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RESUMO 

A osseointegração deficiente na interface osso/implante e as infecções peri-implantares são 

as principais causas relacionadas com as falhas das reabilitações com implantes dentários a 

base de titânio (Ti). Considerando estes fatores etiológicos, estratégicas terapêuticas estão 

sendo desenvolvidas visando aumentar as taxas de sucesso das reabilitações orais com 

implantes. Dentre estas abordagens, os tratamentos de superfície têm um papel promissor 

para aplicações biomédicas por tornar a superfície do Ti mais bioativa e aprimorar o 

processo de osseointegração. Portanto, (1) o primeiro estudo objetivou desenvolver um 

tratamento de superfície experimental (PEO-BG) baseado em 45S5-bioglass (45% SiO2, 

245% CaO, 24.5% NaO e 6% P2O5) utilizando o plasma eletrolítico de oxidação (PEO) 

como nova via para incorporação no Ti. As propriedades de superfície, mecânicas, 

tribológicas, eletroquímicas, microbiológicas e biológicas foram avaliadas. O recém-

desenvolvido PEO-BG mostrou alta rugosidade e área de superfície determinando uma 

topografia de superfície complexa, status super-hidrofílico, composição química e camada 

de óxido mimética ao 45S5-BG. O revestimento experimental aprimorou as propriedades 

mecânicas e tribológicas (p<0,05) e melhorou a resistência à corrosão após degradação 

simulada in vitro (28 dias) (p<0,05). O revestimento PEO-BG também foi capaz de 

modular a adesão microbiana (2 h) e a formação de biofilme oral (24 h) alterando o perfil 

bacteriano e reduzindo o potencial patogênico (p<0,05). Além disso, o novo revestimento 

pode ser considerado bioativo devido a capacidade de induzir a formação de hidroxiapatita 

partir da liberação progressiva de íons com consequente aumento do pH.  Em adição, PEO-

BG favoreceu a maior adsorção de proteínas plasmáticas do sangue humano sem apresentar 

toxicidade para fibroblastos, o que sugere efeitos biológicos promissores in vivo. Além das 

falhas da osseointegração, superfícies de implantes também são suceptíveis ao acúmulo 

crônico de biofilmes poli-microbianos que são imersos em uma matriz extracelular (ME). A 

ME atua como uma barreira protetora e torna dificil o controle do biofilme e tratamento das 

infecções peri-implantares. Desta forma, (2) o segundo estudo avaliou por um modelo in 

vitro que simula o processo de transição da peri-implantite (biofilme supragengival para 

subgengival) o papel da ME na patogenicidade do biofilme oral e na resistência contra 

antimicrobianos na superfície do Ti. Além disso, foi testada uma estratégia terapêutica 

combinada utilizando um emergente agente de desestruturação da matriz (iodo povidine) 
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associado com antibióticos em biofilmes formados in situ na cavidade oral. Identificou-se 

que ME leva a disbiose do biofilme oral, aumentando a virulência bacteriana e o dano as 

células do hospedeiro (p<0,05). Adicionalmente, a ME também aumentou a resistência 

antimicrobiana de biofilmes na superfície do Ti (p<0,05). Assim, a abordagem de duplo 

direcionamento reduziu a formação de biofilme oral aumentando a eficácia de 

antimicrobianos direcionados para peri-implantite (p<0,05). Conclui-se que, tratamentos de 

superfícies bioativos, como o recém desenvolvido PEO-BG que melhora as propriedades de 

superfície do Ti, buscando aprimorar a osseointegração e aumentar a longevidade dos 

tratamentos com implantes dentários, assim como, a recente estratégia combinada visando a 

degradação da ME é uma estratégia eficaz e promissora para controle do biofilme e 

tratamento não-cirúrgico da peri-implantite.  

Palavras-chave: Biofilme, Titânio, Osseointegração, Modificações de superfície, Bioglass 
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ABSTRACT 

The decreases osseointegration at the bone/implant interface and peri-implant infections are 

the main causes related to failures in rehabilitation with titanium (Ti) based dental implants. 

Considering these etiological factors, therapeutic strategies have been developed recently 

aiming to increase the success rates of implant rehabilitation. Among these approaches, 

surface treatments have a promising role for biomedical applications due to the ability to 

able the Ti surface more bioactive and improve the osseointegration. Thus, (1) the first 

study aimed to develop a surface treatment (PEO-BG) based on 45S5-bioglass (45% SiO2, 

245% CaO, 24.5% NaO and 6% P2O5) using plasma electrolytic oxidation (PEO) as a new 

route for incorporation on Ti. The surface, mechanical, tribological, electrochemical, 

microbiological and biological properties were evaluated. The newly developed PEO-BG 

showed high roughness and surface area determining a complex surface topography, super-

hydrophilic status, chemical composition and oxide layer mimetic to the 45S5-BG. 

Experimental coating improved the mechanical and tribological properties (p<0.05) and 

enhanced the corrosion resistance after simulated in vitro degradation (28 days) (p<0.05). 

The PEO-BG coating was also able to modulate microbial adhesion (2 h) and the formation 

of oral biofilm (24 h), changing the bacterial profile and reducing the pathogenic potential 

(p<0.05). Furthermore, developed coating can be considered bioactive due to 

hydroxyapatite-inducing ability with progressive release of bioactive ions and increase of 

pH. In addition, PEO-BG favored greater adsorption of plasma proteins from human blood 

without presenting toxicity to fibroblasts, which suggests promising biological effects in 

vivo. Another relevant point is that implant surfaces are also susceptible to the chronic 

accumulation of microorganisms immersed in biofilm extracellular matrix (ME). ME acts 

as a protective barrier and to able it difficult to control biofilm and peri-implant infections 

treatment. Then, (2) the secondy study evaluated the role of ECM in the pathogenicity of 

oral biofilm and resistance against antimicrobials on Ti surface using an in vitro model that 

simulates the transition process to peri-implantitis (from supragingival to subgingival 

biofilm). Additionally, a dual-targeting therapeutic approach was tested using an emerging 

matrix disrupting agent (iodo povidone) in biofilms formed in situ in the oral environment. 

ECM biofilm leads to oral biofilm dysbiosis, increasing virulence and damage to host cells 

(p<0.05). In addition, ECM biofilm also increased the antimicrobial resistance of Ti surface 
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biofilms (p<0.05). Hence, dual-targeting therapeutic approach reduced oral biofilm 

formation enhanced the efficacy of peri-implant targeted antimicrobials (p<0.05). In 

conclusion, bioactive surface treatments such as the newly developed PEO-BG coating, 

which improves the surface properties of Ti aiming to enhance osseointegration and 

increase the longevity of treatments with dental implants as well as the recent combined 

strategy for ECM degradation is an effective and promising strategy for biofilm control and 

non-surgical treatment of peri-implantitis. 

Keyword: Biofilm, Titanium, Osseointegration, Surface modifications, Bioglass 
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1. INTRODUÇÃO 

As reabilitações orais com implantes dentários são atualmente a principal opção 

terapêutica para substituição parcial (Kern et al., 2018) ou total dos dentes perdidos 

(Chiapasco; Gatti, 2003). De fato, estudos clínicos de longos períodos de acompanhamento 

têm demonstrado considerável melhora na função mastigatória (Cardoso et al., 2016; Lam 

vo et al., 2019), aumentando a satisfação dos pacientes (Mishra; Chowdhary, 2019) e 

impactando diretamente na qualidade de vida (Bakker et al., 2019; Jawad et al., 2017; 

Marra et al., 2017) de adultos e idosos reabilitados com implantes. Além disso, revisões 

sistemáticas recentes (Chen et al., 2019; Gallardo et al., 2019; Hu et al., 2019) têm 

evidenciado altas taxas de sucesso e longevidade dos tratamentos com diferentes sistemas 

de implantes e protocolos de carregamento. Com base nisto, os implantes dentários podem 

ser considerados alternativas de tratamento bem estabelecidas, seguras, previsíveis e com 

prognóstico favorável em diferentes condições clínicas. 

 Desde 1980, implantes de titânio (Ti) começaram a ser produzidos com base nos 

estudos prévios de Brånemark que descreveu pela primeira vez as habilidades específicas 

de osseointegração do Ti com tecidos vivos (Brånemark et al., 1983). Fisiologicamente, 

ocorre uma forte ligação do Ti com moléculas de O2 promovendo a imediata formação de 

uma camada de dióxido de titânio (TiO2) com reconhecido papel no aprimoramento das 

propriedades biológicas deste metal (Pantaroto et al., 2018). A camada amorfa de TiO2 

fornece aos implantes a energia de superfície necessária para osseointegração, 

biocompatibilidade, melhora as propriedades mecânica e proporciona resistência à corrosão 

(Barão et al., 2012; Marques et al., 2016; Spriano et al., 2018). Por esta razão, Ti e suas são 
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os principais biomateriais utilizados na confecção de implantes biomédicos (CORDEIRO; 

BARÃO, 2017). Contudo, esta camada de TiO2 é muito instável e suceptível a processos 

degradativos de natureza física, química e microbiológica com a exposição da superfície de 

Ti ao ambiente corrosivo dos fluidos corpóreos (Chrcanovic et al., 2016; Mathew et al., 

2012).  

 Nesta perspectiva, abordagens que tem por objetivo melhorar a estabilidade 

eletroquímica do Ti e as respostas biológicas,favorecendo uma osseointegração mais rápida 

e efetiva são consideradas importantes no campo da implantodontia (Song; Koo; Ren, 

2015; Spriano et al., 2018). Desta forma, os tratamentos de superfície são técnicas 

consagradas de modificações morfológicas, físicas e químicas da superfície do Ti (Song; 

Koo; Ren, 2015), tornando-a bioativa e favorecendo uma ligação química ao invéz de 

apenas mecânica do implante ao osso (Beline et al., 2019; Marques et al., 2016). 

Atualmente, tratamentos como SLA® (Straumann), TICER® (Microdent) e TiUnite (Nobel 

Biocare) são disponibilizados comercialmente para implantes dentários (Shi et al., 2016). 

Embora estes tratamentos promovam resultados biológicos satisfatórios, seus efeitos são 

limitados em promover um forte contato osso-implante nos períodos iniciais de 

osseointegração e acelerar a cinética de biomineralização (Spriano et al., 2018). Portanto, 

em condições clínicas que demandem de maior dependência da fixação mecânica primária, 

como em casos de implantes de diâmetro reduzido, instalados em áreas de baixa densidade 

óssea ou submetidos a carregamento imediato, os tratamentos de superfície são fatores 

chaves para o sucesso das reabilitações (Nicolau et al., 2019; Shi et al., 2016). 

 Nesta perspectiva, a incorporação de biomateriais com propriedades osteogênicas 

comprovadas pode ser uma estratégia promissora para aprimorar os resultados clínicos de 
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implantes a base de Ti (Soares et al., 2018). Dentre eles, o 45S5-Bioglass® (45% SiO2, 

24.5 % CaO, 24.5% Na2O e 6% P2O5) tem ganhado atenção na área biomédica devido sua 

alta bioatividade e habilidades osteoindutivas e osteocondutivas (Baino; Hamzehlou; 

Kargozar, 2018; Hench, 2006; Jones, 2015). Previamente, inúmeras tecnologias já foram 

utilizadas para deposição de partículas de vidros bioativos na superfície de metais 

(Abushahba et al., 2019; Asif et al., 2014; Barros et al., 2019; Popa et al., 2015; Rohr et al., 

2019; Xue et al., 2017). Entretanto, a diferença de propriedades mecânicas entre as 

partículas de biovidro e o metal produz revestimentos que dificilmente aderem à superfície 

que promovem rachaduras ou delaminação e reduzem os efeitos biológicos dos biovidros 

na cavidade oral (Popa et al., 2015).  

 Para superar este problema, o plasma eletrolítico de oxidação (PEO) pode ser 

considerado uma nova via para síntese de revestimentos de vidro bioativo na superfície do 

Ti (Rizwan et al., 2018). Como o PEO permite a incorporação de elementos bioativos no 

substrato e não apenas a deposição de biomateriais na superfície, isso pode ser interessante 

para evitar o descolamento de partículas de BG e potencializar os efeitos biológicos. 

Adicionalmente, as modificações químicas e topográficas derivadas do tratamento com 

PEO tem sido amplamente associadas na melhoria de propriedades de superfície, mecânica, 

eletroquímica, microbiológica e biológica do Ti e suas ligas (Beline et al., 2016; Cordeiro 

et al., 2018; Marques et al., 2016; Matos et al., 2017; Nagay et al., 2019; Santos-Coquillat 

et al., 2019). Assim, foi hipotetizado que o PEO poderia ser utilizado para produzir 

revestimentos aderentes, bioativos e bio-inspirados na composição química do 45S5-

bioglass, buscando manter as suas propriedades biológicas e aperfeiçoar a biomineralização 

de implantes dentários. 
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 Outro ponto relevante é que além dos problemas relacionados com a 

osseointegração deficiente, que podem ser minimizados por meio de tratamento de 

superfície biofuncionais, a complexa geometria dos implantes e a anatomia dos tecidos 

peri-implantares favorecem a adesão microbiana e o acúmulo de biofilmes (Bowen et al., 

2018; Marsh; Devine, 2011). Os biofilmes peri-implantares são bem aderidos e difíceis de 

serem erradicados, podendo progredir de uma condição clínica de inflamação (mucosite) 

para infecção (peri-implantite) e promover danos aos tecidos duros e moles de suporte 

(Mombelli; Décaillet, 2011; Spriano et al., 2018). Portanto, perda da osseointegração e 

infecções dos tecidos peri-implantes são as principais causas relacionados com falhas 

precoces (Chrcanovic et al., 2016) e redução das taxas de sucesso (Derks; Tomasi, 2015) 

dos tratamentos com implantes dentários, sendo um desafio ainda não superado na prática 

clínica.  

 Atualmente, as terapias utilizadas no controle do biofilme peri-implantar são 

baseadas em métodos mecânicos, químicos, antibioticoterapia e associação de métodos (Al-

Hashedi et al., 2017; Dostie et al., 2017). Contudo, o desbridamento causa danos 

irreversíveis a superfície do implante, enquanto que os antibióticos não são capazes de 

remover totalmente os microrganismos (Louropoulou; Slot; Van Der Weijden, 2014). Desta 

forma, a intervenção terapêutica mais eficaz para as doenças peri-implantares ainda não 

está bem estabelecida (Esposito; Grusovin; Worthington, 2012; Graziani; Figuero; Herrera, 

2012). Oefeito reduzido de agentes antimicrobianos tópicos e sistêmicos vem sendo 

associado a complexa estrutura, a natureza polimicrobiana dos biofilmes orais e das 

respostas reduzidas do hospedeiro (Arciola; Campoccia; Montanaro, 2018; Bowen et al., 

2018).  
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 De forma geral, sabe-se que os biofilmes orais são comunidades bacterianas imersas 

em uma matriz extra-celular tridimensional polimérica (Flemming; Wingender, 2010; Koo; 

Yamada, 2016). Esta matriz extracelular (ME) é produzida por meio da síntese de α-

glucanos,por exoenzimas bacterianas (glicosiltransferases - Gtf), que representam o 

principal componente da matriz do biofilme (Bowen; Koo, 2011; Costa Oliveira; Cury; 

Ricomini-Filho, 2017). Dentre as suas principais funções, a matriz exerce um importante 

papel protetor à medida que cria uma barreira mecânica, espessa e bem aderida em 

superfícies bióticas (Klein et al., 2015) e abióticas (Matos et al., 2017). Essa barreira 

“biológica” proporciona a criação de microambientes com diferentes níveis de pH, 

metabólitos e reduzidos níveis de O2 que favorece a dinâmica de sucessão microbiológica 

de biofilmes supragengivais para subgengivais (Flemming; Wingender, 2010). Em adição, 

a matriz também dificultada a difusão de fluidos como saliva e antimicrobianos, reduzindo 

os efeitos imunológicos do hospedeiro e terapêuticos, respectivamente (Koo; Falsetta; 

Klein, 2013). Diante dos mecanismos expostos, tem sido evidenciado que a matriz 

extracelular é um fator relevante na transição de um biofilme comensal para mais agressivo 

e multi-resistente na superfície dentária (Klein et al., 2015; Ren et al., 2019) e de resina 

acrílica (Hwang et al., 2017), porém, ainda é limitado o conhecimento do papel da matriz 

na modulação e virulência de biofilmes orais formados na superfície de Ti. 

 O estado da arte a cerca das terapias para controle do biofilme peri-implantar tem 

direcionado as pesquisas para o desenvolvimento de novas estratégias focadas na 

desestruturação da matriz do biofilme visando potencializar o efeito de agentes 

antimicrobianos ( Kim et al., 2018; Ren et al., 2019; Weldrick; Hardman; Paunov, 2019).. 

