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RESUMO 

Machado T. Análise da biocompatibilidade e do reparo ósseo em defeito crítico de 

calvária de ratos machos wistar utilizando substituto ósseo particulado bifásico 

associado ou não ao trióxido mineral agregado [tese]. Araçatuba: Universidade 

Estadual Paulista (UNESP), Faculdade de Odontologia; 2024. 

O presente estudo tem como objetivo a investigação do uso combinado de MTA 

Angelus Branco® e o substituto ósseo bifásico Osteosynt® para regeneração óssea. 

O MTA, amplamente utilizado em endodontia, é conhecido por sua 

biocompatibilidade e capacidade de induzir a mineralização tecidual. Já o 

Osteosynt®, composto por hidroxiapatita e β- tricálcico fosfato, oferece uma 

estrutura osteocondutora que facilita a formação de novo tecido ósseo. Para avaliar 

a pertinência dessa combinação, foram conduzidos experimentos in vitro e in vivo, 

usando como modelos experimentais defeito crítico em calvária de ratos Wistar e 

cultura celular com a linhagem Saos-2. A associação entre os biomateriais testados 

ocorreram em duas concentrações de MTA (5% e 10%), com análises em períodos 

de 28 e 45 dias. As avaliações incluíram viabilidade celular, resposta inflamatória e 

regeneração óssea. Os resultados sugerem que as combinações de Osteosynt® 

com 5% e 10% de MTA mostraram uma boa biocompatibilidade. Bem como, ambas 

as concentrações indicaram uma resposta favorável na regeneração óssea ao longo 

dos períodos analisados. Onde o MTA pode ter contribuído para a indução de 

células osteoprogenitoras e diferenciação celular, enquanto o Osteosynt® fornece a 

estrutura necessária para a neoformação óssea. Em conclusão, a combinação de 

MTA com substitutos ósseos bifásicos pode ser uma estratégia promissora para 

acelerar a regeneração óssea. No entanto, estudos complementares, como 

investigações microbiológicas e ensaios clínicos, são recomendados para avaliar a 

eficácia clínica e a segurança de longo prazo dessa abordagem para futuras 

aplicações em reabilitações maxilofaciais. 

Palavras chave: substitutos ósseos; regeneração óssea; sobrevivência cellular; 

ratos. 

  



 
 

ABSTRACT 

Machado T. Analysis of biocompatibility and bone repair in critical calvarial defect in 

male wistar rats using biphasic particulate bone substitute with or without mineral 

trioxide aggregate [tese]. Araçatuba: Universidade Estadual Paulista (UNESP), 

Faculdade de Odontologia; 2024. 

The present study aims to investigate the combined use of White MTA Angelus® and 

the biphasic bone substitute Osteosynt® for bone regeneration. MTA, widely used in 

endodontics, is known for its biocompatibility and ability to induce tissue 

mineralization. Osteosynt®, composed of hydroxyapatite and β-tricalcium phosphate, 

offers an osteoconductive structure that facilitates the formation of new bone tissue. 

To assess the efficacy of this combination, in vitro and in vivo experiments were 

conducted using critical calvarial defects in Wistar rats and cell cultures with the 

Saos-2 lineage as experimental models. The tested biomaterial associations included 

two concentrations of MTA (5% and 10%), with analyses conducted over 28 and 45 

days. The evaluations included cell viability, inflammatory response, and bone 

regeneration. The results suggest that the combinations of Osteosynt® with 5% and 

10% MTA demonstrated good biocompatibility. Both concentrations also indicated a 

favorable response in bone regeneration over the analyzed periods. MTA may have 

contributed to the induction of osteoprogenitor cells and cell differentiation, while 

Osteosynt® provided the necessary structure for new bone formation. In conclusion, 

combining MTA with biphasic bone substitutes may be a promising strategy to 

accelerate bone regeneration. However, further studies, such as microbiological 

investigations and clinical trials, are recommended to evaluate this approach's clinical 

efficacy and long-term safety for future applications in maxillofacial rehabilitation. 

Keywords: bone substitutes; bone regeneration; cell viability; rats. 
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1 INTRODUÇÃO GERAL* 

O estudo do processo de reparo ósseo e o desenvolvimento de biomateriais 

para recuperar o volume ósseo perdido, seja por trauma ou por processos 

fisiológicos, como a perda dentária, constituem um dos principais focos da pesquisa 

científica em odontologia no mundo. A busca por estratégias que acelerem e 

otimizem o reparo ósseo é um desafio constante para pesquisadores e clínicos. A 

modulação desse processo é essencial não apenas para restabelecer a função, mas 

também para garantir maior previsibilidade em procedimentos odontológicos e 

ortopédicos. 

No campo da reconstrução maxilofacial, o enxerto autógeno é amplamente 

reconhecido como o “padrão ouro” devido à sua biocompatibilidade e capacidade 

osteoindutora. No entanto, o uso de enxertos homógenos, xenógenos e aloplásticos 

tem se mostrado uma alternativa promissora, reduzindo a necessidade de múltiplos 

procedimentos cirúrgicos, minimizando o tempo de recuperação e proporcionando 

uma reabilitação mais rápida [1,2]. Esses biomateriais têm contribuído para o 

sucesso clínico por meio da osseointegração, conceito amplamente desenvolvido 

desde a descoberta por P.I. Branemark, que revolucionou a implantodontia moderna 

[3]. 

