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BRAZ, Janine Karla Franga da Silva. Caracterizacao morfolégica e funcional das células
endoteliais de coelho e humanas cultivadas sobre superficies metalicas tratadas a
plasma. 2019. 105f. Tese (Doutorado em Ciéncia Animal: Morfofisiologia e biotecnologia
animal) - Universidade Federal Rural do Semi-Arido (UFERSA), Mossor6-RN, 2019.

RESUMO

Os stents sao estruturas metalicas utilizadas em isquemias cardiovasculares. Em geral sdo
utilizados em associacdo com farmacos antiplaquetdrios a fim de evitar a formagdo de
trombos. Contudo, a eficacia da endotelizagdo sobre a superficie ¢ reduzida e aumenta o risco
de restenose nos pacientes. Por isso, existe uma busca por tratamentos que modifiquem as
propriedades quimicas e fisicas de superficies metalicas para melhorar a integra¢dao célula-
material sem a utilizagdo de drogas antiplaquetdrias. O tratamento por plasma faz
modificagdes nanométricas e melhora a adesdo, proliferagdo e diferenciacdo celular em
metais, como o titanio e o ago inoxidavel. O titdnio é um metal inerte, resistente a corrosao,
muito aplicado na producdo de implantes e comumente utilizado na forma de liga com o
niquel na fabricagdo de stents. Ja o ago inoxidavel 316L ¢ muito utilizado na area biomédica
por possuir boa resisténcia mecanica, contudo o desgaste por corrosao pode promover efeitos
toxicos no paciente. Os stents metélicos sdo testados comumente no modelo in vivo da artéria
iliaca do coelho, todavia a utilizagdo de células endoteliais do coelho para testes in vitro de
superficies metélicas ¢ insipida. Os testes in vitro podem auxiliar na compreensdo dos
mecanismos de interagdoe e integracao entre as células e a superficie metalica. Apesar disso
ndo ha informagdes sobre esse aspecto, bem como a cerca das propriedades mecanicas das
células provocadas por metais, ¢ das possiveis implicacdes decorrentes dessa interagao.
Considerando que a utilizagdo de modelos in vitro ¢ util na compreensao dos mecanismos de
interacdo entre as células e as superficies de adesdo, esse trabalho avaliou o efeito da
modificagao de superficies metélicas sobre as de células endoteliais humanas e de animais.
Para tanto, foram produzidas superficies de titdnio nitretada e oxidada e de aco inoxidavel
nitretada com rugosidade nanométrica. Em seguida, estas foram caracterizadas quanto a
molhabilidade pelo método de gota séssil, rugosidade por microscopia de forca atomica e
composi¢ao quimica por difracdo de raios-X. As células endoteliais cultivadas sobre as
superficies foram avaliadas quanto a morfologia, adesdo e viabilidade. Bem como a influéncia
na modificacao das propriedades mecanicas das células endoteliais vivas sobre as superficies
de titanio tratadas a plasma por microscopia de forga atdmica (AFM). Com base nos métodos
utilizados € possivel afirmar que as modificacdes da superficie foram promoveram uma
melhora na integracdo célula-superficie. As células endoteliais do coelho obtiveram melhores
resultados sobre a superficie nitretada do aco inoxiddavel quando comparada ao titanio
nitretado. As células humanas e do coelho se comportaram de forma semelhante, quanto a
adesdo e viabilidade celular sobre a superficie de titdnio oxidada a plasma. As propriedades
elasticas sofrem influéncia da superficie tratada a plasma e isso pode auxiliar na
aplicabilidade do biomaterial a fim de utiliza-la como uma terapia inovadora como ferramenta
para avaliacdo da biocomptibilidade dos biomateriais, com futura utilizagdo em stents
metalicos.

Palavras-chave: Biomaterial, cardiovascular, plasma, stent, viscoelasticidade.



ABSTRACT

Stents are metal structures used in cardiovascular ischemia. They are generally used in
combination with antiplatelet drugs to prevent thrombus formation. However, the efficacy of
endothelialization on the surface is reduced and increases the risk of restenosis in patients.
Therefore, there is a search for treatments that modify the chemical and physical properties of
metal surfaces to improve cell-material integration without the use of antiplatelet drugs.
Plasma treatment makes nanometric modifications and improves cell adhesion, proliferation,
and differentiation in metals, such as titanium and stainless steel. Titanium is an inert,
corrosion-resistant metal, widely applied in the production of implants and commonly used in
the form of alloys with nickel in the manufacture of stents. However 316L stainless steel is
widely used in the biomedical area because it has good mechanical resistance; however, wear
and tear can promote toxic effects on the patient. Metal stents are commonly tested in the in
vivo model of the rabbit iliac artery, however, the use of rabbit endothelial cells for in vitro
testing of metal surfaces is tasteless. In vitro tests may aid in understanding the mechanisms
of interaction and integration between cells and the metal surface. In spite of this, there is no
information about this aspect, as well as about the mechanical properties of the cells provoked
by metals, and of the possible implications resulting from this interaction. Considering that
the use of in vitro models is useful in understanding the mechanisms of interaction between
cells and adhesion surfaces, this work evaluated the effect of metal surface modification on
human and animal endothelial cells. For this, surfaces of nitrided and oxidized titanium and
nitrided stainless steel with nanoscale roughness were produced. Then, these were
characterized as wettability by the sessile gout method, roughness by atomic force microscopy
and chemical composition by X-ray diffraction. Endothelial cells cultured on the surfaces
were evaluated for morphology, adhesion, and viability. As well as the influence on the
modification of the mechanical properties of the living endothelial cells on the plasma treated
titanium surfaces by atomic force microscopy (AFM). Based on the methods used it is
possible to affirm that the surface modifications promoted an improvement in the cell-surface
integration. The rabbit endothelial cells obtained better results on the nitrided surface of the
stainless steel when compared to the nitrided titanium. Human and rabbit cells behaved
similarly for cell adhesion and viability on the surface of plasma oxidized titanium. The
elastic properties are influenced by the plasma treated surface and this may aid in the
applicability of the biomaterial in order to use it as an innovative therapy as a tool to evaluate
the biocompatibility of the biomaterials with future use in metallic stents.

Key words: Biomaterial, cardiovascular, plasma, stent, viscoelasticity
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1 INTRODUCAO

Os stents sdo estruturas tubulares em forma de malha, associadas ou ndo a
farmacos. Essas estruturas objetivam manter a integralidade morfoldgica e funcional dos
vasos sanguineos (LOBATO, 2006; SAKAMOTO et al., 2018). O uso terapéutico dos stents ¢
recomendado para intervencdo em isquemias cardiovasculares e na doenca arterial
coronariana, decorrente da oclusdo das artérias coronarias com formacao de ateromas, e na
prevencgdo do infarto agudo do miocardio (BRATS, 2009). Essas patologias cardioasculares
foram responsaveis por mais de 18 milhdes de dbitos por ano, aproximadamente (ROTH et al,
2017). No Brasil, entre os anos de 2000 a 2005, foram utilizados 10.426 stents em
intervengdes coronarias percutdneas, € a perspectiva ¢ de aumentar a utilizagdo desse
dispositivo pelo Sistema de Saude do Brasil e de outros paises, nos proéximos anos
(CARDOSO et al, 2007; BRATS, 2009).

A disponibilidade comercial de stents ¢, principalmente, na forma de stents
farmacologicos (stent de superficie metalica, ou ndo recoberto, por polimero associado a um
farmaco, como paclitaxel e sirolimo) e stents metélicos (endopréteses vasculares que reduzem
a contragdo imediata da parede vascular) (GRECH, 2003). Os stents metalicos sao
confeccionados principalmente utilizando ago inoxidavel 304 SS, 316L SS, tantalo, elgiloy
(SS), platina, liga de cobalto e nitinol (NELKEN E SCHNEIDER, 2004). O Nitinol ¢ uma
liga metalica formada por titanio e niquel (NiTi). Apesar de ser muito utilizado, hé relatos de
biotoxicidade do NiTi, com efeito inflamatdério decorrente da liberagao de ions por falhas
estruturais dos stents (WATAHA et al., 1999). Esse efeito pode ser evitado com a utilizacao
de titanio associado a nitrogénio e oxigénio, por exemplo. A superficie inerte de TiO, (Oxido
de Titanio) ¢ espontaneamente formada e apresenta biocompatibilidade.

Apesar dos bons resultados, o uso de stents metalicos em patologias vasculares
periféricas pode desencadear a restenose, hiperplasia epitelial inflamatdria que promove o
fechamento do vaso (FRANCA e PEREIRA, 2008). A hiperplasia epitelial comega apos o
procedimento percutaneo do stent, substituindo a fisiologia normal da monocamada epitelial
(endotélio vascular) por inimeras subcamadas endoteliais. Dessa forma, alguns stents estao
associados a farmacos antiplaquetarios que inibem a agregacdo plaquetaria, apesar de
reduzirem a efici€ncia da endotelizacao.

Segundo Khademhosseini e Langer (2016), um dos grandes desafios para o
avango da bioengenharia ¢ a falta de biomateriais adequados que possuam composi¢ao

quimica, mecanica e propriedades biologicas adequadas. Embora o ago inoxidavel seja o
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primeiro material utilizado para implantes, o titdnio ¢ considerado um dos biomateriais mais
recomendados para aplicagdes biomédicas, como por exemplo, em bombas e dispositivos
cardiacos (NIINOMI, 2002; ALVES IJr. et al., 2006; GORRIERI et al., 2006). Isso porque o
aco inoxidavel quando em contato com os fluidos corporais ocorre reducao da sua resisténcia
a corrosdo o que pode ocasionar a liberagdo de elementos quimicos no paciente. Ja o titdnio
tem propriedades como a biocompatibilidade, dureza e resisténcia a corrosdo que lhe confere
a qualidade da aplicacdo do biomaterial. Além dessas propriedades, a rugosidade e a
molhabilidade da superficie sdo importantes para integracdo celular. O processamento a
plasma das superficies ¢ um método conhecido ha mais de 20 anos para modificar essas
propriedades (ALVES Jr, 2001). Além disso, a técnica é considerada segura com auséncia de
produtos quimicos e poluentes ao meio ambiente e sua utilizagdo ¢ de baixo custo
(MOLITOR et al., 2001; SANTOS et al., 2018). Embora existam relatos que superficies de
titdnio tratadas com plasma em atmosfera de oxigé€nio e nitrogénio apresentaram propriedades
fisico-quimicas que melhoraram a biocompatibilidade de implantes 6sseos e dentarios
(MOLITOR et al., 2001; MOURA et al., 2016; MOURA et al., 2019), na literatura ndo ha
relatos interagdo entre as superficie de titanio nitretado e oxidado tratado com plasma com as
células endoteliais, bem como das implica¢cdes do ago inoxidavel nitretado a plasma sobre
essas células.

As células endoteliais (CE) sdo as responsaveis pela homeostasia vascular,
angiogénese e reparo tecidual (BREITHAUPT-FALOPPA et al., 2006). A interacdo dessas
células com a superficie de titdnio pode desencadear a ativagao de proteinas de adesao celular,
como as integrinas (SANTOS et al., 2007). O estudo pré-clinico em modelo animal ¢ uma
forma de avaliar os dispositivos endovasculares, sendo a artéria iliaca do coelho um dos
modelos mais aceitos para compreender a dindmica dos stents (SCHWARTZ et al, 2008;
YAZDANI et al, 2013). No coelho e observado o rapido processo de reendotelizacdo e
reparacdo vascular das artérias de forma semelhante aos humanos (FINN et al., 2007). Apesar
disso, as células endoteliais do coelho ndo sdo utilizadas para compreender a resposta
fisiologica sobre as superficies metalicas in vitro. Dessa forma, torna-se relevante estabelecer
uma relagcdo entre a reendotelizacdo in vivo e in vitro, a fim de que possam auxiliar na
compreensdo da homeostasia cardiovascular, das patologias vasculares e estimular a busca do
modelo ideal para o estudo de biomateriais aplicados stents metalicos.

Esse trabalho ¢ de grande importancia, visto que um dos grandes problemas apds
a utilizacdo de stents ¢ a restenose vascular, com trombose tardia que causa a injuria das

células endoteliais. Assim, o estabelecimento de novas ferramentas ¢ fundamental para
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acompanhar a resposta a nivel celular ao biomaterial. Uma dessas ferramentas ¢ a microscopia
de forca atdmica (AFM- Atomic Force Microscopy) que tem sido utilizada para caracterizar a
estrura molecular de biomateriais ¢ na quantificagdo de propriedades nanomecanicas
(CARDENAS-PEREZ et al., 2019). Segundo Guedes et al (2016) a quantificagio da rigidez
da membrana dos eritrocitos por microscopia de for¢a atomica ¢ uma promissora ferramenta
no nanodiagnoéstico de doencgas cardiovasculares. Assim como a ridigez, a viscoelasticidade ¢
uma propriedade mecanica que pode ser quantificada através das curvas de forga obtidas por
microscopia de for¢a atomica (AFM, Atomic Force Microscopy) € pode ser uma importante
ferramenta para caracterizar a influéncia de superficies metéalicas na resposta das células
endoteliais. Dessa forma, esse trabalho ¢ uma proposta de tecnologia inovadora com aplicagao

na saude cardiovascular.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar a morfologia, adesdo, proliferacio e de propriedades mecanicas das
células endoteliais humanas e da aorta de coelhos cultivadas em superficies metélicas

modificadas a plasma em atmosfera de nitrogénio e oxigénio.

2.2 OBJETIVOS ESPECIFICOS

2.2.1 Produzir superficies metélicas nitretada e oxidada com rugosidade nanométrica;

2.2.2 Caracterizar as superficies metalicas nitretada e oxidada, quanto & molhabilidade e
rugosidade e composi¢do quimica;

2.2.3 Avaliar a morfologia, adesdo e viabilidade das células endoteliais humanas e células
endoteliais da aorta de coelho (RAEC) cultivadas em superficies nitretadas e oxidadas;

2.2.4 Estabelecer uma relacdo comparativa entre as células endoteliais humanas e as células
endoteliais da aorta do coelho (RAEC) sobre as superficies;

2.2.5 Caracterizar a modificagdo da viscoelasticidade das linhagens de células endoteliais

sobre as superficies metalicas tratadas a plasma.
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3 REVISAO DE LITERATURA
3.1 SUPERFICIE DE TITANIO

Descoberto pelo quimico inglés William Gregor em 1791, o elemento quimico
denominado de menacanita foi encontrado nas areias escuras da Cornualha (Inglaterra) ricas
em ilmenita (FeTiO3;) (TRENGOVE, 1972). Posteriormente o alemao Klaproth renomeou o
elemento de titanio, encontrado a partir do rutilo (TiO;). As propriedades quimicas e fisicas
do elemento quimico titdnio sdo estudadas desde o inicio do século XX. Nesse periodo o
titdnio contribuiu para a ascensdo da industria metalurgica, principalmente, durante a Segunda
Guerra Mundial (BEDER e PLOGER, 1952).