Recentemente, foi descrito que o iodopovidona [(C6H9NO)nI], antimicrobiano de baixo 
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custo e estabilidade molecular, é um potencial agente direcionado para degradação da 

matriz. Este agente antimicrobiano a base de iodo age inibindo a síntese de α-glucanos pela 

exoenzima de S. mutans (GtfB), apresentando resultados promissores no controle de 

biofilmes mistos (Candida albicans e S. mutans) (Kim et al., 2018). Embora estas terapias 

apresentem resultados promissores, o efeito desta abordagem terapêutica combinada 

(agente degradante da matriz e antibióticos) ainda não foi testado experimentalmente em 

biofilmes polimicrobianos simulando uma condição de doença peri-implantar. 

Em síntese, tratamentos de superfície que possam induzir osseointegração de 

maneira mais rápida, assim como, abordagens terapêuticas para aumentar a eficácia de 

antimicrobianos contra biofilmes orais podem ser consideradas novas estratégias para 

melhorar as propriedades de superfície do Ti e controle das infecções peri-implantares, 

respectivamente. Portanto, está dissertação tem como objetivos: (1) desenvolver uma nova 

superfície experimental com composição química ao 45S5-bioglass por PEO para melhorar 

as propriedades de superfície, mecânica, tribológica, eletroquímica, microbiológica e 

biológicas do Ti, e (2) avaliar o papel da ME  na patogênese do biofilme oral desenvolvido 

na superfície do Ti, analisando o efeito de uma estratégia combinada direcionada para 

degradação da matriz do biofilme, visando aumentar a eficácia de antibióticos direcionadas 

para o tratamento não-cirúrgico da peri-implantite. 
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ABSTRACT 

Bioactive glasses (BG) have attracted attention for dental implant coatings applications as a 

consequence of their bioactivity and osteogenic properties in biological systems. Although BG 

particles coatings were previously developed by different methods, poor particle adhesion on 

surfaces and reduced microbiological and biological properties because of glass crystallization are 

factors that limit their clinical application. To overcome this problem, we untangled, for the first 

time, the plasma electrolytic oxidation (PEO) as a new pathway for the synthesis of bioactive glass-

based coating (PEO-BG) on titanium (Ti) substrate. Instead of BG particles, we used bioactive 

elements in electrolyte solution inspired into the 45S5-BG. Hence, the newly developed PEO-BG 

coating was investigated with respect to the surface, mechanical, tribological, electrochemical, 

microbiological and biological properties compared to machined and sandblasted/acid-etched 

control surfaces. Characterizations analyses showed that PEO treatment was able to successfully 

synthesize a coating with higher roughness and surface area, resulting in a complex surface 

topography, superhydrophilic status, chemical composition and oxide layer mimetic to 45S5-BG (~ 

45.0 Si, 24.5 Ca, 24.5 Na, 6.0 P w/v%). Additionally, PEO-BG enhanced mechanical properties and 

promoted good substrate adherence with increased resistance to tribological wear and higher 

corrosion resistance after in vitro degradation simulation (28 days). Furthermore, PEO-BG 

modulated microbial adhesion (2 h) and oral biofilm formation (24 h), which changed the bacterial 

profile reducing periodontal pathogenic bacterial associated with peri-implant disease. Interestingly, 

PEO-BG revealed similar biological mechanisms as the 45S5-bioglass (bioactive ion release, higher 

pH fluctuations and hydroxyapatite-inducing ability). For biological analyses, PEO-BG showed 

higher adsorption of blood plasma proteins and did not present cytotoxic effect on fibroblasts. Thus, 

PEO-BG coating was synthesized by PEO with enhanced biomechanical properties and may be 

considered a promising approach for dental implants applications due to biocompatibility, reduction 

of the peri-implant biofilm pathogenicity and probable improved response to of osseointegration. 

KEYWORDS: Surface Modification; Bioactive Glass; Plasma Electrolytic Oxidation, 

Titanium, Dental Implant. 
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1. INTRODUCTION 

Titanium (Ti) and titanium-based alloys are well-established biomaterials for dental and orthopedic 

implants because of their proper biocompatibility, corrosion resistance and mechanical properties1. 

Although oral treatment with Ti-based implants exhibits high long-term success rate2,3, Ti material 

does not present suitable bioactive properties and is susceptible to degradation in the oral 

environment 4. In addition, the mechanical bonding rather than chemical bonding of the Ti with the 

human bone can favor osteolysis, bone resorption and peri-implant infections 5,6. Consequently, 

such harmful effects influence the biomedical rehabilitation lifetime, increasing the loosening and 

premature fracture of the implants7,8.To overcome such drawbacks, surface optimization have been 

proposed for Ti-based materials9. Morphological, physical and chemical modifications are strategies 

indicated to achieve greater osseointegration, improved bioactivity and implant treatment 

success10,11. Hence, protective and multifunctional bioactive surfaces have been designed in recent 

years to better biomineralization kinetics and strong bone-implant contact in the initial periods of 

osseointegration12. 

Larry Hench’s 45S5-bioglass® (45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O, and 6 wt% 

P2O5)13 was discovered in 1969 and has gained attention in bone tissue engineering due to their 

bioactivity and osteogenic properties14,15. In fact, 45S5-bioglass is synthetic silica-based bioactive 

material with higher bioactivity indexes (IB> 8) among bioactive glasses and glass-ceramics16. 

Furthermore, osteoinductive and osteoconductive abilities are related to a complex mechanism 

based on ion leaching and controlled dissolution of glass when in contact with body fluids17,18. This 

process triggers precipitation of an apatite layer on implant surfaces that also acts as a template for 

newly bone formation and even bonding soft tissues15,19. Additionally, bioactive glasses (BG) are 

able to induce antimicrobial activity by changes in the environmental pH, leading to increased 

osmotic pressure and bacterial cell damage20–22. For this reason, BG are used for a wide range of 

applications including toothpastes, bone grafting, scaffolding, drug delivery, soft tissue engineering 
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and coatings on biomaterials 16,23.  

BG particles have been also incorporated on Ti alloys24–30 and zirconia substrate17,25,31,32 

aiming application in dental implants. For this, different methods such as dip-coating28, air 

abrasion33, vitreous enamelling34, plasma spraying35, flame spraying26, sputtering27,36, laser 

deposition24,29, and electrophoretic deposition30,37 were employed for particle incorporation on metal 

surfaces. However, some strategies have been unsuccessful as they may decrease mechanical 

behavior15 or limit biological performance17. The main problem is the mismatch in thermal 

expansion coefficients of these classical BG systems (~15– 17x10−6 ºC−1) and Ti substrate 

(~9.2x10−6 ºC−1), which difficulty its adherence on the surface and promotes cracks or delamination 

of the coating27. Another unsuccessful strategy also described was the direct incorporation of BG 

particles into the metal alloy matrix due to the mechanical weakening of the substrate observed after 

heat treatment38. In this context, alternative Si-based glass compositions have been also investigated 

to address these issues31. Nevertheless, changes in chemical composition increases bioactive glass 

crystallization that difficult surface reactions and reduce bioactivity.  

To overcome this problem, plasma electrolytic oxidation (PEO) can be considered a 

promising approach with relatively simple and effective technique19. Since PEO treatment allows 

the incorporation of bioactive elements into substrate and not only the deposition of biomaterials on 

surface, this would be highly interesting to avoid detachment of BG powders and particles related to 

the failure of other methods22,38.  PEO treatment is an electrochemical technique based on anodizing 

at high voltages exceeding the dielectric breakdown voltage of the oxide layer and gas envelope12. 

As a result, short-lived numerous plasma microdischarges are generated on the substrate, which 

promotes rapid growth of the coating and incorporation of bioactive elements with good interfacial 

adhesion to Ti substrate39. Notably, experimental bioactive surfaces by PEO with calcium 

phosphate compounds (e.g. hydroxyapatite HA) and another chemical elements (Ca, P, Zn, Cu, Mg, 

Ag, Sr, Si) have been previously developed12,40–44. In agreement, our previous studies45–50 also 
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showed that bioactive elements incorporated on Ti surface improve mechanical, electrochemical 

and biological properties. 

The physiological mechanisms of BGs are known to be related to their chemical 

composition and stoichiometric ratio of biological elements similar to human bone16,18. Hence, we 

hypothesized that PEO would enable effortlessly to create adherent and bioactive glass coatings 

mimicking the composition of the classical 45S5-bioglass promoting good biological responses. To 

our best knowledge, this study is the first one to test PEO as a new pathway to develop an adherent 

and resistant coating with chemical and oxides composition similar to 45S5-bioglass to circumvent 

the currently limitations of other BG-coatings. Thus, the newly developed coating bio-inspired on 

45S5-bioglass synthetized via PEO is investigated and discussed in detail in this paper. 

2. EXPERIMENTAL SECTION 

2.1. Experimental Design 

The experimental design of this study can be seen in Fig. 1. Commercially pure titanium (cpTi; 

ø=10mm x 2 mm) discs were polished and randomized in each group. Two surface conditions were 

considered as controls: machine (cpTi) and sandblasted and acid-etched (SLA). PEO treatment was 

used for synthesis of mimetic bioactive glass-based coating to create the experimental group (PEO-

BG). Electrolyte solution containing silica (Si), calcium (Ca), sodium (Na) and phosphorus (P) 

reagents allowed to obtain a stoichiometric proportion of 45S5-bioglass (gold standard bioactivity) 

on Ti surface. Wide range of surface, electrochemical, mechanical, tribological, microbiological and 

biological properties were assessed. 
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Figure 1. Schematic diagram of the experimental design. SEM = scanning electron microscopy; 

CLSM = confocal laser scanning microscopy; XPS= X-ray photoelectron spectroscopy; EDS = 

energy-dispersive spectroscopy; XRD = X-ray diffractometry; WCA = water contact angle, FC = 

friction coefficient, FS = flexural strength, EM = elasticity modulus, OCP = open circuit potential, 

EIS = electrochemical impedance spectroscopy, CFU = colony-forming units, HAp formation = 

hydroxyapatite formation. 

2.2 Surfaces preparation 

CpTi discs grade II (Realum Industria e Comércio de Metais Puros e Ligas Ltd., São 

Paulo, SP, Brazil) were polished with #320 and #400 grit SiC abrasive papers (Carbimet 2, 

Buehler, Lake Bluff, IL, USA) in an automatic polisher (EcoMet 300 Pro with AutoMet 

250; Buehler, Lake Bluff, IL, USA) to standardize the surface condition (Ra = 0.20 ±0.06 

µm)50. All samples were ultrasonically cleaned with deionized water (10 min), degreased 

with 70% propanol (10 min) and hot-air dried (250 °C)51. Afterwards, polished cpTi discs 

were used as control (machined surface). SLA surface was obtained from sandblasting with 

150 μm particles of Al2O3 (Polidental Indústria Comércio Ltd., Cotia, São Paulo, Brazil) 
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deposited at 50 mm of distance with 90° of angulation using 0.45 MPa pressure during 30 s 

and chemically treated with an aqueous solution containing 18% HCl (v/v) (Sigma-Aldrich, 

St. Louis, MO, USA) and 49% H2SO4 (v/v) (Sigma-Aldrich, St. Louis, MO, USA) at 60°C 

for 1 h, according to standard procedures52,53. 

The plasma electrolytic oxidation treatment was carried out using a pulsed direct 

current (DC) power supply (Plasma Technology Ltd., Kowloon, Hong Kong, China). 

Briefly, cpTi discs were used as the anode, while a steel tank with a cooling system (23 

±1.5 ºC) was the cathode. Samples were completely submerged in the electrolytic solution 

prepared using 0.014 M sodium metasilicate (Na2SiO3-5H2O), 0.20 M calcium acetate 

(C4H6O4Ca), 0.50 sodium nitrate (NaNO3) and 0.0010M sodium glycerolphosphate 

(C3H7Na2O6P) (Dinâmica Química Contemporânea, Diadema, SP, Brazil) as precursor 

sources for main bioactive elements of the 45S5-bioglass®16. 0.025 M Na2EDTA·2H2O 

(Dinâmica Química Contemporânea, Diadema, SP, Brazil)  was used as chelating agent in 

all electrolyte solutions12. PEO working parameters were adapted according to our previous 

protocol described elsewhere50. The treatment was conducted with the pulse voltage anodic 

(500 V), unipolar frequency (1000 Hz), alternate duty cycle [10% (+) and 70 (-)] for 420 s. 

Subsequently, the PEO-BG discs were rinsed in distilled water and air-dried (For more 

details see supporting information, Fig. S1A). 

2.3 Coating characterizations 

2.3.1 Structural morphology/topography 

To evaluate the surface morphology, top-view and cross-section scanning electron 

micrographs were acquired in SEM (JEOL JSM-6010LA, Peabody, MA, USA) using electron 

beams with low accelerating voltages (3 kV) of 5.0 and 10.0 keV46. Coatings topography were 
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analyzed by noncontact 3D CLSM (VK-X200 series, Keyence, Osaka, Japan), and VK-Analyzer 

software (Keyence v3.3.0.0, Osaka, Japan) was used for image processing49. The surface area was 

estimated in cropped images of 100 × 100 μm that were obtained at the magnification of 50×. 

Besides, a portable eddy current meter (MCT-401 model, Minipa do Brasil, São Paulo, Brazil) was 

used to measure the thickness of the coatings with an average of 10 measurements in randomly 

chosen regions of the sample surface (each 5 μm3) according to the standard ISO 2196854.  

2.3.2 Chemical composition based on 45S5-Bioglass 

The 45S5-bioglass basic elements (% atomic) and stoichiometric proportion [45% Si, 

24.5% Ca, 24.5% Na and 6% P (w/v%), 5:2:2:1 biological ratio] related to bioactivity16 were 

checked by energy-dispersive spectroscopy. Three random regions on surface, and cross-sectioned 

outer and inner coatings were selected to verified these individual bioactive elements distribution 

(in the order of 1 μm3). Titanium (Ti) and oxygen (O2) elements were excluded from the 

stoichiometric calculation because they do not represent the coating composition. The chemical 

states of the outermost oxide layer were determined by X-ray photoelectron spectroscopy (Vaccuum 

Scientific, VSW HA100, Macclesfield, UK ) operated at 12 kV and 120 W, 90º take-off angle with 

15Å maximum sampling depth. The spectra were referenced to adventitious carbon (C) at 284.6 eV 

binding energy and 44 eV pass energies. Atomic proportions of Ti, O, Al, Si, Ca, Na and P were 

determined from the Gaussian deconvolution of the peaks. The reference binding energy was 

acquired from the National Institute of Standards and Technology XPS Online Database1. Then, 

chemical and oxide composition was also used to determine the bioactivity of the coating by 

Hench's ternary diagram16. 
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2.3.3 Crystalline phases characterization 

The crystalline structure of the coatings was determined by XRD (PANalytical, X’Pert3 

Powder, Almelo, Netherlands) using Cu Kα radiation (λ = 1.540598 Å), operating at 45 kV and 40 

mA, using 2θ configuration in the 25° to 65° range with 0.02° step size 6. 

2.3.4 Roughness and wettability 

The surface roughness (Ra – arithmetic mean, Rt – maximum height, Rz – average peak-to-

valley height and Rq – root mean square average) was measured using a profilometer (Dektak 150-

d; Veeco, Plainview, NY, USA). Three measurements (in the right, center, and left regions of the 

disc) were taken with a 500-μm cutoff and speed of 0.05 mm/s for 12 s49. The difference in 

roughness line profile between surfaces tested was also acquired by CLSM. For wettability, 

deionized water contact angle measurements were performed on an automated goniometer (Ramé-

Hart 100-00; Ramé-Hart Instrument Co., Succasunna, NJ, USA) using the sessile drop (10 μL) 

method and analyzed with specific software (DROPimage Standard, Rame-Hart Instrument Co., 

Succasunna, NJ) based on the Young equation55. Representative micrographs of contact angle from 

each surface were obtained. 

