015).

Table 2 - Water contact angle and wettability measured in several studies for different

types of zirconia surface treatment.

Contact
Author Materials Treatment angle Wettability Observations
(degree)
7432 -
Polished titanium Hydrophilic
1.34
Titani blasted with N Gritblasting:
(AL-RADHA Ianlug?rco?w?ae w 87.3+£5 Hydrophilic  Zzirconia powders
et al., 2012) Titanium with particle size
v <44 um; 4.5 bar; 3
cm distance
Titanium blasted with 1> 1 £ |y 4o shobic
zirconia/acid etched 1.5
Acid etching: 0.2
Polished 8279+21 Hydrophiic W% hydrofluoric
acid for
CHO ota,  ZOFTZPAHIP 1.5 min
etal, . 63.72
(Y,Nb)-TZPand HA Film by Aerosol Hydrophilic
2015) Deposition: ~10 ym 2.55 . .
(Y, Ta) -YZP. Gritblasting: 50
pum Al2Os at 2 bar
Non-coated zirconia ~ and 1bar
surfaces 95.0+3.21 Hydrophobic
(sandblasted)
HA Film by
Aerosol
Polished + WL
, , 64 + 1 Hydrophilic ~ DePosition: ~10
polydopamine coating pm
Zirconia:
(LIU et al., Zenostar, Wieland
2015) Y-ZrO2 (Zenostar) Dental, German
dopamine
solution: (2 mg/mL
Uncoated (Polished) 78+4 Hydrophilic ~ in 10 mM Tris-HCI,
pH 8.5) and gently
shaken for 24 h at
room temperature
(YANG et Polished + UV light _ Zirconia:
Y-ZrO2 (Zenostar) 33.76 Hydrophlllc Zenostar, Wieland
al., 2015) treatment ’

Dental, German
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UV light; 24 h; 10-

Polished 51.98 Hydrophilic W bactericidal
lamp; 17 mW/cm2
Sandblasted + UV - e, e m
_ 36.15 Hydrophilic ~ Gritblasting:
light treatment (Al203)  particles
(25 pm) from a
Sandblasted 63.87 Hydrophilic ~ distance of about
20 mm at 0.2 MPa
As sintered 4695 Hydrophilic
Gritbasting: Al20s3;
Sandblasting and 44643 Hvdroohil 100 pm particles;
6+ rophilic .
(MOURA, C etching treatment ydrop 6' bar; 10 mm
' 3Y-TZP distance Etching:
38.2+1 Hydrophilic i 9
(0.9W) ydrop ac?ld. (48%) .for 39
min; Laser: Nd:
Laser irradiation YAG laser
36.4+1 Hydrophilic
(1.8W)
Sandblasted + acid
Titanium grade IV 111 Hydrophobic  Gritblasting: ZrO2
etched ) .
particles UV light
S at A = 360 nm
uv 12.8 uper-. ' (005chm—2)
Hydrophilic  and A =250 nm (2
Super- mW cm-2) Non-
O2-Plasma - thermal plasma of
Hydrophilic either Argon and
(HENNINGS AP Super- oxygen using a
r-Plasma
EN, A. etal, Hydrophilic ~ hon-thermal
plasma reactor
2018) Zirconium dioxide )
51 Hydrophobic
blasted
Super-
uv 9.4 -
5Y-TZP Hydrophilic
Super-
0O2-Plasma 4.2 Hydrophilic
Super-
Ar-Plasma 29 Hydrophilic

2.3.4. Zirconia laser modification

Laser treatment is a promising alternative to modify and to enhance zirconia
osseointegration (HENNINGSEN et al., 2018; TUNA et al., 2015; LIU et al., 2013;
YANG et al., 2015; PARRY et al., 2011). Hoa et al. used a CO: laser to modify Y-TZP

surfaces and possibly achieve a higher osseointegration index. The defocused CO:
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laser beam was traversed in single time across the Y-TZP surface at different
intensities, namely 1.80 and 2.25 kW/cm?. The CO: laser treatment decrease the
roughness of the samples from 0.35 ym down to 0.2 pym although that increased the
surface energy and consequent wettability of the surface (HAO et al., 2005).

Moura et al. reported the influence of surface texturing on Y-TZP by laser
treatment compared to different surface modifications: as sintered sample (AS), grit
blasting and acid etching treatment (SE), laser irradiation using two output power of
0.9 W (LI) and 1.8 W (LIl). The surface was analyzed by SEM/EDS, water contact
angle, friction test by bone plates, and roughness analysis. The water angle contact of
laser treated Y-TZP was 36.4° (LI) and 38.2° (LIl) while the AS and SE groups showed
higher water contact angle values (46.9° + 5° for AS and 44.6° £ 3° for SE) that showed
a lower hydrophilicity. In fact other in vitro studies have shown that CO: laser modified
zirconia increases osteoblast (hFOB) adherence when compared to untreated samples
(HAO et al., 2005). It is important to take in consideration that material water contact
angles lower than 90° are considered hydrophilic, and < 20° are super hydrophilic. As
follows, lower water contact angle mean values the material has a higher wettability,
which is biologically a more attractive surface for osteoblast proliferation, protein
adsorption, and osseointegration (HOTCHKISS et al., 2016). The water contact angle
and wettability measured in several studies for different types of zirconia surface
modifications are shown in Table 1.

Furthermore, laser treatment has been applied to promote microgroove
surfaces on zirconia implants. The micro texture could change the collagen fiber
organization, peri-implant bone architecture, and human cell metabolism. Studies have
shown that surfaces with a regular geometry in the micro-range can increase
osteoblast proliferation, adhesion, spreading, and synthesis of matrix protein (CALVO-
GIRADO et al., 2015). Delgado Ruiz et al. 2015 treated zirconia through femtosecond
laser to produce a micro-grooved surface with symmetric microstructures. An animal
study showed that laser treated micro-grooved zirconia implants had a high number of
transverse collagen fibers and an increased bone remodelling when compared to grit
blasted zirconia implants which had parallel collagen fibers and acid-etched titanium
implants but low bone remodelling rates. The difference among bone remodelling rates
after 4 months of loading could be explained by the presence of blood vessels and
bone cells that penetrated in micro-groved zirconia surfaces, which accelerated the

osseointegration rate. Also, the presence of transverse collagen fibers results in a
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favorable stress distribution environment on loaded implants (DELGADO-RUIZ et
al.,2015). Laser treated micro-grooved zirconia implants show promising results,

however further studies involving humans are required for clinical validation.

2.3.5. Coatings on zirconia

Implant dentistry innovations face the primordial challenge of enhancing
biological and mechanical properties of implants by approaches like implant coating.
Different coatings on zirconia surfaces have been developed to enhance
biocompatibility, antibacterial potential, and bioactivity. Bioactive coatings on zirconia
have demonstrated advantages for bioactivity, since they have the ability to induce
hydroxyapatite formation in a biological environment, that is essential for subsequent
bone proliferation. In literature, different coating materials with favourable biologic
properties have been described, such as: silica, magnesium, nitrogen, carbon, calcium
phosphate, hydroxyapatite, dopamine, and graphene (PARDUN et al., 2017; LI et al.,
2014; OH et al., 2017; WANG et al., 2010; CHEN et al., 2008; SCHIENLE et al., 2015;
PARDUN et al., 2015; LIU et al., 2013).

Laranjeira et al. compared the in vitro behavior of fibroblast adherence and
antibacterial effect on different types of silica-coated micropatterned zirconia surfaces.
The study results showed that silica coated zirconia samples with different surface
morphological aspects reduced bacterial adhesion. Microstructured bioactive coating
can also be an efficient strategy for fibrin network formation, cell growth, and improved
soft tissue adherence since it enhances the adsorption of proteins and cell migration
(LARANJEIRA et al., 2014). Additionally, Kirsten et al. analysed a novel glass
composition (PC-XG3) zirconia coating and its in vitro bioactivity using the simulated
body fluid (SBF) immersion test. Smooth and microstructured glass coatings were
applied on zirconia implants, which showed a strong adhesion to the zirconia substrate
and a significant increased in vitro bioactive behavior after SBF immersion (KIRSTEN
et al., 2015). Consequently, silica coatings can increase the zirconia bioactivity
promoting hydroxyapatite formation when in contact with body fluids which would

stimulate osteoblast proliferation on the implant surface (CATAURO et al., 2015).
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2.3.6. Magnesium, nitrogen, and carbon coatings

Studies have reported that magnesium (Mg) coatings favor osteoblast
proliferation, increasing the zirconia bioactivity (MUSHAHARY et al., 2014). Pardun et
al. 2017 reported the influence of Mg addition to zirconia-calcium phosphate and found
that Mg-containing coatings promoted a higher cell proliferation and differentiation in
comparison to zirconia-calcium phosphate coatings. Microstructural analysis
confirmed a porous and a stable coating adhesion not hampered by its composition.
Other studies have shown that magnesium-calcium coatings increased the bioactive
potential of zirconia. That showed a multi-layered hydroxyapatite (HA) precipitate
revealing a “cauliflower” morphology after 7 days of SBF immersion (PARDUM et al.,
2015; EWAIS et al., 2017). Moreover, the addition of other elements like nitrogen and
carbon have improved the biological and mechanical properties of zirconia
(GARMENDIA et al., 2008). Another study showed a high hydrophilicity, bioactivity,
and antibacterial potential for zirconia containing a nitrogen-doped hydrogenated
amorphous carbon (a-C:H:N) layer. Schienle et al. tested the bacterial adherence to
3Y-TZP with a carbon (a- C:H:N) coating and quantified the adherent microorganisms
by estimating the colony-forming unit (CFU) analysis. The a-C:H:N coated Y-TZP
surfaces revealed a low adhesion of bacteria on the surface compared to uncoated
surfaces (SCHIENLE et al., 2015). Other studies have also coated zirconia with
functionalized carbon nano-tubes increasing the roughness, wettability, and cell
adhesion of the material favouring zirconia's osseointegration properties
(GARMENDIA et al., 2008; KOU et al., 2013).