O titanio € um dos elementos quimicos de transi¢ao da tabela periddica (Grupo IV
e do quarto periodo), com niimero atdmico 22 e nimero de massa 47,9. Em virtude da
distribuigdo eletronica [Ar] 3d*4s’, o mesmo interage com facilidade com o hidrogénio,
carbono, nitrogénio e, principalmente, o oxigénio. A ligagdo com o oxigénio promove a
formac¢do da camada nanométrica natural de 6xido sobre a superficie do titanio. Isso garante
maior estabilidade quimica. A estrutura cristalina do titdnio pode variar conforme a
temperatura. Em temperatura ambiente o titdnio apresenta-se na fase o com estrutura
hexagonal compacta. J& em temperaturas superiores a 882,5°C entra na fase 3, uma estrutura
cubica de corpo centrado. Na fase B, o titdnio pode ser manipulado a temperatura ambiente
através da adi¢cdo de elementos quimicos formadores de ligas (LIU et al., 2004).

Os elementos que formam ligas com o titanio podem alterar suas propriedades
quimicas. O carbono, nitrogénio e o oxigénio atuam estabilizando a fase a, elevando a
temperatura para a transi¢ao para a fase . J4 o hidrogénio atua na estabilidade da fase f3,
através da reducao da temperatura de transi¢ao. Outros elementos, como o silicio, aluminio e
o cromo podem alterar o limite de resisténcia a tragdo e a tenacidade. O zirconio potencializa
a resisténcia ao calor ¢ a corrosdao (ZHECHEVA et al., 2005).

Apesar do seu alto grau de pureza, entre 98-99,5%, o titanio em sua forma
comercial pura (Ti-cp ou TiCP) possui elementos quimicos como oxigénio, hidrogénio,
nitrogénio, carbono e ferro (ALBREKTSSON, 1983). O titanio associado ao oxigénio (TiO,)
forma uma camada semicondutora sobre a superficie que previne a troca de elétrons e confere
alta estabilidade, sendo muito utilizado, dentre outras aplicacdes, em nanomateriais, células

solares e como biomaterial (LANDMAN et al., 2012; WU et al., 2019).



23

Outra forma de associacdo ¢ a formacdo de nitretos, que consiste em ligacdes
metdalicas entre os atomos de titdnio (Ti-Ti) e ligagdes do tipo covalente entre titanio e
nitrogénio (Ti-N). Esse tipo de liga possui elevado ponto de fusdo, alta dureza e faz parte do
grupo dos supercondutores (ALVES JUNIOR et al., 2019). Em virtude de suas propriedades,
esse composto ¢ amplamente utilizado para modificar as propriedades da superficie do titdnio
(dureza e resisténcia a abrasdo). Dessa forma, aumenta a durabilidade dos produtos derivados
desse material (GUO et al., 2005). De acordo com Nunes e colaboradores (2003) ¢ possivel
obter oxinitretos de titanio através da razdo nitrogénio/oxigénio e modificar algumas

propriedades da superficie.

3.2 SUPERFICIE DE ACO INOXIDAVEL

O termo aco inoxidavel ¢ aplicado ao grupo de ligas com resisténcia a corrosiao
em ar atmosférico. A constituicdo desse material ¢ baseada nos sistemas de Fe-Cr, Fe-Cr-C e
Fe-Cr-Ni, bem como podem estar associados a niquel, molibdénio, manganés, nitrogénio,
niobio, titanio, cobre, silicio e aluminio (LIPPOLD; KOTECHLI, 2005). O desenvolvimento do
aco inoxidavel surgiu a partir de estudos sobre resisténcia a corrosdo em ligas de ferro-cromo
por adicdo de cromo em 1819, pelos britanicos Michael Faraday e James Stodart (NAHA,
2011) Em 1821, incentivado a atender uma demanda do setor industrial, o mineralogista
francés Pierre Berthier observou o aumento da resisténcia a corrosao acida em ligas de ferro a
medida que aumentava as concentragdes de cromo (1 a 5%) (PADILHA; RIOS, 2002).

A partir dessas descobertas em 1904, o cientista francés Leon Guillet, realizou
pesquisas com a liga de ago-cromo, sendo considerado o primeiro a produzir o ago inoxidavel
e definir grupos, ainda hoje conhecidos, como ferriticos, martensiticos e austeniticos (NAHA,
2011). Assim, em 1911 na Alemanha, um pesquisador em metalurgia do Laboratério de
Sheffield, foi o responsavel por iniciar a Era Industrial do Aco Inoxidavel. Harry Brearley em
sua publicagdo de 1913 descreveu a alta resisténcia a corrosdo de diversos produtos da liga
composta por 12,8% de cromo e 0,24% de carbono (NAHA, 2011).

Com a redugdo de carbono ¢ o aumento da concentracdo de cromo, ficou
evidenciada a grande importincia no cromo para garantir a resisténcia a corrosdo dos agos.
Visto que, o contato com o oxigénio promove a formacdo de um filme de 6xido/hidréxido
(SOUSA et al, 2016). Esse filme protetor confere aderéncia, impermeabilizagdo,
estabilizacdo, e principalmente, alta resisténcia a corrosdo do ago inoxidavel (LIPPOLD;

KOTECH]I, 2005). A partir da sua microestrutura ¢ possivel classificar o aco inoxidavel em
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cinco classes: ferriticos, martensiticos, duplex ferritico-austenitico, endureciveis por
precipitagdo e os austeniticos (LO et al., 2009).

O grupo dos acos inoxidveis ferriticos sdo constituidos de ferro acrescidos de
cromo (11-13%) e adi¢des de molibdénio (3%) e possui baixa resisténcia a corrosdo quando
comparado aos austeniticos (SATYANARAYANA, MADHUSUDHAN, MOHANDAS,
2005). Ja& os martensiticos sdo ligas de cromo (10,5-18%), niquel (até 5%) e carbono (0,1-
1,0%) que podem ser acrescidos de molibdénio, vanadio, nidbio, aluminio, cobre e titanio.
Esses acos possuem boa resisténcia mecanica e a processos de corrosdo sendo comumente
utilizados em tubulacdes petroliferas (McGUIRE, 2008). O duplex ferritico-austenitico possui
uma das melhores resisténcias a corrosao, com uma constitui¢do baseada essencialmente de
ferro, cromo e niquel ¢ utilizado na induastria de dessalinizagdo (HONG et al., 2011). Os
endureciveis por precipitacdo sdo formados por cromo (12-18%) e niquel (3-10%) apesar de
possuir boas propriedades mecanicas esse aco inoxidavel tem baixa resisténcia a corrosdo
(McGUIRE, 2008).

Ja os acos inoxidaveis austeniticos sao formados por ferro, cromo e niquel,
podendo conter adigdes que modificam sua microestrutura, € consequentemente, suas
propriedades. A alta resisténcia a corrosdo ¢ decorrente do alto teor de cromo (15-26%) e sua
estabilidade em virtude da adi¢do de elementos como o carbono, manganés, niquel e
nitrogénio (PADILHA, RIOS, 2002; McGUIRE, 2008). Por isso, esse ago inoxidavel ¢

amplamente utilizado como biomaterial.

3.3 BIOCOMPATIBILIDADE DA SUPERFICIE DE TITANIO E ACO INOXIDAVEL

O termo biocompatilidade por defini¢do consensual “¢ a habilidade do material
em executar uma resposta adequada durante uma aplicagao especifica” (William, 1987). Em
outras palavras, um material biocompativel ¢ aquele que tem baixa toxicidade e promove a
reacdo com o tecido biologico, com formacdo de uma capsula durante certo periodo pds-
implantacdao. O ago inoxidavel foi o primeiro biomaterial a ser implantado com sucesso em
1920 (NIINOMI, 2002). Neste século os estudos sobre a biocompatibilidade dos metais
possuem focos especificos, como por exemplo, do ago inoxidavel na reducdo o seu potencial
de corrosdo quando em contato com o tecido bioldgico. Ja o titdnio deve ser direcionado a
modificagdes especificas da superficie. Além da utilizagao de superficies de titdnio sensiveis
aos sinais de regeneragdo tecidual através da ativagdo de receptores celulares especificos

(BRUNETTE et al., 2001).
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Através dos procedimentos de avaliagdo padronizados da ISO 10993-1 ¢ possivel
mensurar a biocompatilidade. Dentre muitos testes bioldgicos preconizados para aplicagdo
médica estdo os testes de genotoxicidade, carcinogénese, toxicidade reprodutiva,
citotoxicidade in vitro e interagdo sanguinea.

O titanio ¢ considerado um metal inerte e resistente a corrosdo em virtude da sua
fina camada de 6xido na superficie (BORDJI et al.1996). A interagdo celular com a superficie
de titdnio ¢ motivo de investigacdo quanto ao seu papel na proliferacao e diferenciacao celular
(BRUNETTE et al., 2001). O ago inoxidavel austenitico por sua vez, pode promover reagdes
alérgicas e toxicas ao paciente quando em contato prolongado com os fluidos corporais. Isso
acontece em virtude da desestabilizacdo da camada formada por 6xidos que desencadeia a
corrosdo por pites (forma de corrosdo que com criacao de orificios na superficie metalica) e
frestas (associada a presenca solucdo estagnada, localmente, e que pode penetrar o material)
(ROBERGE, 2000; NIINOMI; NAKAI; HIEDA, 2012). Com isso ocorre liberagdo de ions
de niquel, cromo e molibdénio em stents de aco inoxidavel austenitico (KOCH et al., 2002)

Para contornar os possiveis problemas do desgaste ¢ possivel melhorar a
biocompatibilidade do biomaterial por adigao de grupos funcionais por plasma (SEON et al,
2015). Esses grupos funcionais alteram as propriedades da superficie, como a rugosidade, o
que favorece in vitro o aumento da adesdo e da proliferagdo de células viaveis, e reduz a

adesdo bacteriana e a resposta inflamatoria (KULKARNI et al, 2014; AIRES et al., 2016).

3.4 PLASMA E AS SUPERFICIES DE TITANIO E ACO INOXIDAVEL

Os estudos a cerca de técnicas para tratar as superficies metélicas auxiliam na
obtencdo de um material com maior afinidade pelo tecido biologico. Alguns desses
tratamentos consistem em aumentar a rugosidade da superficie através de métodos mecanicos.
J& os métodos quimicos atuam na estrutura da camada de 6xido do material.

Atualmente, sdo descritos trés métodos principais para alteragdo da superficie de
titanio: o de aplicagdo de recobrimentos por diferentes métodos, geralmente utilizando
hidroxiapatita, para a criagdo de uma superficie bioativa; o método quimico com uso de
acidos, anodiza¢do ou implantagdo idnica, que permitem ativar a superficie por meio da
alteracdao da camada de 6xido, bem como criar rugosidade a superficie; € o0 método mecanico
por jateamento ou usinagem que consiste no jateamento de 6xidos como o 6xido de titanio,

aluminio e silicio que aumenta a rugosidade da superficie (KAWAHARA, 1995)
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Com o surgimento das inovagdes tecnoldgicas, as modificagdes das superficies
ficaram mais sofisticadas e refinadas. O uso de lasers, feixes de ions, feixes de elétrons e
plasma sdo as fontes de energia que permitem a funcionalizagcdo, reestruturagdo quimica,
compatibilizacdao superficial ou a ativagcdo das superficies organicas e inorganicas (ALVES
Jr., 2001; ALVES JUNIOR et al., 2019). Segundo esse mesmo autor, a técnica com uso de
plasma ¢ a mais utilizada a nivel comercial. O plasma ¢ um estado de gas com carga elétrica
neutra, constituido de moléculas, ions, elétrons livres e 4tomos que na condi¢do ionizada
interagem entre si e sobre a superficie do material. A inser¢do de uma carga no plasma
provoca a movimentacdo das cargas livres para neutralizar qualquer campo elétrico, a
blindagem elétrica (MARX et al., 2016; ALVES JUNIOR et al., 2013).

O plasma pode ser produzido artificialmente, utilizando-se de um sistema
hermético a baixa pressao submetida a uma diferenca de potencial (ddp) entre dois eletrodos
para acelerar os elétrons livres. Dessa forma, sob a influéncia de um campo elétrico os
elétrons livres colidem com as particulas neutras, permitindo a transferéncia de energia e
liberacdo de elétrons, desencadeando a ionizacdo do gas (ALVES Jr. et al.,, 2005). A
utilizacdo do método de bombardeamento por ions argdénio em catodo planar oferece uma
alternativa de modificar a topografia das superficies sem alteracdo da sua forma quimica.
Todavia, caso a alteragdo quimica seja necessaria, esse método permite a substitui¢do dos ions
de argdnio por nitrogénio. Logo, na presenca do nitrogé€nio reativo ao plasma ocorrerdo
ligagcdes quimicas entre gas e particulas da superficie, que podem formar grupos funcionais
antes de atingir a superficie tratada. Esse processo ¢ denominado de deposicao ou redeposicao
(ALVES Jr. et al., 2001).

Aplicagdo de plasma em baixas temperaturas em superficies de aco inoxidavel
austenitico com incorporagdo do nitrogénio aumenta a resisténcia a corrosao (LI e BELL,
2004). Apesar de sua comprovada eficacia antibacteriana (LIN et al., 2011; NUNES et al.,
2018), ndo ha relatos dos efeitos sobre as células endoteliais, uma proposta para dispositivos

intravasculares.

3.5 CELULAS ENDOTELIAIS

As células endoteliais (ECs) revestem internamente os vasos sanguineos € o
coragdo, sdao consideradas o epitélio pavimentoso simples (IACCARINO et al., 2004;

SANTULLI et al., 2014). As ECs possuem fungdes diversificadas dependendo do tipo e
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localizag¢ao do vaso sanguineo (CINES et al., 1998). Contudo, ¢ possivel enfatizar o seu papel
no transporte de pequenas moléculas, macromoléculas, hormonios, bem como na regulagdo da
pressdo e coagulacdo sanguinea, adesdo, migracdo das células inflamatorias e angiogénese
(BACHETTI e MORBIDELLI, 2000). A alteragdo dessas células pode desencadear
patologias como a formacdo de ateromas (PINKNEY et al., 1997), desordens sanguineas
(GALLAGHER e SUMPIO, 1997), doencas autoimunes (CINES et al., 1998) e letalidade em
embrides (SURI et al., 1996).

Pesquisadores tém buscado compreender o papel do endotélio em determinadas
condigdes fisioldgicas e patoldgicas em modelos in vitro (BOUIS et al., 2001). A primeira
descri¢ao das células endoteliais in vitro foi obtida a partir de capilares sinus6ides hepaticos
por Lewis (1921). A partir de entdo, a utilizacdo de modelos in vitro tem facilitado a analise
de diversos parametros celulares e fisiopatologicos. As células endoteliais provenientes da
veia do cordao umbilical humano (Human Umbilical Vein Endothelial Cells, HUVECs) sao
as mais utilizadas (JAFFE et al., 1973). As HUVECs foram inicialmente caracterizadas pela
morfologia e comportamento (MARUYAMA, 1963) e posteriormente em cultivo de longa
duragdo (JAFFE et al., 1973).

O isolamento e cultivo das HUVECs sdo considerados bastante laboriosos. A
morfologia dessas células ¢ poligonal com miofilamentos, com crescimento em monocamada
(MARUYAMA, 1963). Em microscopia eletronica de transmissdo o citoplasma apresenta os
corpos de Weibel-Palade (0,1um-0,3um de comprimento), organelas citoplasmaticas em
forma de haste, um importante estoque intracelular de componentes bioativos para
desencadear a resposta fisiologica imediata (RONDAIJ et al., 2006). Essas células
sobrevivem até a décima passagem, em média, e sdo mantidas na cultura por até cinco meses
(JAFFE et al., 1973). Em virtude da dificuldade de manter essas células em cultura, os
cientistas conseguiram criar linhagens de células endoteliais imortalizadas. Essas células
sobrevivem em ambiente in vitro, bem como conseguem manter a integridade morfologica e
expressdo antigénica (BOUIS et al., 2001).