2.4 Mechanical tests 

2.4.1 Microhardness  

The Vickers microhardness (VHS) was measured by means of an indenter (Shimadzu, 

HMV-2 Micro Hardness Tester, Shimadzu Corporation, Kyoto, Japan). The applied load was 0.5 

kgf for 15 s. The test was performed at four randomly distributed points in each sample. The values 

of microhardness were calculated according to the following formula: 𝐻𝑉 = 1.8544𝑃/𝑑2, where P 

= applied load and d = length of the diagonals of indentations56. 
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2.4.2 Flexural Strength and elastic modulus 

Flexural strength and elasticity modulus tests were conducted on rectangular bar cpTi 

samples (2 mm wide × 2 mm thick × 25 mm long) standardized according to ISO 4049 protocol57 

and surface treated as mentioned above. Samples were evaluated for three-point bending test with 

crosshead speed of 0.5 mm/min in a universal testing machine (Instron Model 4411, Instron Corp., 

Canton, MA, USA)58. The test was graphically recorded and considered completed when any failure 

or permanent deformation was detected by an abrupt load change. Flexural strength value (MPa) 

was determined according to the formula: [𝑓𝑠 = 8𝐹𝐿 = 𝜋𝐷3], where fs = flexural strength value 

(MPa), F = fracture strength or elastic limit (N), L = distance between the supports and D = 

diameter of the specimen (mm). Elastic modulus (GPa) was automatically monitored and calculated 

by the software Bluehill 2 (Instron Corporation, High Wycombe, UK). 

2.4.3 Friction coefficient and mass loss 

A custom made tribological system was used to determine the friction coefficient of 

surfaces59. The custom-made pin-on-disk tribometer (Faculty of Mechanical Engineering: 

University of São Paulo, São Carlos, SP, Brazil) consisted of an counter body of Zr ball (Y-TPZ; 

ø=5mm) articulates against the face Ti disc immersed in simulated body fluid solution (SBF)60. A 

total of 100 mL of SBF (37 °C) at pH 7.4 was used in each test to mimic the blood plasma. At the 

beginning of each test, the ball surface was cleaned and the surface checked for any damage. The 

test was carried out with vertical normal load (5 N), track diameter (5.8 mm), sliding velocity (0.01 

m/s), sliding duration (1100 s) determined in the pilot study (data not shown). During the 

tribological test, the evolution of surface wear was graphically monitored by LabViews software 

(National Instruments, São Paulo, SP, Brazil) and friction coefficient average determined (µ). In 

parallel, discs were weighed on a precision scale (AUY-UNIBLOC Analytical Balance, Shimadzu 
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Corporation, Kyoto, Japan) before (baseline) and after tribological tests to determine mass loss 

(μg)61. 

2.4.4 Wear track characterization 

After tribological tests, the morphological of the features wear scars were investigated by 

SEM (JEOL JSM-6010LA, Peabody, MA, USA). To calculate the wear volume of the samples, 

optical microscope with 1.0 μm precision and ×120 magnification (VMM-100-BT; Walter UHL, 

Asslar, Germany) equipped with digital camera (KC-512NT; Kodo BR Eletrônica Ltda., São Paulo, 

SP) and analyzer unit (QC 220-HH Quadra-Check 200; Metronics Inc., Bedford, USA) was used. 

Total surface area was calculated by measuring the ends of the disc. Wear tracks width was 

calculated in 4 different regions (top, bottom, right and left) and wear track diameter was 

considered. Final surface damage was analyzed through the wear track length in relation to the total 

surface area. All measurements were performed by a previously calibrated examiner (intraclass 

correlation coefficient .834; p<.0001). 

2.5 Eletrochemical behavior 

The electrochemical assessment was used to investigate the corrosion behavior of cpTi, 

SLA and PEO-BG surfaces in SBF for 28 days62,63. A three-electrode cell associated with a 

potentiostat (Interface 1000, Gamry Instruments, Warminster, PA, USA) was used to carry out three 

tests: the open circuit potential (OCP), the electrochemical impedance spectroscopy (EIS) and the 

potentiodynamic polarization following our previous protocol49,53,56,64. SBF at 37 ±1 °C (pH 7.4) was 

adopted as the electrolytic solution (10 mL) for all tests60. 

For each corrosion experiment, a cathodic potential (-0.9 V vs. SCE) was applied for 10 

min to standardize the oxide layer. Afterward, OCP was carried out for 3600 s to obtain the free 

corrosion potential of the material. EIS was acquired at frequencies between 100 kHz and 5 MHz 64. 

Then, EIS data were analyzed by Echem Analyst software (Gamry Instruments) using an 
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appropriated circuit to each surface and used to construct Nyquist, Bode (|Z|), and phase angle plots 

considering the real (Z’) and imaginary (Z’’) components of impedance. Hence, polarization 

resistance (Rp) and capacitance (Q) parameters were acquired. Samples were polarized from -0.8 to 

1.8 V (scan rate of 2 mV/s) to draw the potentiodynamic polarization curves, which was possible by 

the Tafel extrapolation method (Echem Analyst Software, Gamry Instruments) with the following 

parameters: Ecorr (corrosion potential), icorr (corrosion current density), Tafel slopes (βc, βa), 

passivation current density (ipass) and corrosion rate. For data analyses, the exposed area (in cm2) of 

each surface (cpTi = 1.19, SLA = 1.44 and PEO-BG = 2.72) was considered.  

2.6 Microbiological assay 

2.6.1 In vitro biofilm model 

The microcosm biofilm model65 was used to test the effect of PEO-BG surface on microbial 

adhesion and polymicrobial biofilm formation. Briefly, samples were cleaned by UV-light (4 W, 

λ=280 nm, Osram Ltd., Berlin, Germany) for 20 min each side and coated with filtered saliva (0.22 

μm membrane filter), for 30 min at 37°C to simulate salivary pellicle formation66. For biofilm 

growth, stimulated human saliva (unfiltered) was used as a bacterial inoculum (~107 cell/mL) to 

mimic oral microbiological composition65. Then, saliva-coated discs were incubated with BHI 

medium (1:90 v/v) (Becton-Dickinson, Sparks, MD, USA) and saliva (1:10 v/v) to promote initial 

microbial adhesion (2 h) and biofilm formation (24 h) under static conditions (37 °C, 10% CO2). 

For salivary pellicle and biofilm inoculum, fresh stimulated human saliva was collected from 5 

healthy volunteers (approved by local Research and Ethics Committee, number: 

86638918.0.0000.5418) based on inclusion and exclusion criteria described elsewhere67. 

2.6.2 Viability of bacteria cells 

After biofilm growth, discs were transferred to microcentrifuge tubes containing 1 mL 0.9% 

NaCl vigorously vortexed and sonicated at 7W for 30 s (Branson, Sonifer 50, Danbury, CT, USA) 
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to detach the biofilms68. A 100-μL volume of the sonicated bacteria cell suspension was six-fold 

serially diluted in 0.9% NaCl (1:107). The suspensions were inoculated using the drop-counting 

technique in Columbia blood agar (CBA) medium supplemented with 5% (v/v) defibrinated sheep 

blood for quantification of total viable bacteria50. Subsequently, the plates were incubated with 10% 

CO2 at 37 °C for 48 h. Colony-forming units (CFUs) were counted by stereomicroscopy, and the 

results were expressed as the logarithm of CFU per milliliter (log10 CFU/mL). 

2.6.3 Biofilm structure and morphology 

Confocal laser scanning microscopy (CLSM) was used for biovolume measurements and 

3D structure analyses of biofilms. Live bacterial cells were stained with 1 μM SYTO-9 green 

fluorescent nucleic acid (485-498  nm; Thermo Scientific, USA) under protection from light for 20 

min69. Images were obtained in a DMI 6000 CS inverted microscope coupled to a TCS SP5 

computer-operated confocal laser scanning system (Leica Microsystems CMS, Mannheim, 

Germany) with a 40× oil immersion objective (numeric aperture 1.25) and Ar-ion laser tuned at 

488 nm for excitation50. Stacks of z-plane images from at least 3 different fields of view per sample 

were acquired and then reconstructed into 3-D images using the IMARIS software (Bitplane, Inc., 

Saint Paul, MN, USA). Surface reconstructions using the surpass mode were used to calculate the 

biovolumes (in µm3) of biofilms. Additionally, biofilm morphology was also visualized by SEM. 

For this, biofilms on samples were fixed for 2 h in Karnovsky solution (2.5% glutaraldehyde, 2% 

formaldehyde, 0.1 M sodium phosphate buffer; pH 7.2), followed by dehydration in a series of 

ethanol washes, dried, and sputter-coated with gold65. 

2.6.4 Biofilm composition 

Since bioglass-based coatings can modulate microbiological growth, bacterial species 

related to peri-implant diseases were assessed by checkerboard DNA–DNA hybridization 

technique70,71. The biofilms developed on Ti surfaces were collected by means of a modified cell 
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scraper (length, 240mm) (TPP, Trasadingen, Switzerland) in one movement from a central area of 

each disc. Samples were inserted into a tube containing 150 µL of TE solution (Tris HCl 10 mM + 

ethylenediaminetetraacetic acid 1 mM, pH 7.6), and 100-µL of 0.5 M NaOH, boiled for 10 min and 

the final solution was neutralized with 0.8 mL of 5 M ammonium. DNA samples were digoxigenin 

labeled with DNA probes of the genome of the bacterial species, hybridized in a Miniblotter 45 

(Immunetics), and DNA probes were detected using a specific antibody against digoxigenin 

conjugated to phosphatase alkaline. Signals were detected using AttoPhos substrate (Amersham 

Life Sciences, Arlington Heights, IL, USA) and results were obtained using Typhoon Trio Plus 

(Molecular Dynamics, Sunnyvale, CA, USA). Data were expressed as levels and proportions of 40 

periodontal pathogens 65,72.  

2.7 Biological property 

2.7.1 Hydroxyapatite formation 

Surface bioactivity was evaluated based on hydroxyapatite (HAp)-inducing ability. Samples 

were fixed in custom-made plastic vials containing SBF73 and were kept under static conditions 

inside a biological thermostat at 37 ±0.5 °C remaining for 7, 14 and 28 days. The amount of SBF 

was determined according to surface area (cpTi = 11.4 mL, SLA = 14.1 mL and PEO-BG = 27.2 

mL) and replaced by newly prepared SBF every two days62,73. To perform the HAp analysis, discs 

were removed from the SBF, rinsed with distilled water and air dried in a desiccator without heating 

for 24 h. To confirm the formation and morphology of hydroxyapatite on surfaces XRD and SEM 

analyses were conducted, respectively.  

2.7.2 Ion release and pH measurement 

The kinetic of ion dissolution from the coating was assessed by inductively coupled plasma 

optical emission spectrometer (ICP-OES)(iCAP model, 7000 series, Thermo Scientific, MA, USA) 

operating at RF power of 1.3 kW, with a plasma flow of 1 L min-1, sample flow rate of 0.8 mL min-1 
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and argon flow of 0.8 L min-1 43. Samples were immersed in plastic tubes containing 5 mL of 

ultrapure deionized water (≥18.2 MΩ cm) obtained from an Advance A10 Milli-Q system 

(Millipore, Bedford, MA, USA) and maintained at 37 ±1 °C. After various time points (1, 2, 4, 6, 8, 

10, 12, 24, 48, and 72 h) samples were acidified with 65% nitric acid (Sigma-Aldrich, St. Louis, 

MO, USA) and analyzed for ionic release of Si4+, Ca2+, Na+, P+, Ti4+ (PEO-BG), Ti4+ and Al3+ 

(SLA) and Ti4+ (cpTi). During the immersion period, solutions were agitated twice. Blank solution 

(ultrapure deionized water) was included into the batch measurements as a reference. The detection 

of the technique was estimated to ppm as an average of three replica measurements. 

Simultaneously, pH measurement was performed using a pH microelectrode (Accumet; Cole-

Parmer, USA) coupled to a pHmeter (Procyon SA-720, Olímpia, Brazil) calibrated with pH 

standards of 4.0 and 7.069.  

2.7.3 Protein adsorption  

Human blood plasma (approved by the Local Research and Ethics Committee 

60177416.4.0000.5418) was used as the protein model, and the adsorption was measured by the 

bicinchoninic acid method (BCA Kit, Sigma-Aldrich, St. Louis, MO, USA)74. Firstly, discs were 

incubated with 1 mL of human blood plasma under horizontal stirring (75 rpm) at 37 °C. After 2 h, 

samples were washed three times (to remove non-adherent proteins), transferred to cryogenic tubes 

with 1 mL of 0.9% NaCl and sonicated in a Cup Horn (5.5 in. cup, Q500, Qsonica, Newtown, 

Connecticut, USA) at an amplitude of 80% for 60 s. The solution was diluted 100-fold and 

introduced into 96-well plates. Finally, protein concentration was calculated based on a standard 

curve and absorbance read at a wavelength of 562 nm in a microplate spectrophotometer 

(Multiskan, Thermo Scientific, Vantaa, Finland). 
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2.7.4 Biocompatibility assay 

Human gingival fibroblast cells (HGF - Rio de Janeiro Cell Bank Code 0089) were grown in 

low-glucose Dulbecco's modified Eagle medium (DMEM, Sigma Chemical Co., St. Louis, MO) 

supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY), 100 IU/ mL penicillin, 

100 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO), and 2 mM L-glutamine (Gibco, Grand 

Island, NY) in a humidified incubator at 5% CO2 atmosphere at 37 °C 50,74. For all experiments, 

HGF cells were plated in duplicate at 1×105cells/mL in 24-well culture plates in Alpha MEM 

supplemented with 10% FBS and antibiotics for 24 h to allow cell adhesion on polished cpTi (gold 

standard of bioactivity) and the experimental coating (PEO-BG). Cells seeded onto 24-well 

polystyrene plates served as standard growth controls (positive control-C+), and cells incubated with 

40 μg/mL camptothecin (Sigma-Aldrich, St. Louis, MO) represented the negative control, with 

100% cell death. 

The effect of the PEO-BG coating on metabolically active HGF cells was determined by the 

alamarBlue assay50. Briefly, the culture medium was removed, and 500 μL of fresh medium 

containing 10% alamarBlue (Invitrogen,Carlsbad, CA) was added to each sample well. The plates 

were then incubated for 12 h at 37 °C for alamarBlue reagent conversion into a detectable 

fluorescent product, and 100 μL was transferred to a 96-well polystyrene black plate (TPP tissue 

culture plates, St. Louis,MO) for measurement. The quantitative fluorescence signals of viability 

and cytotoxicity were measured using a Fluoroskan (Fluoroskan Ascent FL, Thermo 

Scientific,Waltham, MA) at an excitation and emission wavelength of 544 and 590 nm, 

respectively. Additionally, cell morphology and viability was verified by CSLM analysis, 

confirmed by fluorescent indicators of live (green-488 nm) and dead (red-561 nm) cells. Samples 

were acquired through 10× dry (Plan NeoFluar NA 0.3 air) objective lens. Images were also taken 

through 5× and 10× as a stack for three-dimensional (3D) reconstruction. The experiment was 

performed in duplicate for each experimental and control group. 
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2.8 Statistical Analysis 

The normality and homoscedasticity of all response variables were tested by the Shapiro–

Wilk and Levene methods, respectively. One-way ANOVA was used to test the statistically 

significant differences among the cpTi, SLA and PEO-BG for surface, mechanical, electrochemical, 

microbiological and biological properties. Tukey’s HSD test was used as a post hoc technique for 

multiple comparisons. A mean difference significant at the 0.05 level was used for all tests (IBM 

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

3. RESULTS AND DISCUSSION 

3.1 PEO treatment is a new approach for bioglass-based coating synthesis on Ti surface 

It is known that PEO treatments display an important role for improvement of the surface 

characteristics of dental implants1,19. Here, we successfully use PEO treatment as a new pathway for 

synthesis of 45S5-bioglass-based coating on Ti surface. It ought to be mentioned that newly 

developed PEO-BG coating was obtained by adjusting the work process parameters and electrolyte 

solution (Fig. S1A) with bioactive glass precursor reagents, which based on electrical response (Fig. 

S1B and S1C) changed surface morphology/topography of Ti. Interestingly, PEO-BG created 

irregular blasted facets with nonuniform aggregates (which resembles the “glass grain-like”) and 

presented craters characterized by evident circular pits. In contrast, machined surfaces presented 

longitudinal grooves and homogeneous surfaces as a result of the polishing process, whereas SLA 

experimental surface exhibited sandblasting holes with superposition of small pits produced by the 

acid-etching similar to commercial surfaces, such as SLA® and SLAactive® (Straumann AG, Basel, 

Switzerland). These characteristics of surface morphology and topography can be confirmed by 

SEM micrographs (Fig. 2A) and three-dimensional images obtained by CSLM (Fig. 2B), 

respectively. 

