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RESUMO

A incorporagao de nanocristais na estrutura molecular de biovidros € inovador, o que
possibilita a intensificagdo de diversas propriedades fisicas, quimicas e bioldgicas.
Essas propriedades precisam ser melhor caracterizadas nas diversas aplicagdes
clinicas. Logo, nosso grupo de pesquisa desenvolveu um novo método de sintese,
com a incorporagao nanocristais de Didxido de Titanio (TiO2) na estrutura molecular
de biovidros, no sistema vitreo SNCP (SiO2-Na20-CaO-P20s). O estudo foi
delineando com a finalidade de iniciar o processo de analise do potencial de
aplicacao clinica desses novos biocompostos. Portanto, o objetivo do estudo foi
avaliar a citotoxidade e imunomodulagdo de novos biovidros nanoestruturados com
TiO2, por meio da viabilidade em células sanguineas humanas (PBMC), dosagem de
citocinas e ensaio de sobrevivéncia em larvas de Galleria mellonella. Os resultados
indicam que os tratamentos com biovidro puro e nanoestruturado levam ao aumento
da secrecao de IFN-y, IL-13 e IL-6 pelas células mononucleares do sangue periférico
(PBMCs), enquanto a secre¢do de TNF-a é reduzida. Ensaios de citotoxicidade
revelaram que o biovidro puro e o biovidro nanoestruturado contendo 10% de titanio
(Ti) exibiram menor citotoxicidade em comparagcédo com formulagdes contendo 20%
e 30% de Ti em PBMCs. No entanto, experiéncias in vivo utilizando o modelo de
larvas de Galleria mellonella demonstraram auséncia de toxicidade mesmo em
concentragbes mais elevadas (100 ug/larvas). Essas descobertas sugerem que a
incorporagdo de TiO2 no biovidro SNCP pode melhorar suas propriedades

bioldgicas.

Palavras-chave: Biovidro nanoestruturado Citotoxicidade, nanotecnologia, Galleria
mellonella.



ABSTRACT

The incorporation of nanocrystals into the molecular structure of bioglasses is
innovative, which allows the intensification of various physical, chemical and
biological properties. These properties need to be better characterized in various
clinical applications. Therefore, our research group developed a new synthesis
method, with the incorporation of Titanium Dioxide (TiO2) nanocrystals into the
molecular structure of bioglasses, in the SNCP glass system (SiO2-Na20-CaO-P20s5).
The study was designed with the aim of starting the process of analyzing the
potential clinical application of these new biocompounds. Therefore, the objective of
the study was to evaluate the cytotoxicity and immunomodulation of new
nanostructured bioglasses with TiO2, through viability in human blood cells (PBMC),
cytokine measurement and survival assay in Galleria mellonella larvae. The results
indicate that pure and nanostructured bioglass treatments lead to increased secretion
of IFN-y, IL-18, and IL-6 by peripheral blood mononuclear cells (PBMCs), while TNF-
a secretion is reduced. Cytotoxicity assays revealed that pure bioglass and
nanostructured bioglass containing 10% titanium (Ti) exhibited lower cytotoxicity
compared to formulations containing 20%, and 30% Ti in PBMCs. However, in vivo
experiments using the Galleria mellonella larvae model demonstrated no toxicity
even at higher concentrations (100 pg/larvae). These findings suggest that
incorporating TiO2 into SNCP bioglass can improve its biological properties.

Key words: Nanostructured bioglass Cytotoxicity, nanotechnology, Galleria
mellonella
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1 INTRODUGAO

Nas ultimas décadas, houve enormes avangos na area de engenharia de
materiais, em especial relacionados a saude humana. Entretanto, antes de ser
implantado no organismo, um biomaterial deve atender a varios pré-requisitos de
biocompatibilidade, ou seja, deve apresentar acao terapéutica, sem causar efeitos
locais ou sistémicos indesejados (Marin et al., 2020). Logo, espera-se que ocorra
uma resposta celular ou tecidual mais benéfica possivel, em vista a otimizar a
atividade terapéutica (Costa et al., 2023).

O desenvolvimento de biomateriais € um processo complexo por envolver
ampla probabilidades de aplicacbes na area de saude, seja na engenharia de
tecidos e/ou medicina regenerativa (Xue et al., 2022). Principalmente, nas lesdes
com grande perda da integridade, em que é notada limitada capacidade de
reparagao, em decorréncia da destruicdo da matriz extracelular (Kopec, 2022).

Nesse contexto, hd uma crescente demanda de substitutos 6sseos, em
decorréncia do aumento da incidéncia cada vez maior de traumas, defeitos
congénitos e doengas degenerativas (Xie et al., 2020), mas até o momento n&o ha
um biomaterial ideal, que substitua adequadamente o tecido dsseo.

Contudo, muitos estudos osteogénicos classicos tém concentrado seus
esforcos no desenvolvimento de biomateriais para o preenchimento do defeito
0sseo, atendo-se apenas aos principios quimicos, fisicos e mecanicos. No entanto,
essa abordagem ignora o fato de que o reparo do defeito ésseo € um processo
fisiolégico dindmico, que envolve um intenso processo imunoinflamatério, com a
participacdo de uma ampla variedade de células e citocinas pr6 e anti-inflamatdérias
(Nascimento, 2022; Pajarinen et al., 2019).