2.3.7. Hydroxyapatite and calcium phosphate based coatings

Hydroxyapatite (HA) has a similar mineral composition to that of bone, and thus
shows bioactive properties favouring tissue response that enhances osseointegration.
HA has been used to coat zirconia in order to convert highly stable implant surface into
a bioactive one, thus enhancing osseointegration features. Porous zirconia scaffolds
coated with HA have been used as a drug delivery system to enhance bone response
and assure proper osseointegration (CHO et al,, 2015; NALEWEY et al., 2016;
LAVOS-VALERETOI et al., 2001). Aboushelib and Shawky evaluated the
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osteogenesis ability of CAD/CAM porous zirconia scaffolds enriched with HA. Results
revealed a significantly higher volume of new bone formation (33 £ 14%) on HA
enriched zirconia scaffolds compared to those of scaffolds free of HA (21 £ 11%),
therefore, demonstrating the HA coating enhanced osteogenesis ability of porous
zirconia scaffolds (ABOUSHELIB and SHAWKY 2017). Pardun et al., obtained
coatings by mixing Y-TZP and HA on various ratios. An increasing content of calcium
phosphate resulted in a decrease of the mechanical and chemical stability of the
material, while the bioactivity increased after immersion in simulated body fluid. As
follows, the author demonstrated excellent interfacial bonding, mechanical strength,
and the bioactivity potential of coatings with higher tetragonal zirconia contents
(PARDUM et al., 2015).

Calcium phosphate is also considered bioactive and thus stimulate bone repair
due to their chemical composition close to that of the mineral phase of bone commonly
named biological apatite. However, calcium phosphate coatings exhibit a poor stability
and provide a weak bonding strength to the substrate. To overcome those drawbacks
of calcium phosphate coatings, studies used tricalcium phosphate reinforced
hydroxyapatite (HA/TCP) coatings over zirconia surfaces, with open pores larger than
100 um, a bonding strength of 24 MPa showing a high interfacial bonding between
coating and substrate. Additionally, those coatings exhibited absorbable and
osteoconductive properties (LE RAY et al., 2010; YANG et al., 2013 ).

2.3.8. Dopamine

Dopamine, precursor of 3,4-dihydroxy-L-phenylalanine (L-DOPA), was found to
be an important component in the adhesive structure of mussels as it can self-cure and
adhere strongly to a wide range of organic and inorganic materials (LEE et al., 2008).
Polydopamine (PDA) coatings can enhance antimicrobial properties and facilitate the
protein adsorption and cell adhesion, accelerating biological processes such as
osseointegration (XU et al., 2016). The influence of novel PDA coating on zirconia
disks regarding soft-tissue integration and antibacterial effect was explored by a
previous study (LIU et al., 2015). Such study evaluated modified surface zirconia with
PDA. The surface topography of zirconia coated with PDA can be seen by atomic force
microscopy (AFM) and SEM inspection as shown in Figure 1 and Figure 2. The

polydopamine coating decreased significantly the bacterial activity and enhanced
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fibroblasts adherence, that has an important role in peri-implant soft-tissue integration.
Therefore, such surface modification approach holds great potential for improving
softtissue integration around zirconia abutments. Additionally, another study reported
the coating of zirconia with L-DOPA which was a dopamine-derived residue secreted
by marine mussels to enhance the biocompatibility and osteogenic response of
zirconia. The preliminary results of this study showed that L-DOPA coated specimens
had a higher osteoblast proliferation and spreading when compared to uncoated

specimens (LIU et al., 2013).
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2.3.9. Graphene coatings

Graphene has been the precursor of a novel multifunctional material that can
act as a biocompatible surface coating to improve implant tribological properties and
reduce wear (PRIYADARSINI et al., 2018; XIE et al., 2015; CHO et al., 2013). Li et al.
2014 prepared zirconia/graphene (ZrO2/GNs) composite coatings with a thickness of
5-20 nm using an atmospheric plasma spray system. It was noticed that the wear
behavior rate of ZrO2/GNs reduced down to 1.17 x 10-6 mm3 /N m on 100 N normal
loading, which resembled to a 50% decrease compared with the control group (ZrO-
specimens). Moreover, the results indicated that the ZrO2/GNs composite coating
exhibited excellent wear resistance and low coefficient of friction with the addition of
GNs. A GNs-rich transfer layer protected the ZrO,/GNs composite coatings from
severe wear by brittle microfracture, which significantly improved its tribological
behavior (LI et al., 2014). Further studies should consider graphene to improve zirconia

mechanical performance mainly regarding wear resistance in implant dentistry.

2.3.10. Bioactive graded zirconia-based structures

Zirconia-based materials have a high elastic modulus, high chemical stability in
human body, and desirable optical properties for aesthetic outcomes. Nevertheless,
the high elastic modulus results in stress shielding of the hard tissue, leading to local
bone resorption. Bioactive ceramics (e.g. calcium phosphate ceramics, bioactive
glasses) are reactive to the surrounding medium and stablish chemical bonds with
adjacent tissues (FERRARIS et al.,, 2012). Also, those bioactive materials exhibit
comparable modulus to hard tissues (bone, enamel, or dentin), which mitigates the
stress shielding problems. Unfortunately, bioactive ceramics are relatively weak and
thus structurally unstable, which hinders their use in load bearing applications (e.g.
dental and orthopedic implants) (ZHANG et al., 2010).

Attempts have been conducted to produce bioactive glass coatings on zirconia
substrates but with limited success. These coatings often undergo delamination and
fracture caused by the coating/substrate bonding issue, mismatch in coefficient of
thermal expansion (CTE), and the abrupt changes in physical properties at the

coating/substrate interface. To overcome such issues, Zhang et al 2014 proposed a



25

bio-inspired strategy regarding transition in chemical composition and properties, as
seen in Figure 3 (FABRIS et al., 2016; HENRIQUES et al., 2017). That strategy relies
on a functionally graded calcium phosphate-based glass/zirconia (CPG/Y-TZP) system
with a low elastic modulus and a flexural strength similar to, or even higher than that
recorded for Y-TZP (ZHANG et al., 2010; ZHANG et al., 2012)

The osteoconductive CPG coating can speed up the osteointegration process
and prevents micromotion at the implant/tissue interface (ZHANG et al., 2012a;
[4,104,111]. In addition, the residual outer surface CPG layer acts as an encapsulation
layer, preventing hydrothermal degradation of the Y-TZP interior. Also, CPG can be
further transformed to a carbonate apatite (CHA) layer by immersing in mineral
precipitate solution or simulated body fluid (SBF) since the newly formed bone is
directly attached to a CHA layer. Despite the aforementioned advantages of this
system, there is only a few studies on CPG/Y-TZP, contrasting to a vast literature on
glass infiltrated zirconia structures (ZHANG et al., 2014a; ZHANG et al., 2009; FABRIS
et al., 2017; FABRIS et al., 2016; HENRIQUES et al., 2017; ZHANG et al., 2010b;
ZHANG et al., 2012b; KIM et al., 2010; ZHANG et al., 2009a; ZHANG et al., 2009b).



Figure 2 - Zirconia coatings showing biological advantages in terms of bioactivity,
osseointegration, and antibacterial effects.
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Figure 3 - Optical micrographs of graded CPG/Y-TZP (a) rod (2 mm in radius) and (b)
plate (1.2 mm thick) sections consisting of (c) CPG infiltrated Y-TZP (SEM image);
(d) Energy dispersive X-ray line mapping from surface to interior, revealing a gradual
transition in Ca and Zr contents. Higher magnification SEM images, insets of (c),
showing: gradual transition from the surface residual CPG layer (left) to the graded
CPG/Y-TZP structure (center) and to dense Y-TZP interior (right), modified from
Zhang et al. (2014).
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2.4. Conclusions

The present review analysed and explored the techniques currently reported for

zirconia surface treatment and concludes important key points depicting desirable

osseointegration, mechanical, and antibacterial properties as follow:

Osseointegration findings depends on time and bone quality, heterogeneous
in vivo studies involving different animal models, healing and loading periods,
and different surgical sites. Standard guidelines in methods, materials and
surfaces are recommended to compare results among scientific studies;
Machined zirconia implants have shown an adequate osseointegration when
compared to machined titanium implants, however, treated zirconia implants
have shown higher bone to implant contact percentage. An increase in
roughness and improvement of surface morphological aspects can speed up
the osseointegration process for both zirconia or titanium implants;

No surface treatment has been claimed as first choice to increase zirconia
osseointegration potential although surface modifications that increase
roughness, wettability, and surface energy are recommended to enhance the
adhesion, proliferation, and differentiation of osteoblasts. Bioactive based
graded structures and coatings are recommended to increase zirconia's
bioactivity and osseointegration.

Grit blasting, acid etching, and heat treatment should not decrease the
mechanical properties of zirconia such as flexural strength and fracture
toughness. Smooth and round particles for grit blasting are recommended to
avoid micro-crack formation. Studies have shown that high HF
concentrations, over etching time and thermal treatment are not
recommended since they can increase zirconia degradation.

Functionally bioactive graded zirconia can improve the mechanical strength
(e.g., flexural strength and fracture toughness) and biological properties of
zirconia. Bioactive materials added on the surface can improve
osseointegration and decrease biofilm accumulation;

In vitro and in vivo studies have shown that machined and acid etched
zirconia decrease the adhesion of bacteria when compared to titanium. The

low affinity of zirconia to biofilm and a favorable soft tissue adaptation is an
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essential aspect since it could reduce peri-implantitis risks which is the major
current issue of failures in implant dentistry;

Modified zirconia-based surfaces should be evaluated in clinical studies to
provide realistic point view of how oral biofilms, loading, and other patient
conditions may affect the properties of zirconia. A range of mechanical
properties values for titanium and zirconia parts (and their application) and
the role of these treatments on them would help to show which road we show

follow.
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Chapter 3 - Dopamine- and graded bioactive glass-zirconia modified surfaces

for implant dentistry: an in vitro study?

3.1. Introduction

Zirconium dioxide (ZrO2), commonly known as zirconia, is a biomaterial usually
applied in dentistry. This biomaterial presents relevant aesthetic properties, including
colour and opacity, that mimic the crown and root of natural teeth. For this reason,
dental crowns, onlays, inlays, veneers, and implant structures have been produced
based on zirconia (STADLINGER et al., 2010; SCHUNEMANN et al., 2019; BONA;
PECHO; ALESSANDRETTI., 2015). Furthermore, zirconia displays unique
biomechanical characteristics such as high fracture toughness, fatigue resistance,
bending strength, corrosion resistance, radiopacity, and higher bone affinity than most
alternative ceramics (BONA; PECHO; ALESSANDRETTI, 2015; ZHANG, 2012;
SIVARAMAN et al., 2018). Nevertheless, zirconia has minimal interaction with the
surrounding tissue and is considered a bioinert material. Therefore, modifications on
zirconia surface could improve cell adhesion, proliferation, and differentiation.
Additionally, these modifications could induce an antimicrobial effect, directly
influencing peri-implant tissue attachment and maintenance on dental implant surfaces
(SCHUNEMANN et al., 2019; SANON et al., 2015; LIU et al., 2015; PABST et al., 2015;
MOEZZIZADEH et al., 2017; FREITAS et al., 2018; CHO et al., 2015).