As linhagens endoteliais imortalizadas apresentam estabilidade do cariotipo e do
fenotipo. Elas estdo subdivididas por sua origem: endotélio de grandes vasos, endotélio de
pequenos vasos e endotélio ndo vascular (medula 6ssea) (BOUIS et al., 2001). A linhagem
amplamente utilizada e com melhor caracterizagdo ¢ a de células endoteliais Ea.hy926. Essa
linhagem foi obtida em 1983 em fun¢ao da fusdo das HUVECs com a linhagem A549 de
células do carcinoma pulmonar humano (EDGELL ET al., 1983). Essa linhagem tem sido

bastante utilizada para ensaios de adesdo celular e interacdo com biomateriais (ABDAL-HAY
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et al., 2016; KOMOROWSKI et al., 2016). A Ea.hy926 possui crescimento inibido por
contato, em virtude da reducdo de fatores de crescimento, expressando vVWF e super expressao
de ICAM-1, VCAM-1, E-selectina por estimulo de TNF-a e auséncia de I1-4 e IFN-y
(TORNHILL et al., 1993).

Linhagens de células endoteliais derivadas de outros animais também foram
estabelecidas, visto que mimetizam in situ o que acontece com as células humanas (BOUIS et
al., 2001). Linhagens imortalizadas de células endoteliais de modelo animal sao provenientes
da medula 6ssea de ratos (YAMAZAKI et al., 1996), aorta de bovino (LOKESHWAR et al.,
1996), aorta de coelho (BUONASSISI e VENTER, 1976), corpo luteo de primatas
(CHRISTENSON e STOUFFER, 1996), dentre outros. Segundo Buonassisi e Venter (1976),
o estabelecimento da linhagem de células endoteliais da tunica intima da aorta do coelho foi
necessario para compreender a presenca de receptores de neurotransmissores € hormoénios,
essenciais para a comunicacdo e bioquimica celular. Dessa forma, a utilizacdo de linhagens
animais pode ser uma alternativa ao uso do modelo animal in vivo para avaliar os dispositivos
intravasculares (SCHWARTZ et al, 2008; YAZDANI et al, 2013). Ademais ajuda a
compreender os mecanismos celulares € moleculares relacionados com o comportamento de

um determinando dispositivo endovascular testado em modelos animais.

3.6 INTERACAO DAS CELULAS ENDOTELIAIS SOBRE A SUPERFICIE METALICA

A insercdo de um biomaterial em um organismo vivo permite o contato direto, e
inicial, com as células sanguineas. A compatibilidade do biomaterial, como o titanio, as
células sanguineas determina o sucesso do transplante (MOURA et al., 2016). Durante esse
primeiro contato ¢ desencadeada uma cascata de eventos biologicos como adesdo de
proteinas, ativacdo e adesao das plaquetas, formagao da rede fibrina e deposicao celular. Essa
superficie do biomaterial estara recoberta por lipidios, carboidratos, ions e proteinas
especificas resultantes da topografia e densidade das cargas da superficie. Logo, a superficie
determinard quais moléculas serdo adsorvidas, e estas por sua vez orientarao diretamente as
biomoléculas no recrutamento, (proteinas de ligacdo especificas), proliferagao e diferenciagao
(fatores de crescimento e citocinas) (KIESWETTWER et al., 1996).

Esses eventos sdo iniciais no processo de integracdo implante-tecido. Logo a
interagdo celular com o biomaterial ira estimular o recrutamento e fatores de crescimento e
quimiotaticos para modular a resposta celular e garantir a funcionalidade tecidual

(SCHWARTZ et al., 1996). Dessa forma a resposta celular ¢ influenciada ndo apenas pelos
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aspectos biomecanicos do material, como também da interagdo bioquimica com a matriz

extracelular (ZIEBART et al., 2013).

3.7 PROPRIEDADES MECANICAS DA CELULA

As forcas mecanicas externas estimulam fatores que desencadeiam a resposta
fisiologica das células (AZELOGLU, COSTA, 2011; CARTAGENA, RAMAN, 2014). O
conhecimento de que a células possuem heterogeneidade mecanica surgiu a partir do
experimento qualitativo com nucleo de espermatocitos, que possuem maior rigidez quando
comparada a regido citoplasmatica (KITE, CHAMBERS, 1912). Contudo, somente com o
avango da microscopia e das técnicas de micromanipulagdo foi possivel constatar que ha
redu¢do do modulo eldstico quando ha ruptura dos microtibulos, ou seja, as fibras do
citoesqueleto possuem influéncia direta do modulo elastico da célula (NORTHEN, 1950).
Logo, mensurar as variacdes das propriedades elasticas de células vivas, em um ambiente
mimético ao fisioldgico, pode auxiliar na compreensdo de processos fisiologicos como a
morfogénese (MONTELL, 2008), mecanotransducao (INGBERG, 1997), migra¢ao celular
(DISCHER, JANMEY, WANG, 2005), apoptose (PELLING et al., 2009) e adesdo focal
(BALABAN et al., 2001).

O estudo da mecabiologia celular fez uso de diversas ferramentas, contudo
somente com o advento da microscopia de for¢a atomica (AFM — Atomic Force Microscopy)
na década de 90 foi possivel quantificar com maior precisdo em virtude da capacidade de
medir a forca local e dissipativa em escala nanométrica (BINNING et al., 1986; HOH,
SCHOENENBERGER, 1994; KASAS et al., 2018). O AFM ¢ composto por uma sonda
monitora, escaner piezelétrico (posiciona a amostra em relacdo a sonda), o circuito de
realimentacdo da sonda acomplados ao computador para movimentar os scanners de
varredura, armazenar as curvas de for¢ca e imagens geradas pelo microscopio. Esse
microscopio ¢ mantido em caixa de protecdo acustica e sobre uma mesa anti-vibratoria

(Figura 1A-B).
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Figura 1 — Microscopio de forca atdmica. (A) Protecao actstica do microscopio. (B) Microscopio sobre a mesa

anti-vibratoria.

O funcionamento do AFM consiste na emissdo de um feixe de laser sobre o
cantilever, cuja movimentagdo serd capturada por um dispositivo fotodetector. O
posicionamento do cantilever ¢ ajustado precisamente nos eixos X, y € z através do scanner
piezoelétrico (3D). O cantilever possui em sua extremidade uma ponta (tip) e pode ser
confeccionado por diversos materiais. Todavia para amostras biologicas o mais utilizado ¢ a
base de nitreto de silicio com baixa constante de mola (spring contast). Quando a sonda
interage com uma amostra rigida ocorrerd uma grande deflexdo, porém se a amostra for mais
viscosa a deflexdao do cantilever sera muito suave. Essas informacdes sao observadas através
das curvas de forga geradas pelo software do AFM (Figura 2A-C). Para obter curvas de forca
¢ necessario conhecer a constante de mola, bem como escolher o formato adequado da tip
(redonda ou piramidal), a inclinagdo das curvas e o ponto de contato (onde a sonda interage
com a c¢lula). Apos a obtengdo das curvas de forga € possivel quantificar a viscoelasticidade

das células vivas (CARTAGENA, RAMAN, 2014; AZELOGLU, COSTA, 2011).
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Figura 2 - Células endoteliais da aorta do coelho (RAEC) sobre superficies de titanio nitretada a plasma. (A)
Microscopia eletronica de forga atomica de RAEC cultivada sobre titdnio nitretada. (B) Curva de forga-

indentacdo da periferia celular. (C) Cuva de for¢a-indentacdo do nucleo. (Fonte: Autora).

Dessa forma, ¢ possivel inferir que mudangas na biomecanica celular podem estar
associadas a patologias como cancer (WANG et al., 2016) e doengas cardiacas (GUEDES et
al., 2016). Essa ¢ uma potencial ferramenta para o diagnéstico diferencial, bem como um
biodiagnoéstico de patologias. A utilizagdo do AFM para a andlise da biomecanica celular € o
método mais confidvel para obter informagdes em alta resolu¢do, em meio liquido com
material biologico vivo ¢ um método, muitas vezes, ndo destrutivo. Por isso os pesquisadores
tém desenvolvido métodos de analise conforme o tipo celular, bem como buscado estabelecer
relagdes entre as propriedades mecanicas com a funcdo desempenhada por essas células
(CARTARENA-RIVERA et al., 2015; SOKOLOV ¢ DOKUKIN et al., 2018; ZHANG et al.,
2019). Assim, a utilizagdo dessa ferramenta na avaliacdo da viscoelasticidade auxilia na

compreensdo dos mecanismos de biocompatibilidade de biomateriais metalicos.
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4 METODOLOGIA

Esse trabalho utilizou as superficies metalicas de titdnio e aco inoxidavel nitretada
e oxidada a plasma (Figura 3). A producao dos discos de titanio foi realizada pelo Laboratério
de Processamento de Materiais a Plasma da UFERSA, conforme metodologia desenvolvida
por Ferraz et al. (2015). Os discos metalicos serviram de superficie para o cultivo da linhagem
de células endoteliais humanas (Ea.hy926) e células endoteliais da aorta de coelho (RAECs),
a fim de avaliar a resposta bioldgica das células em ambas as superficies submetidas aos dois

tratamentos.

PREPARACAO DAS
SUPERFICIES

M’_ Titanio Ago Inoxidavel
Polido, nitretado e oxidado Polido e nitretado
| raEC | Eakyo |

,Kacten'zagﬁo |

|| Viabilidade celular -
Ensaio de MTT Rugosidade | Ensaios in vitro
Adesfo e Morfologia ARM Adesfio e Morfologia
] MEV MEV
Molhabilidade —

Viscoelasticidade Ensaio de gota séssil Viabilidade celular

L] AFM Ensaiode MTT
DRX
Difragdo de Raios-X M(?rte celglar
Ensaio Anexina/PI
Citometria

Figura 3 - Delineamento experimental da pesquisa.

4.1 PREPARACAO DOS DISCOS

Foram utilizados discos de titanio (polido, nitretado e oxidado) e ago inoxidavel
(polido e nitretado) de dimensdes pré-definidas, 19 mm de didmetro e 3 mm e espessura,
foram avaliados conforme os parametros molhabilidade, rugosidade e composicao quimica
para os trés tratamentos. Estes foram lixados de forma gradual, com lixas de carbeto de silicio
(SiC) de diferentes granulometrias, 220, 440, 600, 1500 e 2000 MESH e polidos em solugdo
coloidal 40% Silica (0,03 p) e 60% de peroxido de hidrogénio a 30% durante 30 minutos.
Apo6s esse procedimento os discos foram submetidos limpeza em ultrassom com 0,5% de
detergente enzimatico (DEIV) (10 min; 2 vezes), alcool 70% (10 min; 2 vezes) e dgua

destilada (10 min; 2 vezes). Apds completamente secos foram modificados por meio de
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tratamento com plasma por descarga de cadtodo planar em atmosfera nitretante (36N, e 24H,)
e oxidante (360, e 24H,), no Laboratério de Processamento de Materiais a Plasma da
Universidade Federal Rural do Semi-arido (UFERSA).

O tratamento das superficies foi realizado com auxilio de um equipamento que
consiste de uma camara cilindrica hermética de 200x300 mm (didmetro e altura), com um
anodo (regido superior) e um catodo polarizado com uma poténcia que varia entre -400 e -800
V (regiao de base), onde os discos a serem tratados foram acondicionados (Figura 4A-B).

Todos os discos foram submetidos a pressao de 1 mbar, a 450°C por 1 hora.

Figura 4 - Aparato experimental do Laboratorio de Processamento de Plasma de Materiais a plasma utilizado

para o tratamento das superficies de Ti. A — Camara hermética. B. Detalhe do catodo planar (—) da cdmara

hermética.

4.1.1 Caracterizagdo das superficies

A analise de topografia das superficies foi baseada nos parametros de rugosidade
(Ra, Rz, Rp e Rv) obtidos utilizando Microscopio de Forca Atomica (AFM, modelo SPM
9600, Shimadzu). Ja a molhabilidade foi realizada pelo método de gota séssil, que consiste em
mensurar o angulo formado por uma gota de 20 ul de agua deionizada pipetada sobre as

amostras (polidas, nitretadas e oxidadas), por meio da captura da imagem com camera de
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video do gonidmetro e, utilizando o programa Suftens (desenvolvido no

LABPLASMA/UFRN) foi determinado os valores dos angulos de contato (SA et al., 2009).

42 CULTURA DE CELULAS ENDOTELIAIS HUMANAS (EA.HY926)

A linhagem das células endoteliais humanas (Ea.hy926) ¢ estabelecida e
disponivel para aquisicdo comercial (CRL-2922™_  ATCC). Logo apds a aquisi¢ao, as cé¢lulas
foram submetidas a testes de morfologia, adesdo e viabilidade na superficie dos discos de
titdnio nitretados e oxidados.

O cultivo celular foi realizado em meio DMEM High Glucose (Dulbecco's
Modified Eagle's Medium) modificado para conter 4 mM de L-glutamina, 4500 mg/L de
glicose, 1 mM de piruvato de sodio e 1500 mg/L de bicarbonato de sodio e 10% de soro fetal
bovivo (SFB, Cultilab, SP, Brasil), 100 ul/ML de penicilina e 100 pg de estreptomicina
(Cultilab, SP, Brasil) e posteriormente incubadas a 37° C em camara de CO; a 5%, com troca

de meio de cultura a cada 48 horas.

43 CULTURA DE CELULAS ENDOTELIAIS DA AORTA DE COELHO (RAECS)

A linhagem de células endoteliais da aorta de coelho (RAECs) ndo esta disponivel
para aquisicao comercial (linhagem celular cedida pela Dra. Helena B. Nader da UNIFESP,
Sao Paulo, Brasil). O cultivo foi em meio HAM-F12 (Gibco, Nova lorque, Estados Unidos),
suplementados com soro fetal bovino (10%), e antibidticos penicilina/estreptomicina (100
U/mL; 100 pg/mL, respectivamente). Posteriormente foram incubadas a 37° C em camara de
CO; a 5%, com troca de meio de cultura a cada 48 horas. Apds atingirem a confluéncia, as
RAECs foram submetidas a testes de morfologia, adesdo e viabilidade nas diferentes

superficies de titdnio e de ago inoxidavel.

44 MORFOLOGIA E ADESAO DAS CELULAS ENDOTELIAIS HUMANAS
(EA.HY926) E CELULAS ENDOTELIAIS DA AORTA DE COELHO (RAECS)

A andlise da morfologia celular sobre as superficies foi realizada com base em
protocolo descrito por Sé et al. (2009). Assim, foi utilizada a concentracdo de 5x10* células
(por linhagem) sobre os discos: polidos, nitretados e oxidados e submetidas a cultivo por 4

horas em placa de 12 pogos. Apds esses procedimentos, as amostras foram lavadas com PBS
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e fixadas com glutaraldeido a 2,5% em tampao fosfato 0,1 M e pH 7,2 (PBS), para posterior

processamento e analise por microscopia eletronica de varredura (MEV).
4.4.1 Microscopia Eletronica de Varredura (MEV).