 PEO-BG surface modifications can be attributed to the electrolyte solution and the 

deposition parameters used. Our electrolyte design strategy explored the possibilities of 
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simultaneous combination of the bioactive elements, such as Si (Na2SiO3-5H2O), Ca (C4H6O4Ca), 

Na (NaNO3) and P (C3H7Na2O6P) in stable solutions to simulate the bioglass composition. For this, 

different sources and their individual compatibility (i.e. the solubility) with base electrolyte was 

preliminary tested increasing gradually the concentration of the respective compounds (data not 

shown). The choice of base components for the electrolyte solution was due to their good solubility 

and low cost compared to 45S5-BG precursors (SiO2, CaO, NaO, P2O6) targeting industrial 

applications. The pH of all electrolyte solutions were acidified to avoid the hydrolysis of Ca2+ and 

Na+ with precipitation of Ca(OH) and Na(OH), respectively. Since Ca(OH) and Na(OH) can 

alkalize the solution and favor the precipitation of PO4
3, Na2EDTA·2H2O was used to avoid this 

because forms a strong chelating complex with Ca, Na and Si. Hence, all elements of interest were 

completely dissolved into a homogeneous solution (i.e. maintained clear solutions) creating acid 

(pH = 4.38) and high conductivity (σ, mS·cm−1=137.5) electrolytes. 

Although high concentration and conductivity solutions may favor the incorporation of the 

bioactive elements, they also influence the PEO electrical response12. During PEO process, the 

micro-discharges are responsible for melting the material, creating melted oxides, leading to the 

effective incorporation of bioactive elements into the porous surface49. Our electrolyte solution 

induced the formation of a thick oxide layer jointly changed the electrical characteristics and quality 

of micro-discharges (~178) and, consequently, the surface morphology44. Then, the scattered micro-

discharges creates atypical PEO surface with craters instead of pores, as similarly described 

elsewhere50,75. In terms of bioglass mechanisms, surfaces with larger surface area (Fig. 2B) may 

play an important role for surface biological reactions in host tissues38. 

Regarding the chemical composition, PEO-BG showed the incorporation of all bioactive 

elements by EDS mapping (Fig. 2C) with homogeneous distribution on the surface, outer and inner 

layers of the coating (Fig. 2D). The stoichiometric ratio of 45S5-bioglass (5: 2: 2: 1 wt% for 

biological ratio of Si: Ca: Na: P concentration) and Ca/P atomic ratio above that required for 

hydroxyapatite (approximately 1.67)60 were obtained. Altogether, the new PEO-BG can be 
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considered a bioactive glass mimetic coating based on its chemical composition and class A 

bioactivity with respect to Hench's ternary diagram (Fig 2E)16. The advantages of incorporating 

45S5-bioglass precursors on Ti surface are the following: (i) Si acts in the formation and 

calcification of bone tissue, (ii) Ca and P are bone tissue components related to osteoblast activation 

in osteogenesis processes, and (iii) Na plays an important role in modulating metabolic reactions in 

body fluids15,16,76. Since PEO coatings doped with Si, Ca, Na and P have been recognized bioactive 

and biocompatible by in vitro 47,62 and animal models77,78, the stoichiometric ratio between the 

bioactive elements that mimetic bioglass substrate it may be a possible way to further improve 

biological responses and the osseointegration behavior. 
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Figure 2. Surface morphology and chemical composition of the controls (cpTi and SLA) and 

experimental (PEO-BG) groups. (A) SEM micrographs top-view (500× magnification), (B) three-

dimensional CLSM images (50× magnification) and (C) chemical mapping by EDS with element 

concentrations (wt%) on surfaces. Surface area was estimated in cropped images of 100 × 100 μm 

that were obtained at the magnification of 50×. (D) The distribution of bioactive elements on the 

surface, outer, inner layers of PEO-BG coating and respective stoichiometric proportion based on 

45S5-BG are showed on bottom. (E) Ternary eutectic diagram showing the relationship between 

composition and bioactivity level, where regions: A = bone tissue binding, B = no binding to tissues 



41 

 

(low reactivity), C = no binding to tissues (high reactivity), D = no binding to tissues (does not form 

glass), D = connective tissue binding and S= connective tissue binding is also illustrated. 

3.2 PEO-BG coating changes the Ti surface properties leading to mimetic oxide layer 

composition of the 45S5-bioglass  

Cross-section SEM micrographs (Fig. 3A) demonstrated that PEO treatment performed led 

to an irregular and complex coating on Ti surface. In fact, line roughness profile (Fig. 3A, on top) 

between PEO-BG and control surfaces shows the difference between both. PEO-BG also showed 

greater coating thickness when compared to the control groups (Fig. 3B). Additionally, surface 

roughness (Fig. 3C) of the PEO-BG coating were higher than those observed for the control 

surfaces (p < 0.001), particularly when considering Rt and Rz, as a result of the microdischarges 

that occurred in the PEO treatment50. Interestingly, PEO-BG also revealed superhydrophilic status 

(Θw = 0º) (Fig. 3D), where surface adsorbed the water droplet immediately after dripping, 

exhibiting evident difference with SLA and machined surfaces (p < 0.001) confirmed by 

micrographs (Fig. 3d’). Probably, the morphological structure promotes contact of Si4+ (unstable) 

with OH- water radicals through electrostatic interaction, forming silanoic groups (Si-OH) that 

makes the surface more reactive and hydrophilic as reported in bioactive glasses scaffolds and bone 

graft in contact with body fluids 38,76.  

Previous studies showed the beneficial synergistic effect of the roughness, hydrophilicity 

and chemical composition on favoring more protein adsorption, osteoblastic12,47,79 and fibroblast50 

cell adhesion on PEO surfaces compared to non-treated substrates. Another relevant point is that 

rougher surface induces the osteoblasts differentiation and enhances the quality of bone formed 

surrounding dental implants80. In fact, anodized dental implant has demonstrated increased bone 

formation in the early stages of healing, with highest removal torque compared to machined surface 

due to the greater contact area at the bone/implant interface55. Therefore, these surface properties 

observed on PEO-BG can be a key factor to enhance the osseointegration. 



42 

 

 

 

Figure 3. Surfaces characterization. (A) SEM micrograph cross-section (500× magnification) 

showing internal structure of coatings (bottom) as well as height (µm) and difference in profile of 

surface roughness line by CSLM (top). For PEO-BG coating (on the right), EDS analyzes (Fig. 2) 

were conducted in 3 different regions (1 = surface; 2 = outer and 3 = inner). (B) Coating thickness 

measured using eddy current method (µm). (C) Surface roughness parameters (Ra = arithmetic 

roughness, Rq = root mean square average, Rt = maximum height and Rz = average peak-to-valley 

height) by profilometer. (D) Water contact angle and (d’) representative images of contact angle on 
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surfaces. *p<0.05, using the Tukey HSD test comparing PEO-BG and SLA surfaces. The error bars 

indicate standard deviations. 

The XRD patterns (Fig. 4A) showed peaks of amorphous Ti (α phase) for all surfaces. In 

contrast, a mixture of TiO2 crystalline phases, with characteristic peaks assigned to the anatase 

(∼25°) and rutile (∼27°) were obtained for the PEO-BG coating, while peaks assigned to Ti hydride 

(~22° and ~43º) was observed only for SLA surfaces. Since PEO treatment is considered an 

oxidation reaction, the micro-discharges trigger reactions involving Ti and O groups in the 

electrolytic solution, leading to the formation of crystalline structures on surface44,81.  

XPS analysis was performed to investigate the possible oxides states on the outermost Ti 

surface (Fig. 4B). XPS spectrum showed the expected compounds, including the presence of Ti2p 

(~455−467 eV) and O1s (~527-533 eV) for all groups, while Al2p (~72-78 eV) was found only on 

the SLA surface (Fig. 4b’), in agreement with XRD results. Interestingly, the absence of a Ti0 

metallic peak on the PEO surfaces suggests that this treatment generated an oxide coating that was 

thicker than the native oxide layer on the nontreated control50. The chemical composition observed 

in the EDS mapping (Fig. 2C) was in agreement with the elemental ratios determined by XPS (Fig. 

4b’’). PEO-BG presented spectrum for SiO2 (~100-106 eV) , CaO(~345-349 eV) CaCO3(~350-353 

eV), Na2O(~398-402 eV), P+(~132-134 eV), PO4
-3(~136-141 eV) and P2O5(~141-146 eV). The 

presence of the SiO2, CaO, Na2O and P2O5 clearly support the study hypothesis that PEO treatment 

was able to synthesize a mimetic coating in chemical composition as well as 45S5-BG related oxide 

layer. 
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 Figure 4. Crystalline phases and oxide layer composition. (A) X-ray diffraction pattern (Ti = 

titanium, TiH = titanium hydrate, A = anatase, and R = rutile). (B) Chemical composition details 

(atomic concentration %) and (b') oxide binding spectra obtained by XPS. (b'') For PEO-BG 
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coating, 45S5-bioglass oxides composition of bioactivity-related (SiO2, CaO, Na2O and P4O6) was 

observed. 

3.3 PEO-BG coating enhances mechanical and tribological properties 

The main problem with previously developed bioglass coatings is their poor mechanical 

properties15,16,34,38,76. Herein, the newly developed PEO-BG coating enhanced the mechanical 

properties compared to the well-established control surfaces for dental implants. Macroscopic 

analysis revealed wear of all coatings after tribological tests (Fig. 5A, on top). In agreement, SEM 

micrographs showed higher and wide wear scars for SLA surface, while for machined surface was 

observed deeper and more regular wear (Fig. 5A, on bottom). In contrast, PEO-BG demonstrated 

good substrate adherence with coating remnants after tribological phenomena with quantitatively 

lower surface wear area measured by optical microscopy analysis (Fig. 5A), suggesting an effect of 

the Ti crystalline structure (mainly rutile phase), which provided superior wear resistance due to the 

good coating adhesion with the substrate46. In addition, the presence of a highest coating thickness 

(Fig. 3B) and higher friction coefficient found in PEO-BG coating (Fig. 5B), can have led to lower 

mass loss (Fig. 5C) (p<0.05).  

PEO-BG coating also showed higher microhardness when compared to controls surfaces 

(Fig. 5D) (p<0.05). This finding can be explained by the presence of Ca and Si, which has been 

previous associated with increased hardness and indirect with higher friction coefficient values82. 

The friction coefficient, with samples of the same tribological pair, was directly related to the 

resistance of the surface to mechanical wear82. In this way, the higher FC values are observed for 

PEO-BG (µ=0.6) probably due to surface microhardness and coating influence83, confirming the 

enhanced strength characteristic when compared to SLA (µ=0.3) and cpTi (µ=0.5) surfaces. During 

sliding, fluctuations were observed and associated with the build-up and entrapping of a large 

amount of particles (third bodies) in the contact area as a consequence of higher wear rates. It is 
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worthwhile to highlight that the higher FC has beneficial effect when considering dental implant 

due to  greater stability and reduced possibility of micromotion that could be transferred to 

prosthetic components and bone tissue59. 

Although PEO-BG increased the flexural strength of Ti compared to non-treated surface 

(p<0.05) (Fig. 5E), the elastic modulus was not modified (p>0.05) (Fig. 5F). A previous review56 

reported that these mechanical properties are strongly related to Ti microstructure. Since PEO 

treatment changes only Ti surface without altering the bulk microstructure, which has been reported 

as the main factor that drives these mechanical properties43. It is noteworthy that despite not 

changing the microstructure, the presence of the experimental coating provided greater resistance 

when compared to machined surface, suggesting a protective effect of Ti surface treatment on 

structural mechanical damage.  

 

Figure 5. Mechanical properties of cpTi, SLA and PEO-BG coatings. (A) In top, visual 

characterizations of the wear surface and quantitative analyses (WA = wear area and FC = friction 

coefficient). In bottom, SEM micrographs (100× magnification, 15º inclination) showing surface 
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wear after tribological test. (B) Friction coefficient during sliding (µ). (C) Total mass loss of 

samples comparing before and after tribological wear (µg). (D) Microdureza vickers (VHN), (E) 

Flexural strength (MPa) and (F) elastic modulus (GPa) also are showed. *p<0.05, using the one-

way ANOVA and Tukey (HSD). The error bars indicate standard deviations. 

3.4 PEO-BG enhanced corrosion resistance of Ti after simulated degradation in SBF 

To evaluate the effect of the oral environment on Ti susceptibility to corrosion, in vitro 

degradation model was performed. Samples were submitted to electrochemical tests (OCP, EIS and 

potentiodynamic) immediately after receiving the surface treatments (baseline) and after 14 and 28 

days of immersion in SBF, following the above-mentioned HAp formation protocol73. For the 

baseline, all groups showed the formation of a stable oxide film after 1h of immersion in SBF with 

more electropositive OCP for SLA and PEO-BG surfaces, which can infer a less tendency to 

corrosion for these groups (Fig. S2). 

The EIS assessment was carry out to verify the properties of the oxide layer formed in each 

surface. Initially, the cpTi surface presented greater impedance and phase angle at low frequencies, 

as well as higher magnitude of the Nyquist arch (wider diameter) compared to the other groups 

(Fig. S2). It is possible that the dissolution of the surface and consequent ion release of PEO-BG 

influenced its primary electrochemical stability48. In fact, the Na2O that composes PEO-BG is 

poorly stable and highly reactive, which is suggestive of rapid dissociation into body fluids. These 

features also can be attributed to topography/morphology of the surface, where a higher surface 

roughness of PEO-BG coating may lead to the instability of the TiO2 layer56. On the other hand, 

PEO-BG demonstrated an exponential improve of all variables (|Z|, θ and Nyquist arch) after 14 

(Fig. S3) and 28 days (Fig. 7B-C) of immersion when compared to the other groups, indicating a 

greater corrosion resistance. In this line, the presence of two phases angle for the treated groups 
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after 28 days may be result of HAp layer formation on the surface that acts as an additional barrier 

to ions transport. 

To obtain the electrical parameters of the surfaces after 28 days, data were modeled in 

equivalent electrical circuits (Fig. 7E). A simple circuit consisting of Rsol (resistance of the 

electrolyte), Rp (polarization resistance), and Q (constant phase element, CPE) was used for the 

machined group, while three electrochemical interfaces were considered for the SLA and PEO-BG 

surfaces since three layers that behave differently from each other were formed: HAp layer (Q1 and 

R1), oxide layer (Q2 and R2), and the substrate (Q3 and R3). The chi square (χ2) values were in the 

order of 10-3, which indicates an excellent agreement between the experimental and simulated EIS 

data. Qtot and Rptot were obtained by the sum of Q and Rp of each interface and used for statistical 

analysis. As expected, after 28 days of immersion PEO-BG showed higher polarization resistance 

than the others groups (p<0.05) and similar capacitance than cpTi surface (p>0.05) (Table 1). 

Probably, a later reactivity of PEO-BG surface with SBF stimulated the formation of an oxide layer 

more resistant to dissolution, improving its protection against ions exchanges with the electrolyte. 

Potentiodynamic polarization curves for baseline (Fig. S2), 14 (Fig. S3) and 28 days (Fig. 

7D) were obtained to understand the electrochemical behavior of each surface considering its 

response to a cyclic polarization. For all time points, PEO-BG displayed a greater passive behavior 

whit more stable plateau of passivation compared to controls, which can be confirmed by the 

shifting of its curve to lower current densities. However, cpTi presented the highest Ecorr among the 

groups in the baseline and 14 days (Fig. S3). Concerning the electrochemical parameters obtained 

by the Tafel extrapolation method (Table 2) for 28 days of immersion, PEO-BG surface showed a 

significant improvement of its electrochemical properties with smaller values of icorr, corrosion rate, 

and ipass (p<0.05) than the other groups. PEO-BG presented a progressive improvement of Ti 

corrosion resistance after immersion tests, indicating a protective effect in the oral environment by 

hydroxyapatite-inducing ability (follow data showed). In addition, the presence of Si and Ca in the 
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PEO-BG surface may act as a ceramic barrier that reduces the diffusion of ions and accelerates HAp 

formation by decreasing coating instability time (prior to HAp formation). 

 

Figure 7. Electrochemical data after 28 days of HAp formation A) Evolution of open circuit 

potential of surfaces as a function of time in SBF. (B) Representative impedance (│Z│) and phase 

angle (ϴ) plots. (C) Representative Nyquist diagrams. (D) Representative potentiodynamic 

polarization curves. (E) Equivalent electrical circuits used to fit EIS data.  

Table 1. Means and (standard deviations) of electrical parameters (polarization resistance - Rp and 

capacitance - Q) obtained from the equivalent circuit models of each surfaces. 

 

 

 

Different letters indicate statistically significant differences among the groups (p < 0.05, Tukey’s HSD test). Rp = 
polarization resistance, Q = capacitance, n and X2x10-3 obtained from EIS (goodness of fit on the order of 10-3). 