Bioactive glass (BG) 45S5 was the first commercial form of glass-derived
biomaterials for bone regeneration, and it is still largely studied due to its bone-bonding
properties (HENCH et al., 2009; JONES et al., 2013; GALARRAGA-VINUEZA et al.,
2018; HENCH et al., 1977). Later, new compositions of BG were developed, including
58S, produced via sol-gel method (MOEZZIZADEH et al., 2017; FERRARIS et al.,
2000; HENCH et al., 2015; ZHONG et al., 2000). Moreover, melt-derived 45S5 glass
powders exhibit lower dissolution rates for apatite formation than 58S gel-glass
powders (SEPULVEDA et al., 2002). In order to combine the bioactivity of glass-

derived materials with the outstanding mechanical properties of zirconia (Y-TZP), the

2 Submitted for publication in the Acta biomaterialia (Impact Factor: 7.242).
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infiltration of BG on zirconia surfaces was proposed (Zhang, Regeros, Kim 2009).
Therefore, functionally graded materials (FGM) were created to improve the bioactivity,
flexural strength, and damage resistance (ZHANG et al., 2012; FABRIS et al., 2016;
FABRIS et al., 2017; HENRIQUES et al., 2017; ZHANG et al., 2010; ZHANG et al.,
2012).

In this regard, BG has been proposed for treating zirconia surface since these
biomaterials are bioactive and biocompatible and also demonstrate angiogenic and
antimicrobial effects (HENCH et al., 2009; JONES et al., 2013). Additionally, in the
presence of biological fluids, BG binds to the bone by forming a carbonated
hydroxyapatite layer, miming the mineral phase of the bone (JONES et al., 2013;
GALARRAGA-VINUEZA et al., 2018; RAHAMAN et al., 2011). This layer promotes a
stable bond to the living bone and stimulate mesenchymal cells to differentiate into
osteoblast-like cells (MOEZZIZADEH et al., 2017; GALARRAGA-VINUEZA et al,,
2018; HENCH et al., 1977). Also, bone cells are stimulated towards a path of
regeneration and self-repair, accelerating bone tissue healing kinetics
(SCHUNEMANN et al., 2019). Hence, BG coatings on zirconia substrates have been
proposed to provide bioactive properties to biomedical components. However, this
approach has failed due to the typical delamination and fracture occurrences. These
problems occur because of the coating/substrate bonding issue, mismatch in
coefficient of thermal expansion (CTE), and the abrupt changes in physical properties
at the coating/substrate interface.

In order to overcome this limitation, Zhang et al., 2014 projected a functionally
graded calcium phosphate-based glass/zirconia (CPG/Y-TZP) system (Figure 4). This
system is based on the surface infiltration of a pre-sintered zirconia substrate, resulting
in a gradated compositional and mechanical transition from the surface (CPG) to the
bulk (Y-TZP) of the component. The graded BG-zirconia materials have improved
mechanical properties over pure Y-TZP, namely lower elastic mismatch to the bone
(EBone ~20GPa; Egass ~50GPa; Ezo2 ~200GPa) and higher flexural strength and
damage resistance (SCHUNEMANN et al., 2019). However, the biological properties
of these materials are far less reported. Therefore, it remains to be demonstrated to
which extent the mechanical properties are accompanied by relevant improvements at

the biological level.
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Figure 4 - Micrographs of graded CPG/Y-TZP (A) rod (2 mm radius) and (B) plate
(1.2 mm thick) sections consisting of (C) CPG infiltrated Y-TZP (SEM images).
Higher magnification SEM images, insets of (C) showing the gradual transition from
the surface residual CPG layer (1, left) to the graded CPG/Y-TZP structure (2, centre)
and to the dense Y-TZP interior (3, right). Adapted from Zhang et al. 2014. CPG:
gradated compositional and mechanical transition from the surface. Y-TZP: bulk of
the component.

Polydopamine coatings can increase antimicrobial properties, protein
adsorption, and cell adhesion (LIU et al., 2015; LEE et al., 2007). Clinically speaking,
polydopamine coatings on zirconia can improve soft-tissue integration and
antimicrobial effect in the peri-implant tissues (SCHUNEMANN et al., 2019; LIU et al.,
2015). In turn, dopamine (DOP), the precursor of 3,4-dihydroxy-L-phenylalanine (L-
DOPA), has the ability to self-polymerize and strongly adhere to a wide range of
organic and inorganic materials (LEE et al., 2007). Additionally, studies have
demonstrated that DOP and its precursors coatings can increase the antimicrobial
effect, collagen deposition, fibroblasts adhesion (LEE et al., 2007), and human
osteoblasts (MG63) adhesion and spreading (LIU et al., 2013). Previous studies have
tried different material compositions and methodologies of zirconia-modified surfaces

by bioactive glass or dopamine derivatives (Table 3).
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Table 3 - Previous studies on zirconia-modified surfaces by bioactive glasses or

dopamine derivatives.

AIM

OUTCOMES

IN VITRO METHODS

REF

To evaluate MC3T3-E1
adhesion on laser-sintered
coatings of hydroxyapatite
or 4585 bioactive glass on
zirconia-textured surfaces.

Application: dental implants

Laser-sintered zirconia with a
texture pattern of 100 um
width grooves functionalized
with hydroxyapatite or 45S5
bioactive glass coatings was
biocompatible for MC3T3-E1.

Cell viability assay
(Live/dead protocol) and
scanning electron

microscopy

MESQUITA-
GUIMARAES
et al., 2020.

To evaluate cell behavior on
a bioactive glass
(23.75%Na20, 23.75%Ca0,
48.5% SiO2, and 4%P205)
zirconia coating using L929
mouse fibroblasts.
Application: prosthetic

abutments

The bioactive glass zirconia
coating surfaces increased cell
migration, proliferation, and
spreading, as well as collagen
expression compared to pure

zirconia surfaces.

Cell proliferation (Alamar
Blue staining),
morphology (SEM),
migration (wound
healing), and collagen
synthesis (Sirius Red
staining) (7 days)

BARROS et
al., 2019.

To analyze the behavior of
mouse bone marrow-derived
mesenchymal stem cells
(mBMSC) on zirconia
surface modified by
infiltration of the precursor
sol of 58S bioactive glass
followed by gelling and
sintering processes.

Application: dental implants

The bioactive glass infiltrated
zirconia surfaces improved cell
adhesion and alkaline
phosphatase activity of
mBMSC compared to pure

zirconia surfaces.

Cell viability assays
(Live/dead protocol; 1
and 3 days, and CCK-8;
1, 3, and 7 days),
confocal laser scanning
microscopy (CLSM; 2
days) and alkaline
phosphatase activity (7,
10, and 14 days)

KE et al., 2017

To develop and analyze the
cytocompatibility of a novel
glass composition of 4585
(substitution of CaO by MgO
and of Na20 by K20) applied
as zirconia coating using
L929 mouse fibroblasts.

Application: dental implants

Proliferation rates were similar
for microstructured glass
coatings (PC-XG3) and control
groups. The material was

biocompatible.

Cell proliferation
(CellTiter-Blue Cell
Viability Assay; 1, 2, 3,
and 4 days) and
cytotoxicity (Cytotox-ONE
Assay; 1 and 4 days)

KIRSTEN et
al., 2015

To evaluate the influence of
polydopamine-coated
zirconia on human gingival
fibroblasts (HGF) behavior.
Application: prosthetic

abutments

Polydopamine coating on
zirconia increased cell
adhesion and proliferation
compared to pure zirconia.
HGF exhibited a high degree
of spreading and secreted a

high level of collagen type | on

Cell adhesion and
proliferation (CCK-8; 3 h,
1, 3, 5, and 7 days) cell
spreading and
morphology (SEM and
CLSM; 3 and 24 h), and

collagen type | synthesis

LIU et al., 2015
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polydopamine-modified

zirconia.

(enzyme-linked

immunosorbent assay; 3

and 7 days)

To study the L-DOPA coated zirconia
biocompatibility of L-DOPA
(3,4-dihydroxy-I-

phenylalanine) coating

Cell viability assay (MTT;
1, 3, and 7 days),
immunofluorescence,
SEM and alkaline
phosphatase activity (1,
14, and 21 days)

demonstrated higher
biocompatibility and cell
adhesion and spreading, but LIU et al., 2013
zirconia using human similar alkaline phosphatase
osteoblastic cells (MG63).

Application: dental implants

SEM: scanning electron microscopy. CLSM: confocal laser scanning microscopy. L-
DOPA: 3,4-dihydroxy-L-phenylalanine.

activity than uncoated zirconia

samples.

Therefore, this study aimed to develop bioactive zirconia surfaces using
bioactive glass and dopamine to improve hard and soft tissue integration around
zirconia implants and prosthetic abutments (Figure 5). To meet this goal, physical
analyses of the materials, biocompatibility, cell proliferation, adhesion, and morphology

were evaluated.
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Figure 5 - Clinical application of bioactive glass (BG) coating on zirconia surface of
dental implant and prosthetic abutment. DOP: dopamine.
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3.2. Material and methods

3.2.1. Zirconia disks preparation

Zirconia disks (n = 280) of 10 mm diameter were prepared using 1 g zirconia
powder (Tosoh, Zirconia TZ-3YSB-E, Japan) compacted in a circular stainless-steel
die under 100 MPa of pressure for 60 sec. Stearic acid was used as a lubricant, while
the good outflow of zirconia powder facilitated the homogeneous distribution of the
material. Densified monolithic zirconia disks (n = 40) with a diameter of 8.20 £ 0.01
mm and a thickness of 2.60 + 0.02 mm were obtained after air sintering for 2 h at 1500
°C and 5 °C/min (10PS, EDG, Brazil). The remaining zirconia compacts (n = 200) were

used to produce the BG-infiltrated specimens, as described in Section 2.4.

3.2.2. Sol-gel production of bioactive glass

58S BG, triethyl phosphate (Sigma-Aldrich, St. Louis, USA), and nitric acid
(HNO3, 68%, Vetec, Brazil) was used to dissolve Ca(N-0O3)2.4H20 (Sigma-Aldrich, St.
Louis, USA). The molar ratios of SiO2, P.Os, and CaO were calculated according to
the 58S BG composition. Tetraethyl orthosilicate (TEOS, Sigma-Aldrich, St. Louis,
USA) and TEP were placed in a glass recipient containing EtOH (Sigma) under
magnetic stirring. Ca(N-03)2.4H20 was dissolved in 2M HNO3 and then added to water
at a molar ratio TEOS:H20 of 1:4. The solution was stirred for 1 h and dried in an
incubator at 70 °C for 24 h. Subsequently, the material was thermally treated at 600 °C
for 24 h and milled in a planetary ball mill at 400 rpm for 1 h to obtain the BG powder.