Os discos contendo células Ea.hy926 e os discos com RAECs provenientes de
cada metal foram lavados com PBS, a fim de remover células ndo aderentes. Em seguida
foram fixadas com glutaraldeido 2,5% (pH 7,2), pos-fixadas com tetroxido de 6smio por 1
hora, desidratadas em concentragdes crescentes de etanol e metalizadas em ouro para serem
visualizadas em microscopio eletronico de varredura (MEV). Apos capturar as imagens da
MEV, estas foram analisadas no software Image Pro Plus para fins de caracterizar a
morfologia e adesdo sobre a superficie de titanio e aco inoxidavel. A influéncia da superficie
nitretada e oxidada sobre as células endoteliais humanas e do coelho foram avaliadas para
titdnio e aco inoxidavel, respectivamente, por meio do Fator Forma (FF), que consiste no
produto da divisio entre area e perimetro celular: FF = (4rea/ perimetro”) x 4n (SHAH et al.,

1999).

4.5 VIABILIDADE DAS CELULAS ENDOTELIAIS HUMANAS (EA.HY926) E
CELULAS ENDOTELIAIS DA AORTA DE COELHO (RAECS)

As células das duas linhagens foram cultivadas em discos de titdnio, € em ago
inoxidavel (RAEC) e alocadas em placas de 12 pogos, a concentragdo de 5x10* células/disco
da Ea.hy926 e 2x10° células/disco da RAEC em triplicada. Apos 24 horas de incubagao foi
adicionada em cada poco uma solucdo de 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazoliumbromide (MTT, Invitrogen, Life Technologies, Carlsbad, CA, USA) ao meio de
cultura especifico para cada linhagem por 4 horas. Os cristais de MTT foram dissolvidos apds
a adi¢do de alcool etilico P.A. em cada poco e submetidos a agitacdo constante por 15
minutos. Uma aliquota de 100 ul foi transferida para placas de cultura de 96 pocgos e
quantificadas por espectrofotometria por absorbancia a 570 nm em leitor de microplacas
(Quant MKX200, BioTek Instruments, Winooski, VT,USA). A partir da curva de crescimento

padrao para cada linhagem, foi quantificada a viabilidade das células nesse periodo.

4.6 ENSAIO DE APOPTOSE
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Para a quantificacdo das células da RAEC em apoptose foi utilizado o Kit
FITC/Annexin V Dead Cell Apoptosis with FITC Annexin e PI (Invitrogen, USA). As RAEC
foram cultivadas na concentragao de 2x10° células/disco sobre a superficie polida e nitretada
de aco inoxidéavel durante 24h. Apos esse periodo foi utilizado viocase para soltar as células
dos discos, os pocos foram lavados duas vezes em PBS gelado. Logo em seguida foi aplicado
5 pl de anexina V-FITC e 1 pl de iodeto de propideo (PI) a 100 pg/mL de PBS em
temperatura ambiente por 20 minutos, protegidos da luz. A quantificagdo do percentual de
apoptose foi determinado a cada 10.000 eventos em citometro de fluxo (BDFacs canto II), a
530 nm e 570 nm. A analise dos dados foi realizada no software FlowJo Analysis versao 9.3.2

(Tree Star Incorporation, OR, USA).

47 PROPRIEDADES MECANICAS DE CELULAS VIVAS POR MICROSCOPIA DE
FORCA ATOMICA (AFM) - CHILE

Todas as imagens das RAECs vivas foram realizadas usando AFM modo MFP-
3D-Bio AFM System (Asylum Research). Utilizou-se microcantilevers Soft TR400PB (BL-
TR400PB Olympus / Asylum Research) com constante de mola nominal de 0,09 N/m e raio
nominal da ponta de 42 nm (= 12 nm). O cantilever foi montado no suporte iDrive que
permite que a excitacdo direta da sonda seja por excitacdo de forca de Lorentz e a constante
de mola foi calibrada pelo método de flutuacdo de ruido termal. As imagens de AFM foram
mantidas em solu¢cdo Tyron em temperatura ambiente usando operagdo em modo contato
(modo AC), tamanho 40x40 um e 60x60 um, 128x128 pixels e taxa de varredura de 0,1Hz.
As propriedades viscoeldsticas em modo dinamico foram obtidas através da curva de
indentagdo de AFM usando um modelo de viscoelasticidade Kelvin-Voigt de dois elementos
(CARTAGERNA E RAMAN, 2014; CARTAGENA-RIVERA et al., 2015). As curvas de
indentacdo foram pontuadas e analisadas no software IGOR Pro 6.37 para processamento
quantitativo de dados, considerando ponto do contato o menor valor de X (Qui-quadrado). As
RAECs foram cultivados nos discos de titanio por 24 horas. Os discos foram lavados 2 vezes
com PBS e depois plaqueados com solucdo Tyrode a temperatura ambiente. Um total de 32
curvas de indentacdo foram analisadas para cada célula (n = 6) tanto na regido de nucleo

como nas zonas periféricas.

4.8 ANALISE ESTATISTICA
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Os dados referentes a morfologia e adesdo das Ea.hy926 e das RAECs sobre a
superficie de titdnio foram avaliados pelo teste ¢ de student. Ja os resultados provenientes da
proliferagdo e adesdao foram submetidos a andlise de variancia ANOVA, seguida de Kruskal-

Wallis. Para todas as analises serd considerado P<0,05 para indicar valores significativos.
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CAPITULO 01 — REVISAO DE STENTS DE SUPERFICIE METALICA:
VALIDACAO BIOLOGICA USANDO MODELO DE CELULAS ENDOTELIAIS
IN VITRO

Review of metal surface stents: biological validation using an in vitro endothelial cell model
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ABSTRACT

Studies to determine effects of metal implants for humans frequently use an in vivo animal
model. Despite this experimental model evaluating responses to an implant, it is usually only
possible to elucidate physiological and molecular mechanisms of metallic biomaterials with in
vitro experiments using animal endothelial cells. Thus, this review proposes to elucidate
models of endothelial cells used to characterize and evaluate metallic biomaterials in stent
manufacturing. Animal cells are able to adhere, proliferate and develop antiplatelet responses
after specific treatments on metal surfaces. In vitro tests with an endothelial cell model
provide insights into hemo-integration of metallic devices and assist in planning pre-clinical
experimental designs. Thus, this review encourages studies and validation of commercially
available endothelial cells, as well as creation of cryopreserved cell banks as an alternative to
reduce in vivo assays and as primary cultures for in vitro testing. Moreover, we encourage

creation of a standard protocol for characterizing metals subjected to surface modifications.

Keywords: Biomaterial; Endothelialization; Intravascular devices; Metallic implants.

RESUMO

Estudos para determinar os efeitos de implantes metalicos em humanos freqiientemente usam
um modelo animal in vivo. Apesar deste modelo experimental avaliar as respostas do
implante, normalmente s6 ¢ possivel elucidar mecanismos fisioldgicos e moleculares de
biomateriais metalicos com experimentos in vitro utilizando células endoteliais de animais.
Assim, essa revisao propde elucidar modelos de células endoteliais utilizados para
caracterizar e avaliar biomateriais na fabricacao de stents. As células de animais sdo capazes
de aderir, proliferar e desenvolver respostas antiplaquetarias apds tratamentos especificos em
superficies metalicas. Testes in vitro com um modelo de células endoteliais fornecem insights
sobre a integragdo dos dispositivos metalicos e auxiliam no planejamento de projetos
experimentais pré-clinicos. Assim, esta revisdo encoraja estudos e validagdo de células
endoteliais comercialmente disponiveis, bem como a criagdo de bancos de células
criopreservadas como uma alternativa para reduzir ensaios in vivo e de culturas primdrias para
testes in vitro. Além disso, incentivamos a criagdo do protocolo padrao para caracterizar

metais sujeitos a modificacdes de superficie.
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metalicos.



41

INTRODUCTION

Cardiovascular diseases were responsible for 31% of deaths worldwide in 2015,
with 7.4 million attributed to coronary pathologies'. A common clinical intervention for such
diseases is implantation of metallic stents, which began in 1986”. These intravascular devices
maintain vascular lumens, preserving blood flow and ensuring endothelial homeostasis’.
However, metallic stents can have complications ranging from thromboembolism
(accumulation of platelets that can lead to vessel comprise, including closure) up to neo-
intimal hyperplasia (enlarging wall thickness of blood vessels), followed by inflammatory
processes that characterize re-stenosis’. Endothelial cells (ECs) that internally coat blood
vessels and hearts*” can cause various dysfunctions, including formation of atheromas® and
blood disorders’. Therefore, the greatest challenge in manufacturing metal vascular stents is
identifying biomaterials with chemical functionality, as well as physical and structural
properties to avoid inducing an immune response to promote rapid and efficient re-
endothelialization that can prevent re-stenosis®. Moreover, metal applied to stents must be
corrosion resistant, radio-opaque, inert, and have high elastic modulus, as well as appropriate
yield and tensile strengths®'°.

There are techniques to produce products with appropriate surface energy
(wettability property), surface texture (roughness property), surface potential (electrical), and
stability of the surface oxide layer (ionic surface material layer) to promote various biological
responses in vitro and in vivo'"'2. Despite the huge variety of metals available in the
industrial sector, common candidates for biomaterials are limited to 316L stainless steel
(316L SS), titanium (Ti), nitinol (Ni—Ti), tantalum (Ta), cobalt-chromium (Co-Cr) alloy, pure
iron (Fe), platinum—iridium (Pt-Ir) alloy, and magnesium (Mg) alloys (10, 13,14).
Interactions of ECs with metallic surfaces of stents is the main objective of this study, with a
focus on titanium, as it is considered to have excellent biocompatibility, even when associated
with metallic alloys'’.

Although swine and rabbits are commonly used for in vivo tests due to similar

16’17, stents should be tested and evaluated

anatomical dimensions and physiology, respectively
in vitro under conditions that mimic and simulate anatomical conditions in vivo'®. According
to a guide published by the US Food and Drug Administration', cytotoxicity tests,
hemocompatibility (e.g. platelet adhesion) and genotoxicity can be performed in vitro, thereby
reducing in vivo tests. In addition, pre-clinical trials should establish safe and accurate

protocols to reduce the need for replications, as well as use of control animals'’.
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Depending on the particular biomaterial, human ECs may be an inadequate
model, as those cells have various origins and sometimes a particular cell does not reflect
pathological conditions of patients™. Although >60% of biomaterial papers have chosen in
vitro evaluations using Human Umbilical Vein Endothelial Cell (HUVEC), this may not be
an ideal model, as oxygen concentrations are higher in umbilical vein endothelium than in
other veins™. Errors resulting from misuse of these models have been described*' and are an
impetus to develop new animal models.

Some commercialized animal endothelial cell lines were originally derived from
the bone marrow of rats*%, aortas of cattle”, pigs** and rabbits® and of horses™, the corpus
luteum of primates26, vena cava and aorta of cats®’, and jugular veins of dogszg, among others.
Notwithstanding, studies using these cells are scarce and in vivo animal models are more

commonly used to evaluate intravascular devices’*>?

. Thus, animal cell cultures are a
replacement alternative strategy to reduce the number of animals used for in vivo testing®.
Furthermore, they are necessary to characterize animal EC lines used in validating metallic
intravascular devices, as well as for understanding which cells are more frequently used and
whether they can adequately mimic behavior of human ECs on metal surfaces (Table 1). In
this review, we emphasize the feasibility of using these cells and that development of a
cryopreserved bank and/or immortalized cells could reduce the need for in vivo testing and

ultimately, number of animals used.

Table 1 - Endothelial cells of animals applied in the evaluation of metallic biomaterials.

Cell Line Biomaterial Treatment References
TiCp (250 -750 nm, roughness )
CrCoMo (200 - 400 nm, Nanoparticles (38); (39)
roughness
. 40y (d1); (43);
Titanium (99.8%; T-2069) e-beam evaporation
Rat aortic (44)
endothelial ~ Titanium (99.38%; 12 mm x 0.5
Cly/Ar Plasma (42)
cells mm)
Nitinol (55.5% Ni; 44.5% Ti) - (45)
Titanium (TiCP e Ti6Al4V) and
nanostructured polymeric (PVC, Plasma (N,) (48)

PU, PTFE, PETG, and nylon )



Titanium (99.995%) and
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e-beam evaporation  (49)
polyethylene
Titanium (99%) Rosette-Nanotubes (50)
Ti02 (99.6% Ti pure) Nanotubes (51)
Murine Titanium (12 mm x 1 mm, disk NaOH and anti- (52)
Endothelial dimension) CD34 antibody
Progenitor o ' 3 S
Titanium (Ticp; 1 x 1 x0.2cm’)  Aminosilanization (53)
Cells
Iron, Nickel and Chrome Planar flow (0.3 atm 57)
(Feeo Nijg Crig P13 C7) de argon pure)
Titanium (0.2 mm diameter; Irradiation -  B- (58)
Bovine 99.9%) particles
Aortic . Nanoparticles
Iron oxide (59)
Endothelial SPION
Cells Nanotubes -
TiO, o (60)
anodization
Co-20 Cr-35 Ni-10 Mo Plasma (62)
Tantalum Anodization 3)
Calf
Pulmonary Argon Plasma
Artery Titanium (75mm diameter) (99,99% pure) or n- (61)
Endothelial hexane (99% pure)
Cells
Bovine
Coronary
Nanotubes -
Artery TiO; (Ti6Al4V) (63)
Anodization
Endothelial
Cells
. Nitinol Stent (8.0 x 6 mm,
Porcine - (69)
dimension)
Endothelial
] Titanium (99,99%) e-beam evaporation  (70)
Progenitor
Ferromagnetic bare metal stent
Cells - (12)

(10 x 3 mm, dimension)
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316L stainless steel, cobalt
chromium alloy and platinum

chromium alloy

Chrome / Cobalt
Cobalt  (50.5%), Chromium
. Nanoparticles
(20%), Nickel (10%), Tungsten ) ) (72)
Oligonucleotide
(15%), Manganese (1.5%), Iron (~
3%)
Porcine
Pulmonary
Ti0O; (anatase, 44689, 99.9% pure,
Artery Nanoparticles (71)
5 nm)
Endothelial
Cell
Canine
Endothelial

Cell and Titanium  (Ticp; 80 mm, .

' . ‘ Biotinylated peptide  (76)
Endothelial ~dimension)
Progenitor

Cells

The objective of this study was to elucidate models of endothelial cells used to
characterize and evaluate metallic biomaterials in stent manufacturing. /n vitro assays help to
understand cellular and molecular mechanisms involved in biocompatibility of stents,

providing key information for preventing most stent problems.