Groups Rpx106
 

(MΩ.cm2) 
Qx10-5

 

(nΩ-1sn.cm-2) 
ɳ X2x10-3 

cpTi 
2.63 (±1.6)a 

 

9.86 (±4.4)a 0.93 (±0.11) 1.02 (±0.21) 

SLA 
3.03 (±2.7)b 

 

1.57 (±2.8)b 0.89 (±0.07) 3.26 (±0.12) 

PEO-BG 
7.31 (±1.34)c 9.06 (±8.6)a 0.87 (±0.01) 4.34 (±0.43) 
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Groups Ecorr (mV) vs. SCE icorr (nA cm-2) βa (mV dec-1) - βc(mV dec-1) ipass (nA cm-2) Corrosion rate 
(mpy) x10-4 

cpTi -17.6(±5.8)a 17.6 (±20.4)a 0.90 (±0.3) 0.32(±0.03) 10.9(±2.1)a 6.7(±0.01)a 

SLA -201.3 (±85.05)b 11.73(±11.88)a 0.45(±0.1) 0.12(±0.03) 16.7(±3.6)a 4.4(±0.02)b 

PEO-BG -416.60 (±16.2)c 5.67(±7.78)b 0.70(±0.4) 0.07(±0.01) 5.2(±4.9)b 2.1(±0.02)c 

 

Table 2. Mean and (standard deviation) values of electrochemical parameters (Ecorr, icorr, βa, -βc, ipass 

and corrosion rate) obtained from the potentiodynamic polarization curves of each surfaces. 

Different letters indicate statistically significant differences among the groups (p < 0.05, Tukey’s HSD test).  

3.5 Developed coating modulates microbial adhesion and biofilm formation reducing 

pathogenic potential 

Since 45S5-BG has antimicrobial effects related to biological mechanisms, we evaluated 

the possible effect of PEO-BG coating on biofilm formation. Considering the wide composition of 

oral microbiome, we first tested initial adhesion (2 h) using saliva as microbial inoculum. CSLM 

images (Fig. 8A) showed highest microbial adhesion on SLA surface with microbial clusters. In 

contrast, machined and PEO-BG groups demonstrated lower bacterial number that are sparsely 

distributed on the surface. In fact, PEO-BG coating showed a significant reduction (~1 log CFU) 

(p<0.05, Fig. 8B) on microbial adhesion with lower biovolume (p<0.05, Fig. 8C) compared to SLA 

surface, possibly related to its chemical composition. Afterwards, we evaluated whether this effect 

on microbial adhesion could affect the biofilm growth on experimental surface. Then, polymicrobial 

biofilms (saliva as inoculum) was cultivated for 24 h on samples. The SLA surface showed higher 

biofilm growth with thick bacterial clusters and microcolonies enmeshed in a 3D-extracellular 

matrix visualized by confocal images (Fig. 8D). Compared to SLA surface, PEO-BG revealed to be 

able to significantly reduce (p<0.05) polymicrobial biofilm formation on Ti as shown by total 

biovolume measure (Fig. 8E) and CFU counts (Fig. 8F). No significant difference (p> 0.05) was 

found for machined surfaces and PEO-BG in terms of CFU and total biovolume count in both 

microbial adhesion and biofilm formation. For analysis of bacterial morphology and interaction 
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with surfaces, the same pattern of biofilm formation was also visualized by SEM micrographs (Fig. 

S2). 

It is well known that rough and hydrophilic dental implant surfaces improve bone responses 

as well as promote the accumulation of microorganisms55. However, PEO-BG coating (Ra = 

2.8±0.5 µm) demonstrated similar adhesion and biofilm formation than machined surface (Ra = 

0.2±0.1 µm) but reduced when compared to a well-established SLA implant surface (Ra = 0.7±0.2 

µm). Although surface characteristics display an important role in biofilm growth, other factors 

such as chemical composition and related biological mechanisms should be considered. A previous 

study20 revealed that particulate 45S5-bioglass reduces the viability of S. sanguinis biofilms, 

probably due to a diffuse antibacterial effect produced by increased pH levels. Similarly, it was also 

confirmed in S. aureus biofilms that increased pH is directly associated with ion release of the BG 

surface21. Hence, an alkaline environment generated by ion release induces a possible bactericidal 

effect through the osmotic difference and consequent disruption of the bacterial cell wall15,38. 

Additionally, the irregularities and crystalline structure can lead to bacterial death by surface 

interactions22. The biological mechanisms behind such antimicrobial effects were further evaluated 

(data showed follow). 
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Figure 8. Microbiological assays on cpTi, SLA and PEO-BG surfaces. (A) X–Y isosurfaces (top 

panel) and three-dimensional reconstructions (bottom panel) of representative CLSM images, (B) 

total bacterial counts (CFU/mL) and (C) average total biovolumes (in µm3) after microbial adhesion 

for 2 h using saliva as microbial inoculum. Similarly, (D) X–Y isosurfaces (top panel) and three-

dimensional reconstructions (bottom panel) of representative CLSM images, (E) total bacterial 

counts (CFU/mL) and (F) average total biovolumes (in µm3) were evaluated after biofilm formation 

for 24 h. Live cells were stained in green using SYTO-9 (480–500 nm). Scale bars, 50 µm (X–Y 
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isosurfaces) and 70 µm (three-dimensional reconstructions) for confocal images. *p<0.05, using the 

one-way ANOVA and Tukey (HSD). The error bars indicate standard deviations. 

To better understand the surface effect and characterize these biofilms, we investigated the 

influence of PEO-BG on biofilm composition. For this, 40 bacterial species related to infections 

surrounding dental implants (described as peri-implant diseases)84 were evaluated (Fig. 9A). For 

microbial adhesion, the total DNA count of 40 bacteria evaluated was higher for SLA surface (43.5 

±2.8) than cpTi (8.2 ±8.9) and PEO-BG (9.3 ± 4.4) groups, according to CFU counts. Although 

bacterial growth between cpTi and PEO-BG surfaces is similar, some periodontal pathogens such as 

Actinomyces israelii, Actinomyces oris, Prevotella nigrescens and Treponema forsythia showed 

significantly reduced adhesion on experimental surface (p<0.05). Importantly, PEO-BG modulated 

microbial adhesion and reduced the pathogenic potential of oral biofilm, decreasing significantly 

the colonization of red complex bacteria compared to machined and SLA surfaces (p<0.05).  

Peri-implant biofilm control is an important characteristic to be considered in surface 

treatments proposed for dental implants7. However, previous studies with bioactive glasses coatings 

are focused on improving osseointegration and little is known about microbiological behavior17,32. 

Our findings showed that PEO-BG promoted the modulation of surface microbial adhesion and 

reduced the biofilm pathogenicity. Although PEO-BG has no antimicrobial activity, TiO2 layer 

effect85 and 45S5-BG-related oxides (Fig. 4b’’) could trigger species-specific and bacteriostatic 

effect on oral microorganisms. Nowadays, clinical trends have led to the use of surface modified 

implants (i.e. SLA treatment) rather than machined surfaces1, where PEO-BG coating may be a 

favorable approach for practical application. In addition, the biofilm structure formed on PEO-BG 

coating with lower density (Fig. 8D) and amount of periodontal pathogens (Fig. 9B) compared to 

SLA surface can even favor the effect of antimicrobials therapies and decrease of the peri-

implantitis risk. 
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Figure 9. Checkerboard DNA-DNA hybridization analysis. (A) Profile of mean levels (×105) of 40 

bacterial species in polymicrobial biofilms growth on cpTi, SLA and PEO-BG surfaces for 

microbial adhesion (2 h) and biofilm formation (24 h). Asterisks indicate difference between groups 
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indicate statistically significant difference among the groups (*p< 0.05**p < 0.01, ***p < 0.001, 

HSD Tukey test). Levels of individual species were computed in each sample and then averaged in 

each group. (B) Proportion of periodontal complexes. Different letters indicate statistically 

significant difference among the groups (p<0.05, HSD Tukey test). 

3.6 PEO-BG is a bioactive coating by HAp-inducing ability with similar 45S5-BG 

biological mechanism 

Bioactive glasses have gained attention in the biomedical area because their biological 

mechanisms such as release of bioactive ions and pH fluctuations, which create a suitable 

environment for rapid HAp-inducing16. Hence, the formation of HAp crystals in SBF was 

investigated to predict bioactivity in vivo60,73. After SBF immersion for 7 days, amorphous 

depositions were observed on all surfaces by SEM micrographs (Fig. 10A). However, XRD analysis 

did not confirm the presence of HAp peaks (Fig. 10B). These findings are suggestive only of 

calcium and phosphorus clusters that are strongly attracted to the surface by electrostatic 

difference62. In this study, the presence of a newly formed HAp phase was observed on the cpTi and 

PEO-BG coatings after 14 days the immersion. With the increase of immersion time to 28 days, the 

apatite layers were found for all surfaces. These results demonstrate that PEO-BG was able to 

induce HAp formation similar to CpTi and faster than SLA surface, suggesting that topography and 

chemical composition play an important role in HAp formation kinetics44. 

It is noteworthy that morphology of newly formed HAp was different between surfaces. 

Notably, machined surface presented HAp with classical morphology of the nanosize granular 

particles. In contrast, SLA and PEO-BG surfaces presented the nanosize Ca-P particles that together 

form a micro ball-like structure.. Similar HAp morphology has already been described as nano 

flake-like structure formation on PEO surface63. Since PEO-BG is a rough coating with several 

surface craters (Fig. 2A), these regions may lead to accumulation of Ca-P, forming clusters rather 
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than a layer as on machined surface. However, increased roughness as a consequence of irregular 

HAp deposition may favor osteogenic responses. Thus, our findings suggest that PEO-BG may be 

considered a bioactive coating in biological systems. 
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Figure 10. In vitro bioactivity assay. PEO-BG, SLA and cpTi samples were immersed in SBF 

solution to induce hydroxyapatite formation on surfaces. (A) SEM micrographs were performed 

after 7, 14 and 28 days of immersion to evaluate the hydroxyapatite morphology. (B) XRD analysis 

was conducted to confirm the hydroxyapatite formation after 7 (b’), 14 (b’’) and 28 (b’’’) days (Ti = 

titanium, TiH = titanium hydrate, A = anatase, R = rutile and Hap = hydroxyapatite). 

The biological effects of bioactive glasses have been associated also with ion release and 

pH fluctuation of environment 15,16,22,38. Based on this, these properties were evaluated on all 

surfaces tested herein. cpTi and SLA surfaces showed progressive release of Ti4+ (Fig. 11A) and 

Ti4+ and Al3+(Fig. 11B) ion, respectively. PEO-BG coating also demonstrated progressive release of 

all bioactive elements (Fig. 11C). Remarkably, highest Na+ release followed by Ca2+, Si4+ and P+ 

was observed (first 8 h) and maintaining the proportion of the released elements up to 72 h (Fig. 

11c''). These bioactive ion release triggers biological mechanisms38, while may reduce Ti4+ release 

that has been associated to osteoblast cell damage86 and peri implant biofilm dysbiosis87. Regarding 

pH (Fig. 11D), PEO-BG coating presented higher values (~5.5) up to 12 h compared to control 

surface (p <0.05), confirming the effect of ion release on pH increase16.  
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Figure 11. Biological mechanisms of PEO-BG. Ion release on (A) cpTi, (B) SLA and (C) PEO-BG 

surfaces with progressive release of bioactive elements up to 72 h (c') evaluated by ICP-OES 

analysis. (D) pH measurement.  

3.7 PEO-BG coating is biocompatible to human cells and improved blood protein 

adsorption 

From the materials perspective, cytotoxicity tests of newly surfaces are considered a 

prerequisite to enable their future biomedical application50. In order to evaluate the biocompatibility 
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of this newly developed surface, we then tested whether the PEO-BG coating would affect human 

fibroblast cell colonization and proliferation. During the natural process of cellular metabolism, the 

resazurin dye, from alamarBlue fluorometric assay, is reduced to resorufin and generates a highly 

fluorescent pink signal. Conversely, nonviable cells lose the ability to convert the dye into the 

fluorescent product and thus do not generate the fluorescent signal. Our data clearly revealed no 

statistically significant difference in cell proliferation among cpTi and PEO-BG, and positive 

control (Fig. 12A-a’), 24 h after seeding. Consistent with the above-determined quantitative 

outcomes, fluorescent live/dead staining also revealed viable fibroblast cells growing on cpTi and 

PEO-BG samples. The green fluorescence from CFSE evidenced an obvious similarity in the 

overall live cells between PEO-BG and control samples (C+ and cpTi) (Fig. 12B). The surface 

properties of materials have a strong impact on cell behavior47. In fact, a notable alteration in cell 

alignment can be observed after our treatments change the Ti surface roughness from smooth 

(untreated surface) to rough (treated surface). In the case of cpTi samples, fibroblast cells appear to 

favor the orientation in the direction of the longitudinal grooves as compared to the random 

organization observed on flat polystyrene plate substrates used as controls. Interestingly, the rough 

surface topography of the PEO-BG samples induced fibroblast cell organization in a particular 

spatial pattern. Taken together the present findings, we clearly demonstrate that PEO-BG surfaces 

did not interfere on fibroblast cell viability may be considered biocompatibility coating. 

One of the ways to predict the osseointegration responses of biomedical materials is to 

investigate protein adsorption on their surfaces74. In this way, PEO-BG provided a noticeable 

increase in protein adsorption (~2-fold increase) (p<0.05) compared to control surfaces, making it a 

suitable coating for providing a response to the early stages of osseointegration. Beline et al.48 

demonstrated that PEO coatings provided more binding sites for fibrinogen and fibronectin 

(important blood plasma proteins) than sandblasted surfaces due to non-specific attractions between 

functional groups of the protein (negatively charged) or OH- groups with Ca2+ ions present on PEO 
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surface. Similar results were also found for albumin adsorption on PEO surface related to the 

hydrophilicity compared to machined surface49,50.  

 

Figure 12. (A) Effect of PEO-BG and cpTi surfaces on HGF cell proliferation and (B) cell viability 

at 24 h. Representative images of fluorescence staining through 20× objectives illustrated live/dead 

cell distribution on each control (C+, C−, and cpTi) and PEO-BG samples (green for live cells, red 
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for dead cells). The scale bar corresponds to 50 μm. (C) Blood plasma proteins adsorption 

(µg/mL).* indicates a statistically significant difference between groups (p<0.05; Tukey HSD test). 

3.8 Practical Implications and Future Aim 

 From the viewpoint of oral rehabilitation, our results support the possibility of using the 

PEO-BG coating on Ti for dental implant application. The two main challenges in the implantology 

field are related to inferior osseointegration88 and peri-implant infections89, which could be 

minimized by PEO-BG coatings. It is important to emphasize that for the first time a bioactive 

glass-based coating exhibited improved mechanical properties on Ti surface. Additionally, 

biological properties related to chemical composition of 45S5-BG may promote oral biofilm 

modulation, induce HAp formation and increase protein adsorption, which may trigger better 

response to the early stages of osseointegration. Hence, PEO-BG may be indicated for dental 

implant coating due to its ability to modulate and reduce the pathogenic potential of peri-implant 

biofilm, feature that is not presented in recent surface treatments (i.e. SLA coating). 

Furthermore, it is important to highlight that although PEO-BG has showed interesting 

biomechanical responses, it is still need to understand better the role of this new coating in the 

mechanisms involved in biological systems. In parallel, future steps can be focused to understand 

the behavior of PEO-BG coating against simultaneous wear, chemical and microbiological 

degradation processes by tribocorrosion tests and their osseointegration behaviour in animal 

models. Finally, our findings here also encourage further studies to continue the investigation of the 

bioactive glass-based coating deposited by PEO on Ti alloys, Zr substrate and biomedical devices. 

 

4. CONCLUSIONS 

PEO-BG coating was successfully synthesized via plasma electrolytic oxidation bio-

inspired on 45S5-BG. The newly developed coating showed complex surface topography, that 

enhances mechanical properties and corrosion resistance. PEO-BG was also able to modulate 
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surface microbial adhesion and reduce the pathogenicity of oral biofilm. Additionally, PEO-BG 

coating displays prolonged ion release and pH variation, which leads to HAp inducing ability and 

excellent blood plasma proteins adsorption. Thus, PEO-BG coating with improved biomechanical 

properties can be considered a new approach for dental implants due to its probable better response 

to osseointegration and reduction of the peri-implant biofilm pathogenicity. 
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Figure S1. (A) PEO-BG coating were obtained from electrolyte solution (Si, Ca, Na and P in the 

composition) and PEO parameters previously tested. During the treatment, density current (C) and 

power (D) of the equipment were measured. 