A incorporação de biomateriais em procedimentos de enxertia óssea tem 

evoluído significativamente, permitindo o desenvolvimento de técnicas avançadas de 

regeneração. No entanto, alguns desafios ainda persistem, como atrasos na 

formação óssea, complicações relacionadas à manipulação cirúrgica inadequada e 

limitações dos próprios materiais. Problemas como estabilidade primária deficiente, 

desprendimento do enxerto e baixa taxa de contato entre osso e implante podem 

comprometer o sucesso da intervenção [4,5]. 

A biologia do tecido ósseo envolve múltiplos fatores para que ocorra o reparo, 

o tecido ósseo é classificado como um tecido conjuntivo altamente especializado, 

com um turnover dinâmico regulado por interações complexas entre fatores 

endócrinos, parácrinos e autócrinos. A diferenciação osteoblástica é controlada por 

hormônios, citocinas e fatores de transcrição, como Runx-2, osteocalcina e 

 
* Lista de referências no Anexo A 
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osteopontina, que desempenham papéis centrais na formação e remodelação óssea 

[6]. A Runx-2, por exemplo, é um fator de transcrição multifuncional que regula a 

expressão de genes da matriz extracelular, sendo essencial para a diferenciação de 

osteoblastos e condrócitos [7-9]. 

O uso de materiais para a regeneração óssea envolve biomateriais como o β-

fosfato tricálcico (β-TCP) são amplamente utilizados devido às suas propriedades 

osteocondutoras, promovendo a adesão e proliferação de células ósseas em sua 

superfície. Alternativas mais recentes, como o fosfato de cálcio modificado com 

silício (Si-CAP), mostraram alta bioatividade e maior capacidade de reabsorção, 

equilibrando suporte mecânico e integração biológica [10-12]. 

Os biomateriais bifásicos, como a combinação de hidroxiapatita (HA) e β-

TCP, oferecem vantagens significativas. Essa combinação proporciona estabilidade 

mecânica e reabsorção adequada, permitindo que o osso substitua 

progressivamente o material enxertado. A inclusão de íons terapêuticos, como 

magnésio e estrôncio, pode melhorar as propriedades osteoindutoras e 

osteocondutoras dos substitutos ósseos bifásicos [10,12]. No entanto, uma das 

limitações desses materiais é a diferença nas taxas de degradação entre seus 

componentes, que pode interferir na remodelação óssea adequada [13]. 

Entre os biomateriais odontológicos, o Agregado Trióxido Mineral (MTA) um 

cimento reparador em endodontia tem sido utilizado para selamento de perfurações 

patológicas e iatrogênicas [14]. Suas propriedades biocompatíveis e antimicrobianas 

também permitiram sua aplicação em procedimentos como pulpotomias, 

apicificações e capeamentos pulpares diretos [15,16]. 

O potencial do MTA como indutor de regeneração óssea foi demonstrado por 

Vidovic Zdrilic e Azevedo Queiroz, ao avaliarem o efeito do MTA em células do 

ligamento periodontal e do osso alveolar usando um modelo transgênico com 

mapeamento Cre-LoxP, indicando sua eficácia na regeneração tecidual [17]. 
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2 OBJETIVO 

O presente estudo teve como objetivo avaliar a influência do MTA Angelus 

Branco® (Angelus Indústria de Produtos Odontológicos S/A, Londrina, Brasil) na 

citotoxicidade, na resposta tecidual e no reparo ósseo quando associado a um 

substituto ósseo bifásico.  

Avaliar e quantificar as diferenças entre as porcentagens de mistura entre os 

biomateriais em cada tempo experimental e produzir uma robusta literatura 

indicando a vanguarda do desenvolvimento de biomateriais que possibilitem um 

reparo ósseo superior em curto, médio e longo prazos. 

Definir quais as porcentagens indicam melhor resposta tecidual e se há a 

possibilidade de diferentes indicações clínicas para o uso de cada porcentagem da 

mistura entre MTA e substituto ósseo bifásico.  

Avaliar e definir caminhos para pesquisas clínicas visando a futura 

aplicabilidade do novo material proposto e assim cumprir o papel da pesquisa 

odontológica em benefício da população. 
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3 MATERIAIS E MÉTODOS† 

3.1 Ética em Estudo Animal 

Antes do início do experimento, o projeto foi submetido à avaliação e 

aprovado pelo Comitê de Ética no Uso de Animais (CEUA) sob o processo nº 402-

2023 (Anexo B), garantindo a conformidade com as diretrizes éticas e 

regulamentações nacionais para pesquisa com animais. 

 

3.2 Materiais Experimentais 

Para este estudo, foram utilizados o cimento reparador MTA Angelus Branco® 

(Angelus Indústria de Produtos Odontológicos S/A, Londrina, Brasil) e o substituto 

ósseo Osteosynt® (Eincobio, Belo Horizonte, MG, Brasil)). Os materiais foram 

preparados de acordo com as instruções específicas de cada fabricante, garantindo 

a padronização nos procedimentos experimentais. 

As diferentes proporções entre os materiais foram obtidas por mensuração 

precisa em balança analítica, visando assegurar a exatidão nas combinações de 

MTA com o biomaterial particulado. As proporções testadas foram: 

• Proporção 1: 0,95 g de biomaterial particulado + 0,05 g de MTA 

• Proporção 2: 0,90 g de biomaterial particulado + 0,10 g de MTA 

A manipulação cuidadosa dessas combinações permitiu avaliar o impacto de 

diferentes concentrações de MTA no reparo ósseo e na resposta tecidual no modelo 

de defeito crítico em calvária de ratos. 