3.2.3. Melting route of bioactive glass 45S5

Bioactive glass 45S5 (45%wt SiO2, 24.5%wt Na20, 24.5%wt CaO, 6%wt
P205) powder was processed by the melt quenching technique. To produce 100g of
BG was used 45g of silica (SiO2 - Sigma Aldrich, 99.9%, CAS 0676-86-0), 41.98g of
sodium carbonate (Na2CO3 - Lafan, 99%, CRQ 10.232-F), 43.58g of calcium
carbonate (Ca2C03), and 6g of phosphorus pentoxide (P205 — Scientific Exodus,
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99.5%, CAS 1314-56-3). The precursor powders were dry homogenized for 30 min at
150 rpm (Mill CT 242 Servitech). Melting was performed at 10 °C/min in the Jung
melting furnace (Blumenau, Brazil) using a platinum crucible. The first burning stage
was at 900°C, 30 min for the homogeneous decomposition of carbonates and release
of CO2; the fusion at 1450 °C for 2 h resulting in a homogeneous vitreous. After
melting, the platinum crucible was immersed in water. The grinding to obtain the
powder was carried out in a planetary mill (Retsch PM 100), with a jar and agate

spheres, for 80 min at 400 rpm.

3.2.4. Zirconia surface modifications

Zirconia specimens were divided into 7 groups (Figure 6), according to the

surface treatment (n = 40 per group).

Figure 6 - Scheme of zirconia (Y-TZP) specimens according to the surface treatment.
BG: bioactive glass. DOP: dopamine.
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3.2.4.1. Sandblasted and acid-etched zirconia specimens

The sintered disks were sandblasted (Renfert Basic Eco, USA) with Al2O3
particles grits of 110 ym and 4 bar to obtain a macro-rough surface and acid-etched
with 10% hydrofluoric acid (Condac porcelana, FGM, Brazil) for 1 h at room
temperature, washed 1 min in tap water, and cleaned ultrasonically. Group with this

treatment: G1.

3.2.4.2. Graded BG-zirconia specimens

Zirconia compacts (disks) were covered on their top surface by a paste formed
by BG powder (58S or 45S5) and distilled water (powder/water proportion: 1 g BG
powder / 0.3 mL water). Afterwards, disks were sintered at 1500°C for 2 h at 5 °C/min,
allowing the BG to infiltrate the surface while zirconia densification occurred
simultaneously. The infiltrated specimens were washed for 1 min with distilled water.
Groups with this treatment: G2, G3, G5, G6, and G7.

3.2.4.3. Dopamine (DOP) coated specimens

Zirconia compacts were immersed in a solution of DOP (2 mg/mL) dissolved in
10 uM Tris-HCI (pH 8.5) by stirring at room temperature for 24 h. The colour of the
solution gradually changed from clear to dark brown due to pH-induced oxidative
polymerization. Samples were removed from the DOP solution, gently rinsed with
distilled water for 10 min and dried with N2 gas flow. Groups with this treatment: G4,
G5, and G6.

3.2.4.4. BG-coated graded BG-zirconia specimens

G3 samples, produced as described in Section 2.4.2, were dipped for 10 sec in
58S BGs sol-gel to obtain an additional BG layer. Disks were sintered at 600 °C for 2
h at 5 °C/min. Group with this treatment: G7.
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3.2.5. Surface characterization

3.2.5.1. Surface roughness measurements

The average surface roughness (Ra in mm) of all specimens was determined
with a profilometer (Bruker, DektakXT Stylus, Billerica, USA). The resolution was 0.01
mm; the transverse length (length of the surface examined by the instrument) was 4.0
mm; and the speed of the diamond stylus with a 5-mm tip radius was 0.5 mm/s. Three
equidistant parallel measurements were made with a perpendicular stylus on different
areas of the specimen. All measurements were performed perpendicular to the
direction of the airborne-particle abrasion. The average reading was designated as the

Ra value of each specimen. One calibrated operator recorded all measurements.

3.2.5.2. Contact angle measurements

The contact angle is defined as the angle at the intercept of a plane tangent to
a drop and the plane containing the substrate-liquid interface. The wettability of the
zirconia surface with different surface treatments was characterized by means of the
contact angle formed between the surface and the deionized water (4 uL). For the
measurements, an automated goniometer with a charge-coupled device camera was
used to record the image of a liquid drop placed onto the surface by a microsyringe
while image-processing software determined the contact angle. One -calibrated
operator obtained 2 measurements for each specimen, and the average was

determined.

3.2.5.3. X-ray Diffraction (XRD) for phase transformation analysis

X-ray Diffraction (XRD) with a Cu-Ka source (D 8 Advance X-ray diffractometer,
Bruker AXS, Karlsruhe, Germany) was used to determine the crystalline phases of the
3Y-TZP surfaces. XRD spectra were collected before and after fatigue test on five

random samples over a 20 range between 3- and 90- at a step size of 0.05- and
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0,02°/s. The monoclinic phase fraction was calculated by the Garvie-Nicholson

method.

3.2.6. Cell cultures

Mesenchymal cells from human exfoliated deciduous teeth (SHED; Curitiba
Biotech®, Brazil) were cultivated in Dulbecco’s Modified Eagles’ Medium (DMEM;
Gibco, Thermo Fisher Scientific, USA) with 10% fetal bovine serum (FBS; Gibco,
Thermo Fisher Scientific, USA). Murine pre-osteoblasts MC3T3-E1 subclone 4
(American Type Culture Collection, USA) were cultivated in modified a-Minimum
Eagles’ Medium (modified a-MEM; Gibco, Thermo Fisher Scientific, USA) with 10%
FBS. Both cell lines were expanded in culture flasks until 80% confluence and then
enzymatically disaggregated to apply over zirconia samples. Zirconia disks (G1 to G7)
were carefully placed in triplicate into wells of 48-well plates. After, 2.0x10* cells were
seeded over each disk and the cellular control was set by plating the cells directly onto
the wells. To avoid cells in the plate bottom, cell suspensions were cautiously placed
over the samples and incubated at 37 °C and 5% CO: for 8 h to allow cell adhesion.
Then, the respective culture medium for each cell line was added over the samples
and the culture plates were incubated again. Culture medium was changed every 2 to

3 days. Tests were performed after 3 and 7 days in cell culture.

3.2.7. Cell viability assays

To evaluate the cytotoxicity of the samples, cell viability was assessed through
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt, CellTiter 96®, Promega, Madison, WI, USA]. This test is based
on reducing the MTS tetrazolium compound by viable cells to generate a coloured
formazan dye that is soluble in cell culture media. This conversion is performed by
NAD(P)H-dependent dehydrogenase enzymes in metabolically active cells. Analyzes
were performed according to the manufacturer's recommendations, and the formazan
dye was quantified by measuring the absorbance at 540 nm (SpectraMax MZ2e,

Molecular Devices, USA).
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3.2.8. Cell proliferation assays

To determine the effect of samples on cell proliferation, Quant-iT TM
PicoGreen® dsDNA Reagent (P7589, Invitrogen, Thermo Fisher Scientific, CA, USA)
was employed. This test acts by quantifying double-stranded DNA (dsDNA), even in
small amounts in the solution, minimizing RNA and single-stranded DNA (ssDNA)
fluorescence detection. Analyzes were performed according to the manufacturer's
recommendations. Readings were performed on a fluorescence spectrophotometer
(SpectraMax M2e, Molecular Devices, USA) at 360/440 nm (Ex/Em).

3.2.9. Cell morphology and adhesion analyses

Cell morphology and adhesion over the sample surfaces were evaluated
through scanning electron microscopy (SEM; TM3030, Hitachi, Japan) at 15 kV. After
3 or 7 days in cell culture, samples were washed twice with PBS, fixed with 4%
glutaraldehyde for 30 min, and dried with serial washes of ethanol (50%, 60%, 70%,
80%, 90%, 100%, and 100%) and with one drop of hexamethyldisilazane (HDMS,
Sigma-Aldrich, USA). Samples were coated with Gold-Palladium before SEM

analyses.

3.2.10. Statistical analyses

Statistical analyses of the quantitative results were performed using GraphPad
Prism 8 (GraphPad Software Inc., USA). Repeated measures one-way analysis of
variance (ANOVA) followed by Tukey's multiple comparison test were applied.
Statistical analyses were performed for each experimental time separately, comparing

all groups. The level of significance was set at p <0.05.
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3.3. Results

3.3.1. Surface analysis

Considering the surface wettability is one of the important factors in the process
of osseointegration and, consequently, in the implant's short and long-term stability,
the surface samples' contact angles were measured. The surface treatment performed
by dopamine and bioactive glass techniques generated changes in the surface
roughness parameters, producing textures at meso, micro, and nanoscale leading to
an enhanced surface wettability. Surface roughness values of the zirconia dicks for all
different surfaces are presented in Table 4. An increase in roughness was observed in
G3, G4, G5, G6, and G7 compared to G1 and G2. The contact angle measurements
are presented in Table 4 and Figure 7. Results shows hydrophobic surface on G1 and
G7 (90°< 6 < 120°), a hydrophilic surface on G2, G3, G5, and G6 (10°< 6 < 90°). G4
showed super-hydrophilic surface (0 < 10°).