1.1 Substitutos Osseos

Indmeros substitutos 6sseos veem sendo desenvolvimentos, mas até o
momento ndo ha um biomaterial ideal, que cumpra adequadamente todos os
requisitos. Nas ultimas décadas, houve consideravel aumento no desenvolvimento
de novos biomateriais e de estudos delineados com objetivo de determinar o
potencial clinico desses novos biocompostos. Em destaque, aqueles com potencial
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de aplicagédo clinica no processo de cicatrizacdo ossea (Limmer & Wirtz, 2017;
Minardi et al., 2016; Xie et al., 2020, Xue et al., 2022).

Nesse sentido, um substituto 6sseo ideal deve nao apenas preencher o
defeito 6sseo, mas atuar efetivamente no processo de regeneragdo 6sseo, em que
deve haver gradual bioabsorgdo, com presengca de neoformacdo e completa
reparagao da lesdo (Ambrosio et al., 2021; Suwardi et al., 2022).

O biomaterial ideal deve promover uma resposta celular ou tecidual mais
benéfica possivel, em vista a otimizar a atividade terapéutica (Marin et al., 2020).
Logo, espera-se que apds a sua implantagido, ocorra uma interagéao entre o sistema
imunologico e o biomaterial implantado, resultando em uma resposta celular
inespecifica ao biomaterial SNCP TiO2 (Limmer & Wirtz, 2017).

De maneira que, ainda nao existe um material que atenda a todos os
requisitos desejados, apesar do grande numero de materiais organicos e sintéticos
capazes de substituir o tecido 6sseo ou estimular a osteogénese reparadora (Marin
et al., 2020; Szczesny et al., 2022).

1.2 Nanobiomateriais

Na atualidade, novos materiais em escala nanométrica tém sido
desenvolvidos em vista a aplicagdo na area médico-odontolégica. Desse modo, ha
relatos em que esses biomateriais tém a capacidade de substituir com precisdo a
composicao e a arquitetura do osso, permitindo a recapitulacdo de caracteristicas
cruciais de seu meio bioquimico (Minardi et al., 2016).

Os biomaterias apresentam capacidade aprimorada de modulacéo de células
do sistema imunolégico (Cheng et al., 2023). Assim, apesar de haver escassos
relatos na literatura, essas novas nanotecnologias tem demonstrado resultados
promissores, em vista ao processo de reparagao 6sseo (Kim et al., 2020; Minardi et
al., 2016; Xie et al., 2020; Xue et al., 2022).

1.3 Osteoimunologia

A osteoimunologia se dedica a entender a interagdo entre o sistema

imunologico e o tecido 6sseo. Ha inumeras relatos de proteinas funcionais,
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moléculas de sinalizagao e citocinas com atuagao de forma sincrona em eventos e
vias de sinalizacdo imune, que estdo intimamente relacionadas com a formacao
ossea (Arron & Choi, 2000; Kim et al., 2020).

Nessa perspectiva, a imunomodulacdo induzida por biomateriais pode
repercutir no processo de crescimento e maturacado do tecido 6ssea, durante a fase
de reparo e remodelacao (Lorenzo et al., 2008; Takayanagi, 2005).

As maiores contribuicbes relacionam-se aos avancos e descobertas dos
mecanismos de modulagcdo de resposta imunoinflamatéria, em especial aquelas
atribuidas a interagcdo de biomateriais com os sistemas bioldgicos. (Takayanagi,
2007).

Assim, as células imunes desempenham um papel importante tanto na
fisiologia 6ssea, como em caso de doengas, produzindo substancias quimicas
reguladoras, que influenciam na osteogénese. As células imunolégicas mais
importantes sdo os macrofagos (Lorenzo et al., 2008), pois desempenham papel
crucial nas reagdes imunoinflamatorias de longo prazo, induzidas mediante a
implantacdo dos biomateriais.

Os macréfagos que respondem a detritos de células mortas, bem como a
infeccbes externas, sdo importantes células fagocitarias (Lorenzo et al., 2008;
Takayanagi, 2005), que apresentam alta plasticidade intrinseca e atividade de
polarizagéo flexivel nos subtipos M1 e M2. Esses dois subtipos de macrofagos sao
classicamente diferenciados com base em varias propriedades funcionais,
marcadores de superficie e indutores (Xue et al., 2018).

Nesse contexto, o remodelamento 6sseo € um processo fisiologico natural
ajustado por ciclos continuos de reabsorcdo e formagdo oéssea, denominado
turnover 6sseo, que depende de uma intrincada interagdo entre osteoblastos e
osteoclastos (Baht et al., 2023; Xue et al., 2018).

Nesse processo, a IL-6 surge como um mediador inflamatorio que exerce a
sua influéncia na ativacdo dos osteoclastos, tendo atuagdo na reabsorcao éssea.
Em cenarios inflamatdrios, niveis elevados de IL-6 podem aumentar a atividade dos
osteoclastos, potencialmente levando a perda dssea excessiva (Hotchkiss et al.,
2016; Mariani et al., 2019; Yan et al., 2020).