 

3.3 Cimento Reparador MTA Angelus Branco® 

O MTA Angelus Branco® é um cimento composto por óxidos minerais em 

forma de partículas finamente hidrofílicas, que promovem uma rápida reação com a 

água para formar uma pasta de alta biocompatibilidade. Sua composição inclui os 

seguintes óxidos: SiO₂, K₂O, Al₂O₃, Na₂O, Fe₂O₃, SO₃, CaO, Bi₂O₃ e MgO, além de 

 
† Lista de referências no Anexo A 
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resíduos insolúveis de sílica cristalina, óxido de cálcio e sulfatos de potássio e sódio. 

Essas propriedades tornam o MTA Angelus Branco® um material ideal para 

procedimentos reparadores, proporcionando selamento eficiente e indução à 

formação de tecidos mineralizados [18]. 

 

3.4 Osteosynt® (40:60) 

O Osteosynt®, composto na proporção 40:60, apresenta propriedades 

osteocondutivas que favorecem o aumento do osso viável em áreas que requerem 

reabilitação com implantes. Sua biocompatibilidade e previsibilidade têm se 

mostrado eficientes em promover uma integração adequada com a matriz óssea, 

permitindo a formação de osso vital e garantindo a estabilidade a longo prazo [10]. 

 

3.5 Ensaio In Vitro 

3.5.1 Cultura de Células 

O ensaio in vitro para avaliar os materiais MTA Angelus Branco® e  

Osteosynt®, e suas associações (Osteosynt® + MTA) em diferentes concentrações 

foi realizado utilizando células da linhagem Saos-2. Essa linhagem é amplamente 

empregada em estudos relacionados à diferenciação, proliferação e metabolismo 

ósseo [19,20]. 

As células Saos-2 foram cultivadas em meio Dulbecco's Modified Eagle 

Medium (DMEM), suplementado com 10% de soro fetal bovino (FBS) (Gibco BRL, 

Gaithersburg, MD), 50 mg/mL de estreptomicina e 1% de um coquetel 

antibiótico/antifúngico (300 U/mL de penicilina, 300 mg/mL de estreptomicina e 5 

mg/mL de anfotericina B) (Gibco BRL). A cultura foi mantida em condições 

controladas: 37°C, 100% de umidade, 95% de ar e 5% de CO₂ [20]. 

 

3.5.2 Avaliação da Morfologia Celular por Meio do Contato Direto 
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 Para investigar a resposta das células Saos-2 ao contato direto com MTA 

Angelus Branco®, Geistlich Bio-Oss®, Osteosynt® e associações de Osteosynt® + 

MTA, as células foram semeadas a uma densidade inicial de 2 × 10⁵ células por 

lamínula de vidro (13 mm de diâmetro, Deckgläser, Laudakönigshofen, Alemanha). 

As culturas foram mantidas até atingir a confluência necessária. Posteriormente, as 

lamínulas contendo as células Saos-2 foram transferidas para placas de cultura 

revestidas com os materiais testados, onde cada poço recebeu 1 mL de meio fresco. 

As células foram incubadas por 24 horas e 48 horas, e um grupo controle foi 

mantido sem qualquer revestimento no fundo dos poços. As placas de cultura celular 

utilizadas continham 24 poços, e a face da lamínula contendo as células Saos-2 foi 

posicionada de modo que permanecesse em contato direto com a superfície do 

material revestido. 

Cada experimento foi realizado em triplicata, e durante o período de 

incubação, a morfologia celular foi examinada utilizando um microscópio de 

contraste de fase. As observações foram fotografadas para análise posterior [21]. 

 

3.5.3 Determinação da Viabilidade Celular 

Para avaliar a viabilidade das células Saos-2 após o contato com os 

materiais, foi utilizado o ensaio de MTT (3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazólio 

bromida). Esse método mede a atividade metabólica das células vivas, fornecendo 

uma estimativa quantitativa da viabilidade celular [22]. 

 

3.5.4 Preparação e Avaliação dos Eluentes 

Os materiais testados, em suas diferentes proporções, foram manipulados de 

acordo com as instruções do fabricante. Para a preparação dos respectivos extratos 

(eluentes), os materiais foram colocados no fundo dos poços em placas de cultura 

celular de 24 poços e cobertos com 2 mL de meio DMEM suplementado com 10% 

de soro fetal bovino (FBS). As placas foram incubadas em atmosfera controlada e 

umidificada, contendo 5% de CO₂ a 37°C por um período de 24 horas. 
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Após esse período, o sobrenadante (meio contendo os extratos liberados 

pelos materiais) foi coletado e filtrado através de filtros estéreis de 0,22 µm (Sigma-

Aldrich, St. Louis, MO) para garantir a remoção de partículas contaminantes. Os 

materiais residuais no fundo dos poços foram descartados, e o sobrenadante 

coletado foi denominado como extrato dos respectivos materiais. Esses extratos 

foram utilizados em diferentes diluições: 1/1 (não diluído), 1/2, 1/4, 1/8 e 1/16 

[21,22]. 

As células Saos-2 foram semeadas em placas de 96 poços com uma 

densidade inicial de 10⁵ células por poço e incubadas por 24 horas em atmosfera 

umidificada contendo 5% de CO₂ a 37°C, permitindo a formação de um monolayer 

celular (confluência). Após alcançar a confluência, os extratos dos materiais foram 

adicionados aos poços correspondentes [22]. 

 

3.5.5 Avaliação da Viabilidade Celular 

O grupo controle foi cultivado sem a presença de extratos, para permitir a 

comparação com os grupos tratados. A solução de MTT (Sigma-Aldrich) foi 

adicionada às células após 24 e 48 horas de exposição aos extratos. O ensaio de 

MTT mede a atividade metabólica das células, baseada na conversão do tetrazólio 

em formazana por enzimas mitocondriais ativas, indicando a viabilidade celular [22]. 