Table 4 - Mean of Roughness (Ra/mm) and contact angle (CA/degrees) values of

each group.
Group Ra CA
Sa(hm) Sq(nm)
G1
0.352 + 0.03 0.497 + 0.07 95.95 +5.17

(Y-TZP)
G2

0.653+0.11 0.842+0.16 40.3+3.98
(Y-TZP + 4555 BG)
G3

6.81+0.60 9.06+1.11 46.1+0.98
(Y-TZP + 58S BG)
G4

4.87+1.31 6.06+1.75 X*
(Y-TZP + DOP)
G5

4.73+0.66 6.37+1.07 46.3+5.86
(Y-TZP + 45S5 BG + DOP)
G6

5.14+0.55 7.22+0.83 61.4+4.82
(Y-TZP + 58S BG + DOP)
G7

5.33+1.07 7.26+1.27 110.7+5.09

(Y-TZP + 58S BG + 58S BG dip)

* It was not possible to measure due to the high wettability of the droplet.
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Figure 7 - Representative image of cross-sectional views of water droplet in
specimens.
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3.3.2. Cell viability assays

Considering the cellular control (CC) as 100% cell viability, we showed that G1,
G2, and G5 led to less than 70% of viability for MSC on day 3 (Figure 8A, p = 0.0039),
while, on day 7, all groups showed more than 80% cell viability for MSC (Figure 8B, p
= 0.1861). Regarding osteoblasts, G5 exhibited less than 50% cell viability on day 3
(Figure 8C, p = 0.0013), while all other groups promoted similar cell viabilities. On day
7, all groups promoted osteoblast viabilities higher than 95% and G3 presented cell

viability higher than cellular control (Figure 8D, p = 0.0074).
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Figure 8 - Cell viability assays. Viabilities percentages were calculated in relation to
cellular control (100%). A-B) Mesenchymal stem cells (MSCs) from human exfoliated
deciduous teeth (SHED) or C-D) Osteoblasts (MC3T3-E1) on A-C) day 3 and B-D)
day 7 of cell culture. Equal letters mean no significant differences among groups
(ANOVA/Tukey’s post-hoc, p <0.005).
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3.3.3. Cell proliferation assays

To determine the cell proliferation, we analyzed the DNA content on the
samples. In this case, CC was used to compare the results as it represents cell
behavior in standard conditions. Regarding MSCs, G5 showed a reduced cell
proliferation rate in comparison to G1, G2, G3, and G4, but similar to G6, G7, and CC
on day 3 (Figure 9A, p = 0.0007). On day 7, G7 demonstrated a reduced MSCs
proliferation rate, but similar to G2, G3, G5, G6 (Figure 9B, p = 0.0025). For
osteoblasts, all experimental groups (G1 to G7) showed similar proliferation rates on
day 3, but lower than CC (Figure 9C, p <0.0001). On day 7, CC exhibited the highest
osteoblast proliferation rate, similar to G2, G3, and G4 (Figure 9D, p = 0.0088). Cell
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proliferation was reduced to half of the values considering all groups from day 3 to day

7 of the experiment for both MSCs and osteoblasts.

Figure 9 - Cell proliferation assays. Proliferation rates were calculated in relation to
the standard curve to quantify the dsDNA of the cells. A-B) Mesenchymal stem cells
(MSCs) from human exfoliated deciduous teeth (SHED) or C-D) Osteoblasts
(MC3T3-E1) on A-C) day 3 and B-D) day 7 of cell culture. Equal letters mean no
significant differences among groups (ANOVA/Tukey’s post-test, p < 0.005).
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3.3.4. Cell morphology and adhesion analyses

We further performed scanning electron microscopy of the samples to observe
the cell coverage and adhesion to the different surfaces (Figure 10). For MSCs, G1
showed reduced cell coverage, while the other groups (G2-G7) demonstrated full cell
coverage on their surfaces on day 7 of the experiments. For osteoblasts, full coverage
of cells was obtained for all groups. The high magnification figures embedded at the

top left corner of the main figures show details of cells adhered to samples” surfaces.
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Figure 10 - Cell micrographs on day 7 of cell culture of experimental groups (G1 to
G7). The first image (cc) shows zirconia surface with no cells for comparison. Images
with red borders represent greater magnified fields (x2.5k) for detailed analyses. A)
Mesenchymal stem cells (MSCs) from human exfoliated deciduous teeth (SHED) and
B) Osteoblasts (MC3T3-E1).
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3.4. Discussion

Zirconia is a biomaterial widely used in the dental field due to its aesthetic
properties (STADLINGER et al., 2010; SCHUNEMANN et al., 2019; BONA et al.,
2015), unique biomechanical characteristics, and higher affinity to the bone than most
alternative biocompatible ceramics (BONA et al., 2015; ZHANG et al., 2012). However,
since zirconia is considered bioinert and unable to establish biological interactions with
oral tissues, several surface modification strategies have been implemented to
overcome this disadvantage. In this study, dopamine- and graded bioactive glass-
zirconia surfaces were developed and assessed regarding their biocompatibility, cell
proliferation, and adhesion of osteoblasts and human mesenchymal cells. We
observed that all proposed modifications promoted biocompatible zirconia surfaces on
day 7. However, on day 3, ZrO2 (G1), ZrO> treated with 45S5 BG (G2), and ZrO»
treated with 45S5 and DOP (G5) promoted MSCs viabilities rates under 70% for MSCs.
Also, such reduced osteoblast viability was induced only by ZrO, treated with 45S5
and DOP (G5) on day 3. Regarding cell proliferation, there was a remarkable reduction
in cell proliferation rates from day 3 to day 7 of all groups, which is an important
indication of cell commitment to the differentiation path. Concerning cell adhesion to
the sample surfaces, all groups presented a full coverage of the surfaces by
osteoblasts and MSCs, except for G1 with MSCs, meaning that the surface
modifications allowed cell sitting, which is essential to allow osseointegration to the
surrounding tissues.

When a new material is proposed for clinical applications, important biological
in vitro assays are needed to respond to some questions. First, the material should be
biocompatible, i.e., it should not lead to damage to cells and surrounding tissues due
to inflammatory reactions. Then, the material should give biological information to allow
cells to adhere and spread over the surface, allowing the cells to exert their functions.
Finally, a bioactive material should improve cell proliferation until a sufficient number
to support the healing of the surrounding tissues and the differentiation process to allow
osseointegration (SORDI et al., 2021; FABRIS et al., 2021; JONES et al., 2003;
JONES et al., 2004; GOUGH et al., 2004; ZHANG et al., 2020). Herein, the zirconia-
modified surfaces by infiltration of bioactive glass and/ or coating with dopamine proved
to be biocompatible with human mesenchymal stem cells and murine osteoblasts. The

tested surfaces also allowed cell adhesion and spreading after 3 and 7 days of cell
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culture. More interestingly, the zirconia-treated samples led to a sharp reduction in cell
proliferation of both mesenchymal stem cells and osteoblasts, which might indicate cell
commitment to the osteogenic differentiation (PLEWINSKI et al., 2013). Nevertheless,
further osteogenic analyses should be performed to show the osteoblastic
differentiation of cells, such as alkaline phosphatase activity, detection of bone
proteins, and evaluation of extracellular matrix mineralization. Montazerian et al. 2015
also observed higher cell proliferation rates in the first experimental times (1 and 3
days) with a sharp reduction thereafter. These authors analyzed the proliferation of
human osteoblastic cells (MG63) for 1, 3, 6, 12, and 18 days under the application of
glass or polycrystalline glass-ceramic powders containing zirconia. Therefore, this
preliminary in vitro study is a screening of novel biomaterials that should be further
tested for their potential for osteogenic differentiation.

The manufacturing of graded bioactive glass-zirconia surfaces includes high
sintering temperatures (1500°C), which are necessary for the densification of zirconia
but can be detrimental to bioactive glass bioactivity. In that sense, Kaur et al. (2014)
reported a delay in apatite formation on bioactive glass-infiltrated zirconia surfaces
compared to pure bioactive glass. This foreseen shortcoming was addressed in this
study with the inclusion of G7, where a fresh bioactive glass layer (sintered at low
temperature, 600°C) was applied over a graded bioactive glass-zirconia surface.
Interestingly, no significant improvement was seen regarding cell viability and cell
proliferation relative to G3 (bioactive glass-infiltrated zirconia). In a similar study led by
Ke et al., 2017, zirconia-modified surfaces by infiltration of the precursor sol of 58S
bioactive glass followed by gelling and sintering processes (but not a graded system
as used in this study) showed improved cell adhesion and alkaline phosphatase activity
of mouse bone marrow-derived mesenchymal cells (mBMSCs) compared to pure
zirconia surfaces. Herein, G7 presented no cytotoxicity to the cells tested, and showed
great cell adhesion and reduction in cell proliferation rates from day 3 to day 7, which
might be an indication of the cell commitment to a differentiation process. However,
these results were not significantly different from what was demonstrated by the other
groups. This shows that zirconia may not require an additional BG layer, as previously
recommended by Gouveia et al., 2021 which is rather beneficial since it reduces the
preparation time and materials used to synthesize the biomaterial.

Laser-sintered zirconia functionalized with 45S5 bioactive glass coatings
revealed 90% of osteoblast viability (MESQUITA-GUIMARAES et al., 2020). A novel
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glass composition of 45S5 given by the substitution of CaO by MgO and of Na2O by
K20 (PC-XG3) led to similar L929 mouse fibroblasts proliferation rates to pure zirconia
surfaces and low cytotoxicity (KIRSTEN et al., 2014). Similarly, a bioactive glass
(23.75%Na20, 23.75%Ca0, 48.5% SiO, and 4%P20s) infiltrated on zirconia surface
increased mouse fibroblasts L929 proliferation, collagen expression, and cell migration
and spreading capability compared to pure zirconia surfaces (BARROS et al., 2019).
Thus, literature has demonstrated that modifications to the zirconia surface by coating
or infiltration of bioactive glass increase bioactivity and offer cells biological information
to allow cell adhesion, proliferation, and differentiation, with no cytotoxic effects and no
interference on the mechanical properties of zirconia (ZHANG et al, 2014
MESQUITA-GUIMARAES et al., 2020; BARROS et al., 2019; KE et al., 2017;
KIRSTEN et al., 2014), which was confirmed in this study. However, we used novel
approaches for bioactive glass infiltration.

The dopamine coating of different substrates such as pure zirconia (G4), 45S5
bioactive glass infiltrated zirconia (G5), and 58S bioactive glass infiltrated zirconia (G6)
was intended to assess whether the underlying surface that received this coating would
influence the cellular response. Incorporating dopamine in the bioactive glass
increased cell viability, adhesion, and proliferation. Conversely, dopamine alone
reduced cell adhesion and was not bioactive compared to the other groups. We then
infer that dopamine did not add beneficial biological effects over those offered by the
infiltration of bioactive glasses. It is important to highlight, however, that this was the
first study that applied bioactive glass and dopamine derivatives together for zirconia
surface biofunctionalization.

Despite the limitations of this in vitro study (experimental materials, dark colour
of dopamine, bioactive glass infiltration control), all the proposed zirconia-modified
surfaces tested in the present study revealed promising results on the preliminary
biological analyses. Nevertheless, further studies are proposed to evaluate cell
differentiation to the osteogenic path, including multiple MRNAs and secreted proteins

analyses, followed by in vivo analyses.