MURINE ENDOTHELIAL CELLS

ECs from mice and rats can be obtained from many sources, including large blood
vessels (e.g. aorta) or cerebral microvessels, from blood or bone marrow (progenitor
endothelial cells)**. Despite being widely considered the best model for research®, isolation
of murine ECs by primary culture is costly due to vessel size, resistance to enzymatic
digestion by collagenase, low number of cells per culture and high contamination rates*®’.
ECs from mice and rats are most commonly used for studies of metallic surfaces applied to

stents. The first study in this field confirmed an increased in vitro response of rat aortic

endothelial cells (RAEC; VEC Technologies) to nanostructured metallic surfaces of
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commercially pure titanium (Ticp; 250-750 nm) and Cobalt-Chromium-Molybdenum
(CoCrMo; 200-400 nm)*®. Without altering chemical properties of the metal, a high degree of
endothelialization was obtained by applying nanoparticles to create roughness on Ti cp and
CoCrMo surfaces (11.9+£2.2 nm; 14.1+2.5 nm, respectively), approximately 2 times more
than an untreated titanium surface (4.94+1.4 nm) and 5 times more than conventional CoCrMo
(3.2+0.2 nm). Despite these contributions to the study of metallic surfaces, it was not possible
to understand how altering the metallic nanostructure optimized protein interactions to
promote cell adhesion, given that the initial adsorption, conformation, and bioactivity of
proteins contained in the serum acted in synergy with nanostructured titanium metal surfaces
(particle size, 250-750 nm) in adhesion of RAECs™.

Based on the success of the RAEC response on the first nanostructured metallic
biomaterials, hypotheses regarding the influence of structural interfaces on ECs, such as meta-
structures, have been created. Meta-structures are systems composed of nanometric properties
(<50 nm) and submicrometric scales (>100 nm) (Figure 1A). After 4 h, cell density of RAECs
increased on both submicrometric (>2500 cells/cm?; p<0.01) and nanometric surfaces (> 1500
cells/cm®; p<0.05) when compared to smooth or polished titanium (>1000 cells/cm?).
Minimal changes in surface roughness can alter wettability (property of a fluid adhering or
spreading on a solid surface) and consequently cell adhesion, ensuring endothelial

cytocompatibility with surfaces™.
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Figure 1 - Modifications of topographic properties of metal surfaces. A - Polished titanium
surfaces and surfaces with nanometric (<50 nm) and submicrometric roughness (>100 nm). B
- Titanium surfaces with varying roughness, nanometric (750 nm) and submicrometric
roughness (5 pm). C - Titanium surfaces with nanotubes of various diameters (15, 50 and100
nm).

Similar results were described*' using long-term RAECs on titanium nanometric
and submicrometric surfaces treated by e-beam evaporation (20 A/s with a current beam
density of 130 mA/cm?). After culture (1, 3 and 5 d) on both treated surfaces, proliferation of
RAECs increased significantly compared to the polished titanium surface. However, the
submicrometric scale had better results in comparing both treated surfaces, including greater
spreading (horizontal expansion of the cell on a surface) of rat ECs after 24 h and
establishment of a cellular monolayer in 5 d. This was due to the lower contact angle (18°) of
the sessile water drop on the surface and consequently greater wettability and increased

roughness due to an agglomeration of nanoparticles on the submicrometric surface.
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Roughness also affected functions of this cellular type, considering that collagen synthesis
(~1.6x10™; p<0.005; ~1x10™ p<0.05) and elastin (~3.5x10™; p<0.05; ~2.5x10™; p<0.05)
were elevated for submicrometric and nanometric surfaces, respectively, compared to the
control (~0.5x10™; ~2.5 x10™*). Thus, surface topography influenced RAEC and can reduce
risk of re-stenosis by promoting rapid endothelialization.

Rough titanium nanostructure is a promising surface for adhesion of endothelial
cells (RAECs), from which it is possible to understand functions performed by endothelial
cells on varying roughness patterns, e.g. after Cl,/Ar plasma on titanium. Surfaces developed
with nanoscale roughness had 9 sub-regions (5 x 5 mm?) in the form of parallel lines of equal
width, with spaces ranging from 750 nm to 100 um (Figure 1B). Although adhesion of
RAECs increased after 4 h on all nano-titanium surfaces, only those <10 um had spread cells
and were first to achieve confluence after 5 d of culture. Therefore, endothelial cell function
can be improved by reducing nanoscale patterns*.

Although RAECs positively interacted on titanium surfaces with a
submicrometric and nanometric roughness scale, it is necessary to confirm the absence of
platelet adhesion, as thrombus formation is a frequent feature in vascular re-stenosis following
implantation of metallic stents. The first study of platelet adhesion used swine platelets and
compared them to endothelial cells (RAECs) on titanium surfaces at nanometric (1.15+0.11)
and submicrometric roughness scales (13.77+0.83), both produced by e-beam evaporation.
Compared to a polished surface, platelet adhesion was reduced on submicrometric (57%,
p<0.01) and nanometric (44%, p<0.01) titanium surfaces after 30 min of contact. In addition,
there was a significant difference in the thrombotic state of RAECs on various surfaces
through nitric oxide targeting (NOx). NOx is a vasodilator that can act in inhibiting platelet
adhesion and is constantly secreted by ECs to maintain homeostasis. RAECs increased NOx
synthesis by 70% (~3x107; p<0.05) after culture on a titanium submicrometric surface when
compared to a polished titanium surface (~1.5x107). Therefore, submicrometric roughness
acted positively by inhibiting thrombus formation without affecting adhesion and endothelial
cell physiology *.

In addition, topography of nanometric (roughness, 2 nm) and submicrometric
(roughness <100 nm) titanium surfaces inhibited inflammatory responses in co-cultures with
endothelial cells and macrophages of rats (IC-21 cell line), reducing pro-inflammatory
cytokines (TNF-a, IL-1f and IL-6)*°. In co-culture with ECs, macrophages significantly
reduced cell adhesion on the submicrometric surface of titanium when compared to polished

titanium (~6x10° versus ~7x10°). In addition, TNF-a was reduced after 4, 12, 24 or 36 h on
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both surfaces when compared to a polished surface. Furthermore, IL-6 was significantly
reduced after 4 h on the submicrometric scale in relation to control, whereas IL-1 was
significantly reduced after 4 h or after 24 or 36 h on submicrometric and nanometric surfaces,
respectively. Compared to the control group, all treated surfaces induced IL-1p reduction at
12 h. Therefore, the inflammatory process on these surfaces was reduced, promoting adhesion
of endothelial cells **.

Submicrometric roughness was also obtained and characterized in nickel and
titanium alloys (Nitinol, 55.5% Ni and 44.5% Ti). This metal has elastic and shape memory
properties, enabling it to regain its original shape after deformation. In this case, there was
increased adhesion f RAECs (~50 cells/mm*; p<0.01) on nitinol surfaces with submicrometric
roughness when compared to the control (~30 cells/mm?). Despite initial good results with the
surface, the authors suggested conducting further studies to further validate the effectiveness
of this surface®.

The use of anti-thrombogenic drugs in association with metal stents avoids
platelet adhesion; however, it also reduces endothelial cell adhesion to the surface. Therefore,
modifying surface properties may improve hemocompatibility to the point of replacing these
substances. One approach is ionic plasma deposition (IPD), with film formation on/within the
surface of the material with molecules <100 nm***’. This method was used for the first time
to evaluate responses of endothelial cells (RAECs) on titanium surfaces treated by IPD or a
nitrogen ion implantation plasma deposition (NIIPD) process. After 4 h of incubation at 3500
cells/cm’ of surface area, surfaces treated by IPD stimulated a significant increase in RAEC
adhesion when compared to the control group. This was probably due to the nanorugosity
created by the plasma. In addition, the reduced contact angle implied increased surface
wettability, favoring initial adsorption of adhesion proteins (i.e. vitronectin)*®.

Furthermore, it is possible to obtain nano-roughness of titanium and polyethylene
by titanium deposition through electron evaporation. The reduced contact angle for both the
titanium nano-roughness surface (59.3 + 1.13) and the polyethylene nano-roughness surface
(55.8 + 1.64) promoted better RAEC adhesion (~3x10° and ~3.2x10°; p<0.01) when
compared to the respective control surfaces (~1.5x10° and ~5x10%). Thus, increased
hydrophilicity of the surface promoted cell adhesion®.

In addition to biomaterial surface modification techniques for cardiovascular
applications, there is a search for an ideal design capable of eliminating the need to use anti-
thrombogenic drugs in association with these devices. Rosette-nanotubes (RNTs) coat the

titanium stent and were functionalized with 2 concentrations (0.01 and 0.001 mg/mL) of DNA
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molecules with poly-L-lysine (Figure 2B). The RAECs had increased adhesion (~2.7x10°
cells/cm?®; p<0.01) after 4 h of culture on the titanium stent, with 0.01 mg/mL RNTs coated on
titanjum when compared to an uncoated titanium stent (~1.9x10’). This occurred due to the
biomimetic potential of the rough surface, in addition to the stability of the poly-L-lysine
linkages that optimized adhesion protein binding to cells, representing a promising stent

design®.
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Figure 2 - Functionalization of metal surfaces. (A) New metal stent design susceptible to
magnetic energy. (B) Titanium nanotube associated with DNA molecules. (C) Titanium

surface bound to antibody-CD34.

Another study using nanotubes used TiO, surfaces to compare the influence of
nanotubular diameter and the TiO, crystal structure (anatase versus amorphous) on adhesion,
proliferation, differentiation, migration and apoptosis of RAECs' (Figure 1C). Cellular
response was similar between surfaces; however, there was a strong effect of nanotube
diameter, regardless of the metal’s crystalline structure. As nanotubular diameter decreased
for both anatase and amorphous forms, proliferation and adhesion of RAECs increased after
1, 2 or 3 d. The 15-nm diameter surface had a lower rate of apoptotic cells (8.5%) when
compared to the 100-nm diameter surface (36.7%). In addition, functional integrity of RAECs

in the 15-nm titanium nanotubes were evaluated as positive by strong expression of Von
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Willbrand factor (vWF) in both crystal structures. Thus, microenvironmental nanotopography
was more important than crystalline structure for ECs, with better responses for diameters of
15-30 versus 50-100 nm.

Endothelial Progenitor Cells (EPC) can be isolated from rat blood or bone
marrow. Putting anti-CD34 antibodies on the titanium surface improved mobilization and re-
endothelialization of EPC on those surfaces™ (Figure 2C). The rounded morphology of these
cells was maintained until the first hour of culture on titanium surfaces with anti-CD34
antibody. At 2 h, cells were already migrating (spread cells) and at 24 h they were spreading
and proliferating on the surface, although no differences in cell adhesion were observed after
the 3™ day. Thus, although endothelial and progenitor endothelial cells depend on anchoring
proteins, the presence of anti-CD34 on the surface facilitated binding with the titanium
surface. Even though this connection does not occur naturally, it does not affect cell
morphology and migration, as antigen-antibody binding only promotes the necessary initial
adhesion for the interaction, enabling it to successfully bind to the surface™.

Chen et al.> coated a chemically hydroxylated titanium surface with covalent
polyethylene glycol (PEG) bonds in an attempt to promote adhesion of rat EPCs. However,
hemo-compatibility varied with concentrations used. No improvement in hemocompatibility
was observed on the surface of 600 concentration (PEGggo). However, there was an increase
in adhered cells after 24 h (~5x10° cells/cm?; p<0.05) at the concentration of 4000 in titanium
(PEG4000) compared to an untreated titanium surface (~4.3x10° cells/cm?). Although adhesion
occurred, cells did not significantly proliferate between days 3 and 5 (~1x10* and ~8.5x10*
cells/cm?, respectively) when compared to the respective titanium control (~1.35x10* and
~2.25x10* cells/em?®). This was due to flexibility of the PEG chains, which inhibited cell
spreading on surfaces and deposition of extracellular matrix. Thus, the PEG titanium surface

only provided a suitable stent environment after gel hydrolysis™.

BOVINE ENDOTHELIAL CELLS

Similar to other animals, bovine endothelial cells can be obtained from large and
small blood vessels. The first lineages of bovine aortic endothelial cells were established by
Booyse et al. >* by 35 passages, without no change in morphology. The authors reported that
these cells had Weibel-Palade bodies, pycnotic vesicles, microfilaments, antigens for factor
VIII and contractile proteins of thromboelastin in their ultrastructure. Endothelial cells were
subsequently isolated from the pulmonary artery of calves™, followed by endothelial cells of

bovine capillaries®®, with an objective to study metastasis mechanisms of specific metastatic



51

implantation sites and tumor cell adhesion to endothelial cells of various organs. There are
also endothelial cells from cerebral microvessels for in vitro studies of studies of nervous
system vascularization®”.

Bovine aortic endothelial cells (BAECs) were also used in pioneering studies to
demonstrate the ability of EC adhesion to metallic surfaces. Various alloys were prepared
from iron, nickel and chromium. BAEC adhesion to metallic surfaces occurred 6 h after
culture, with no significant differences among surfaces. Therefore, it was suggested to modify
metallic composition to optimize cell proliferation and adhesion. In addition, it was not
possible to determine cellular mechanisms involved in protein adsorption or cell adhesion®’.

The use of BAECs was essential to evaluate local effect of irradiation of f3-
particles on titanium surfaces coated with a low concentration of radioactive 32P (half-life,
14.3 d). In this case, endothelial cells demonstrated resistance to the anti-proliferative effects
of B-particles, which may mitigate risk of re-stenosis (58). According to Polyak et al. (59),
there were no changes in morphology when using biodegradable superparamagnetic iron
oxide nanoparticles (SPION) associated with BAECs (Figure 2A). Cells were recruited by
nanoparticles after exposure to a uniform magnetic field in the flow-loop system. Thus, this
approach could be used in cellular therapy in cardiovascular pathologies associated with
metallic stents.

The surface of titanium nanotubes (TiO,) prepared by anodization was also
characterized in terms of its in vitro re-endothetization potential with BAECs. Endothelial
cells were viable, proliferating and formed a cell monolayer after 24 h. On this surface, cell
morphology included numerous filopodia after 2 h, indicating greater interaction between the
surface and therefore cell proliferation capacity with extracellular matrix deposition (after 6
h). Moreover, no significant differences in NOx increase or endothelin-1 were observed.
Thus, the 3-dimensional structure of TiO, nanotubes can aid in cellular migration and
communication, leading to rapid re-endothelialization and cell proliferation®.

Modification by plasma polymerization with argon (20% Ti) or with n-hexane
(0.6%T1) enabled a film to form over the titanium surface. This was characterized using calf
pulmonary artery endothelial cells (CCL209, ATCC). The surface treated by argon with
titanium (20%) and oxygen (11%) stimulated increased endothelial cell spreading (~1.2x10*
cells/cm?®; p<0.05) and cell adhesion (6x10° pm?; p<0.05) in relation to a surface with an n-
hexane deposit (~1x10*and ~3.5x10° pm?, respectively)®'.

Plasma was also used in combination with radiofrequency to modify the MP35N

metallic alloy (Co-20 Cr-35 Ni-10 Mo)®. Plasma altered surface roughness, creating pyramid-
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shaped nanopillars which increased the total contact surface ~5 fold compared to the polished
surface. In addition, it reduced the contact angle from 74 to 17°, making the surface more
hydrophilic. These changes mimicked what happens in vivo during cell adhesion and
proliferation, since after BAEC cultivation on the surface, cells adhered 24 h later with a ~50-
60% increase after 2 and 7 d, when compared to the polystyrene control, with monolayer
formation after 3 d of culture®.

The positive effect of anodization in TiO, nanotubes (70 nm) on angiogenesis in
bovine coronary artery endothelial cells (BCAECs) was recently confirmed®. This surface
stimulated an increase of filopodia propagation, deposition of extracellular matrix and cellular
interconnections, which favored adhesion after 4 h, probably by phosphorylation of osps
integrins. Thus, they stimulated angiogenesis through expression of vinculin (cell-matrix
adhesion protein) via a VEGF-dependent phosphorylation pathway, with activation of
vascular endothelial growth factor receptor (VEGFR2) after 72 h of culture.