A leitura da absorbância foi realizada em um espectrofotômetro com 

comprimento de onda de 570 nm, para quantificação da viabilidade celular. Todo o 

experimento foi conduzido em triplicata, assegurando a reprodutibilidade dos 

resultados [22]. 

 

3.6 Ensaio In Vivo  

3.6.1 Animais  

Para trabalho, foram utilizados 50 ratos machos (Wistar), divididos em 5 

grupos (n=10) e subdivididos em dois tempos experimentais 28 e 45 dias (n=5), com 
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idades aproximadas de 30 dias, pesando aproximadamente 250g, sendo 

provenientes do biotério da Faculdade de Odontologia de Araçatuba UNESP.  

Os animais foram mantidos em ambientes com temperatura entre 22°C e 

24°C, com ciclo de luz controlada (12 horas claro e 12 horas escuro), em gaiolas 

coletivas, contendo seis ratos por gaiola.  

No interior das gaiolas havia cama de serragem, a qual foi trocada 

diariamente. Esses animais foram alimentados antes e durante todo o período 

experimental, com ração sólida triturada e água “ad libitum”, exceto nas 12 horas pré 

e pós-operatórias. 

 

 

 

Fig 1. Representação esquemática dos grupos experimentais utilizados, que 

serão divididos igualitariamente (n=5) em dois tempos de eutanásia 28 e 45 

dias. 

50 ratos (n=10)

Coágulo
(GC)

28 Dias 

45 Dias 

Osteosynt® 
(GOS)

28 Dias 

45 Dias 

MTA 100%
(MTA)

28 Dias

45 Dias 

Osteosynt®  + 5%MTA
(OS5) 

28 Dias

45 Dias 

Osteosynt®  + 10%MTA
(OS10)

7 Dias 

28 Dias 
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3.6.2 Anestésico 

Após 12 horas de jejum, os animais foram submetidos à sedação por meio de 

administração intramuscular de Cloridrato de Ketamina a 1% (Vetaset® – Fort 

Dodge, Saúde Animal Ltda, Campinas, SP, Brasil), na dosagem de 10 mg/kg, 

associada ao Cloridrato de Xilazina a 2% (Dopaser® – Laboratório Calier do Brasil 

Ltda, São Paulo, SP, Brasil) na dosagem de 5 mg/kg[23]. Esta combinação de 

anestésicos proporciona sedação profunda e analgesia adequada para 

procedimentos cirúrgicos em modelos animais. 

 

3.6.3 Procedimento Cirúrgico 

Após a indução anestésica, foi realizada tricotomia na região fronto-parietal do 

animal. O animal foi posicionado em decúbito ventral horizontal, e a área cirúrgica 

recebeu antissepsia com PVPI 10% tópico. Campos estéreis foram cuidadosamente 

posicionados para garantir a assepsia do procedimento. 

Foi feito o acesso cirúrgico por meio de uma incisão em formato de "V" na 

região do crânio, seguido do descolamento e rebatimento de um retalho total, 

permitindo a exposição do osso parietal de ambos os lados. O afastamento do 

retalho foi realizado utilizando descoladores cirúrgicos adequados. 

Com uma trefina cirúrgica de 5 mm de diâmetro externo e 4 mm de diâmetro 

interno, acoplada a um motor de baixa rotação, foi realizada a osteotomia na linha 

mediana entre os ossos parietais, perfurando até a cortical interna. A remoção do 

fragmento ósseo expôs a dura-máter, que foi preservada intacta para evitar lesões 

neurológicas. O procedimento gerou um defeito de tamanho crítico (DTC) com 5 mm 

de diâmetro, adequado para avaliação da regeneração óssea no modelo 

experimental [23]. 
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Fig 2. Representação esquemática das referências do defeito crítico. 

Imagem adaptada de Luvizuto ER et al. 2011 

 

3.6.4 Procedimento de Preenchimento e Sutura 

O defeito ósseo foi realizado em 50 animais, que foram divididos 

aleatoriamente em 5 grupos experimentais. Cada defeito foi preenchido conforme a 

designação do grupo: com coágulo sanguíneo, MTA Angelus Branco®, Osteosynt®, 

ou uma associação entre MTA e Osteosynt® em duas diferentes concentrações. 

Após o preenchimento do defeito com o material correspondente, o retalho 

total foi reposicionado cuidadosamente sobre a área operada. A sutura foi realizada 

com fio de Nylon 5-0 (ETHILON Nylon Suture®, Ethicon, Johnson & Johnson, São 

José dos Campos, Brasil), utilizando pontos simples interrompidos para garantir a 

aproximação adequada dos tecidos e promover uma cicatrização eficiente [23]. 

Esse procedimento padronizado assegura a estabilidade do material 

enxertado e a proteção do defeito durante o período de recuperação, permitindo a 

avaliação da eficácia dos materiais testados nos diferentes tempos experimentais 
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Fig 3. A- Tricotomia; B- Degermação com PVPI; C- Acesso cirúrgico em “V” em 

região fronto-parietal; D- Descolamento dos tecidos; E- Trefinamento com 

copiosa irrigação; F- Defeito ósseo criado ocupado pelo coágulo G- Defeito 

ósseo criado preenchido pelo MTA; H- Defeito ósseo criado ocupado por 

substituto ósseo particulado; I- Sutura por pontos simples interrompidos. 