 

Figure S2. Electrochemical data at baseline. (A) Evolution of open circuit potential of surfaces as a 

function of time in SBF. (B) Representative impedance (│Z│) and phase angle (ϴ) plots. (C) 

Representative Nyquist diagrams. (D) Representative potentiodynamic polarization curves. (E) 

Equivalent electrical circuits used to fit EIS data. 
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Figure S3. Electrochemical data at 14 days. (A) Evolution of open circuit potential of surfaces as a 

function of time in SBF. (B) Representative impedance (│Z│) and phase angle (ϴ) plots. (C) 

Representative Nyquist diagrams. (D) Representative potentiodynamic polarization curves. (E) 

Equivalent electrical circuits used to fit EIS data. 

 

Figure S4. Microbiological assay on cpTi, SLA and PEO-BG surfaces. (A) Microbial adhesion for 2 h 

using saliva as microbial inoculum. (B) Polymicrobial biofilm formed for 24 h using saliva as microbial 

inoculum. The asterisks indicate bacterial clusters. 
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SUMMARY 
 
Biofilms are highly structured microbial communities embedded in a three-dimensional 

extracellular matrix (ECM) which allow adhesion and accumulation on biotic and abiotic surfaces 

in human body, such as soft tissues and implanted biomaterials, respectively. In the oral cavity 

ECM creates a more favorable environment for microorganism colonization and metabolim. 

Therefore, we hypothesized that this suitable ECM-rich environment may drive deleterious shifts in 

the microbial composition on titanium biomaterial. Our data shows that ECM-rich environment, 

driven by sucrose exposure, promoted increased bacterial accumulation and led to a microbiological 

dysbiosis on biofilm, favoring Streptococcus, Fusobacterium and Campylobacter species growth. 

ECM-rich biofilm also transitioned from a commensal aerobic to a pathogenic anaerobic 

profile. Even restrict anaerobic species related to peri-implant infections, such as Porphyromonas 

gingivalis and Tannerella forsythia, were increased ~3-fold in ECM-rich biofilms. ECM increased 

biofilm virulence promoting host cell damage and also reduced antimicrobial susceptibility of 

biofilms, but the use of a dual-targeting approach to first disrupt ECM assembly (povidone-iodine) 

increased antibiotic effect on in situ biofilms. Altogether, our data provide new insights of how 

ECM creates an environment that favors putative pathogens growth and highlights a promising 

approach with matrix disruption to improve treatments on implant related infections.  

Keywords: Biofilms, extracellular polymeric substance matrix, anti-infective agents, titanium, 

dental implants  
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Introduction  

Biofilms are highly structured microbial communities enmeshed in a three-dimensional 

extracellular matrix (ECM) (Costerton et al., 1995; Bowen et al., 2018a). Microorganism growing 

in biofilms have enhanced metabolism, high co-aggregation and interaction with other microbes as 

well as reduced antimicrobial susceptibility (Costerton et al., 1995; Flemming and Wingender, 

2010), being a critical virulence factor in the pathogenesis of microbial infections (Bowen et al., 

2018a). In the oral environment, indigenous microorganisms from oral microbiome live in 

symbiotic state with the host by adhering on biotic (Xu et al., 2017) and abiotic surfaces (Matos et 

al., 2017) leading to biofilm accumulation. On abiotic surfaces, such as implanted materials made 

of titanium (Ti), polymicrobial biofilm formation starts on surfaces exposed to saliva and 

microorganisms, usually supra-gingivally where the majority of colonizers are aerobic species 

(Zheng et al., 2015). Due to the non-desquamative property of abiotic surfaces, as biofilms grow it 

act as a “stress factor” to the host triggering an inflammatory response (Lang et al., 1993). This 

condition often changes the local environmental factors, such as nutrient content, and promote a 

transition from a commensal to a more invasive and pathogenic biofilm, further increasing the load 

of anaerobic pathogens in subgingival sites (de Freitas et al., 2011; Marsh et al., 2011). 

Furthermore, different factors can contribute modelling the  biofilm structure and to a shift 

towards a more pathogenic biofilm community (Rickard et al., 2003; Jenkinson, 2011; Bowen et 

al., 2018b), such as changes in the environment due to inflammatory process and even carbohydrate 

consumption, which favors the overgrowth of endogenous aciduric bacteria. (Marsh et al., 2011; 

Rosier et al., 2018; Souza et al., 2019). Importantly, sucrose is the most-consumed dietary 

carbohydrate and it has been reported to lead to a microbiological dysbiosis in oral biofilms formed 

in situ on Ti surface (Souza et al., 2019). Similarly, other different fermentable carbohydrates (e.g. 

glucose) are also used for microorganism metabolism, increasing bacterial counts (Vale et al., 2007) 

and biofilm biomass (Duarte et al., 2008). However, sucrose has unique characteristics regarding 
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biofilm formation, being the only substrate for synthesis of extracellular glucan polymers on 

biofilms, via bacterial exoenzymes (glucosyltransferase –gtf) that break sucrose into soluble and 

insoluble polymers, which contribute to the ECM on the three-dimensional architecture of biofilms 

(Costerton et al., 1995; Vacca-Smith et al., 1996; Kopec et al., 1997; Bowen and Koo, 2011a; Costa 

Oliveira et al., 2017). Although ECM has other components, such as proteins and eDNA, which are 

also present under glucose exposure, the insoluble extracellular polymers are synthesized only by 

sucrose cleavage, and they represent the main portion of ECM (Flemming and Wingender, 2010). 

These matrix-rich biofilms generated in the presence of sucrose have high nutrient availability and 

reduced O2 level (Xiao et al., 2012), which may create a suitable microenvironment for anaerobic 

pathogens growth. Although previous studies have shown the effect of local nutrient content and 

sucrose exposure on oral biofilm dysbiosis (Naginyte et al., 2019; Souza et al., 2019), it has been 

conducted using a protein-rich medium, which favor proteolytic species (Naginyte et al., 2019); or 

in situ under the effect of host characteristics, such as others nutrient source and salivary content 

(Souza et al., 2019). Thus, the isolated and specific effect of ECM to favor anaerobic putative 

pathogens growth on abiotic surfaces and the transition process from a commensal to a pathogenic 

anaerobic biofilm have not been tested experimentally.  

In the oral cavity, most specifically around dental implants, the chronic accumulation of 

biofilms can lead to polymicrobial infections know as peri-implant mucositis and peri-implantitis 

(Derks and Tomasi, 2015). Non-surgical therapy in these cases can be extremely difficult because 

of the difficult access of disease sites and due harbor biofilms strongly adhered to Ti surfaces 

embedded on ECM, acting as a protection barrier (Mombelli and Décaillet, 2011; Derks and 

Tomasi, 2015). This may explain the ineffectiveness of non-surgical treatment for peri-implant 

diseases, as highlighted by several systematic reviews (Ntrouka et al., 2011; Esposito et al., 2012; 

Suárez-López Del Amo et al., 2016). In this sense, ECM may be a key factor to be considered when 

aiming to eradicate polymicrobial biofilms on implant surfaces (Hwang et al., 2017; Matos et al., 
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2017). Previous studies have proposed different therapies to degrade biofilms by targetting ECM in 

order to enhance antimicrobial agents effectiveness (Hwang et al., 2017; Kim et al., 2018; Ren et 

al., 2019). For this, povidone-iodine (PI) [(C6H9NO)nI],  a low cost agent has been used as a matrix-

targeting disruption strategy as it has shown ability to degrade the ECM of duo-species biofilms and 

to reduce extracellular polymers synthesis, thus increasing their susceptibility to antimicrobial 

agents (Kim et al., 2018). Although matrix-targeting therapy strategy is a promising approach to 

enhance the effect of antimicrobial agents, this has not been tested experimentally for polymicrobial 

biofilms formed on Ti surfaces. In vivo, the currently existing non-surgical treatments for peri 

implant infections combine mechanical debridement for biofilm disruption and adjunct antibiotics, 

such as a combination of amoxicillin and metronidazole (Mestnik et al., 2010; Stein et al., 2018), 

this therapy has been very effective for teeth associated inflammation with satisfactory clinical 

results for oral infections (Shibli et al., 2019), but has shown no effect to reduce putative pathogens 

related to infections surrounding implanted materials (Suárez-López Del Amo et al., 2016). 

Therefore, we investigate whether the biofilm ECM can lead to a microbiological dysbiosis 

in oral biofilms leading to the increased load of pathogenic species within the biofilm; and if the 

ECM-rich biofilm structure generated by high sucrose availability is also responsible to enhance the 

antimicrobial resistance of biofilms formed on Ti surfaces. We also hypothesized that ECM-

targeting therapy with PI can disrupt biofilm matrix and improve the antimicrobial agent of 

amoxicillin and metronidazole effect against polymicrobial in situ biofilms on Ti material. 

Results 

ECM-rich biofilm promotes specific bacterial species growth and leads to a microbiological 

dysbiosis on Ti surface 

To test the role of biofilm ECM to favor microbial accumulation on Ti surface and biofilm 

dysbiosis we used sucrose (only substrate for insoluble extracellular polymers synthesis) to form 

ECM-rich biofilms and glucose (as carbohydrate source but a negative control for insoluble ECM 
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formation) as matrix control biofilm. For this, microcosm biofilms using human saliva were formed 

in two phases, initially (72 h) under aerobic condition and carbohydrate exposure and then 

transferred to an anaerobic condition (72 h). Although both carbohydrate exposures shows a trend 

to promote increased bacterial growth on Ti, ECM-rich biofilms exposed to sucrose showed higher 

Streptococcus counts in the aerobic condition (phase I of the experiment – 0 to 72 hours) (p<0.05) 

(Fig. 1A), genus recognized to have exoenzymes responsible for synthesizing extracellular 

polymers to form a biofilm with ECM-rich characteristics (Flemming and Wingender, 2010; Koo et 

al., 2010). Interestingly, ECM-rich biofilm under an anerobic condition (phase II of the experiment 

– 72 to 144 hours) also promoted bacterial accumulation, statistically increasing total bacteria, as 

well as further elevating Streptococcus counts (p<0.05) (Fig. 1A). In fact, Streptococcus counts 

enlarged drastically on ECM-rich biofilms, mainly in an anaerobic environment (~120 fold 

compared to glucose) (p<0.05) (Fig. 1B), condition that favor facultative and anaerobic species 

(Ahn et al., 2009).  

Biofilms growing in sucrose showed dense bacterial clusters enmeshed by ECM in aerobic 

and anaerobic condition (Fig. 1C), exhibiting a total biovolume ~1.5 times higher (p<0.05) (Fig. 

1D) than biofilms growing in glucose supplemented media. Under the same growth conditions 

biofilms growing in glucose were able to form mostly a monolayer of cells with a thin biofilm 

configuration (Fig. 1C), probably due to the absence of insoluble ECM. This effect in total 

biovolume cannot be explained solely by the effect in bacterial biomass, but also due to the matrix 

volume presence in biofilms exposed to sucrose (Fig. 1E). As expected, extracellular matrix 

synthesis favors bacteria growth, mainly for facultative Streptococcus species, even in an anaerobic 

condition.  
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Figure 1. Oral in vitro biofilms growing on titanium in a aerobic condition (Phase 1 – 72 h) 

followed by an anaerobic condition (Phase 2 – 72 h) to mimic a transition process from 

supragingival to subgingival biofilm. Biofilms were exposed to 10% sucrose during phase 1 as 

substrate for insoluble extracellular matrix synthesis. Glucose exposure was used as matrix control. 

NaCl exposure was used as non-carbohydrate control. (A) Streptococcus and total bacterial counts 

by CFU in the aerobic and anaerobic phases. (B) Streptococcus and total bacterial counts (CFU) 

expressed as fold of phase 2 (aerobic) over phase 1 (anaerobic). (C) X–Y surfaces (top panel) and 

three-dimensional reconstructions (bottom panel) of representative confocal laser scanning 

microscopy images of biofilms. Live cells (green) was visualized after stained with Syto-9. Alexa 

Fluor 647-labeled dextran conjugate probe (red) was used to stain biofilm matrix. Scale bars, 50 µm 
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(X–Y surfaces) and 70 µm (three-dimensional reconstructions). (D) Average total biovolumes (in 

µm3) for phase 1 and 2 biofilms exposed to glucose (white bars) or sucrose (black bars). (E) Biofilm 

matrix biovolumes (in µm3). *p<0.05, using the one-way ANOVA and Tukey (HSD) or student’s t-

test. The error bars indicate standard deviations. 

To better understand and characterize these biofilms, we next investigated the influence of 

ECM on microbiological composition of biofilms. To explore differences in bacterial community 

composition within each condition (sucrose, EMC-rich biofilm and glucose, matrix control biofilm) 

we quantified the levels of 40 different bacteria and grouped them at genus level for final analysis. 

An increase in the level (load) of genus Fusobacterium and, mainly, Streptococcus, Eikenella, 

Campylobacter, Parvimonas and Prevotella was found for ECM-rich biofilms on both phases 

(aerobic and anaerobic) (Fig. 2); with the most dramatic increase for Streptococcus.  This suggest 

that ECM-rich environment favors specific microbial communities. In fact, ECM-rich biofilm 

enhanced the transition from a commensal to a pathogenic biofilm (Fig. 3). Some bacterial species, 

such as Campylobacter gracilis, Actinomyces israelii and Parvimonas micra, increased more than 

10-fold in sucrose group over glucose group. Even strict anaerobic species which are recognized to 

be highly associated to peri-implant disease, such as Porphyromonas gingivalis and Tannerella 

forsythia (Retamal-Valdes et al., 2019), were increased ~3-fold in ECM-rich biofilms. Collectively 

these results show that biofilm ECM plays an important role in the transition process from a 

commensal to a more pathogenic biofilm, promoting a dysbiotic shift on biofilms growing on Ti 

surface. 
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Figure 2. Microbiological composition by Checkerboard DNA-DNA hybridization of oral in vitro 

biofilms growing on titanium in an aerobic condition (Phase 1 – 0 to 72 h) followed by an 

anaerobic condition (Phase 2 – 72 to 144 h). Biofilms were exposed to 10% sucrose during aerobic 

phase as substrate for extracellular matrix synthesis. Glucose exposure was used as matrix control. 

Bacteria species were grouped into its bacterial genus to express the level of each community 

according with treatment groups. 
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Figure 3.  Profile of levels of 39 bacterial species by Checkerboard DNA-DNA hybridization of 

oral in vitro biofilms growing on titanium in an aerobic condition (Phase 1 – 0 to72 h) followed by 

an anaerobic condition (Phase 2 – 72 to 144 h). Biofilms were exposed to 10% sucrose during 

aerobic phase as substrate for extracellular matrix synthesis. Glucose exposure was used as matrix 

control. Results were expressed as fold change in bacteria count (bacteria level - 105) of sucrose 

group over glucose in the anaerobic (phase 2) condition. The error bars indicate standard 

deviations.  

ECM favors biofilm virulence and cell damage 

Prompted by the effect of ECM-rich biofilm to increase bacteria accumulation and 

biovolume, as well as playing an important role in the transition process from a commensal to a 
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more pathogenic biofilm, we further explored the pathogenic potential of these biofilms to induce 

cell damage. For this, 72 hours biofilms preformed on Ti surface were placed in contact with a 

fibroblast monolayer. ECM-rich biofilms showed higher cell damage measured by LDH assay, 

compared to non-ECM-rich biofilms control (p<0.05) (Fig. 4). Moreover, the more pathogenic 

biofilm also increased inflammatory cytokine IL-8 release by almost 2 fold on fibroblast cells 

(p<0.05) (Fig. 4). These results show that biofilm matrix plays an important role to enhance biofilm 

virulence leading to cell death and increased chemokine IL-8 levels, which is a neutrophil-

activating and chemotactic factor responsible for modulating the host immune response under a 

more pathogenic biofilm accumulation on host tissues. 

 

Figure 4. 72 h preformed biofilms on titanium surface exposed to fibroblast monolayer for 

additional 16 h. Biofilms were supplemented with 1% sucrose as substrate for ECM synthesis. 

Glucose supplementation was used as matrix control. Preformed biofilms were immersed in 

medium over an insert membrane on the top compartment with the presence of a fibroblast 

monolayer on the bottom compartment. Lactate dehydrogenase released by fibroblasts and 

interleukin-8 (IL-8) concentration for 16 h in the presence of preformed biofilms on titanium were 

expressed as fold of sucrose (ECM-rich biofilm) over glucose (non-ECM-rich biofilm). The error 

bars indicate standard deviations. 
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ECM enhances antimicrobial resistance of biofilms on Ti surface 

Besides microbial dysbiosis, ECM-rich biofilms were associated with a higher microbial 

accumulation, as well as higher total biovolume due to the matrix volume presence in biofilms 

exposed to sucrose.  Hence, we asked whether ECM-rich dysbiotic biofilm would present similar 

antimicrobial susceptibility as glucose exposed biofilms. For 24 h mature ECM-rich biofilm 

(sucrose) (Fig. 5A) showed higher viable cells (CFU) counts after chlorhexidine antimicrobial 

treatment, when compared to non-ECM-rich biofilms (p<0.05) (Fig. 5B), due to ECM presence 

(Fig. 5C). This result shows that ECM-rich biofilm presented reduced the antimicrobial 

susceptibility of biofilms growing on Ti.  