Although titanium is the most common metal used in manufacturing metal
implants, there are ongoing searches for new biomaterials for cardiovascular applications.
Thus, McNichols et al.® developed nanosurfaces on Tantalum metal (a chemical element
belonging to the class of transition metals) through anodization. A tantalum surface associated
with cyclic RGD peptides (Arg-Gly-Asp peptide, universal cell recognition site) provided
good results regarding BAEC adhesion, spreading, proliferation and expression of cellular

junctions.

PORCINE ENDOTHELIAL CELLS

Porcine Aortic Endothelial Cells (PAOECs) were isolated and characterized®.
Despite preserved morphology, phenotypic change occurred after the 4 passage, making in
vitro research impossible. Thus, there is an impetus to establish porcine endothelial cell lines
suitable for surviving multiple passages. Consequently, among the commercially available
porcine aortic endothelial cells (P304-05, SIGMA) we highlight the PAECI11 line, which is
suitable for endothelial cell activation studies® and the immortalized and characterized
porcine aortic endothelial cell lines (AOCs) to facilitate immunological and pathological in
vitro studies®®. Swine endothelial cells may also originate from the pulmonary arteries®’ or
cerebral capillaries®.

Studies on the isolation and characterization of porcine endothelial cells started in
the 1970s. However, in vitro studies applied to metallic biomaterials for cardiovascular use

only started in the 21% century, mainly with EPCs. These cells have a crucial role in in vivo re-
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endothelialization and therefore they were used to confirm the positive influence of the metal
stent surface on viability®®. After isolation and phenotypic characterization by CD34-positive
immunostaining, EPCs adhered after 24 h and they maintained morphology on nitinol surface
(NiTi) metallic stents associated with fibrin gel up to the 12 day.

The possibility of delivering progenitor endothelial cells was also studied on
titanium surfaces comprised of 22% Ti, 52% 02, 23% C, and 2% N " On this surface,
porcine EPCs adhered and formed a confluent monolayer without altering nitric oxide (NO)
synthesis. Therefore, a low-roughness surface (quadratic mean roughness, Rq = 10 nm)
promoted a favorable physiological response of porcine EPCs. This may have resulted from
titanium oxidation (TiO;), which promotes strong cell adhesion to the surface.

Due to favorable results for use with oxidized titanium surfaces, metallic
nanoparticles associated with cells were developed. After coating porcine EPCs with
superparamagnetic iron oxide nanoparticles (SPION), recruitment of endothelial cells to
metallic stents was observed in vitro. Therefore, this surface was biocompatible and
performed cellular delivery'®. However, anatase TiO, nanoparticles (TiO, NP) may activate
both inflammatory and programmed cell death pathways’'. The use of 10 or 50 pg/mL TiO,
NP increased expression of inflammation genes and activated apoptosis pathways, e.g.
MAPKSs, Akt and NF-kp.

Cell therapy associated with metal stents enables blood-borne EPCs to bind to the
specific site by assisting in re-endothelialization. The oligonucleotide (5’-GGG AGC TCA
GAA TAA ACG CTC AAC AAC CCG TCA ACG AAC CGG AGT GTG GCA GGT TCG
ACA TGA GGC CCG GAT C-3’°) (Integrated DNA technologies, Coralville, IA, USA)
associated with a chromium/cobalt surface increased adhesion of porcine EPCs and reduced
platelet adhesion. This may have been due to the increased surface wettability resulting from

reducing the contact angle from ~85 to ~40° 72,

CANINE ENDOTHELIAL CELLS

Canine endothelial cells have already been isolated and characterized and are
obtained from several sources: progenitor endothelial cells (EPCs) from endothelial cells from
cerebral microvessels’, peripheral blood’*, as well as from the canine jugular vein’". Despite
the variety of canine endothelial cells, few studies have used them for in vitro stent studies.
The titanium surface with a biotinylated peptide (TPSLEQRTVYAK-GGGC-K-Biotin, (BPA,
Botai Biotech. Co., Ltd., Xangai, China) and bovine albumin maintained the morphological

integrity of EPCs and canine endothelial cells, as well as promoted adhesion. However, they
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reduced platelet activation and consequently the chance of thrombus formation, improving re-

endothelization’®.

FINAL CONSIDERATIONS

Various types of metals and alloys have been used for stents, with titanium being
the most common. According to this review, characterization tests most frequently applied to
surfaces are wettability, surface roughness by means of atomic force microscopy, and
chemical characterization by X-ray diffraction in various treatments for metal surface
modification. Animal endothelial cells are viable and safe to evaluate and validate metal
surfaces applied to stents.

Evaluating biological effects mainly used in vitro methods such as: cytotoxicity
and biocompatibility through MTT tests, which in turn also allows for quantifying cell
proliferation at a given time; morphology by Scanning Electron Microscopy can reveal
whether cell form integrity has been preserved a good indication that functions are also being
maintained; cell physiology can also be studied in vitro, using specific markers of endothelial
cells such as nitric oxide, endothelin-1, VCAM, ICAM and vitronectin adhesion proteins; and
reducing inflammatory processes based on cytokine analyses (TNF-a, IL-1f and IL-6). These
were the most frequently used methodologies to investigate biocompatibility.

Using endothelial cells should better clarify cellular and molecular mechanisms
involved in biocompatibility of metallic materials. Since the endothelial cell line species may
be the same as those used for the pre-clinical test, it will be possible to more accurately
predict how the device will perform in the animal model. In addition, it is essential that a
standard protocol for in vitro testing with animal endothelial cells according to the metal and
surface treatment be established and validated. This will help to reduce the number of animals
by minimizing research costs and increasing the efficiency and safety of pre-clinical trials.

Our perspective is that further studies using animal cells should be done to
characterize molecular responses and intrinsic inter- and intracellular mechanisms, resulting
from cell interactions and metallic biomaterials. Clearly, this would contribute to filling in
scientific gaps, since there are no comparisons in the same publications on the response
between animal ECs and human ECs for metal surfaces applied to stents. Therefore, a

comparative study is necessary to establish an ideal model.
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Abstract
Titanium plasma treatment promotes good biocompatibility results, but its influence on the
mechanobiology of living endothelial cells has not yet been investigated. In this context, this
study aimed to evaluate the effects of titanium plasma nitriding and oxidation on endothelial
cell viscoelasticity.For this purpose, mechanically polished titanium (TiP) surfaces and two
surfaces treated by planar cathode discharge in nitriding (36N, and 24H,) and oxidant (360,
and 24H,) atmospheres at 450°C were used.Titanium surfaces were characterized regarding
wettability, roughness and chemical composition. Rabbit aortic endothelial cells (RAECs)
were cultured on the titanium surfaces. Cell morphology was evaluated by scanning electron
microscopy (SEM). Viability was assessed by the methyl thiazolyl tetrazolium (MTT) assay
and the viscoelasticity of living cells was determined by atomic force microscopy (AFM). X-
ray diffraction (XRD) confirmed the incorporation of nitrogen and oxygen to the treated
titanium surfaces. Both plasma treatments increased surface roughness, but the peaks were
more regular on the nitrided surfaces. However, oxidation led to a more hydrophilic titanium
surface (66.59° + 3.65 vs 76.88° + 2.68; p=0.001). After 24h, cell viability on the oxidized
surface was higher in comparison to the nitrided surface (9.1x10° vs 4.5x10°cells; p<0.05).
Surface oxidation increased the viscoelasticity of cell peripheries in relation to the nucleus
(2.36 £0.3 N/m® vs 1.5 = 0.4 N/m* p<0.05), on the other hand to RAECs periphery on
nitrided surfaces (1.36 + 0.7 N/m?; p<0.05) and polished surfaces (1.55 + 0.6 N/m?; p<0.05).
Physical force interactions between the cells and the oxidized surface led to higher endothelial
cell viability. The titanium plasma treatment directly influenced cell viscoelasticity, and this

mechanobiological property subsequently interfered in biocompatibility.

Keywords: Implants, nitriding, oxidation, biocompatibility, viscoelastic properties.

Introduction

Restenosis is one of the major complications in patients using intravascular
devices. Its main cause isa vascular endothelium dysfunction, leading to uncontrolled
antithrombotic activity, resulting in blood flow blockage [1]. Although the use of new stent
generations have reduced restenosis rates, patient risks are still imminent [2]. Because of this,
the field of bioengineering has sought biomaterials and surface modification methods that

guarantee patient quality of life [3,4].
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Titanium is one of the most recommended biomaterials for biomedical
applications, used in pumps and cardiac devices [5,6]. This metal is biocompatible, presents
adequate hardness and is corrosion resistant, guaranteeingits quality as a biomaterial. In this
context, surface roughness and wettability are important parameters concerning cell
integration processes, such as osseointegration [7]. However, to guarantee tissue repair in
addition to bone integration, angiogenesis using endothelial cells (EC) is required [8].The
interaction of these cells with titanium surfaces can trigger the activation of cell adhesion
proteins (integrins), as well as rapid adhesion, proliferation and development of normal
endothelial function [9,10]. Titanium surface modifications allow for improvements in
cellular response and the prevention of restenosis of intra-stents comprising this metal [11].

Plasma processing aiming at surface modifications has been known and applied
for over 20 years, with the aim of improving physical and chemical properties of several
materials [5]. This is considered a low cost and safe method, as it does not use environmental
chemicals and/or pollutants [12]. Plasma treatment of metallic surfaces has displayed good
results regarding cell behavior, as well as antibacterial potential [7,13]. Usually evaluations
concerning cell adhesion, proliferation and viability on titanium surfaces are performed.
However, alterations in the mechanical properties of different cell regions under the influence
of the applied biomaterial are usually neglected by researchers.

The interactions between cells or biological tissues and physical forces lead to
functional implications, which are characterized by mechanical properties [14]. External
mechanical forces stimulate cells to respond through mechanosensitivity (the cellular sensory
ability to perceive the material); mechanotransduction (intracellular biochemistry alterations),
and mechanoresponse (integration of cellular signals for cell motility and contractility
modifications)[15]. This is how the cell responds to mechanical environmental changes
promoted by modulation force alterations or cytoskeleton organization (morphology and
motility), which directly interfere in stiffness, consequently altering viscoelasticity
properties[16—19]. Alterations in viscoelastic properties occur heterogeneously in the cellular
environment, and can be quantified in a liquid environment through atomic force microscopy
(AFM)[20]. Because it is a non-invasive method, it is considered a promising tool to perform
diagnoses in the medical clinical practice, such as in assessing cardiovascular disease risks
[21]. Although pathological changes may be detectable through cell biomechanics relative to
the applied material [14],no studies applying this property as a tool to evaluate the

biocompatibility of plasma-treated metal materials are available.
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In this context, the aim of this study was to investigate the effect of nitriding and
plasma oxidation on titanium surfaces by evaluating endothelial cellbehavior andthe effects

on the mechanobiology of these cells.

Material and methods
Preparation and characterization of titanium disks

[I-grade Ti disks with pre-established dimensions (diameter: 19 mm, thickness: 3
mm) supplied by Mettalum Brazil were used. All surfaces were previously sanded with
silicon carbide grit with granulometry ranging from 80 to 2000 MESH. Polishing was
performed using a colloidal silica and hydrogen peroxide solution on an OP-CHEM polishing
cloth for 30 minutes. For the preparation of nitrided surface (SN) and oxidized surface (SO)
disks, the disks were precleaned to remove contaminants, through ionic bombardment of 2.0
sccm of argon and 2 sccm of hydrogen at 200°C, at 1.5 mbar, 448 V and 0.1 A current for 30
minutes. The disks were then conditioned in a vacuum plasma reactor for the plasma
treatment under a nitrogen atmosphere (36N, and 24H;) for SN and oxidizer (360, and 24H,)
for SO in a 200x300 mm hermetic cylindrical chamber (diameter and height), under 1 mbar

pressure, at 450°C for 1 hour.

Surface characterization

The surface nanotopography analysis was based on roughness parameters (Rp, Rz
and Rp/Rz) obtained using an Atomic Force Microscope (model SPM 9700, Shimadzu).
Wettability was determined through the sessile drop method [22], which consists in
measuring the angle formed by a 20 pl drop of deionized water pipetted onto the surfaces by
means of a video camera image capture of the goniometer using the Suftens software to obtain
the contact angles. The surfaces were chemically evaluated by the Grazing Incidence x-Ray
Diffraction technique (GIXRD), whose incidence angle is flat and fixed, with scanning

detection at 20 through a diffractometer [22].

Rabbit aorta cells (RAECsS) culture

The established lineage of rabbit aortic endothelial cells (RAECs) was purchased
from the Sdo Paulo Federal University Cell Bank. The cells were expanded in HAM-F12
medium, supplemented with fetal bovine serum (10%), and penicillin/streptomycin antibiotics

(100U mL, 100 pg/mL, respectively). Subsequently they were incubated at 37°C in a 5% CO,
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chamber, with culture medium exchange every 48 hours. After reaching confluence (80-90%),

the RAECs were subjected to the assessed surfaces.

Cellular Morphology

Endothelial cells were cultured on the surfaces for 4 h for morphological
evaluations. The disks were washed with phosphate buffer solution (PBS), fixed with 2.5%
glutaraldehyde in PBS, pH 7.2, and post-fixed with 1% osmium tetroxide in the same buffer.
The samples were then dehydrated in an increasing ethanol series and metallized with gold (Q
Plus Series, Quorum Technologies Ltd, Laughton, England). Images were captured by a
Scanning Electron Microscope (SEM) (SEM-SSX 550 Superscan, Shimadzu Corporation,
Tokyo, Japan).

Cell viability

RAEC (2x10* cells/disk) were cultured on the surfaces for 24h, followed by the
addition of 1 mL of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazoliumbromide (MTT,
Invitrogen, Life Technologies, Carlsbad, CA, USA) diluted in the culture medium.After 3h of
incubation, the formazan crystals produced by the reduction of MTT were dissolved by the
addition of 1 mL of ethanol P.A. (ACS reagent >99.5%)in each well for 15 minutes under
constant stirring. Then, 100 pL of each well were transferred to 96-well culture plates and
quantified by absorbance spectrophotometry at 570 nm on a microplate reader (Quant
MKX200, BioTek Instruments, Winooski, VT, USA). Absorbance values were converted into

cell numbers through a standard growth curve for 24h.