 

3.6.5 Análise Microtomográfica 

A análise das amostras foi realizada utilizando o microtomógrafo SkyScan 

1272 (Bruker MicroCT, Aartselaar, Bélgica). Para cada grupo experimental, foram 

 A                                           B                                        C 
 
 
 
 
 

 D                                           E                                         F 
 
 
 
 
 
 

 G                                          H                                          I 



30 

 

 
 

escolhidas aleatoriamente três amostras, que foram submetidas ao escaneamento 

microtomográfico para avaliação detalhada do reparo ósseo [24]. 

 

3.6.6 Parâmetros de Escaneamento 

As peças foram escaneadas com cortes de 11 µm de espessura. A fonte de 

radiação foi ajustada para operar com uma tensão de 70 kV e corrente de 142 µA, 

utilizando filtros combinados de Al 0,5 mm e Cu 0,038 mm. A rotação foi configurada 

em 0,5 mm por passo, com uma resolução de aquisição de 2016 × 1344 pixels e 

duas imagens capturadas por passo de rotação. 

O tempo total de escaneamento para cada amostra foi de 58 minutos e 30 

segundos. As imagens obtidas foram armazenadas no formato TIFF em pastas 

nomeadas conforme o respectivo grupo experimental. A reconstrução das imagens 

foi realizada com o software NRecon (SkyScan 2011, versão 1.6.6.0, Bruker, 

Bélgica) utilizando os seguintes parâmetros [24]: 

• Smoothing: 5 

• Correção de artefato de anel: 7 

• Correção de hardening de feixe: 30% 

• Faixa dinâmica da imagem: mínima de 0.0028 e máxima de 0.11 

 

3.6.7 Processamento das Imagens 

Com o auxílio do software Data Viewer (SkyScan, versão 1.4.4 64-bit, Bruker, 

Bélgica), os dados das imagens foram visualizados e emulados nos eixos X, Y e Z. 

Dessa forma, foi possível observar as orientações coronal (X-Z), sagital (Z-Y) e 

transaxial (X-Y). As imagens foram então realinhadas em relação ao plano mediano 

e o novo dataset reorganizado foi salvo em uma pasta nomeada como DV – coronal, 

destinada à análise da região de interesse (ROI) [24]. 

Utilizando o software CT Analyser (Bruker MicroCT, versão 1.12.4.0, Bélgica), 

as imagens foram acessadas para definir a área de interesse. Uma ROI circular com 
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raio de 3 mm foi posicionada superiormente ao defeito ósseo. Para a análise 

tridimensional, foram selecionadas 20 slices posicionadas inferiormente, permitindo 

a interpolação dinâmica da área e uma avaliação volumétrica precisa. 

A mensuração central foi realizada utilizando a abertura criada pela trefina de 

5 mm de diâmetro, com base no eixo perpendicular ao plano sagital mediano. A 

análise foi conduzida de acordo com a escala de cinza (threshold) de 31 a 153 tons 

de cinza, permitindo a obtenção dos parâmetros microtomográficos da área avaliada 

[24]. 

 

3.6.8 Análise Tridimensional e Reconstrução 

A reconstrução e manipulação tridimensional (3D) das amostras foi realizada 

por meio do software CTvox (SkyScan, versão 2.7, Bruker, Bélgica), proporcionando 

uma visualização didática e detalhada das áreas analisadas [24]. 

 

3.6.9 Parâmetros Microtomográficos 

Conforme as recomendações das guidelines do Journal of Bone and Mineral 

Research [24], foram obtidos os seguintes parâmetros para análise da regeneração 

óssea: 

• Volume ósseo (BV) 

• Porcentagem do volume ósseo (BV/TV) 

• Espessura do trabeculado ósseo (Tb.Th) 

• Separação de trabéculas (Tb.Sp) 

• Número de trabéculas (Tb.N)【33】 

Esses parâmetros permitiram uma avaliação quantitativa e qualitativa do 

processo de regeneração óssea nos diferentes grupos experimentais. 
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3.6.10 Histometria 

A área do defeito cirúrgico e os tecidos circunjacentes foram removidos em 

bloco para análise histológica. As amostras passaram por descalcificação inicial 

durante 8 semanas em solução de Ácido Etilenodiaminotetracético (EDTA) a 10%. 

Após esse período, cada espécime foi seccionado longitudinalmente ao longo do 

centro do defeito original, dividindo-o em dois blocos. 

Cortes transversais foram realizados com base no menor eixo, garantindo a 

precisão na identificação das margens do defeito durante as análises de imagem. 

Em seguida, as amostras passaram por mais 3 semanas de descalcificação e foram 

processadas para inclusão em parafina. Foram produzidos cortes semisseriados 

com 5 µm de espessura na direção longitudinal, seguidos por coloração com 

Hematoxilina e Eosina (H&E) para análise histomorfométrica [25]. 

 

3.6.11 Análise Histomorfométrica 

Após a coloração com H&E (Merck & Co., Inc.), as amostras foram analisadas 

utilizando uma lupa (LeicaR DMLB, Heerbrugg, Suíça) conectada a uma câmera de 

captação de imagem (LeicaR DC 300F Microsystems Ltd) e a um microcomputador 

equipado com o software ImageJ (Software de Processamento e Análise de 

Imagens, Ontario, Canadá). As imagens digitalizadas foram salvas em formato JPEG 

para posterior análise [23,25]. 

A análise quantitativa dos defeitos foi realizada em todos os cortes corados, 

capturando: 

• Um campo com objetiva de 10x 

• Cinco campos com objetiva de 40x, abrangendo duas áreas periféricas e uma 

central do defeito. 