To further dissect this observation, we next explored whether a pre-treatment for biofilm 

matrix degradation could then enhance the effect of antimicrobials on EMC-rich biofilms. For this, 

we used Povidone iodine (PI) (2%) as local agent to disrupt extracellular biofilm matrix before 

antimicrobial treatments (Kim et al., 2018). As expected, our 72 h in vitro ECM-rich biofilms 

treated with a dual-targeting approach, to first disrupt the matrix and then to kill microorganisms, 

showed higher bacterial cell death, compared to untreated control group and biofilms treated with 

only antimicrobial or antibiotics agents (Fig. 5D). In fact, PI pre-treatment followed by 

chlorhexidine or antibiotic therapy increased death cell volume by 3x in biofilms growing on Ti 

(p<0.05) (Fig. 5E). A synergistic effect was found for dual-targeting therapy, since the total death 

cell volume for PI + antibiotic (amoxicilin and metronidazole) group was 1.5 higher than the sum 

of PI and AMX + MTZ effect separately. In summary, these data suggest that ECM degradation can 

improve antimicrobial effect of different drugs, achieving better results to eradicate biofilms 

growing on Ti surface. 
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Figure 5. Biofilms (24-72 h) growing on titanium surface to test the effect of ECM on 

antimicrobial susceptibility of biofilms. Biofilms were supplemented with 1% sucrose as substrate 

for ECM synthesis. Glucose supplementation was used as matrix control. (A) X–Y surfaces (top 

panel) and three-dimensional reconstructions (bottom panel) of representative confocal laser 

scanning microscopy images of 24 h biofilms. Live cells (green) was visualized after stained with 

Syto-9. Alexa Fluor 647-labeled dextran conjugate probe (red) was used to stain biofilm matrix. 

Scale bars, 50 µm (X–Y surfaces) and 70 µm (three-dimensional reconstructions). (B) Average 

colony-forming units (CFU) of biofilms exposed to glucose (white bars) or sucrose (black bars) 

after CHX treatment. (C) Biofilm matrix biovolumes (in µm3). (D) Representative confocal laser 

scanning microscopy images after treatment of 72 h biofilms growing under sucrose 

supplementation. Live cells were stained as mentioned above, dead cells (red) were stained by 

propidium iodide solution. (E) Dead cells biovolume (in µm3) after treatments. Control – 0.9% 
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NaCl; PI – povidone iodine (2%); AMX – amoxicillin (4 g/mL); MTZ – metronidazole (4 

g/mL). *p<0.05, using the one-way ANOVA and Tukey (HSD) or student’s t-test. The error bars 

indicate standard deviations. 

Dual-targeting approach to reduce in situ biofilm formation on oral environment 

Since different environmental factors can affect oral biofilm formation (Marsh et al., 2011; 

Xu et al., 2015), and considering the impressive results obtained in the in vitro study, mainly for the 

use of PI associated with antibiotics, we further evaluate the dual-targeting approach to reduce 

biofilm formation on Ti using an oral in situ model. In situ biofilms formed for 5 days in the oral 

cavity of volunteers and then treated with antimicrobial agents (PI and/or antibiotics) showed higher 

bacterial cell death, compared to control groups untreated or each therapy alone (Fig. 6A). Although 

the use of only PI or antibiotics (amoxicillin and metronidazole) alone led to significant bacterial 

cell death (Fig. 6B), the dual-targeting approach increased death cell proportion eradicating biofilms 

growing on Ti (p<0.05) (Fig. 6B). Therefore, the ECM degradation strategy was effective to 

enhance antimicrobial effect of antibiotics in biofilms growing on Ti surface in the oral 

environment. 
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Figure 6. Oral in situ biofilms formed for 5 days on titanium discs placed in a palatal appliance and 

treated by matrix-targeting and antimicrobial agents. Biofilms were exposed extra-orally to 20% 

sucrose solution as substrate for extracellular matrix synthesis. (A) X–Y isosurfaces (top panel) and 

three-dimensional reconstructions (bottom panel) of representative confocal laser scanning 

microscopy images of in situ biofilms. Live cells (green) was visualized after stained with Syto-9 

and dead cells (red) were stained by propidium iodide solution. Scale bars, 50 µm (X–Y surfaces) 

and 70 µm (three-dimensional reconstructions). (B) Proportion (%) of dead cells in relation total 

biovolume (live + dead cells) after treatments. Control – 0.9% NaCl; PI – povidone iodine (2%); 

AMX – amoxicillin (4 g/mL); MET – metronidazole (4 g/mL). *p<0.05, using Bonferroni t-test. 

The error bars indicate standard deviations. 

Discussion 

Extracellular polymeric matrix has a critical role in the pathogenicity of microorganisms 

growing in biofilm state, and confers an ecological advantage for growth and virulence factors of 
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oral biofilms (Flemming and Wingender, 2010). Our study is the first one to provide experimental 

evidence of the specific effect of biofilm ECM favoring a transition process from a commensal to a 

pathogenic biofilm Ti material, creating a suitable environment to anaerobic pathogens growth. 

Importantly, we also showed that ECM reduced antimicrobial susceptibility of biofilms on Ti 

surface and that a dual-targeting therapy approach, which disrupted biofilm ECM prior to antibiotic 

treatment, was able to reduce live organisms.  

Our results also suggested that the significant higher bacterial counts on ECM-rich biofilm 

may be related to biofilm ECM properties, such as increased bacterial adhesion, nutrient source, 

enhanced interaction among microorganisms and to the 3D matrix organization (Flemming and 

Wingender, 2010; Klein et al., 2015; Bowen et al., 2018a), as observed by bacterial clusters 

embedded in a ECM on biofilms growing in culture media supplemented with sucrose. Although 

same bacterial counts for single-specie biofilms growing under glucose or sucrose exposure has 

been reported (Costa Oliveira et al., 2017), these carbohydrates differ drastically in terms of effect 

on biofilm structure and biovolume. Our results, however, showed that for a polymicrobial biofilm, 

sucrose exposure increased total bacterial loads, mainly for Streptococcus counts. A possible 

explanation for this finding is the high diversity of bacterial species which have gtfs genes (Xiao et 

al., 2012), and the ability of some gtfs to bind avidly to other microorganisms and allow them to 

become glucan producers (Ricker et al., 2014). Moreover, considering the co-adhesion and 

interaction properties of polymicrobial biofilms, some bacteria may positively affect streptococci 

growth. Additionally, some extracellular polymers synthesized by gtfs may be used by 

Streptoccocus as nutrient source during starvation periods  (Bowen and Koo, 2011a), keeping the 

bacteria metabolism active.  

Here, we also observed that biofilm ECM is a key factor to create an advantageous 

ecological environment which allow facultative and anaerobic pathogens growth on Ti. Previous 

results from our group have showed that sucrose exposure can favor microbiological dysbiosis in 
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biofilms formed in situ on Ti material increasing anaerobic species growth (Souza et al., 2019), and 

it has been associated with elevated biofilm biomass, when compared to no sucrose exposed group. 

However, in this previous study the continuous biofilm growth in situ and increased biofilm 

biomass may also affected microbiological composition, and host properties may affected 

microbiological composition, such as other nutrient source from diet and salivar content. Therefore, 

in the present study we showed the isolated and specific role of ECM to promote a transition from a 

commensal to a pathogenic microbial profile by allowing biofilm growth in phase I (aerobic) and 

phase II (anaerobic) and showing that only EMC-rich biofilm significantly shifted towards a more 

pathogenic composition when compared to non EMC-rich biofilm. The microbiological shift in oral 

biofilms has been attributed mainly to local environmental changes due inflammatory process 

(Marsh et al., 2011), such as nutrient content which favor proteolytic species (Naginyte et al., 

2019). However, we have showed that sucrose exposure (Souza et al., 2019) and in the present 

study the biofilm structure, specifically ECM-rich environment also drives toward a more putative 

anaerobic biofilm, suggesting a paradigms shift considering others factors, such as biofilm-related 

properties, which promote microbiological dysbiosis.  

ECM increase the biofilm volume and changes the physical-biologic properties of biofilms 

creating a variety of microenvironments with localized gradients of oxygen levels and nutrients 

source (Koo et al., 2013), which may favor even strict anaerobic pathogens, such as T. forsythia, 

which is in accordance with findings of the present study. This microbiological shift on ECM-rich 

biofilms suggests a more pathogenic biofilm that clinically acts as a physical-chemical stress factor 

to trigger inflammatory process on surrounding implant tissues. In fact, putative pathogens from red 

microbial complex represented by T. forsythia, P. gingivalis and T. denticola which are strongly 

associated to the etiology of peri-implant infections (Pérez-Chaparro et al., 2016) and oral tissues 

destruction (Arciola et al., 2018) were found 3-fold higher in matrix-rich biofilms. The virulence 

of these biofilms was confirmed by fibroblast assay, in which matrix-rich biofilms led to higher cell 
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death even without direct contact of biofilms with fibroblast cells. This result suggests that the 

complex structure of biofilm matrix and bacterial products released into the culture media can 

trigger or further amplify cell damage in peri-implant tissues. 

The ability of extracellular matrix to enhance antimicrobial resistance of biofilms has been 

recognized by in vitro and animal models, but has been mostly described for dental surfaces (Xiao 

et al., 2012; Thurnheer et al., 2014; Klein et al., 2015; Kim et al., 2018; Ren et al., 2019) or other 

dental materials, such as acrylic resin(Hwang et al., 2017; Lobo et al., 2019; Weldrick et al., 2019). 

Notably, ECM-rich biofilms growing on Ti surface presented reduced susceptibility against 

antimicrobials, which is in agreement with results demonstrated on hydroxyapatite surfaces (Kim et 

al., 2018; Ren et al., 2019). This effect has been attributed to the ability of ECM to create 

microenvironments which restrict the access of antimicrobial agents into bacterial cells and due to 

the negative charge of extracellular polymers reducing the diffusion of positively charged 

antimicrobials, such as CHX (Xiao et al., 2012). Furthermore, the adhesive interaction of 

extracellular polymers and the binding ability of bacterial cells (Falsetta et al., 2014) may create a 

protective layer restricting the direct access for antimicrobial agents diffusion. Thus, antimicrobial 

agents alone have trouble spreading in matrix-rich biofilms, which reduces their efficacy. 

Trying to overcome this limitation, we used a dual-targeting approach to disrupt the 

assembly of protective ECM followed by different antimicrobial agents to reduce bacterial viability. 

Although PI (matrix-targeting agent) has a moderate bactericidal effect against bacteria, due to 

irreversible binding to the bacterial cell wall (lower than CHX), its use in combination with all 

tested antimicrobials showed a synergistic effect and almost completely eliminated in vitro and in 

situ polymicrobial biofilms viability on Ti. This effect has been attributed to the ability of iodine to 

change biofilm structure reducing bacterial microcolonies and disrupting ECM, which change the 

density of biofilms and promote the access of antimicrobials (Ren et al., 2019). Moreover, PI can 

inhibit the activity of gtfs to synthetize glucan polymers in mixed biofilms (Kim et al., 2018), 
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suggesting a suitable preventive approach to reduce the pathogenicity of oral biofilms. PI is a low-

cost agent and has some bactericidal effect (Oduwole et al., 2010), favoring its use for peri-implant 

disease therapy. Although the use of AMX + MTZ has shown no effect to reduce putative 

pathogens during peri-implant disease (Suárez-López Del Amo et al., 2016), the effect of dual-

targeting strategy with PI seems promising and needs to be elucidated by in vivo models. 

Considering the process of oral biofilm formation in vitro (dynamic model) and in situ, our 

observations confirm that dual-targeting approach was able to reduce oral bacteria viability on Ti 

surface due to ECM degradation (Fig. 7). The findings developed here encourage future studies to 

evaluate in vivo this dual-targeting approach and the effect on clinical outcomes. Summarizing the 

above-mentioned findings, we showed that ECM-rich biofilms presented higher bacterial 

accumulation on Ti surface, and once mature these biofilms shifted towards a more pathogenic 

state, leading to dysbiosis and anaerobic pathogens overgrowth. This microbiological shift increases 

biofilm virulence and host immune response. The dual-targeting approach was able to disrupt the 

ECM and allow higher bactericidal effect of tested drugs. These results contribute to a better 

understanding of the role of biofilm ECM as an etiologic factor for peri-implant disease and shed 

light on the development of therapeutic strategies aiming to reduce ECM prior antibacterial 

therapies for the treatment of inflammatory response on tissues surrounding implanted materials.  
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Figure 7. Schematic representation of the possible (1) effect of ECM in the microbiological 

dysbiosis of biofilms growing on titanium surface; (2) and mechanism of bacterial susceptibility 

related to ECM and their disruption as an approach to enhance antimicrobials efficacy on biofilms 

growing on titanium surface. 

Experimental Procedures 

Sample preparation 

Commercially pure Ti (cpTi) discs grade II (ø = 8 mm x 2 mm) (Conexão Ltd., São Paulo, 

Brazil) were polished (roughness average, Ra 0.20 ±0.06µm) and used as substratum for biofilm 

growth (Nagay et al., 2019). All samples were ultrasonically cleaned with deionized water (10 min), 

degreased with 70% propanol (10 min) and hot-air dried (250 °C) (Barão et al., 2012). Then, cpTi 

discs were autoclaved (121 °C, 30 min).  

In vitro biofilm model and growth conditions to test biofilm matrix effect 

Biofilm microcosm model used was based on previous studies which considered the oral 

microbiome composition (Souza et al., 2018) and microbiological shift from an aerobic 

(supragingival) to an anaerobic profile (subgingival) (Thurnheer et al., 2016; Souza et al., 2018). 

For this, fresh stimulated human saliva was collected from 5 healthy volunteers and used as 
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microbial inoculum (approved by local Research and Ethics Committee, number: 

86638918.0.0000.5418). Volunteers inclusion and exclusion criteria have been previously described 

(Souza et al., 2019).  

First, samples were coated with filtered saliva (0.22 μm membrane filter) for 30 min at 37 

°C to simulate acquired salivary pellicle, stimulating bacterial adhesion and to mimic an in vivo 

condition (Ccahuana-Vásquez and Cury, 2010). Microcosm biofilm was then allowed to develop in 

mFUM-modified fluid universal medium (Gmür and Guggenheim, 1983) and 10% (v/v) BHI 

medium (Becton-Dickinson, Sparks, MD, USA). For biofilm growth, stimulated human saliva 

(unfiltered) was used as bacterial inoculum (1:10 v/v) to mimic oral microbiological composition 

(Souza et al., 2018) with final concentration of ~108 cell/mL. Biofilm growth conditions, such as 

medium and bacteria inoculum source, were previously standardized (See Supplemental Material, 

Fig. S1). Initially, oral biofilms were grown in microaerophilia (10% CO2, 37 °C) simulating a 

supragingival/aerobic condition (Phase 1). After initial biofilm formation (24 h), biofilms were 

exposed/immersed to 10% (w/v) sucrose treatments 4×/day (3 min each) for 2 days (48 h) as 

substrate to insoluble ECM synthesis to form matrix-rich biofilms (Aires et al., 2008; Xiao et al., 

2012). As a negative control for insoluble ECM production 10% (w/v) glucose was used. A non-

carbohydrate control was 0.9% NaCl exposure. After each treatment, discs were washed in 0.9% 

NaCl solution and then returned to the culture media for incubation.  