O TNF-a é um mediador inflamatério, que desempenha um papel fundamental

na condugao da ativacdo dos osteoclastos. Promove a diferenciacdo de células
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precursoras em osteoclastos ativos e aumenta a atividade de reabsor¢cdo 6ssea
(Mariani et al., 2019; Yan et al., 2020).

Entretanto, o IFN-y € uma citocina pro-inflamatéria, que tem o potencial de
impactar diretamente na atividade dos osteoclastos, regulando a expressédo de
moléculas, que influenciam efetivamente na sua funcéo. Ha relatos da sua interacéo
com outros mediadores e células do sistema imunoldgico, que interferem no turnover
0sseo, em cenarios inflamatérios, ou seja, no equilibrio entre a formacédo e a
reabsorgcéo ossea (Laquerriere et al., 2003; Mariani et al., 2019; Yan et al., 2020;
Xue et al., 2018).

Os osteoblastos sao células responsaveis pela formagao da matriz 6ssea, sao
encarregados de sintetizar citocinas e fatores de crescimento, que regulam a
atividade e a funcao dos osteoclastos. Dentre esses, o ativador do receptor do
ligante Kappa B do fator nuclear (RANKL) e o fator estimulador de colbnias de
macrofagos (M-CSF), desempenham papéis fundamentais na indugdo da
osteoclastogénese. Logo, em seu papel de modular a resposta imune, os
osteoblastos interagem com as citocinas anti-inflamatérias IL-4 e IL-10. Logo, essas
citocinas estimulam a diferenciacdo e a atividade dos osteoblastos, promovendo
assim a génese de tecido 6sseo recém formado, atuando no equilibrio entre a

formacgao e a reabsorgéo 6ssea (Gao et al., 2018; Yan et al., 2020).

1.4 Biovidros

Apés a implantagdo de um biomaterial, ocorre sua alteragdo no
microambiente, que como apresentado anteriormente, pode modular a resposta
imunoinflamatoria local (Zhao et al., 2020). Essa modulagdo ocorre em decorréncia
da interacido do biomaterial com o tecido, resultando em alteracdo da composicéo
quimica (ions metalicos, proteinas e biocompostos) e das propriedades fisicas
(tamanho das particulas, porosidade, tamanho dos poros e topologia) dos
biomateriais (Wang, 2019).

Desse modo, surge uma nova classe de materiais bioativos, como os
biovidros ativos, que apresentam ampla biocompatibidade e versatilidade,
relacionado ao processo de reparagdo e regeneragao tecidual (Ma et al., 2017).
Esses apresentam semelhancga estrutural com o tecido natural, em especial com o

tecido 6sseo (Catteaux et al., 2023).
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Assim, os biovidros ndo s apresentam enorme biocompatibilidade, mas
também estabelecem fortes conexdes com os tecidos, devido a sua propriedade de
reacao quimica nos fluidos corporais. Logo, esse biomaterial implantado no tecido
O0sseo atribui capacidade unica de induzir a formagcdo de uma camada de
hidroxipatita, que € um importante constituinte da matriz 6ssea (Nascimento, 2022).

De tal modo que o biovidro surge como um promissor candidato a atuar como
protagonista no processo de cicatrizagdo de defeitos dsseos e fraturas complexas,
tendo como base estudos de biocompatibilidade e osteocondutividade (Al-Maawi et
al., 2017; Moghanian et al., 2018; Xue et al., 2018., Kappaun et al., 2023).

Contudo, a incorporagao de nanocristais na estrutura molecular de biovidros &
inovador, o que possibilita a intensificacdo de diversas propriedades fisicas,
quimicas e bioldgicas, as quais precisam ser melhor caracterizadas nas diversas
aplicagbes clinicas. Nessa perspectiva, nosso grupo de pesquisa desenvolveu um
novo método de sintese, com a incorporagao nanocristais de Didxido de Titanio
(TiO2) na estrutura molecular de biovidros, no sistema vitreo SNCP (SiO2-Naz20-
CaO-P20s).

Desse modo, em vista a iniciar o processo de caracterizacdo do potencial de
aplicacéo clinica desses novos biocompostos, o objetivo do estudo foi avaliar a
citotoxidade e imunomodulacdo de novos biovidros nanoestruturados com TiOz2, por
meio da viabilidade em células sanguineas humanas (PBMC), dosagem de citocinas

e ensaio de sobrevivéncia em larvas de Galleria mellonella.
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2 JUSTIFICATIVA

Apesar da enorme variedade de materiais organicos e sintéticos capazes de
substituir o tecido 6sseo ou estimular a osteogénese reparacional, ainda n&o ha no
mercado um material que atenda a todos os requisitos desejados. Assim, o biovidro
representa uma inovagao promissora na area de biomateriais, trazendo consigo uma
fusao fascinante entre a ciéncia dos materiais e as aplicagdes bioldgicas.