A contagem morfométrica foi realizada com o software ImageJ, utilizando a 

ferramenta Grid para gerar um retículo de 130 cruzes. Somente as estruturas que 

coincidiam com as intersecções das cruzes (pontos) foram contabilizadas por meio 

da ferramenta Cell Counter. A média do tecido ósseo neoformado e do biomaterial 

presente foi obtida a partir da soma dos cinco campos analisados para cada animal. 
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A análise qualitativa envolveu a descrição dos fenômenos inflamatórios 

observados nos cortes microscópicos representativos de cada grupo e tempo pós-

operatório. 

A análise quantitativa do processo inflamatório foi baseada na atribuição de 

escores que classificaram a intensidade da resposta inflamatória, conforme descrito 

abaixo [26]: 

• 0: Nenhuma ou poucas células inflamatórias; nenhuma reação. 

• 1: < 25 células e reação leve. 

• 2: Entre 25 e 125 células, com reação moderada. 

• 3: 125 ou mais células, indicando uma resposta inflamatória intensa. 

 

3.6.12 Planejamento Estatístico 

A análise estatística dos dados quantitativos foi realizada utilizando o software 

GraphPad Prism® 7.04 (La Jolla, CA, USA). A homocedasticidade dos dados foi 

avaliada pelo teste de Shapiro-Wilk para distinguir entre dados paramétricos e não 

paramétricos. 

Para dados paramétricos, foi utilizada a análise de variância One-Way 

(ANOVA), aplicada aos valores de: 

• Volume ósseo (BV) 

• Porcentagem de volume ósseo (BV/TV) 

• Espessura do trabeculado ósseo (Tb.Th) 

• Separação de trabéculas (Tb.Sp) 

• Número de trabéculas (Tb.N) 

O teste de Tukey foi aplicado como pós-teste para comparações múltiplas. 

Para a análise dos dados do ensaio de MTT, tanto para contato direto quanto 

para eluentes, foi aplicada a ANOVA, seguida pelo teste de Bonferroni para 

correções de múltiplas comparações. 
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Nos casos de dados não paramétricos, como osso neoformado, biomateriais 

e infiltrado inflamatório, foram aplicados os testes de Kruskal-Wallis e Mann-Whitney. 

Em todas as análises, foi considerado um nível de significância de p < 0,05. 
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4 CAPÍTULO 1 - INTEGRATION OF WHITE MTA AND BIPHASIC 

BONE SUBSTITUTES FOR ENHANCING BONE REGENERATION: A 

PRECLINICAL STUDY ON BIOCOMPATIBILITY‡ 

4.1 Abstract  

This study explores the use of biphasic bone substitutes, particularly Osteosynt®, 

composed of hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP), combined 

with White Mineral Trioxide Aggregate (MTA) for bone regeneration in critical defects. 

Osteosynt® is known for its osteoconductive properties and biocompatibility, with HA 

providing a stable structure for cell colonization and β-TCP facilitating resorption and 

angiogenesis. 

MTA, a material widely used in endodontics, is valued for its biocompatibility and 

antimicrobial properties, as well as its ability to stimulate tissue mineralization. The 

study employed two concentrations of MTA (5% and 10%) in combination with 

Osteosynt® in critical calvarial defect models in Wistar rats and Saos-2 cell cultures, 

with analyses performed at 28 and 45 days. Evaluations included cell viability 

assays, inflammatory response, and histomorphometric analysis. 

The results showed that the combinations of Osteosynt® with 5% and 10% MTA 

demonstrated good biocompatibility, with no statistically significant differences in cell 

viability compared to the controls. The MTT assay indicated that the tested dilutions 

did not compromise the metabolic activity of Saos-2 cells, regardless of the exposure 

time (6, 24, and 48 hours), suggesting that the combination of materials does not 

negatively impact cell viability. 

Regarding the inflammatory response, a more intense reaction was observed in the 

groups treated only with MTA compared to the blood clot control group, while the 

groups with Osteosynt® and MTA combinations (5% and 10%) maintained 

inflammatory response levels considered adequate and similar to each other, 

demonstrating good tissue tolerance. Histomorphometric analysis showed that both 

concentrations of MTA combined with Osteosynt® promoted bone neoformation over 

 
‡ Formatado de acordo com a The International Journal of Oral & Maxillofacial Implants - 
https://www.quintessence-publishing.com/usa/en/journal/the-international-journal-of-oral-maxillofacial-
implants#downloads  

https://www.quintessence-publishing.com/usa/en/journal/the-international-journal-of-oral-maxillofacial-implants#downloads
https://www.quintessence-publishing.com/usa/en/journal/the-international-journal-of-oral-maxillofacial-implants#downloads
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the evaluated periods, with a trend toward greater regeneration in the group with 

10% MTA after 45 days, suggesting that MTA may have contributed to the induction 

of osteoprogenitor cells and cellular differentiation. 

In conclusion, combining MTA with biphasic bone substitutes shows the potential to 

promote bone regeneration and minimize undesirable inflammatory reactions, 

suggesting its efficacy in maxillofacial rehabilitation treatments. Additional studies, 

including microbiological investigations and clinical trials, are recommended to 

validate the clinical safety and efficacy of this approach before its application in 

clinical practice. 

Keywords: Bone Substitutes. Bone Regeneration. Cell Viability. Rats. 