3.5. Conclusion

Based on the present findings, the following conclusions could be drawn:
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- Y-TZP specimens infiltrated with 45S5 BG, 58S BG, and covered with
dopamine were successfully produced.

- Despite the high processing temperature, all groups present full coverage of
osteoblasts. Also, the higher osteoblast proliferation was promoted by Y-TZP samples
with bioactive glass infiltrated (Y-TZP + 45S5 BG and Y-TZP + 58S BG).

- Y-TZP + 58S BG + 58S dip (day 7) promoted the lowest mesenchymal cell
proliferation and the highest roughness, indicating that there is no necessity for an
extra deposition of 588S.

- Regardless of the treatment carried out on the surface of Y-TZP, the biological
results were more promising compared to the Y-TZP control group.

- Finally, the authors believe the infiltration and coating technique can be applied

to implants manufacturing process, promoting excellent biological performance in vitro.
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Chapter 4 - Static and dynamic mechanical behaviour of Y-TZP structures with
bioactive surfaces obtained by the infiltration of 45S5 and 58S bioactive
glasses?

4.1 Introduction

Zirconium dioxide (ZrO2), also known as zirconia, has emerged in dentistry field
as a promising material for various applications such as dental bridges, crowns, onlays,
inlays, and implant structures, due to its aesthetic properties such as colour and opacity
that mimic natural teeth appearance (STADLINGER et al., 2010). Zirconia displays
unique biomechanical characteristics such as high fracture toughness, fatigue
resistance, bending strength, corrosion resistance, radiopacity, as well as higher
affinity to bone tissue than most alternative biocompatible ceramics (BONA; PECHO;
ALESSANDRETTI, 2015; ZHANG, 2012). Despite zirconia implants offer aesthetic
benefits over titanium implants, titanium still reports superior mechanical and
osseointegration potential over zirconia. With reports of more than 30 years of follow-
up, titanium is still considered the gold standard material for dental implant applications
(BRANEMARK et al., 1969). Nevertheless, titanium corrosion and greyish color are
considered disadvantages since it affects peri-implant tissues and appear through the
peri-implant mucosa, influencing negatively on oral aesthetic (KAROUSSIS et al.,
2003; MARECI et al., 2016). To overcome the aesthetic disadvantage of titanium,
zirconia has been extensively studied for dental implants and has shown favorable
results in terms of aesthetic and biological outcomes (ALBREKTSSON; HANSSON,
1985; DEPPRICH et al., 2008; DUBRUILLE et al., 1999; KOHAL, Ralf J. et al., 2004).

Despite the favorable findings recorded for zirconia-based surfaces, some
previous studies have reported high failure rates and zirconia peri-implant crestal bone
loss in human clinical studies (KOHAL et al., 2016). Also, zirconia has been
considered a bioinert material, meaning it does not form chemical bonds or has biologic
interactions with the surrounding tissues meaning it does not form chemical bonds or
has biologic interactions with the surrounding tissues (PICONI; MACCAURO, 1999;
YIN et al., 2017). With intention to improve zirconia surface, enhancement in
mechanical behavior and biological response, some physical and chemical coating

methods have been investigated. Typical approaches have been using bioactive

3 Will be submitted soon to Journal of the Mechanical Behavior of Biomedical Materials.
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materials (e.g., calcium phosphates or bioactive glasses) as surface coatings on
zirconia, despite delamination problems often impair this solution (FABRIS et al.,
2016). Another strategy, suited for avoiding delamination issues, was proposed by
Zang et al., 2009b, which relies on a functionally graded calcium phosphate-based
glass/zirconia (CPG/Y-TZP) system with a low elastic modulus and a flexural strength
similar to, or even higher than that recorded for Y-TZP through the infiltration of glass
into zirconia, creating a FGM (ZHANG, 2012; ZHANG; REGEROS; KIM, 2009c).

The use of bioactive glasses (BG) on zirconia surface is proposed aiming to
combine the outstanding mechanical properties of a zirconia bulk with the peculiar
properties of the bioactive glasses at the surface of an implant. It is known that the
essential condition for glasses to form an interfacial bond with living bone is the
establishment of a hydroxyapatite layer at their surface. BG are able to stimulate bone
cells towards a path of regeneration and self-repair, thus significantly accelerating
tissue healing kinetics. Regeneration is due to calcium and phosphate ions release,
which are present at BG composition and perform an important role at bone
metabolism (angiogenesis, grow and tissue mineralization).

45S5 bioactive glass was the first commercial bioactive glass and it is still largely
studied due to its outstanding bone bonding properties. In the 90s, a new bioactive
glass was developed via sol-gel, named 58S bioactive glass, in order to obtain an
alternative compound with similar properties to those of 45S5 (FERRARIS et al., 2000;
HENCH, 2015; MOEZZIZADEH; NOJEDEHIAN; HAGHI, 2017; ZHONG;
GREENSPAN, 2000). Sepulveda et al. (2002) showed that melt-derived 45S5 glass
powders exhibit lower dissolution rates for apatite formation in comparison to 58S gel-
glass powders (SEPULVEDA; JONES; HENCH, 2002)

In addition to the osteointegration benefits, the surface modification approach
holds also great potential for improving soft-tissue integration around zirconia implants,
which is another important clinical application in implant dentistry (LIU et al., 2015). In
this sense, this work aims to produce zirconia structures with bioactive surfaces
through infiltration of two types of bioactive glasses, namely the 45S5 BG and the 58S
BG, and to assess the static and dynamic mechanical behavior of zirconia-BG
structures. Complementary analysis on the surface- and subsurface- microstructure

are also conducted.
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4.2. Materials and methods

4.2.1. Bioglass 45S5 Synthesis

Bioactive glass 45S5 (45%wt SiO2, 24.5%wt Na20, 24.5%wt CaO, 6%wt P20s)
powder was processed by the melt quenching technique. To produce 100 g of bioglass
it was used 45 g of silica (SiO2 - Sigma Aldrich, 99.9%, CAS 0676-86-0), 41.98 g of
sodium carbonate (Na-COsz - Lafan, 99%, CRQ 10.232-F), 43.58 g of calcium
carbonate (Ca2COs3) and 6.00 g of phosphorus pentoxide (P20s — Scientific Exodus,
99.5%, CAS 1314-56-3). The precursor powders were dry homogenized for 30 min at
150 rpm (Mill CT 242 Servitech). Melting was carried out at 10 °C/min in Jung melting
furnace (Blumenau, Brazil) using a platinum crucible. The first burning stage was at
900°C, 30 min for the homogeneous decomposition of carbonates and release of COy;
the fusion at 1450 °C for 2 h resulting in a homogeneous vitreous. After melting, the
platinum crucible was immersed in water. The grinding to obtain the powder was
carried out in a planetary mill (Retsch PM 100), with a jar and agate spheres, for 80
min at 400 rom (PLEWINSKI et al., 2013).

4.2.2. Bioglass 58S synthesis

Bioactive glass 58S (58%wt SiO2, 33%wt CaO, 9%wt P20s) powder was
processed by the sol-gel technique. First, tetraethyl orthosilicate (TEOS) (98%, Sigma
Aldrich, USA), triethyl phosphate (TEP) (99.8%, Sigma Aldrich, USA) and calcium
nitrate tetrahydrate (Ca(NO3)..4H20) (Vetec, Brazil) were used as precursors of silicon,
phosphorous and calcium oxide. Ethyl alcohol (EtOH, P.A., Synth, Brazil) was used as
solvent of TEOS and TEP, and nitric acid (HNOs, 68%, Vetec, Brazil) was used to
dissolve Ca(N-0O3)2.4H20.

The molar ratios of SiO2, P2Os, and CaO were calculated according to the 58S
BG composition. TEOS and TEP were placed in a glass recipient containing EtOH
under magnetic stirring. Ca(N-O3)2.4H20 was dissolved in 2M HNO3 and then added
to water at a molar ratio TEOS:H20 of 1:4. Then, the solution was stirred for 1 h and
placed for drying in a chamber at 70°C over a period of 24 h. Subsequently, the material

was thermally treated at 600°C for 24 h and milled in a planetarium ball mill at 400 rpm
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for 1 h to obtain the bioactive glass powder (GALARRAGA-VINUEZA et al., 2018;
MESQUITA-GUIMARAES et al., 2017).

4.2.3. Zirconia surface modification

Zirconia disks (N=60) were prepared using 2.2 g yttria-stabilized Tetragonal
Zirconia Polycrystal powder (Tosoh, Zirconia TZ-3YSB-E, Japan), compacted in a
cylindrical stainless steel die, using a applied pressure of 2.5 tons during 30 s. Stearic
acid was used as a lubricant to ensure the good flowability of the zirconia powder and
facilitated the homogeneous distribution of the material. The zirconia green compacts
had a diameter of 16.00 £ 0.02 mm and a thickness of 2.10 + 0.02 mm (Figure 11)
(FABRIS et al., 2021).

Figure 11 — Schematic representation of the press, sintering and BG infiltration
technique used for the production of substrates. 1° Step: pouring the Y-TZP powder
inside the stainless-steel die cavity; applying pressure; green compact extraction, and
sintering. 2° Step: disk covered with 1g of BG powder + 0.06 ml of distillate water and
sintering.
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The disks were divided in three groups (n=20) according to the surface

treatment: (1) Y-TZP group: control group, the disks were sintered 1500 °C for 2 h, 5
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°C/min. In the sequence, the disks were sandblasted (Renfert Basic Eco, USA) with
Al2O3 particles grits of 110 ym and 4 bar to obtain a macro-rough surface and acid
etched with 10% hydrofluoric acid for 1 h at room temperature, washed 1 min in tap
water and cleaned in an ultrasonic water bath (LIU et al., 2017). (2) 58S BG and (3)
45S5 BG group: Y-TZP disks were sintered 1500 °C for 2 h, 5 °C/min. In the sequence,
the disks were covered with a paste formed by 58S powder and distilled water
(proportion: 1 g of BG powder with 0.06 ml distillate water for 45S5 and 0.03 ml distillate
water for 58S) and infiltrated at the same time and temperature to make the glass
infiltration. Bioglass excess was removed ultrasonically and sandblasted with Al2O3

particles grits of 110 um and 4 bar.
4.2.4. Microstructure analysis

The specimens’ surfaces (non-infiltrated and infiltrated groups) were analysed
by Scanning Electron Microscopy (SEM). Three specimens were cross-sectioned and
Scanning Electron Microscope images were obtained to analyse the BG infiltration
depth and subsurface microstructure. Energy Dispersive Spectroscopy (EDS) was
used to assess the chemical composition of specimens at specific locations.