Nessa perspectiva, a inovagao estd relacionada a incorporacdo de
nanocristais de dioxido de titdnio na estrutura molecular do biovidro, tornando
imprescindivel a realizacdo de novos estudos relacionado ao desenvolvimento de
novos biovidros nanoestruturados e das analises das propriedades bioldgicas, em

vista a determinar o potencial e seguranca clinica desses novos biocompostos.
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3 HIPOTESE

A hipotese do estudo é que os nanocristais de ions titanio presentes na
estrutura molecular dos biovidros, venha atuar positivamente, possibilitando a
intensificagdo de diversas propriedades fisicas, quimicas e biolégicas, as quais

precisam ser melhor caracterizadas.
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4 OBJETIVOS

41 OBJETIVO GERAL

Avaliar a citotoxidade e imunomodulacdo de novos biovidros
nanoestruturados com TiO2, por meio da viabilidade em células sanguineas
humanas (PBMC), dosagem de citocinas e ensaio de sobrevivéncia em larvas de

Galleria mellonella.

4.2 OBJETIVOS ESPECIFICOS

— Avaliar in vitro a citotoxidade de novos biovidros puro (Ti 0,00%) e
nanoestruturados com TiO2 (Ti 10,0%; Ti 20,0%; Ti 30,0%), por meio da
analise de viabilidade em células sanguineas humanas (PBMC);

— Analisar in vitro a capacidade de imunomodulag&o de novos biovidros puro (Ti
0,00%) e nanoestruturados com TiOz2 (Ti 10,0%; Ti 20,0%; Ti 30,0%), com
base na concentrag&o de citocinas Proé-inflamatdrias (IL-1p, IL-6, TNF-a, IFN-

v) e anti-inflamatorias (IL-4, IL-10).

— Avaliar in vivo a biocompatibilidade desses novos biovidros puro (Ti 0,00%) e
nanoestruturados com TiO2 (Ti 10,0%; Ti 20,0%; Ti 30,0%), por meio de

ensaio de sobrevivéncia em larvas de Galleria mellonella.
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5 MATERIAS E METODOS

5.1 Ensaio in vitro de biocompatibilidade em células humanas do sangue
periférico

Os ensaios in vitro realizados em células humanas do sangue periférico, as
células mononucleares (PBMCs) foram derivadas de células destinadas ao descarte
de individuos saudaveis inscritos em estudos aprovados pelo comité de ética da
Universidade Federal do Tridangulo Mineiro (UFTM) sob os protocolos 852 e 1475.

As PBMCs foram coletadas e isoladas a partir de sangue total por gradiente
de densidade Ficoll Histopaque (Sigma-Aldrich), seguindo as instrugbes do
fabricante (Figura 1).

ENSAIO IN FITRQ DE BIOCOMPATIBILIDADE EM CELULAS HUMANAS DO SANGUE PERIFERICO
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Figura 1. Representagdo esquematica do ensaio in vitro de biocompatibilidade em células
humanas do sangue periférico

Na sequéncia, as células foram ressuspendidas em meio de cultura RPMI
1640 (Gibco, Life Technologies) suplementado com 10% de soro fetal bovino (Gibco,
Life Technologies), 100 U/mL de penicilina e 100 ug/mL de estreptomicina (Gibco,
Life Technologies), e cultivadas em placas de cultura de 96 pogos (Corning) com

1x10% células por poco. As células foram incubadas a 37°C em uma atmosfera de
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5% de COz2. Os biovidros nanoestrurados com TiO2 (10, 20 e 30 %), foram
adicionados as células em cada pogco em diferentes concentragdes: 100, 50 e 25
ug/mL. As células foram incubadas a 37°C em uma atmosfera de 5% de CO:2 por 24
horas. Para testar a viabilidade celular, o ensaio de redu¢do do MTT (3-(4,5-
Dimethylthiazol-2-yl) -2,5-Diphenyltetrazolium Bromide - Sigma-Aldrich) foi realizado
seguindo instrucbes do fabricante. Apds o tratamento com os biovidros
nanoestruturados as células foram incubadas em 10 pl de MTT por 4 horas. Apos
incubacdo, adicionou-se a solucdo de solubilizacdo dos cristais formados e a
absorbancia determinada nos comprimentos de onde de 540 e 690 nm. Os
resultados foram expressos como porcentagem de viabilidade em comparagdo com

grupos nao-tratados (Figura 2).
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Os resultados foram expressos como porcentagem de viabilidade em comparagio com grupos nio-tratados.

Figura 2: Representacdo esquematica do teste de viabilidade — Ensaio de redugcéo do MTT.