 

4.2 Introduction 

The challenge of achieving effective bone regeneration remains a critical area 

in clinical research, particularly when dealing with complex defects or reconstructive 

surgeries. Conventional bone grafts, though widely used, pose significant limitations, 

such as donor site morbidity and disponible graft bone, emphasizing the need for 

synthetic biomaterials. Biphasic bone substitutes have emerged as promising 

alternatives by combining two calcium phosphate phases, hydroxyapatite (HAP) and 

β-tricalcium phosphate (β-TCP). This combination ensures both resorption and 

mechanical support, essential for effective bone regeneration [1,2]. 

In maxillofacial reconstruction, biphasic bone substitutes offer distinct 

advantages over autogenous grafts. These substitutes are not only structurally 

similar to natural bone, and also provide an osteoconductive environment for new 

bone formation due to their bioactive properties. Their ease of use, along with 

reduced infection risks and surgical trauma, makes them highly favorable for use in 

complex facial and cranial surgeries, where precision and reliable healing are critical 

[2,3]. 

White Mineral Trioxide Aggregate (MTA) has become a material of interest 

due to its excellent biocompatibility, anti-inflammatory properties, and ability to induce 

hard tissue repair. Initially developed for use in endodontics, white MTA has 



37 

 

 
 

demonstrated not only an antimicrobial propriety but also a potential to stimulate 

osteoblast activity, making it highly relevant for bone regeneration applications. Its 

inflammatory response ensures that it can be a key component in biomaterials 

intended for challenging reconstructive environments [4,5]. 

The incorporation of adjuvant components into biphasic bone substitutes is 

gaining traction for its benefits such as antimicrobial protection. Vancomycin, a potent 

antibiotic, addresses the critical concern of post-surgical infections, particularly in 

large defects, post-extraction sites, and areas where infection could compromise the 

healing process. By combining such antimicrobial agents with biphasic materials, 

researchers aim to create a biomaterial that ensures both osteointegration and 

microbiological control [6,7]. 

. A promising research direction involves the integration of white MTA within 

biphasic bone substitutes. This approach leverages MTA’s antimicrobial and 

regenerative properties alongside biphasic materials' mechanical stability and 

resorption characteristics. The combination could result in a multifunctional 

biomaterial capable of both promoting bone repair and providing long-term microbial 

resistance, addressing two key clinical challenges simultaneously [5]. 

. The future of bone regeneration may lie in optimizing the synergy between 

MTA and biphasic bone substitutes. Further research should focus on understanding 

their interactions at both cellular and molecular levels under physiological conditions. 

This innovative combination holds the potential to transform treatments for complex 

bone defects, providing enhanced outcomes for patients undergoing major 

reconstructive surgeries [4,8]. 

 

4.3 Objective 

The present study aimed to verify the biocompatibility of two different mixing 

ratios between MTA and biphasic bone substitute and their influence on the 

formation of sterile inflammation 

 

4.4 Materials and Methods 
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4.4.1 Animal Ethics 

Before the experiment, the project was evaluated and approved by the Animal 

Use Ethics Committee (CEUA), under protocol No. 402-2023, ensuring compliance 

with national ethical guidelines and regulations for research involving animals. 

 

4.4.2 Animals 

A total of 50 male Wistar rats were used, divided into five experimental groups 

(n=10). These groups were further subdivided into two analysis periods (28 and 45 

days), with five animals per group for each period (n=5). The rats, approximately 30 

days old and with an average weight of 250 g, were obtained from the Animal Facility 

of the School of Dentistry of Araçatuba (UNESP). 

The animals were kept in a controlled environment with a temperature 

between 22°C and 24°C and a 12-hour light/12-hour dark cycle. They were housed in 

collective cages (six rats per cage) with bedding replaced daily. Throughout the 

experiment, they received crushed feed and water ad libitum, except for the 12 hours 

before and after surgery [9]. 

 

4.4.3 Experimental Materials 

• MTA Angelus Branco® (Angelus Indústria de Produtos Odontológicos S/A, 

Londrina, Brazil). 

• Osteosynt®  (Eincobio, Belo Horizonte, MG, Brazil). 

The materials were prepared according to the manufacturer's instructions.  

The combinations were measured using an analytical balance to ensure 

precise proportions: 

• Proportion 1: 0.95 g of Osteosynt® + 0.05 g of MTA 

• Proportion 2: 0.90 g of Osteosynt® + 0.10 g of MTA 
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These proportions aimed to evaluate the impact of different MTA 

concentrations on bone regeneration and tissue response in a critical-size calvaria 

defect model in rats. 

 

4.4.4 MTA Angelus Branco® 

MTA Angelus Branco® is composed of hydrophilic mineral oxides that form a 

biocompatible paste when mixed with water. Its composition includes oxides of 

silicon, aluminum, sodium, iron, calcium, bismuth, and magnesium, as well as 

residues of crystalline silica and sulfates. These properties ensure effective sealing 

and induce the formation of mineralized tissues [10]. 

 

4.4.5 Osteosynt® (40:60) 

Osteosynt® is an osteoconductive biomaterial that promotes bone formation in 

areas requiring implant rehabilitation. Its biocompatibility ensures efficient integration 

with the bone matrix, providing long-term stability [11]. 

 

4.4.6 Anesthesia 

After 12 hours of fasting, the animals were sedated intramuscularly with [9]: 

• 1% Ketamine Hydrochloride (Vetaset®, Fort Dodge, Campinas, SP) – 10 mg/kg 

• 2% Xylazine Hydrochloride (Dopaser®, Calier, São Paulo, SP) – 5 mg/kg 

This combination provides deep sedation and adequate analgesia for surgical 

procedures. 