An X-Ray diffractometer with a Cu-Ka source (D 8 Advance X-ray
diffractometer, Bruker AXS, Karlsruhe, Germany) was used to determine the crystalline
phases of the Y-TZP surfaces. X-Ray Diffraction (XRD) spectra were collected before
and after fatigue tests on five random Y-TZP samples over a 26 range between 3° and
90° at a step size of 0.05° and 0,02°/s. The monoclinic phase fraction was obtained by
the Rietveld refinement method (YOUNG, 1989).

4.2.5. Bulk density and roughness analysis

The maximum density (My) was determined using the Archimedes principle with

water displacement method. The density was calculated using Equation 1:

Md = mlxd
" m3—-mil (1)

m1: mass of sintered body at room temperature (g).
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m2: sintered body was kept in boiling water for one hour. After cooling down to room
temperature, the mass of the soaked body (m2) was measured in the water at room

temperature (g).

ma3: after removing water from the surface, mass (m3) of the sintered body is measured
(9).
d: water density (1.0 g/cm3).

Five specimens from each group were submitted to a roughness analysis on a
white light interferometer (Zygo, NewView 7300, Montgomery, USA) considering the
parameters recommended by 1SO:4287-1997 (Ra and Rz). Three readings were
performed on 0.25mm? of analysing area and using the Mountains Maps 7.1 software

to obtain images and values for each specimen.
4.2.6. Mechanical characterization

Biaxial flexural strength was tested using a piston on three balls device,
according to I1ISO 6872:2013 for testing dental ceramic materials, and an universal
testing machine (Instron-EMIC, 23-5S, MA, USA) The samples were loaded at the
center of the upper surface and supported by three hardened steel balls with 1.5 mm
diameter, positioned 120 degrees apart, forming a 10 mm support circle. The modified
surfaces were oriented to the tensile side (downside) and 10 samples of each group
were analysed.

This test was applied to non-fatigued samples of all groups (n=10) and also to
the surviving samples of the fatigue tests to assess for their residual strength. The
maximum applied load was recorded and the biaxial flexural strength was calculated
according to the I1ISO 6872. Additionally, the data was analysed using the Weibull

statistics according to the following equation:

Pro) = 1~ €xP H—o)m] (3)

Where PF (oc) is the probability of failure, oc the fracture strength, o0 the

characteristic strength (PF(oc) = 63.2%) and m is the Weibull modulus. Accordingly,
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plotting In [In 1/(1-Pf)] against In o will provide a slope with the value of the Weibull
modulus. Fracture surfaces of tested specimens were analysed using SEM.

The fatigue test was performed on a pneumatic mechanical cycling machine
(Biocycle V2, Biopdi) following the ISO: 6872-2015 guidelines. Samples were placed
on a ball on three ball device and loaded for 500.000 cycles at 2 Hz and 50 N, to
represent approximately 5 clinical years (SPYROPOULOU et al., 2016).

4.2.7. Statistical analysis

Weibull analysis were used to estimate the flexural strength of specimens under
static loading conditions. For the dynamics test, statistical analyses were performed
using statistical software (OriginPro, OriginLab, version 8.5, Northeamton, MA, USA).
The results were analyzed using one-way ANOVA followed by the Tukey Test.

4.3 Results

4.3.1. Surface microstructure

Figure 12 shows the top view of the surfaces of the different groups of
specimens. The Y-TZP sample (Figure 12A) is characterized by a rough surface due
to the sandblasting and etching treatments. The infiltrated samples (Figure 12B and
12C) presented a microstructure characterized by the presence of BG glass at the

grain boundaries of the zirconia particles.
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Figure 12 - SEM images of different surfaces: A) monolithic zirconia B) zirconia
infiltrated with bioglass 45S5 and C) zirconia infiltrated with bioglass 58S. Images B
and C are characterized by the presence of BG at the grain boundaries of the
zirconia particles.
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45S5 BG and 58S BG were successfully infiltrated in the zirconia substrate,
producing a BG-infiltrated zirconia specimen as can be seen in Figure 13 and Figure
17. The infiltration was measure using ImageJ analysis software. The total thickness
of the samples was 2.1 mm, presenting an average bioglass infiltration depth of around
0,92+0,11 mm for Y-TZP + 45S5 BG group and 0,887+0,10 mm for Y-TZP + 58S BG
group. It is possible to observe a few porosity, detected along the different regions of
the specimen (Figure 14), which can be considered detrimental to the mechanical
performance. The microscopic observations could be correlated with the chemical
analyses of the samples (figure 13), which confirms the presence of chemical BG

elements.

Figure 13 — SEM cross section images of BG-infiltrated groups before fatigue tests
and the EDX analysis performed on infiltrated zone.
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Figure 14 — Micrograph of a porous found on Y-TZP + 45S5 BG.

4.3.2. Density and roughness analysis

The density (g/cms) and the porosity (%) calculated by the Archimedes method
for all groups are shown in Table 5. It can be seen the bulk density was maintained
between 94 and 98% for all types of the groups. Table 5 also shows the roughness
values, where the surface morphology is described using 3D-roughness parameters
(Sa and Sq). Y-TZP group presented lowest roughness (Sa: 0.92um and Sq: 1.07um)
when compared to Y+TZP 4585 (Sa: 4.31uym and Sq: 5.7um) and Y-TZP + 58S BG
(Sa: 4.08 and Sq: 5.21), which means that the BG infiltration resulted on zirconia
surfaces with increased roughness.

Table 5 - Roughness and density results of different surface treatments

Groups Roughness Density
Densit .
Sa (um) Sq (um) (g/em 3})/ Density (%)
Y-TZP 0.92 + 0.67 1.07 £ 1.06 5.99 + 0.06 98
Y-TZP+ 45S5BG 4.31+2.16 5.70 £ 1.67 5.70+0.10 94

Y-TZP + 58S BG 4.08 +0.69 5.21+0.87 5.75+0.03 95
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4.3.3. Mechanical results

Figure 15 and Table 6 shows the biaxial flexural strength results obtained for
the non-infiltrated and BG-infiltrated zirconia groups. It can be seen that, regardless of
the type of bioactive glass used (45S5 BG or 58S BG), the flexural strength of infiltrated
specimens were below the results obtained for the monolithic zirconia specimens.
Although the non-fatigued groups exhibited higher strength values than those
registered for fatigued groups, statistical testes showed no significant difference on the
biaxial strength after the fatigue test. Statistical tests (Two-way ANOVA with Tukey
test, level of significance = 0.05) show statistically significant difference in biaxial
strength only between the different groups of materials.

The characteristic strength (oc) of non-fatigued Y-TZP exhibited the highest
value (651MPa) whereas the lowest value was registered for Y-TZP + 58S BG with
fatigue had the 56MPa.
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Figure 15 - Weibull plots of surface porous zirconia specimens fractured in biaxial
flexural strength tests.
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Table 6 - Biaxial flexural strength results of BG-infiltrated zirconia and pure
zirconia groups, for non-fatigued and fatigued conditions.

Group Mean Strength Weibull char. Weibull
+ std. dev. Strength, (o) modulus, (m)
Y-TZP fatigue 433 + 94 481 4.2
Y-TZP no fatigue 579 . 144 651 29
Y-TZP + 45S5 BG fatigue 349 . 144 427 1.5
Y-TZP +45S5 BG no fatigue 496 . 50 531 6.0
Y-TZP + 58S BG no fatigue 101 + 244 56 0.9

* Tukey test showed that all groups are significantly different between themselves.

Figure 16 shows the typical fracture patterns of specimens obtained after biaxial
flexural strength tests. Specimens fractured in two or three parts and no correlation
was observed between the number of broken pieces and the respective flexural
strength.

It was noted that Y-TZP and Y-TZP + 58S BG groups presented more fractures
in 2 pieces, while Y-TZP + 45S5 BG group obtained fractures in two and three parts
equally.

Figure 16 — Typical fracture patterns observed for the specimens after biaxial flexural
test. The red circle indicate the central location of the loading piston.
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Table 7 shows the data obtained from the mechanical cyclic tests, where the
number of failed specimens and the average number of cycles at failure are presented
for each group. Y-TZP group revealed a greater resistance to fatigue, where only one
specimen fractured after 482127 cycles. The BG infiltered groups, on the other hand,
revealed high susceptibility to cyclic loading, with the majority of the specimens failing
during the fatigue test. Y-TZP + 45S BG group had 7 fractured samples and the
maximum value registered varied between 1 and 2122 cycles (one sample fractured
at 490000 cycles). A similar behaviour was observed for Y-TZP + 58S BG, where eight

samples fractured during fatigue testing, withstanding between 1 and 4965 cycles.

Table 7 — Data on mechanical cycling tests for zirconia and BG-infiltrated zirconia:
number of failed specimens and number of cycles at fracture.
Number of cycles at

Groups Reported failure failure (Averagez*
Standard Deviation)
Y-TZP 1 482127 cycles*
Y-TZP + 45S5 BG 6 56,5 + 841,37
Y-TZP + 58S BG 8 155 + 1715

* only one sample fractured

Figure 17 shows the infiltration zone of the different groups (BG-infiltration
arrows indicate the bioglass transition to monolithic zirconia zone) and it can be seen
that, in both specimens, failure started on the infiltrated part of the discs, which
corresponds to the tensile surface in the flexural test. The fracture surfaces revealed
typical fracture patterns of zirconia materials, namely the presence of a compression
curl (CC). The compression curl is a feature often seen is specimens subjected to
flexural tests, as the stress gradient formed makes the crack to slow down and to
change direction, thus creating a curve. The fracture origin is at the opposite direction

to the compression curl.
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Figure 17 - SEM micrographs of cross section on different groups: A) Y-TZP + 45S5
and B) Y-TZP + 58S, after mechanical tests. The presence of typical brittle marks
such as compression curl (CC) can be observed.

4.3.4. XRD analysis

The X-ray diffractograms taken for zirconia groups (Y-TZP samples), before and
after mechanical cyclic loading tests, are presented in Figure 18. It is possible to
observe that the monoclinic and tetragonal phases of the Y-TZP samples were found
before and after fatigue, but in different percentages: non-fatigued specimens exhibited
92,4% and 7,6% of tetragonal and monoclinic phase, respectively. After fatigue tests,
the phase content changed to 80,1% of tetragonal phase and 19,9% of monoclinic. All
samples revealed the tetragonal zirconia characteristic peak at 26 30.2° and a high-

intensity diffraction peak at 26 50.2°
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Figure 18 - XRD for Y-TZP samples before and after fatigue tests. M) Monoclinic
zirconia and T) tetragonal zirconia.
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4.4 Discussion

The use of zirconia as a viable alternative to titanium can be recognised if
provides good long-term prognosis in patients. For that, mechanical tests are important
to evaluate the survival success of zirconia implants. This study aimed at assessing
the mechanical behaviour of zirconia (Y-TZP) specimens infiltrated with different
bioactive glasses (45S5 BG and 58S BG) as compared to pure zirconia (Y-TZP) ones.