5.2 Quantificagao de Citocinas

As concentragdes de citocinas (IFN-y, TNF-a, IL-13, IL-4, IL-6 e IL-10) foram
determinados por ELISA usando os sobrenadantes da cultura celular, como
anteriormente descrito. Kits BD ELISA OptEIA® especificos para cada citocina foram
usados, seguindo recomendagdes especificadas pelo fabricante. Os resultados
foram obtidos usando o EnSpire® Espectrofotdmetro leitor de placas multimodo em

um comprimento de onda de 460 a 540 nm (Figura 3).
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QUANTIFICACAO DE CITOCINAS
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Figura 3: Representacdo esquematica do processo de quantificagdo de citocinas

5.3 Ensaio de Sobrevivéncia em Larvas de Galleria mellonella

Foram utilizadas larvas de Galleria mellonella no ultimo instar que néao
apresentaram melanizacdo ou qualquer sinal de contaminagao. O peso dos animais
utilizados foi de 0,2 a 0,3 gramas. Para a curva de sobrevivéncia, 10 ul das
suspensdes contendo os biovidros diluidos (100 pg/larva) em PBS + 10% de DMSO
foram inoculados na ultima pré-leg da esquerda do animal com auxilio de seringa de
Hemilton. O grupo controle recebeu apenas indculo com PBS + 10% de DMSO. A
sobrevivéncia dos animais foi determinada em intervalos de 12 horas durante 10
dias. Foram considerados mortos, animais que nao responderam a estimulo
mecanico e apresentaram forte melanizagdo. Foram utilizados grupos de 10 animais
por composto. Todos os experimentos foram repetidos ao menos trés vezes. Os
dados de sobrevivéncia foram apresentados em curva de Kaplan-Meier e as
analises estatisticas realizadas por teste de Log-rank e de Gehan-Breslow-Wilcoxon
(Figura 4).
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ENSAIO DE SOBREVIVENCIA EM LARVAS DE Galleria mellonella
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A sobrevivéncia dos animais foi determinada em intervalos de 12 horas durante 10 dias. Foram considerados mortos,
animais que ndo responderam a estimulo mecénico e apresentaram forte melanizagéo. Foram utilizados grupos de
10 animais por composto.

Todos os experimentos foram repetidos ao menos trés vezes.
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Figura 4: Representagdo esquematica do ensaio de sobrevivéncia em larvas de Galleria

mellonella.

5.4 Analise Estatistica

As analises estatisticas foram realizadas usando o software GraphPad Prism
(versao 8.1, GraphPad Software Inc., San Diego, CA, EUA). Os dados paramétricos
foram submetidos a analise de variancia (ANOVA) seguida pelo teste de Tukey. O
nivel de significancia adotado foi de 5% (p < 0,05) e os dados foram apresentados
meédia * erro padrdo. Os dados de sobrevivéncia foram apresentados como curvas
de Kaplan-Meier e as analises estatisticas foram realizadas usando os testes Log-

rank e Gehan-Breslow-Wilcoxon.
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6 APENDICE A - ARTIGO SUBMMETIDO

NANOSTRUCTURED BIOGLASS WITH TiO2 NANOPARTICLES: ASSESSING
BIOCOMPATIBILITY AND IMMUNOMODULATION

ABSTRACT

Bioglass doped with metallic ions enhances its stability and may correlate with
improved outcomes in orthopedic applications and broader implications for human
health. Concurrently, TiO2 nanoparticles have been widely utilized in the medical field
and everyday human products. This study evaluates the immunomodulatory capacity
through cytokine production and the in vivo and in vitro toxicity of pure bioglass
(SNCP) and nanostructured SNCP with TiO2 at concentrations of 10%, 20%, and
30%. Our results indicate that treatments with both pure and nanostructured bioglass
(SNCP) lead to increased secretion of IFN-y, IL-1B, and IL-6 by peripheral blood
mononuclear cells (PBMCs), while TNF-a secretion is reduced. Cytotoxicity assays
revealed that pure bioglass (SNCP) and nanostructured bioglass (SNCP) containing
10% titanium (Ti) exhibited lower cytotoxicity compared to formulations containing
20% and 30% TiO2 in PBMCs. However, in vivo experiments using the Galleria
mellonella larvae model demonstrated an absence of toxicity even at higher
concentrations the bioglass SNCP (100 ug/larvae). These findings suggest that the

incorporation of TiOz into bioglass (SNCP) may enhance its biological properties.

Keywords: Cytotoxicity, nanotechnology, bone regeneration, Galleria mellonella.
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INTRODUCTION

Since the pioneering synthesis of bioceramics by Larry Hench in 1969 and the
subsequent formulation of bioglass, the research and applications of these materials
have expanded exponentially (Placek et al. 2016). Among the primary and most
promising applications of these biomaterials is their use in orthopedics (Hench 2006,
Jones 2013). In the orthopedic field, these applications include the production of
biomaterials, such as biopolymers, for the filling and reconstruction of bone lesions
and defects, as well as for the coating of orthopedic implants. These strategies aim to
advance bone tissue engineering effectively (Casaletto et al. 2001). The use of
bioglass, either as particulates or pastes, in combination with various compounds,
has been extensively studied in contexts such as polyalkenoate-based cements for
bone regeneration (Wren et al. 2011a, Wren et al. 2008) and glass-ceramic scaffolds
(Chen et al. 2006, Haimi et al. 2009). Beyond orthopedic applications, bioglass
microspheres have shown potential efficacy in cancer treatment (Anderson et al.
1992, Bortot et al. 2012).