Atomic Force Microscopy(AFM)

An MFP-3D-Bio AFM system (Asylum Research) mounted on an Olympus
Inverted Optical Microscope with use of Soft TR400PB Microcantilevers (BL-TR400PB
Olympus/Asylum Research) was used. The analyses were performed in tapping mode with
nominal spring constant of 0.09 N/m and nominal tip radius of 42 nm (£ 12 nm). The
cantilever was mounted on the iDrive force excitation for direct cantilever excitation, passing
an alternating current through the V-shaped Cantilever. After calibration, the cantilever was
directly directed in the frequency bending mode (6-8 kHz) away from the sample and then
onto the living cells. The amplitude removed from the sample was set to approximately 8-18
nm. The deflection set point for imaging was of ~20-35 nm (force ~ 1.5nN). The phase was

adjusted to + 90°, with Thermal Q constant of ~ 2.0-2.3.
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Moving the AFM cantilever on the z-axis of the sample with a controlled force
will result in indentations if the sample is soft. According to Hooke's law, the indentation can
be recorded as a force function, which is proportional to the cantilever deflection. Therefore,
force curves are the result of the set of forces versus indentation, and imply in qualitative
elasticity results, as the greater the slope of the force curve, the greater the rigidity of said
surface. It is also possible to calculate the elastic property of the surfaces, applying the
theoretical Hertz model (1882) to analyze the force curves. This model relates the force of a

load F with an indentation o according to the following equation:

.F'—zx E
S (1-vh)

% 8% x tan(a)

Where E is Young's elastic modulus, a is the opening angle of the recoil cone and
v is Poisson’s constant of the sample, considered here in as 0.5. Thus, two parameters are
extracted from each force curve of the Young modulus of the sample and the point of contact.
The force-indentation curves were obtained and analyzed using the IGOR Pro Software 6.37

to process the quantitative data.

Mechanical cell properties

A total of 5x10*cells/disk were cultured in HAM-F12 medium and incubated at
37° Cin a 5% CO, chamber. After 24h, the disks were washed two times with PBS and plated
with Tyron solution at 37 °C. A total of 32 force curves were analyzed for each cell (n = 6),
16 for cell nuclei and 16 for peripheral cell regions for each type of treatment. The AFM
methodology was applied in dynamic mode, which consists in obtaining viscosity loss
modules (Ej;) and the elastic storage module (Eoq0) to understand viscoelasticity (result of

the Ejos5/Estorage ratio) [23].

Statistical analyses

The experiments were performed in replicate for each surface. A One-Way
ANOVA test followed by multiple comparative tests was applied for surface roughness and
wettability. The MTT and mechanical property data were submitted to an analysis of variance
(ANOVA) followed by a post-hoc student’s t test (p <0.05).
Results

Surface characterization
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The material roughness profiles are displayed in Figure (1A-F). Plasma nitriding
generated a differentiated oxidized surface topography (Figure 1C-D). The 3D atomic force
microscopy images reveal more regular peaks, significantly influencing nitrided surface
roughness when compared to the oxidized surfaces (Figure 1E-F). The roughness parameters
Ra, Rp, Rz and the Rp/Rz ratio were obtained based on these profiles (Table 1). The plasma
treatment significantly increased roughness in both treated surfaces compared to the polished
surface, with the highest values observed for the nitrided surfaces. The mean roughness (Ra)
of the nitrided titanium surface was higher (27.72 £+ 1.3 nm, p <0.05) than that of the oxidized
(10.28 = 1.1 nm, p <0.05) and polished (1.3 £ 0.2 nm, p<0.05) surfaces. Although the peak
height (Rp) and maximum profile height (Rz) were significantly higher in the nitrided
surfaces (140.14 + 23.5, 176.50 = 78.9, respectively) compared to the other surfaces, no

Rp/Rz ratio variation was observed.
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Figure 1 —Titanium nanotopography by AFM. (A-B) Polished titanium surface. (C-D) Plasma

nitride titanium surface. (E-F) Oxidized titanium surface. Area =10x10 pm.

Table 1 - Roughness parameters (nm) of the titanium surfaces.

Surface Ra Rp Rz Rp/Rz
Polish 1,3+0,2° 6.84 + 0.2° 9.88 + 0,9° 0,7 £0,1
b
Nitride 27,724 137 140144235 17650 £ 789"  1.89+25
Oxidized 1028+ L1° 6984 13,0° 9586+21,8°  0-67+06

Different letters (p<0,001).

In addition, the contact angle of the nitrided surface was higher when compared to
the polished (76.88° + 2.68 versus 67.83° = 4.7; p=0.001) (Figure 2 ) and oxidized (66.59° +
3.65°% p=0.001) surfaces. Thus, nitriding resulted in a more hydrophobic titanium surface,
while plasma oxidation improved surface hydrophilicity. The XRD confirmed the

incorporation of nitrogen and oxygen onto the titanium surfaces (Figure 3A-B).
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Figure 2 - Contact angle per sessile drop of the polished, nitrided and oxidized plasma

surfaces’ Different letters (p<<0.001).
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Figure 3 - Diffractogram of the plasma treated titanium surface at theta contact angles Theta

1°, Theta 2° and Theta 3°. (A) Plasma nitration. (B) Plasma oxidation.
Cell morphology

Adherent cells were observed on the samples after 4h. Cells adhered to the
polished surface were more rounded form, similar to the oxidized surface, but
presentingthinner and longer filopodia (Figure 4A-B). Cell morphology on the nitrided
titanium, on the other hand, was elliptical, with thicker and shorter filopodia (Figure 4C).

Figure 4 - Scanning electron microscopy of RAEC cells grown on the titanium surface. (A)
RAECs grown on the polished surface, displaying rounded morphology and emission of
cytoplasmic extensions. (B) RAECs grown on the oxidized surface. (C) RAECs grown on the
plasma nitrided surface, displaying elliptic morphology.

Cell viability

The MTT assay indicated that, after 24 h, cell viability on the oxidized surface
(9.1x 10°cells) was significantly higher compared to the nitride surface (4.5x10’cells; p<0.05)
and polished (5.3x10’cells;p<0,05) surface. Although the polished surface increased cell
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viability, there was no significant difference with the nitride sample (5.3x10°cells versus

4.5x10°cells; p>0.05) (Figure 5).
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Figure 5 — Number of cell viability by MTT after 24 hours of culture on the polished, nitrided
and oxidized Ti surfaces.Different letters (p<0.05).

Viscoelasticity

The AFM images confirmed cell adhesion to the titanium surfaces after 24h
(Figure 6A-E). Ejo and Egqg. data were obtained (Table 2) after a force-indentation curvea
nalysis (Figure 7C-H). The plasma oxidation of the Ti surface increased cellular periphery
viscoelasticity in comparison to the nucleus (2.36 +0.3N/m? versus 1.5 + 0.4; p<0.05 N/m?),
as well as in relation to the cellular periphery of cells adhered to the polished (1.55 + 0.6
N/m?; p<0.05) and nitrided (1.36 + 0.7 N/m?; p<0.05) surface (Figure 7A-B).
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Figure 6 - Different live endothelial cell regions by AFM. (A-B) Polished titanium surface;
Area = 40x40 pum. (B-D) Plasma nitrided titanium surface; Area =60x60 um. (C-E) Oxidized

titanium surface; Area =60x60 pm; Yellow: cell nucleus.

Table 2 —Egorage and Ej,g parameters of the endothelial cell nuclear and peripheral regions

cultured on the titanium surfaces.

Cell nucleus Cell periphery

Surface Eloss Estorage Eloss Estorage

Polished 17816.97 £16276.69 11294.05 + 12863.86 30591.53 +22546.84 22992.85+19790.47
Oxidized 13371.43 +1642.51 9909.08 +£3848.92  24463.87 + 5608.71 12285.71 + 6472.68
Nitrided 8763.26 + 3686.08 7268.95+ 1318.97  10188.03 £3735.69 8317.83 £2645.43
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Figure 7 - Viscoelastic RAEC properties on different titanium surfaces. (A) Deflection of the

cantilever in the nuclear and peripheral RAEC regions on titanium surfaces. B) Viscoelasticity

properties of the nuclear and peripheral RAEC regions on different titanium surfaces. (*)

cellular periphery viscoelasticity on the different surfaces; p <0.05) (*)nucleus vs. periphery

viscoelasticity on the oxidized surface; p <0.05). Force-indentation curve on the polished

titanium surface, nucleus (C) and cellular periphery (D).Force-indentation curve on the

titanium nitride surface, nucleus (E) and cellular periphery (F).Force-indentation curve on the

oxidized titanium surface, nucleus (G) and cellular periphery (H).
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Discussion

Different types of blood flow tension forces may influence cardiovascular
endothelium behavior [24].These stimuli, both internal and external, directly influence
mechanical cell properties, such as elasticity, as well as biological function [25].Plasma
treatments applied to titanium surfaces were shown to alter both topography and surface
chemistry. In the present study, the effects of titanium surfaces modified by nitriding and
plasma oxidation on endothelial cell viability was verified. This is the first report on the
mechanical properties of live endothelial cells under the influence of plasma-modified metal
surface characteristics as verified by atomic force microscopy.

The plasma treatment significantly increased the roughness patterns, maximum
peak height (Rp) and maximum roughness profile height (Rz) of the titanium surfaces.
However, a significant increase in nitrided surface roughness was also noted, where nitrogen
ion implantation produced more regular peaks and significantly influenced roughness when
compared to the oxidized and polished surfaces [26].This topographic profile can induce
greater platelet adhesion and activation. Therefore, nitriding a Ti surface to produce
intravascular devices may trigger the formation of thrombi [27]. Furthermore, the lower the
Rp/Rz ratio, the lower the contact angle, thus raising hydrophilic potential [13]. Although no
significant difference in the Rp/Rz ratio concerning the evaluated surfaces was observed, an
increase in plasma oxidized titanium wettability occurred, where the oxidized surface
displayed higher hydrophilicity when compared to nitride surface. Hydrophilic surfaces
promote adhesion, cell elongation, cell movement and cell cluster formation [28].

Endothelial cell adhesion was observed after the first 4h after incubation on both
the nitrided and oxidized surfaces. The oxidized surface, presenting lower average roughness
and irregular topography, stimulated the increase of endothelial cell viability when compared
to nitride surface. Thus, the findings reported herein confirm that endothelial cells, a type of
epithelial cell, display a preference for surfaces presenting a lesser roughness degree. Some
reports indicate that osteoblastic cells on titanium surfaces present greater roughness.
However, fibroblast and epithelial cells have been reported as demonstrating a preference for
smoother surfaces [29,30]. In addition, it is likely that the surface roughness of nitrided
titanium inhibited intercellular endothelial cell contact [28]. Interendothelial contact sites are
signal transduction sites that affect cell migration and act in the repair and in vitro and in vivo

endothelium regeneration processes [31,32]. Thus, the oxidized surface reported herein may
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offer better physiological conditions for angiogenesis in the post-implantation period in the
cicatricial phase.

Mechanical cellular properties are involved in cellular form maintenance, 1i.e.
cytoskeleton reorganization [33]. Cytoskeleton conformational changes depends on the
interaction between proteins and focal extension organization, resulting in viscoelasticity[20].
Although the cell cytoplasm presents viscoelastic behavior in normal physiological conditions
[34], titanium plasma nitriding did not significantly increase the viscoelasticity of endothelial
cell peripheries when comparing the polished and oxidized surfaces. However, the oxidized
surface significantly increased cellular periphery viscoelasticity in relation to the nitrided
surface. Therefore, the higher stiffness observed in the cellular periphery on the nitrided
surface led to decreased cell adhesion strength [24]. This may haveled to reduced cell
proliferation on nitrided surfaces after 24h.

The nucleus viscoelasticity in cells with carcinogenic potential influences cell
morphology, where decreased viscoelasticity stimulates spreading cells, presenting more
flattened form and longitudinal extensions [35]. In the present study, normal endothelial cells,
although displaying a more spreaded form (flattened) with several prolongations, presented
the highest nuclear viscoelasticity values, possibly due to the influence of the adhesion
substrates, in this case the polished and oxidized surfaces. Lower fibroblast nucleus
viscoelasticity has been reported as triggering nuclear deformation and fibronectin cell
adhesion inhibition, decreased extracellular matrix strength [36]. The nitrided surface induced
the lowest nuclear viscoelasticity reduction among the assessed surfaces, which may justify
the decreased viability of these cells at 24h. The oxidized surface presented higher
proliferation of these cells. Therefore it is possible that the increase of the elastic modulus of
the cytoskeleton of the nuclear region prevented these nuclear deformations [37]. Another
hypothesis includes a strengthening of the lamina lattice that hardens the isolated nuclei, as a
strategy to protect chromatin against excessive mechanical stress [38]. Therefore, this study
demonstrated that titanium plasma modification alters the elastic properties of adherent

endothelial cells.

Conclusions

Despite the fact that titanium surface plasma nitriding and oxidation promoted
adhesion and ensured the viability of rabbit aortic endothelial cells, the different surfaces

differentially modified cellular viscoelastic properties. Therefore, the plasma titanium
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oxidation presented promising in vitro results, which would justify its choice for in vivo tests

concerning intravascular devices.
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CAPITULO 04 - COMPORTAMENTO DE CELULAS ENDOTELIAIS HUMANAS
IN VITRO SOBRE SUPERFICIES TITANIO TRATADAS A PLASMA

Human endothelial cell behavior in vitro on titanium surfaces treated with plasma
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Abstract

The process of implant endothelialization is crucial to the success of implants. This work
evaluated Ea.hy926 human endothelial cells on plasma-treated titanium. Plasma oxidized
titanium surfaces were produced by planar cathode discharge in oxidizing (360, and 24H»),
nitriding (36N, and 24H,) atmospheres. They were characterized for wettability, roughness
and chemical composition. Cells were cultured for 4 h on titanium and were observed for
adhesion by scanning electron microscopy (SEM), cell morphology by Form Factor (FF), and
24 h viability/proliferation by MTT. Oxidized surface had a lower contact angle (65°) when
compared to the nitrided surface (75°). Surface modification stimulated Ea.hy926 adhesion
after 4h. After 24h, the cell proliferation on the oxidized surfaces (1.75x10°) was superior to
the nitrided surfaces (1.23x10°; p <0.05). Thus, the titanium plasma oxidation technique had a
better in vitro response of Ea.hy926, which favors the endothelialization process and the

hemocompatibility of titanium for intravascular devices.

Keywords: Biomaterial, endothelization, Ea.hy926 line cell, plasma.

1. Introduction

Cardiovascular diseases (CVDs) are responsible for the highest mortality rate in the
world (1); and it is necessary to use an intravascular device in more severe cases (2).
However, about 20% of patients treated with these metal devices have problems resulting
from restenosis. A dysfunction in the endothelium, the epithelium of blood vessels, which
causes blockage of blood flow both by adsorption of plasma proteins and adhesion of platelets
to the surfaces (3).

Therefore, the success of an implant is related to its biocompatibility, which means not
only the ability of the patient’s cells to survive contact with the material (cytocompatibility),
but also the hemocompatibility (4). This is a property of the biomaterial when in contact with
blood components such as red blood cells, plasma (composed of water and proteins, such as
fibrinogen) and platelets (5). Upon contact with blood proteins, the adsorption of the proteins
responsible for adhesion, activation and subsequent aggregation of platelets to the formation
of thrombi can occur (6). The prevention of platelet thrombi is naturally controlled by

endothelial cells. Therefore, rapid endothelialization on metallic surfaces in contact with the
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vessel wall can prevent the risks of thrombosis and restenosis(7). Therefore, it is important to
improve the hemocompatibility of the surfaces of devices(8).

The modification of the surfaces is a way of improving the properties of the material,
mainly the metals and their alloys. Such modification may result in a film on the metal surface
which alters the composition and functional structure of the material, promotes cell adhesion,
and inhibits oxidation (9). Corrosion releases metallic ions which seep into the surrounding
tissues and trigger side effects in the patient (10), from intoxications and allergic processes to
inflammatory and infectious conditions which hinder tissue repair and the integration of
implants (11). In addition, stainless steel and titanium (Ti) alloys are the most commonly used
metals in manufacturing intravascular devices. Titanium and its alloys are widely used in
manufacturing implants (12).Ti-O and Ti-N films are used, presenting good compatibility and
antithrombotic properties and increase corrosion resistance (8).