To test whether the ECM synthesized can favor biofilm dysbiosis and increase peri-implant 

pathogens which growth mainly under anaerobic conditions, after 72 h of biofilm formation, the 

growing conditions were changed for an anaerobic condition (Phase 2 - 10% H2, 5% CO2, 85% N2, 

37 ºC). Biofilms were exposed to a new human saliva inoculum (1:10 v/v, same volunteers of phase 

1) - as bacteria source of anaerobic pathogens - in mFUM media. Fresh medium was supplied each 

24 h. Experiments were conducted in triplicate. An overview of this in vitro biofilm model is 

illustrated in Figure 8.  
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Figure 8. Experimental design of oral in vitro biofilm model. Biofilm was developed to mimic a 

transition process from a microaerophilia/supragingival (phase 1) to an anaerobic/subgingival (phase 2) 

condition. After salivary pellicle (stimulated filtered human saliva) formation to promote microbial 

adhesion, titanium discs were exposed to initial biofilm growth in mFum medium (1:80 v/v) + 10% BHI 

(1:10 v/v) + unfiltered human saliva as microbial inoculum for 24 h in a microaerophilia condition (10% 

CO2, 37 °C). Then, biofilms were exposed to 10% sucrose treatments 4×/day for 2 days (48 h) as 

substrate to biofilm matrix synthesis. Glucose and NaCl exposure were used as controls. After 72 h, 

biofilms were transferred to an anaerobic condition (10% H2, 5% CO2, 85% N2, 37 ºC), exposed to a new 

microbial inoculum (unfiltered human saliva) and allowed to develop for additional 72 h. Harvest of the 

biofilms were performed at the end of each phase and taken to analysis. 

Biofilm virulence 

The virulence and pathogenicity of matrix-rich biofilms were tested using a fibroblast 

cellular monolayer. Phase 1 biofilm conditions (microaerophilia/supragingival) mentioned above 

was used for biofilm growth, since after 48 h of biofilm growth high levels of ECM synthesized and 

putative pathogens is expected (Xiao et al., 2012). Biofilms were supplemented with 1% sucrose 

(matrix-rich biofilm) or 1% glucose (control). Fibroblasts monolayer (3T3) (107 cells) was 

cultivated in Dulbecco's Modified Eagle's Medium with 10% bovine calf serum on 12-well plate 

bottom under a cell culture insert to create a 2-chamber compartment in each well. Next, Ti discs 
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with preformed biofilm (72 h) were inverted over the insert (on the top compartment, without direct 

contact with fibroblast cells) and immersed in medium to be incubated for 16 h. In this way, we 

tested whether products released by each biofilm in the culture medium could affect fibroblast 

viability. Lactate dehydrogenase (LDH) release into the basal culture media was used as an 

indicator of cell damage (CytoTox-ONE Homogeneous Membrane Integrity Assay kit - Promega, 

Madison, WI, USA) and the optical density units (490 nm) was checked, results were expressed as 

fold over (sucrose/glucose). Since chemokine IL-8, plays multiple roles as a proinflammatory 

cytokine by mediating the activation and chemotaxis of various immune cell types, IL-8 

concentration in the media was used as an indicator of immune response from fibroblasts to the 

biofilm products and was measured by ELISA (R&D Systems, Minneapolis, MN, USA). Results 

expressed as pg of protein per mL was showed as fold over (sucrose/glucose). 

Biofilm susceptibility to antimicrobials 

Next, we examined the role of ECM to reduce antimicrobial susceptibility of biofilms 

growing on Ti. For this, Streptococcus mutans, which is recognized to have three 

glucosyltransferases exoenzymes able to use sucrose as substrate to synthesize insoluble ECM 

(Bowen and Koo, 2011b), was added into the microcosm biofilm model to favor matrix-rich 

biofilms (sucrose supplementation). For this, S. mutans UA159 strain overnight culture in tryptone-

yeast extract broth (UTYEB) was adjusted to obtain 107 cells/mL (17). Samples were incubated in 

mFUM media + microbial inoculum (stimulated human saliva ~108 cells/mL and S. mutans ~107 

cells/mL) + 1% sucrose at 37 °C with 10% CO2 for 24 h. ECM negative control was 1% glucose 

supplementation. After 24 h biofilms were exposed to 0.2% (v/v) chlorhexidine antimicrobial, a 

common topical antimicrobial using for oral biofilms including on Ti surface (Heitz-Mayfield et al., 

2011; Souza et al., 2018) for 10 min. Then, discs were washed twice in 0.9% NaCl and taken for 

microbial analysis consisting of bacteria count. 
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To test a matrix-targeting approach to disrupt biofilm ECM and to enhance antimicrobial 

effect in biofilms growing in vitro on Ti surface we used the 72 h microcosm oral biofilm as 

mentioned above. Supplementing the human saliva inoculum (~108 cells/mL), S. mutans (107 

cells/mL) was added to increase ECM synthesis. Biofilms were allowed to develop for 72 h in 

mFUM media + 1% sucrose. PI (2%) immersion was used as agent to disrupt biofilm matrix (Kim 

et al., 2018). After 48 and 72 h, the biofilms were treated for 10 min by immersion with one of the 

following treatments: 0.2% (v/v) chlorhexidine (CHX) (Souza et al., 2018)(32); 2% (v/v) povidone 

iodine (PI) (Kim et al., 2018); 4 µg (w/v) amoxicillin/4 µg (w/v) metronidazole (AMX/MTZ) 

(Shibli et al., 2019); or by the combination of treatments: 2% (v/v) povidone iodine + 0.2% (v/v) 

chlorhexidine (PI+CHX); and 2% (v/v) povidone iodine + 4 µg (w/v) amoxicillin/4 µg (w/v) 

metronidazole (PI+AMX/MET). 0.9% NaCl solution was used as a control and for washing and 

removing the treatment residues. Biofilms were then analyzed for live/dead cells by confocal laser 

scanning microscopic.  

In situ model 

Based on the results obtained on the in vitro microcosm biofilm assay, an in situ oral 

biofilm model was used to test the dual-targeting approach (matrix disruption and antimicrobial 

drugs) to reduce biofilm growing on Ti surface exposed to oral environment (approved by local 

Research and Ethics Committee, number: 5366416.0.0000.5418). For this, 5 volunteers were 

selected based on their good general and oral health, as previously described (Vale et al., 2007). 

Volunteers wore a palatal appliance containing Ti discs (8×2 mm) protected by a plastic mesh to 

allow biofilm accumulation for 5 days. Samples were exposed extra-orally to 20% sucrose solution 

4×/day (11) to provide substrate for ECM synthesis. In the morning of the 6th day, the discs with 

biofilms were removed, randomized and treated by immersion for 30 min with one of the following 

treatments: (1) 2% PI; (2) 4 µg amoxicillin + 4 µg metronidazole; (3) 2% PI + 4µg amoxicillin + 
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4µg metronidazole. Biofilms not treated were used as controls. Biofilms were then analyzed for 

live/dead cells by confocal laser scanning microscopic.  

Microorganism count 

Microorganisms count in biofilms growing on Ti was determined by colony-forming units 

(CFUs). After sonication (Aires et al., 2008) biofilm suspensions was serially diluted and plated on 

the following culture media: Columbia blood agar (CBA) medium supplemented with 5% (v/v) 

defibrinated sheep blood for total bacteria count (Nagay et al., 2019) and Mitis Salivarius agar 

(MSA) medium for total Streptococcus count (Cavalcanti et al., 2014). Plates were incubated at 37 

°C in 10% CO2 atmosphere for 48 h. Colony-forming units (CFUs) were counted by 

stereomicroscopy, and the results were expressed as CFUs per biofilm. 

Confocal laser scanning microscopy (CLSM) 

Confocal laser scanning microscopy (CLSM) was used for biovolume and 3D structure 

analyses of biofilms. Live and dead cells were stained with 1 μM SYTO-9 green fluorescent nucleic 

acid (485-498  nm; Thermo Scientific, USA) and propidium iodide solution (490−635 nm; Thermo 

Scientific, USA) under protection from light for 20 min (Costa Oliveira et al., 2017). The insoluble 

ECM was stained during the biofilm formation with 1 μM Alexa Fluor 647-labeled dextran 

conjugate (650-668 nm; Thermo Scientific, USA). This probe is incorporated into glucans polymers 

produced during ECM formation (Klein et al., 2009). Images were obtained in a DMI 6000 CS 

inverted microscope coupled to a TCS SP5 computer-operated confocal laser scanning system 

(Leica Microsystems CMS, Mannheim, Baden-Württemberg, Germany). The IMARIS software 

(Bitplane, Inc., Saint Paul, MN, USA) was used for reconstructed into 3-D images. Surface 

reconstructions using the surpass mode and total fluorescent staining of the confocal micrographs 

were used to calculate the biovolumes (in µm3) of biofilms.  
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Microbiological composition 

Microbiological composition in the microcosm oral biofilm model was evaluated by 

checkerboard DNA–DNA hybridization technique (Socransky et al., 1994; Miranda et al., 2019). 

Biofilms on Ti surface were collected by means of a modified cell scraper (length, 240mm) (TPP, 

Trasadingen, Switzerland) in one movement from a central area of each disc. Then, samples 

collected were analyzed for levels of 39 bacterial species related to peri-implant disease (Mestnik et 

al., 2010; Souza et al., 2018). Data were expressed by bacterial genus (grouping bacterial species) 

and as fold change in each bacteria count of sucrose over glucose exposure biofilms in anaerobic 

condition (phase 2) grouped by periodontal microbial complexes (Socransky et al., 1994). 

Statistics  

The normality of errors and homoscedasticity of data were checked for each response 

variable. One-way ANOVA followed by Tukey HSD test, and student’s t-test were used for 

statistical analysis. SPSS software (IBM SPSS Statistics for Windows, v.21.0., IBM Corp., 

Armonk, NY, USA) was used and a significance level of 5% was adopted. 
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Supplementary material 

Part I. Supplementary Materials and Methods 

In vitro biofilm model adapted 

In this study, the biofilm model proposed by Thurnheer et al. 2016 was adapted for titanium 

surfaces. For this, we analyzed the influence of different sources of bacterial inoculum (supra-

gingival oral biofilm x stimulated saliva) and culture media (BHI, mFum and TSB medium) on 

bacterial count (CFU). The hypothesis tested was that these factors could favor or inhibit the 

bacterial growth in a aerobic and anaerobic conditions. 

To obtain the microbiological inoculum, volunteers (n = 6) older than 18 years old, good 

systemic and oral health and normal stimulated salivary flow rate (> 0.7 mL/min) (approved by 

local Research and Ethics Committee, number: 86638918.0.0000.5418) were selected. For all 

volunteers (baseline), dental prophylaxis and supra-gingival scraping procedures for standardization 

of biofilm formation were conducted. After this procedure, participants were instructed to not brush 

molars (mesial and distal faces), and to not use oral antiseptics and dental floss in these teeth for 3 

days (72 h). 

On the day of collection, after at least 2 h of last food intake and tooth brushing the supra-

gingival biofilms were collected with sterile metal curettes (Mc Call 17-18, Golgran-Instrumentos 

Odontológicos, São Caetano do Sul, São Paulo, Brazil) and immersed in culture medium (1 mL) 

corresponding to the group tested (BHI, mFUM or TSB medium). After this procedure, the same 

volunteers provided saliva obtained by stimulation with plastic film. The microbiological inoculum 

(oral biofilm and human saliva) were stored in ice (-4 ºC) and used immediately after collection. 

Bacterial inoculum and culture media was tested growing biofilms considering a aerobic and 
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3. DISCUSSÃO 

 Embora as reabilitações com implantes dentários apresentem altas taxas de sucesso 

(~80%), tanto em maxila como em mandíbula em pacientes saudáveis (Kern et al., 2018), a 

prevalência de mucosite peri-implantar e peri-implantite é de aproximadamente 47 e 20%, 

respectivamente (Derks; Tomasi, 2015; Lee et al., 2017). Em adição, problemas 

relacionados com falhas no processo de osseointegração podem contribuir para aumentar 

essas incidências nos primeiros meses após a instalação (CHRCANOVIC et al., 

2016)(CHRCANOVIC et al., 2016) ou potencializar os efeitos a longo prazo devido ao 

maior acúmulo de microrganismos e aumento da patogenicidade e virulência do biofilme 

peri-implantar (DERKS; TOMASI, 2015; LEE et al., 2017) Para tanto, neste estudo 

propusermos de forma inédita duas novas abordagens visando o aprimoramento da 

bioatividade do Ti e o controle do biofilme peri-implantar. 

Evidências experimentais do primeiro estudo mostraram que o PEO pode ser 

indicado como uma nova via para síntese de revestimento a base de vidros bioativos para 

superfície do Ti, superando as limitações dos métodos até então utilizados com esta 

finalidade, tais como: baixa adesão ao revestimento, perdas das propriedades biológica pela 

cristalização do vidro e a ausência de efeito anti-microbiano. O recém-desenvolvido 

revestimento PEO-BG foi caracterizado como de complexa estrutura topográfica, super-

hidrofílico, cristalino (fases anatase e rutilo) e com composição química e da camada de 

óxido semelhante ao 45S5-bioglass. Estas propriedades mostraram melhorar, 

principalmente, o comportamento mecânico, tribológico e as respostas biológicas do Ti 

quando comparado com superfícies usinadas e SLA. Adicionalmente, PEO-BG demonstrou 

também ser capaz de modular a formação do biofilme peri-implantar, reduzindo o 
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crescimento de patógenos periodontais e, consequentemente, a patogenicidade do biofilme. 

Portanto, considerado também o potencial osteogênico do 45S5-bioglass ainda não testado 

neste trabalho, novos estudos devem ser conduzidos para avaliar o efeito deste novo 

revestimentos nos processos relacionados com a cinética de neoformação e biomineração 

do tecido ósseo.  

Considerando também o impacto de infecções peri-implantares no sucesso e 

sobrevida de reabilitações com implantes dentários, o segundo estudo foi conduzido 

visando entender o papel da ME do biofilme e os efeitos da sua degradação na manutenção 

dos implantes dentários. Pela primeira vez, foi comprovado que a ME do biofilme pode 

favorecer uma disbiose microbiológica de biofilmes orais formados em material de Ti, 

criando um ambiente adequado para o crescimento de patógenos anaeróbicos relacionados 

com a peri-implantite. Além disso, também foi evidenciado que ME reduz a 

susceptibilidade antimicrobiana de biofilmes na superfície do Ti quando tratada com 

clorexidina ou uma combinação antibiótica de amoxicilina e metronidazol.  

Diante destes resultados, uma nova abordagem terapêutica combinada, que 

interrompeu a ME do biofilme anteriormente ao tratamento antimicrobiano, conseguiu 

reduzir os microrganismos vivos. Para extrapolar estes dados para uma condição clínica, 

um biofilme formados em modelo de transição microbiológica neste estudo foi exposto a 

associação antimicrobianos sistêmicos com concentrações basais simulando a liberação do 

fluido crevicular e um possível tratamento tópico diário com agente desregulador da matriz, 

como o iodopovidona foi testado. Interessantemente, essa nova abordagem terapêutica 

demonstrou potencializar a eficácia antimicrobiana em biofilmes orais.  
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Mesmo diante de algumas limitações por se tratar de um estudo inicial in vitro, este 

trabalho lança um novo caminho possível a ser investigado para o manejo da peri-

implantite. Portanto, novos estudos utilizando modelos animais devem ser conduzidos para 

confirmar os efeitos em condições orais, avaliando a citotoxicidade, biodisponibilidade e 

estabelecendo protocolos de tratamento. Além disso, implantes com tratamentos de 

superfície devem ser utilizados em estudos futuros para comprovar o efeito desta terapia, 

uma vez que sabe-se do papel das propriedades de superfície também na adesão e formação 

dos biofilmes orais (Bowen et al., 2018; Soares et al., 2018; Song; Koo; Ren, 2015), como 

confirmados também no primeiro estudo desta dissertação. 

Em suma, as novas abordagens terapêuticas investigadas neste trabalho de 

dissertação, apesar de avaliadas independentes, foram idealizadas visando superar as 

limitações de problemas corriqueiramente relatados na prática clínica da área da 

implantodontia, que impactam diretamente na qualidade dos tratamentos e na sobrevida dos 

implantes dentários. 
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4. CONCLUSÃO 

 Considerando as características necessárias para o sucesso de um revestimento 

experimental para implantes dentários, o tratamento de superfície PEO-BG pode ser 

considerado uma nova alternativa promissora no campo da implantodontia. Propriedades de 

superfície anteriormente limitadas em revestimentos baseados em vidros bioativos no Ti 

foram aprimoradas pelo tratamento com PEO, como a adesão e resistência ao desgaste dos 

revestimentos, bem como, proporcionou o controle do biofilme oral sem apresentar efeito 

citotóxico em células humanas como um importante fator inerente a este revestimento.  

 Além disso, identificou-se que similarmente a outras superfícies abiótica, a matriz 

extracelular do biofilme favorece a disbiose e aumenta a virulência do biofilme 

desenvolvido na superfície do Ti. Além disso, com base na natureza polimicrobina e na 

complexa estrutura dos biofilmes peri-implantares, a recente estratégia terapêutica testada 

para desestruturar a matriz demonstrou resultados satisfatórios no controle de biofilmes 

proporcionando aumento da eficácia de antimicrobianos de uso tópico (clorexidina) e 

sistêmicos (amoxicilina e metronidazol).  
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