The biological effects of bioglass involve its ability to bond with bone areas
undergoing regeneration through the formation of a hydroxyapatite layer (Bargavi et
al. 2018). Interaction of bioglass with the host environment facilitates the dissolution
of the glass surface and ionic exchange, primarily through the presence of Ca2+ ions
(Kokubo et al. 2003, Kokubo and Takadama 2006). Cations like Ca2+ play a crucial
role in the structural integrity of the network, directly influencing the resistance and
bioproperties of the bioglass. These molecules affect ion release and pH levels,
which are closely tied to the efficacy and action of the bioglass (Wren et al. 2011b,
Calas et al. 2002). The interaction of calcium ions with hydroxyapatite results in the
formation of calcium hydroxyapatite, leading to the release of calcium phosphate.
This compound interacts with adjacent proteins, creating an environment conducive
to bone cell attachment and proliferation (Bargavi et al. 2018). These processes
stimulate osteogenesis and subsequent bone tissue regeneration (Hench 2006,
Jones 2013). Furthermore, silicate-based bioglass has demonstrated the ability to
induce angiogenesis and upregulate genes associated with osteoblast regeneration
(Hoppe et al. 2011, Hench 2009).

Although the interaction of bioglass with bone cells and its role in promoting
bone regeneration have been previously reported, the integration of bioglass with

platforms providing stability is often necessary (Bargavi et al. 2018, Fang et al. 2012).
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In this context, combining bioglass with metallic compounds may enhance the
efficiency of bioglass for applications in human health (Bargavi et al. 2018, Placek et
al. 2016).

Titanium dioxide (TiOz2) exhibits strong chemical inertness and is widely used
in various products for daily human use (cosmetics, food, paper, plastics, etc.) due to
its safety characteristics (Fries and Simko 2012, Skocaj et al. 2011). TiO2
nanoparticles (NPs) demonstrate superior refractive index, conductivity, permeability,
reactivity, photocatalytic activity, and lower transmittance compared to larger particles
(Shi et al. 2022). These attractive properties position TiO2 NPs as a significant raw
material to produce basic hygiene products, such as toothpaste, and in the
pharmaceutical industry as drug carriers or in light-driven treatments (Ziental et al.
2020). However, the increased mass-to-volume ratio of TiO2 NPs may enhance their
toxicity and impact their biocompatibility (Wang et al. 2007, Ze et al. 2016).

The incorporation of TiO2z into the bioglass structure enhances the material's
mechanical strength without compromising biocompatibility (5-6). Doping silicate
bioglass with TiO2 (25-30% wt %) results in network modification of the glass,
increasing the number of non-bridging oxygen species (Wren et al. 2011a,
Kaviyarasu et al. 2017). The interaction between the glass and TiO2 also improves
osteoblast viability and enhances the surface's amenability to cell adhesion (Placek
et al. 2016). Given the positive interaction between bioglass and TiOz, this study aims
to evaluate the biocompatibility of TiO2 NP-doped nanostructured bioglass and

assess the immunomodulatory capacity of these compounds.

MATERIAL AND METHODS
Cytotoxicity in vitro in Human Peripheral Blood Cells (PBMCs)

For the in vitro assays conducted on human peripheral blood cells, peripheral
blood mononuclear cells (PBMCs) were collected and isolated from whole blood
using a Ficoll-Hypaque density gradient (Sigma-Aldrich), according to the
manufacturer's instructions. Subsequently, the cells were resuspended in RPMI 1640
culture medium (Gibco, Life Technologies) supplemented with 10% fetal bovine
serum (Gibco, Life Technologies), 100 U/mL penicillin, and 100 ug/mL streptomycin

(Gibco, Life Technologies), and cultured in 96-well culture plates (Corning) at a
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density of 1x108 cells per well. The cells were incubated at 37°C in a 5% CO:
atmosphere.

The pure bioglass (SNCP) and TiO2 nanostructured bioactive glass (10, 20
and 30 % wt of TiOz2) at the final concentrations of 100, 50 and 25 pg/mL were added
to the cells in each well. The cells were incubated at 37°C in a 5% CO2 atmosphere
for 24 hours. To assess cell viability, the MTT reduction assay (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide - Sigma-Aldrich) was
performed following the manufacturer's instructions (Sigma). After treatment with the
compounds, the cells were incubated with [10 p] (10, 20 and 30% of TiO2 ) (of MTT
for 4 hours. Post-incubation, the solution for dissolving the formed crystals was
added, and the absorbance was measured at wavelengths of 540 and 690 nm. The
results were expressed as a percentage of viability compared to untreated control
groups. All assays were performed in triplicate at three times.

The PBMCs used were derived from cells designated for disposal from healthy
individuals enrolled in studies approved by the ethics committee of the Federal

University of the Triangulo Mineiro (UFTM) under protocols numbered 852 and 1475.

Cytokine Quantification

The concentrations of cytokines (IFN-y, TNF-a, IL-1B, IL-4, IL-6, and IL-10)
were determined by ELISA method using the cell culture supernatants, as previously
described. Specific BD ELISA OptEIA® kits for each cytokine were used, following
the test recommendations specified by the manufacturer. The results were obtained
using the EnSpire® Multimode Plate Reader at a wavelength range of 460 to 540

nm.