The deposition of films for surface modification can be performed by plasma
treatment. This is a versatile, safe and low cost alternative, lacking chemical residues and
environmental pollutants. In addition, plasma modifies the physicochemical properties and
assists in evaluating cell adhesion and proliferation (9,13). The surface of the implant should
promote rapid endothelialization and be hemocompatible in order to guarantee vascularization
(14). This is a crucial step for successful integration of bone and/or dental implants (mainly
intravascular), such as stents.

The investigations carried out in this area mainly aim at understanding
hemocompatibility and the implications in osseointegration of surfaces, but works on the
behavior of endothelial cells on surfaces modified by oxidation and plasma nitriding are
scarce. Thus, in this work we evaluated the behavior of the human endothelial cells of the
Ea.hy926 strain on titanium surfaces modified to plasma in nitriding and oxidizing

atmospheres.

2. Materials and Methods
2.1 Preparation of titanium disks

Titanium discs were 19 mm in diameter and 3 mm thick (grade 2). The surfaces were
gradually sanded with silicon carbide (SiC) sieves with different particle sizes of 220, 400,
600, 1500 and 2000 MESH and polished in 40% silica (0.03 p) and 60% hydrogen peroxide.
After this procedure all the disks were immersed in 0.5% enzymatic detergent (DEIV)
solution in doubly distilled water under ultrasound treatment for 10 minutes. They were

subsequently dried and treated by planar cathode discharge in nitriding (36N, and 24H;) and
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oxidizing atmosphere (360, and 24H,). The samples were housed in a 200x300 mm
hermetically sealed cylindrical chamber (diameter and height), with an anode (upper region)
and a polarized cathode with a power ranging between -400 and -800 V (base region). The

discs were submitted to a pressure of 1 mbar in this region at 450°C for 1 hour.

2.2 Characterization of titanium disc surfaces

The average roughness (Ra) of the surfaces were obtained using an Atomic Force
Microscope (AFM, SPM 9600, Shimadzu). Wettability was performed by the sessile drop
method, measuring the angle formed by a drop of 20 pl of deionized water pipetted on the
samples (polished, nitrided and oxidized). The images were captured with a video camera of

the goniometer and analyzed with the Suftens program, determining the contact angle values

(15).

2.3 Human endothelial cell culture (Ea.hy926)

The human endothelial cell line (Ea.hy926) (CRL-2922™, ATCC) was
cultivatedin High Glucose DMEM medium (Dulbecco's Modified Eagle's Medium) and 10%
fetal bovine serum (SFB, Cultilab, SP, Brazil), 100 ul/ml penicillin and 100 pg streptomycin
(Cultilab, SP, Brazil) and incubated at 37 °C in a 5% CO, chamber with a change in culture

medium every 48 hours.

2.4 Morphology of human endothelial cells (Ea.hy926)

The cells were cultured at the concentration of 5x10* cells on the titanium:
polished, nitrided and oxidized discs in triplicate for 4 hours. They were then fixed with 4%
glutaraldehyde in 0.1 M phosphate buffer and pH 7.2 (PBS) for 4 h. The disks were washed
with PBS to remove non-adherent cells, post-fixed with 1% osmium tetroxide in phosphate
buffer for 1 h and dehydrated in increasing concentrations of ethanol. The samples were
coated with gold and visualized in a scanning electron microscope (SEM).Images captured by
SEM were analyzed in Image Pro Plus software (Media Cybernetics, Inc., Rockville, MD,
USA). The morphology of the endothelial cells was quantified by the Form Factor (FF),
which consists of the product of the division between area and cellular perimeter: FF =

(area/perimeterz) x 4m (16).

2.5 Viability of human endothelial cells (Ea.hy926)
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The discs of polished, nitrided and oxidized titanium were placed in 12-well
plates with the concentration of 5x10* cells/disc in triplicate. After 24 hours of incubation, a
solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT, Invitrogen,
Life Technologies, Carlsbad, CA, USA) was added to the specific culture medium per well
and maintained in the CO, incubator at 37 for 4 hours. The MTT crystals were dissolved with
the addition of P.A. ethyl alcohol. Samples were taken to a microplate reader (Quant
MKX200, BioTek Instruments, Winooski, VT, USA) for absorbance spectrophotometry at
570 nm. The amount of cells was determined from a standard growth curve (24h) of the

Ea.hy926 cell line.

2.6 Statistical analysis

The analyzes of surface characterization (roughness and wettability), as well as the
cellular form factor were analyzed by One-Way ANOVA followed by multiple comparisons
test. Cell viability was evaluated by the One-tailed Student’st-test (p <0.05).

3. Results and Discussion

Plasma is capable of improving the tribological properties of titanium (friction,
lubrication and wear) (17). In addition, treating the titanium surface can modify its chemical
composition, roughness and wettability. Such aspects may aid in predicting successful
implantation when in contact with biological material, such as endothelial cells. Therefore,
this work evaluated the effects of nitriding and plasma oxidation on titanium surfaces. Plasma
treatment promoted the incorporation of nitrogen and oxygen in the titanium surfaces

according to XRD analysis (Figure 1).
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Figure 1 - Diffractogram of titanium surface treated with plasma at the contact angle of 26.

The roughness of the surfaces is shown in Figure 2 (A-F). Plasma nitriding
significantly increased the surface roughness (Ra) of the titanium surface (27.72 + 1.3 nm; p
<0.05) when compared to polished (1.3 £ 0.2 nm; p <0.05) and oxidized surfaces (10.28 =+
I.1nm, p <0.05) (Table 1). Although it is well argued that roughness and the presence of
peaks stimulate the proliferation and differentiation of pre-osteoblastic cells, there is not much
information about their influence on endothelial cells(18). However, the generation of
different TiO, patterns by nanomodification of the titanium surfaces induced the proliferation
and migration of endothelial cells into stents(19). Therefore, the use of plasma in nitriding
atmosphere for titanium can offer good results in bone implants and the oxidant for

intravascular devices.
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Figure 2 -Nanotopography of titanium by atomic force microscopy. (A-B) Polished titanium

surface. (C-D) Nitrided titanium Surface. (E-F) Oxidized titanium surface. Area = 10x10pum.

Table 1 — Roughness parameters (nm) of the titanium surfaces.

Surface Ra Rp Rz Rp/Rz

Polish 1,3+0,2° 6,84 +0,2° 9,88 0,9 0,7+0,1

Nitrited 27,72+ 1,3° 140,14 +23,5° 176,50 + 78,9° 1.89+£2.,5
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Oxidized 10,28 + 1,1° 62,98 £ 13,0° 95,86 +21,8° 0.67+0.6

Different letters (p<0,001).

The result of the ratio between the peak height (Rp) and the maximum height of the
roughness profile (Rz) establishes the shape of the peaks. This variation in the roughness
profile of the surfaces modulates the mechanotransduction (intracellular signals) of the cell,
which directly implies its physiology and the success of the implant (20,21). Thus, the surface
profile will be pointed if the product of Rp/Rz is > 0.5, and rounded when the Rp/Rz ratio
15<0.5 (22). Plasma nitriding formed a roughness profile with more pointed peaks (1.89 + 2.5;
p> 0.05) in relation to the oxidized surface (0.67 + 0.6; p> 0.05) (Table 1). This increase in
the Rp/Rz ratio by nitriding on titanium surfaces elevated platelet activation (23). Therefore,
the presence of more rounded peaks produced by the oxidized surface favors the
hemointegration of this surface.

Cell adhesion may be related to other physical properties of the surface, such as
hydrophilicity (18). The oxidized surface is hydrophilic, since it presented a lower contact
angle (65°) when compared to the nitrided surface (75°). According to Ponsonnet et
al.(24),titanium surfaces that have contact angles between 50° and 65° have less roughness,
better adhesion and proliferation of fibroblasts. In addition, the increase in hydrophilicity after
titanium treatment by atmospheric plasma increased adhesion and positively implicated in the
migration and proliferation of human umbilical cord vein endothelial cells (HUVEC) (25),
since a hydrophilic surface favors the adsorption of proteins leading to an improvement in the
hemocompatibility of this material (26).

Endothelial cells adhered after 4h on all surfaces, however with a distinct cell format
(Figure 3). The shape factor in the polished titanium (0.23 £ 0.38, p> 0.05) and on the TiO,
surface (0.08 + 0.04; p> 0.05) indicates that there is a predominance of adhered cells with
irregular and starred morphology, marked by prolongations which aid in cell recruitment and
proliferation on the surface (Figure 3A-B’). In TiN,, the form factor coefficient (0.42 £+ 0.7;
p> 0.05) implies cells with an elliptical shape, but with few extensions (Figure 3C-C).
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SEM HV: 10.0 kV WD: 9.32 mm

SEM MAG: 4.11 kx_| 10 ym

Figure 3-Scanning electron microscopy of Ea.hy926 cells grown on polished and plasma-
treated titanium disc. (A) Ea.hy926 grown on the polished surface with star-like morphology.
(B) Ea.hy926 grown on plasma oxidized titanium surface with star-shaped morphology. (B’)
Emission of the cytoplasmic extensions on TiO,. (C) Ea.hy926 grown on TiN; surface with

elliptic morphology. (C’) Details of the anchoring on plasma nitrided titanium.

The cell adhesion process to the surface is crucial and acts directly in the cell growth,
migration and differentiation processes (25). In our study, the TiO, surface significantly
increased the proliferation of viable cells 24h after treatment (1.75x10° + 3.0x10* cells; p
<0.05) when compared to TiN; surface (1.23x10° + 2.3x10* cells, p <0.05) (Figure 4). Human
umbilical vein endothelial cells (HUVEC) also showed better adhesion and proliferation
results on low roughness TiO; surfaces (27). Furthermore, the study by Vitoriano et al. (2017)
also suggest that the absence of nitrogen-containing titanium, consisting solely of argon and
hydrogen, exhibits antithrombocytopenic activity. This condition is essential for producing a

good intravascular implant.
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Figure 4 -Cell viability by MTT after 24 hours of culture in contact with polished, oxidized
and nitrided disc. Different letters (p<0.05).

Conclusion

In spite of using the same concentrations, the different gases modified the surface and
influenced the human endothelial cells in a different way. The use of plasma under an oxygen
atmosphere improved the physical and functional properties of titanium by improving the
endothelialization process. On the other hand, nitriding produced a surface with nanoscale
roughness, which although does not have toxic effects on the endothelial cells, can offer better

results in the osseointegration process.
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CONSIDERACOES FINAIS

O desenvolvimento de dispositivos intravasculares requer a utilizacdo de
biomaterais metalicos biocompativeis reduzindo os riscos de rejeicdo, oxidacdo e na
promog¢ao morfofuncional do endotélio vascular. Para tanto sdo necessarios pesquisas in vitro
para compreender os mecanismos celulares (em modelo animal e humano). Esses modelos
auxiliam na visualizacdo dos mecanismos utilizados para adaptacdo em superficies metalica
de contato, ja que ndo € possivel no ambiente in vivo. Mediante os resultados ¢ possivel
realizar o planejamento dos testes pré-clinicos em animais cuja resposta se assemelha aos
humanos, bem como reduzir o numero de animais e os custos, de forma segura e significativa.
Logo, nossa pesquisa confirmou que as células endoteliais humanas da linhagem (Ea.hy926)
apresentou resposta semelhante as células endoteliais da aorta do coelho (RAEC) sobre as
superficies tratadas de titdnio. Dessa forma, o coelho pode ser considerado um modelo seguro
para testes in vivo das superficies produzidas.

A producdo das superficies metéalicas nitretada (titdnio e aco inoxidavel) e
oxidada (titanio) com rugosidade nanométrica foi caracterizada e apresentou aumento da
molhabilidade apds o tratamento a plasma, o que promoveu melhor adsor¢do das proteinas e
posterior adesdo. Todas as superficies conseguiram incorporar o nitrogénio e oxigénio,
respectivamente, em sua composi¢do quimica de maneira uniforme e segura. Os perfis de
rugosidade da superficie nitretada foram distintos das superficies oxidadas. A nitretagdo
forma maior quantidade de picos com distribui¢do homogénea. Ja a oxidacao formou menor
rugosidade, e conseguentemente, menor quantidade de picos. Essas propriedades em cada
material influnciaram as respostas a nivel celular.

As células endoteliais da aorta do coelho e humana apresentaram morfologia,
adesdo e viabilidade celular semelhante quando cultivadas sobre as superficies de titanio
nitretadas e oxidadas. Assim como, em ambas as linhagens foram obtidas os melhores
resultados sobre a superficie de titanio oxidada, por isso recomendam-se a utilizacdo desse
tratamento para o desenvolvimento de stents. Ja as superficies titanio nitretada nessa condi¢ao
de plasma por possuir uma distribuicdo de picos mais homogénia favoreca a osseointegracgao,
sendo por tanto utilizada com outra finalidade. Contudo, a utilizagdo de nitretagdo a plasma
em ac¢o inoxidavel a 450°C ndo promoveu a oxidacdo desse material. Essa resposta foi
favoravel e implicou em aumento significativo da viabilidade das RAEC. Esse trabalho
demonstrou que a condi¢do da nitretagdo de plasma em catodo planar pode variar conforme o

material utilizado. Além disso, foi possivel estabelecer que as células endoteliais da aorta do



96

coelho podem ser utilizadas como modelo seguro para teste de biocompatiblidade de
superficies metalicas tratadas a plasma. J4 que a RAEC possue a resposta morfofuncional
semelhante as das células endoteliais humanas sobre as superficies.

Os tratamentos a plasma utilizados nesse trabalho aumentaram o potencial
biocompativel das superficies. Para compreender como essa resposta aconteceu foi realizada
a caracterizacdo da viscoelasticidade nuclear e da periferia das células endoteliais (RAEC) das
sobre as superficies metalicas de titdnio tratadas a plasma. O aumento da rigidez da periferia
celular quando em contato com superficie nitretada, possivelmente induziu a producao de
matriz celular para aumentar a adesdo e induzir a proliferacdo. Esses resultados implicam na
reducdo da viabilidade celular quando comparada ao obtido com as superficis oxidadas. Na
superficie oxidada a reducao dos picos, favoreceu redugdo da rididez da periferia celular sobre
a superficie, o que facilitou a adesdo e o aumento da viabilidade celular. Dessa forma, esse
método corrobora com os achados anteriores para essas células sobre a superficie, e pode ser
um método inovador para visualizar o comportamento celular e auxiliar na caraterizacdo dos
biomateriais.

Assim, esse trabalho apds avaliar a morfologia, adesdo, proliferacio e
comunica¢do de células endoteliais humanas e da aorta de coelhos cultivadas em superficies
metalicas modificadas a plasma, recomenda a utilizacdo de titanio oxidado e ago inoxidavel
nitretado para o desenvolvimento, posterior de ensaios in vivo no modelo de coelho para
dispositivos intravasculares. Além disso, apds analise dos resultados ¢ indicada a realizagdo
de testes in vitro com as superficies de titanio nitretada, nesta condi¢do de plasma, com

células osteoblasticas.
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