This work combined the densification of Y-TZP and the BG infiltration in two
steps: pre-sintering of Y-TZP at 1500 °C for 2 hours and posteriorly sintered with BG
in the same time and temperature. SEM images and EDS analyses showed that all
zirconia discs were successfully infiltrated with both types of bioactive glasses (45S5
and 58S). The infiltration layer depth was measured to be roughly 1 mm in both groups,
more precisely 0,92 mm and 0,89 mm in 45S5 BG and 58S BG groups, respectively.
This results was higher than expected when compared to other studies (FABRIS et al.,
2021) and a few factors on the infiltration method can influenced this result, such as
the sintering time (DURKAN et al., 2022), the compaction pressure of the Y-TZP
(TRUSOVA et al., 2022), or the bioactive glasses used in this study.
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The SEM images show that BG infiltration modified the zirconia surface at the
chemical and morphologic levels, creating a microstructure characterized by sub-
micrometric zirconia particles embedded in a glass matrix and also some porosity in
the infiltrated region. These values demonstrate the challenge in producing BG-
zirconia parts with proper mechanical strength for use in biomedical applications, as
porosity negatively influence the strength of ceramics, as revealed by the strength data
in this study, thus making the infiltration treatment an disadvantage, with regard to the
strength, when using the processing conditions here reported.

Previous studies have reported that roughness surfaces influence drastically on
osseointegration of zirconia implants (SCHUNEMANN et al., 2019) and the flexural
strength (DENG et al., 2022; KHAYAT et al., 2018). Considering this, the Y-TZP
surface was treated with intention to increasing the roughness of the material. The
results showed similar value of those reported in literature to monolithic zirconia (Y-
TZP Ra at 0.92um) (KHAYAT et al., 2018). Concerning to BG-infiltrated zirconia, both
groups presented higher roughness (Y-TZP + 45S5 BG: 4,31 ym Sa and Y-TZP + 58S
BG Sa at 4.08 um). No others studies were found to comparing BG roughness results,
however, it is known that higher roughness are more favourable area for osteoblasts
adhesion, consequently, presents better cell adherence and osseointegration. On the
other hand, the disadvantage of extremely rough surfaces are the lower strength
imparted by the higher number of surface cracks and defects (SCHUNEMANN et al.,
2019; PICONI, C.; MACCAURO, 1999).

This fact is confirmed in this work when we analyse the performance of the
materials concerning to flexural strength results. The 58S BG provided lower fracture
resistance than 45S5 BG, in agreement with the higher porosity found on SEM images
of the specimens’ cross-section (Figure 3). Meanwhile, it is important to emphasize
that the present study showed general lower flexural strength values for pure zirconia
(579 + 144 MPa) when compared to previous studies [approximately 900 to 1400 MPa
(DURKAN et al., 2022; KHAYAT et al., 2018)], probably due to sandblasted procedure.
Flexural strength results decrease further with the BG infiltration (496+50MPa on Y-
TZP + 45S5 BG and 101+ 244MPa on Y-TZP + 58BG). A possible explanation for such
behaviour may be the excessive sintering time. Durkan et al, 2022 (DURKAN et al.,
2022) affirm that the flexural strength of zirconia significantly decreased when sintered
during 3 hours compared with 2 hour, therefore, zirconia sintering time affect negatively

the zirconia biaxial flexural strength. In this research, the Y-TZP was sintered for 2h
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and then sintered again for the same time, totalling 4h, which probably justifies the
significantly reduction of flexural strength. In addition, and regarding the BG-infiltrated
specimens, the high infiltration depth together with the porosity formation in the
infiltration layer should have accounted for the majority of the strength reduction. The
flexural strength research of Y-TZP infiltrated with BG is very scarce, no previous study
was found, proving the need for further studies about zirconia infiltrated with bioactive
glass. An important point that must be discussed here is the high sintering temperature
(1500°C) used in our study to produce the BG-infiltrated zirconia specimens, which
may impact the bioactive properties of the BG. Ma et al. 2010 (MA et al., 2010) showed
that the bioactivity of 58S BG decrease when subjected to a temperature as high as
1200°C, due to its crystallization. On the other hand, Gouveia et al, 2021 (GOUVEIA
et al., 2021) showed similar results to the abovementioned report, even if 58S BG
exposed to 1500° C did reveal certain bioactivity.

Is important to consider the difference in coefficient of thermal expansion (CTE)
between substrate Y-TZP (around 10x107% K™') typically higher than the bioglass
(around 12-15 x107% K™1). The CTE of the glasses needs to be as equal as possible
to value of zirconia (or a little lower on surface) to prevent the development of the long-
range thermal stress in graded structure, which can influence on internal stress,
delamination and fracture (FABRIS et al., 2021).

The biaxial flexural strength data, prior and after fatigue tests, are presented in
Figure 15 and Table 6. The results are presented using the Weibull analysis, which is
commonly used by engineers as statistical method to study the strength reliability and
variability analysis for describing failure of brittle materials (PITTAYACHAWAN et al.,
2007). The two Weibull parameters presented in Table 2 are the Weibull modulus (m)
and the characteristic strength, or Weibull scale parameter (c0). The Weibull modulus
(m) expresses the variability and predictability of results while the characteristic
strength (00) is the strength value o. A high Weibull modulus indicates smaller defects
and greater structural reliability. The m values obtained for the different types of
specimens oscillated between 0,4 and 4,2 which is lower than the values reported in
literature for dental ceramics (between 5 to 15) (OZER et al., 2018; ROEDEL et al.,
2019). These results can also explain the variability of results, possibly due to the vast
presence of pores at the infiltrated layers. The low number of samples for the
mechanical tests is an important limitation on this work. Usually, at least 10 samples

are necessary to properly evaluate their mechanical resistance using the Weibull
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method. However, low number of samples survived the fatigue test, generating groups
with just a few samples. Thus, direct conclusions can not be drawn from the calculated
Weibull parameters. On the other hand, the analysis allows the comparison between
the different groups and provides insights on the behavior of the samples under
mechanical loading.

Regarding the fracture of the samples on the biaxial flexural test, it was noted
that samples fractured mostly into two parts, which contrasts to Boérger et al.
(BORGER; SUPANCIC; DANZER, 2004) findings. According to this author, the
fracture normally occur in three extensions and the reason for fail is the thickness of
the sample, if the specimen is too thin and its elastic modulus is too low buckling may
occur. Yanaba and Hayasi (YANABA; HAYASHI, 1996) indicated that samples with
fracture in two parts have greater toughness than samples fractured in three parts.
Still, it was noticed that the irregular fracture occurred most frequently in the samples
with zirconia infiltrated with bioactive glass 45S5 BG and 58S BG, which was probably
due to the presence of pores and further evidenced by their lower density. In addition,
some BG samples fracture distant from the piston loading site, also indicating the
possible presence of large defects (pores) in the sample.

More structured studies that assess the mechanical capacities of different types
of zirconia with their exact composition, sintering process and manufacturing process
are also needed to set standardized guidelines according to the ASTM (American
Society for Testing and Materials) and ISO (International Organization for
Standardization) in the manufacturing of zirconia implants. Although in this study the
infiltration of bioactive glass showed low mechanical strength, the gradation of
properties between dissimilar materials through the infiltration technique remains an
excellent constructive approach, as already shown in in previous works. Several
studies applied this type of solution to the issue of coupling materials with different
CTEs, because promote an incorporation of transition layers with intermediate
properties between the coating and the implant (FABRIS et al., 2017, 2021;
HENRIQUES et al., 2012; MIRANDA et al., 2016). In this sense, new iterations should
be explored in order to produce bioactive glass-infiltrated zirconia parts with both
bioactive behaviour and high mechanical strength, such as: scanning different pre-
sintering temperatures; drastically reduce the infiltration depth; test alternative

bioactive glasses with higher thermal-compatibility to zirconia, among others.
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4.5 Conclusion

This study aimed at producing zirconia structures with bioactive surfaces
through infiltration of two types of bioactive glasses, 45S5 BG and 58S BG, and to
assess the static and dynamic mechanical behavior of zirconia-BG structures. Based
on the findings of this in vitro study, the following conclusions can be drawn:

- 4585 BG-zirconia and 58S BG-zirconia specimens were successfully
produced by an infiltration technique.

- BG-infiltrated zirconia disks underperformed relative to zirconia
monolithic discs, both in static and fatigue conditions. Considering
mechanical outcomes, such findings suggest that BG-infiltrated zirconia
implants needs more studies for use as an alternative solution to monolithic

zirconia implants for implant dentistry.
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Chapter 5 - Final remarks

Advances in engineering have improved the zirconia surfaces to accelerate
bone-healing response and clinically decrease the patient's edentulous period.
Moreover, zirconia has been coated with bioactive compounds and multifunctional
molecules, which can induce an osteogenic stimulus, cell adherence, and an additional
antibacterial effect. In this way, zirconia can change from a “criticized bioinert” surface
to a “bioactive” and multifunctional one pursuing the most favorable biologic and
mechanical peri-implant tissue responses. Current studies show that zirconia can be
converted into a bioactive system embedding diverse biomolecules that can mimic
bone tissue structure at macro-, micro-, and nano-scale. Still, future in vitro, in vivo,
and long term clinical studies are required to evaluate success rates of treated zirconia
implants. Further studies should evaluate zirconia implants over time in terms of peri-
implant bone stability, absence of inflammation, infection, mobility, and mechanical
complications that will give a clearer panorama on guidelines for surface modification
of zirconia implants.

For the continuation of this work, we suggest the following:

- Study and develop a bioactive glass with thermal properties that are more
compatible with zirconia.

- Optimize the infiltration process of bioactive glasses to produce an infiltrated
layer of small thickness (<50 ym) without defects.

- Investigate the mechanical and biological behaviour of the developed
solutions.

- Conduct clinical studies on modified zirconia-based surfaces to provide a
realistic perspective of how oral biofilms, loading, and other patient

conditions may affect the properties of zirconia.
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