Survival Assay in Galleria mellonella Larvae

Galleria mellonella larvae in the final instar, which showed no melanization or
any signs of contamination, were used. The weight of the animals used ranged from
0.2 to 0.3 grams. For the survival curve, 10 pl of the suspensions containing the
diluted bioactive glass (10, 20 and 30% of TiO2 - 100 pg/larva) in PBS + 10% DMSO
were inoculated into the last left pro-leg of the animal using a Hamilton syringe. The
control group received only inoculum with PBS + 10% DMSO. The survival of the

animals was determined at 12-hour intervals over 10 days. Animals that did not
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respond to mechanical stimuli and showed strong melanization were considered
dead. Groups of 10 animals per compound were used. All experiments were
repeated at least three times.

Statistical analysis

The statistical analyses were performed using the GraphPad Prism software
(version 8.1, GraphPad Software Inc., San Diego, CA, USA). Parametric data were
subjected to two-way analysis of variance (ANOVA) followed by the Tukey test to
means comparison. We adopted the significance level of 5%, and the data are shown
as mean * standard error of the mean (EPM). Survival data were presented as
Kaplan-Meier curves and statistical analyses were performed using the Log-rank and

Gehan-Breslow-Wilcoxon tests.
RESULTS
Cytotoxicity in vitro in Human Peripheral Blood Cells (PBMCs)

To elucidate the immunomodulatory effects of pure and nanostructured
bioglass, peripheral blood mononuclear cells (PBMCs) were treated with different
concentrations of these compounds. This treatment resulted in an elevation in the
production of pro-inflammatory cytokines (Fig.1). Treatment with pure bioglass
(SNCP) showed stimulation of production of IFN-y at 100 pg/mL and IL-1B. The
biomaterial formulations also led to a significant increase in the secretion of these
cytokines. The data indicate that doping with TiO2 at 20% and 30% stimulates the
production of IFN-y at a concentration of 100 ug/mL. A similar effect was observed

for 20% TiOz2 at a concentration of 50 pg/mL.

The increase of cytokines production was maintained for IL-18 with TiO2 at
10%, 20%, and 30% Ti at 100 ug/mL, as well as with 30% TiO2 at 50 yg/mL. The
production of IL-6 was higher at all concentrations used when compared to the
control (PBMCs without treatment). In the case of TNF-a, a negative modulation was
observed; the higher the concentration of TiO2, the lower the production of TNF-a.
Regarding the anti-inflammatory cytokine IL-10, a reduction in production was
observed after treatment, particularly with SNCP and 10% TiO2 at a concentration of
100 pg/mL and with 10% and 20% TiO2z at concentrations of 50 yg/mL and 25 ug/mL,

respectively.
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Figure 1: Cytokine production of human peripheral blood cells (PBMCs) after treatment with 100, 50
and 25 pg/mL of pure bioglass (Ti 0%) and nanostructured with TiO2 (Ti 10%, Ti 20% and Ti 30%) for

24h. IFN-y (A), IL-1B (B), IL-6 (C), IL-10 (D) and TNF-a (E). Equal letters indicate no statistical
differences (p<0.05).
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Cytotoxicity in vitro in Human Peripheral Blood Cells (PBMCs)

The cytotoxicity assay against peripheral blood mononuclear cells (PBMCs)
revealed that all tested compounds (SNCP and nanostructured SNCP) exhibited
some level of cytotoxicity (5-65%) compared to untreated conditions (Fig. 2).
However, an increased cytotoxicity was observed at higher concentrations of titanium
(20% and 30%) across all tested dilutions (100, 50, and 25 pg/mL). No significant
difference in toxicity was noted between pure SNCP and SNCP doped with 10% Ti

under any of the tested conditions.
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Figure 2: Percentage of cytotoxicity of pure bioglass (Ti 0%) and nanostructured with TiO2 (Ti 10%, Ti
20% and Ti 30%) against human peripheral blood cells (PBMCs) by MTT reduction method. *p<0.05.

Survival Assay in Galleria mellonella Larvae

In vivo toxicity assay was conducted using the survival analysis of the
Galleria mellonella larvae model (Fig. 3). Bioglass doped with 20% Ti resulted in 10%
mortality of the experimental group after 60 hours post-inoculation and 30% mortality
by the end of the experiment, while bioglass doped with 10% Ti resulted in 10%

mortality of the experimental group. Despite the observed larval mortality, there was
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no significant difference in the in vivo toxicity of all tested compounds against the G.

mellonella model under these conditions.
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Figure 3: Keplan-Meier survival curve of Galleria mellonella larvae inoculated with 100 ug of pure
bioglass (Ti 0%) and bioglass nanostructured with TiO2 (Ti 10%, Ti 20% and Ti 30%). Ns indicates
non-significant differences (p<0.05).

DISCUSSION

The efficacy and safety of biomaterials are widely acknowledged for their
ability to influence the inflammatory response and show adequate biocompatibility.
Nanostructured bioglasses with titanium addition demonstrate significant capacity to
regulate inflammatory cytokines, which are crucial for the initial immune response
following the contact of biomaterials (Asif et al. 2014). This immune response is rapid
and similar to that triggered by microbiological or other acute threats, characterized
by elevated levels of interleukin IL-1B3, IL-6, TNF-a, and IFN-y. This is unsurprising,
considering the repertoire of cytokines and chemokines typically produced by

monocyte cells in response to antigenic stimulation (Lappas 2015).

In this study, regarding the production of IFN-y, only pure bioglass (SNCP)

was able to induce its production. This cytokine is known to activate macrophages
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and induce them into the M1 phenotype, a pro-inflammatory state that enhances
antigen presentation capacity, phagocytosis, and the production of other pro-
inflammatory cytokines and effector molecules (Mantovani et al. 2004). The IL-18 is
pivotal in the pathogenesis of various conditions, acting through interaction with

membrane receptors (Symons et al. 1995)

IL-6 is modulated in various ways by biomaterials. Our results show an
increase in the production of this cytokine by pure bioglass and this characteristic
was maintained after nanostructuration with Ti in all concentrations tested. Hotchkiss
et al. (2016) demonstrated that the production of pro-inflammatory cytokines in the
initial hours post contact of biomaterials is critically necessary. However, reducing
these levels subsequently is necessary to allow macrophage polarization towards the
M2 phenotype, which is anti-inflammatory (Hotchkiss et al. 2016).

The production of TNF-a depends on the concentration of the biomaterials.
Higher concentrations of SNCP and titanium correspond to lower production of TNF-
a. Studies show that particulate bioglass induces the release of inflammatory
cytokines, such as TNF-a, at concentrations of 1 and 10 yg/mL (Bendall et al. 1998).
Research on smooth titanium and raw hydrophilic titanium indicates that smooth
titanium induces higher production of pro-inflammatory cytokines, including TNF-a,
whereas raw hydrophilic titanium can induce macrophages to the M2 phenotype,
resulting in lower TNF-a production (Anderson et al. 2008). It is believed that a
similar effect occurs with bioglass and titanium, where lower concentrations lead to

higher production.

Our study showed that nanostructured bioglass with titanium can modulate IL-
10 production both positively and negatively. Biomaterials are known to influence IL-
10 production in various ways, depending on the material type and clinical
application. Some biomaterials, such as bioactive glass, can activate the Toll-like
receptor 4 (TLR4) signaling pathway in macrophages, leading to IL-10 production
(Laquerriere et al. 2003). Other biomaterials can control the release of
immunomodulatory drugs, such as transforming growth factor-beta (TGF-beta) and
interferon-gamma (IFN-gamma), which regulate IL-10 production by immune cells.
During the healing process, IL-10 is essential, altering macrophage polarization to

M2, creating a positive feedback loop that increases IL-10 production, decreases
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phagocytic activity of cells, and enhances tissue remodeling and angiogenesis
(Mariani et al. 2019).

Although the immunomodulatory capacity was analyzed, the biocompatibility
of both standard and nanostructured bioglass was assessed through in vivo and in
vitro assays. Our data indicate that Ti-nanostructured bioglass containing 20% and
30% titanium showed increased toxicity towards peripheral blood mononuclear cells
(PBMCs) (Figure 2). However, the bioglass doped with 10% titanium exhibited lower
toxicity, even at higher concentrations (100 pg/mL), suggesting that the benefits of
TiO2 nanoparticle doping may reach a saturation point. The integration of Ti** into the
bioglass structure has previously been shown to alter leukocyte viability (Wang et al.
1996) and enhance T-lymphocyte activity (Chan et al. 2009). The ionic exchange
mechanism is crucial for the functionality and interaction of bioglass in various
applications. Bioglass doped with Ti** at ion concentrations between 0.1 and 10
Mg/mL does not significantly affect osteoblast viability, whereas higher concentrations

(20 pg/mL) increase cytotoxicity (Sun et al. 1997, Liao et al. 1999).

When biocompatibility was evaluated using an animal model, no toxicity was
observed for the all tested compounds (Figure 3). The larvae of G. mellonella have
been well-characterized as an alternative model to mammals for toxicity tests (Allegra
et al. 2018, Ignasiak and Maxwell 2017, Maguire et al. 2016, Piatek et al. 2021). In
toxicological studies, results derived from cell culture assays often, in some cases,
overestimate compound toxicity. In this context, G. mellonella provides a valuable
model for obtaining more accurate in vivo toxicity data (Allegra et al. 2018). Here, we
demonstrated that nanostructured bioglass with higher titanium concentrations (20%
and 30%) displayed increased toxicity in vitro (Figure 2). However, no toxicity of pure
and nanostructerd bioglass was observed in vivo, even at concentrations 100 times
greater than those tested in cell culture (100 pg per larvae, equivalent to 10,000

Mg/mL), suggesting the potential safety of its application.
CONCLUSION

In this study we showed the cytokines immunomodulation capacity of titanium
nanostructured bioglass. The greater concentration of Ti-doped bioglass interferes
with their cytotoxicity but not in toxicity in vivo. Therefore, TiO2 nanoparticles have

enormous potential for clinical application, but require further investigation.
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