 

4.4.7 Surgical Procedure 

After anesthesia, the trichotomy of the frontoparietal region was performed, 

followed by antisepsis with 10% PVPI. Sterile drapes were placed to ensure asepsis. 
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A V-shaped incision was made in the skull, exposing the parietal bones on 

both sides. Using a surgical trephine (5 mm external / 4 mm internal) attached to a 

low-speed motor, an osteotomy was performed along the midline between the 

parietal bones, preserving the dura mater. This procedure generated a critical-size 

defect (CSD), 5 mm in diameter, suitable for assessing bone regeneration [9]. 

The animals were randomly divided into five groups: 

• Group 1: Blood clot 

• Group 2: MTA Angelus White® 

• Group 3: Osteosynt® 

• Group 4: MTA 5% + Osteosynt® 

• Group 5: MTA 10% + Osteosynt® 

After filling the defect with the corresponding material, the flap was 

repositioned and sutured with simple interrupted stitches using Nylon 5-0. This 

procedure ensured stability and protection of the grafted material during the recovery 

period. 

 

4.4.8 Euthanasia 

Euthanasia was performed on 28 and 45 days using an anesthetic overdose. 

The areas of interest were removed and fixed in 10% buffered formalin for further 

analysis [9]. 

 

4.4.9 Histometric 

The samples were decalcified in 10% EDTA for 8 weeks. After longitudinal 

sectioning of the defect, additional transverse sections were performed to precisely 

identify the margins. The samples were then embedded in paraffin, and 5 µm thick 

serial sections were prepared and stained with Hematoxylin and Eosin (H&E) for 

histomorphometric analysis [9]. 
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4.4.9.1 Histomorphometric Analysis 

The analysis was performed using a Leica® DMLB microscope, equipped with 

a Leica® DC 300F camera, and images were processed with ImageJ® software. The 

inflammatory response was evaluated using intensity scores [12]: 

• 0: No reaction / few inflammatory cells 

• 1: < 25 cells / mild reaction 

• 2: 25–125 cells / moderate reaction 

• 3: > 125 cells / intense reaction 

 

4.4.10 Cell Culture 

This in vitro study evaluated the materials MTA Angelus Branco®, 

Osteosynt®, and their combinations (Osteosynt® + MTA) at different concentrations, 

using Saos-2 cell lines. This lineage is widely used in research involving 

differentiation, proliferation, and bone metabolism [13,14]. 

Saos-2 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS) (Gibco BRL, Gaithersburg, MD), 

50 mg/mL of streptomycin, and 1% of an antibiotic/antifungal cocktail containing 300 

U/mL of penicillin, 300 mg/mL of streptomycin, and 5 mg/mL of amphotericin B 

(Gibco BRL). The culture was maintained under the following controlled conditions 

[15]: 

• Temperature: 37°C 

• Humidity: 100% 

• Air composition: 95% air and 5% CO₂ 

 

4.4.11 Cell Viability Determination 

The viability of Saos-2 cells was evaluated after contact with the materials 

using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). 

This method measures the metabolic activity of living cells, providing a quantitative 
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estimate of cell viability through the conversion of tetrazolium into formazan, an 

indicator of active metabolism [16]. 

 

4.4.12 Preparation and Evaluation of Extracts 

a) Preparation of Extracts: 

o The materials were prepared according to the manufacturer’s instructions and 

placed at the bottom of 24-well plates. 

o Each well was filled with 2 mL of DMEM supplemented with 10% FBS. 

o The plates were incubated for 24 hours at 37°C, in a 5% CO₂ humidified 

atmosphere. 

b) Filtration of Extracts: 

o After incubation, the medium containing the extracts was collected and filtered 

through sterile 0.22 µm filters (Sigma-Aldrich, St. Louis, MO) to remove 

contaminants. 

o The filtered supernatant was referred to as the extract of the corresponding 

material. 

c) Dilutions: 

o The extracts were tested at different concentrations: 1/1 (undiluted), 1/2, 1/4, 1/8, 

and 1/16. 

 

4.4.13 Exposure of Cells to Extracts 

• Saos-2 cells were seeded in 96-well plates at an initial density of 10⁵ cells per well 

and incubated for 24 hours to allow the formation of a cell monolayer (confluence). 

• Once confluence was reached, the material extracts were added to the respective 

wells. 

 

4.4.14 Cell Viability Evaluation 
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• Control Groups: Cells cultured without exposure to extracts were used as controls 

to allow comparison with the treated groups. 

• MTT Assay: 

o MTT solution (Sigma-Aldrich) was added to the cells after 6, 24, and 48 hours of 

exposure to the extracts. 

o MTT is converted into formazan by active mitochondrial enzymes, indicating cell 

viability. 

• Absorbance Reading: 

o Absorbance was measured at 570 nm using a spectrophotometer to provide a 

quantitative estimate of cell viability. 

o The entire experiment was performed in triplicate to ensure reproducibility of the 

results. 

 

4.4.15 Statistical Planning 

Data ware analyzed using GraphPad Prism® 7.04 software. Normality was 

verified with the Shapiro-Wilk test. 

• ANOVA, followed by the Bonferroni test, was used for parametric data (cell 

viability). 

• Kruskal-Wallis and Mann-Whitney tests were applied for non-parametric data 

(inflammatory infiltrate). 

The significance level was set at p < 0.05. 

 

4.5 Results 

 The evaluation of cell viability for the different dilutions by the tested 

biomaterials did not reveal statistically significant differences. The values remained 

consistent across all tested dilutions, regardless of the evaluation periods at 6, 24, 

and 48 hours, and among the different experimental groups (Graph 1a). 
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Regarding the inflammatory infiltrate, the group treated with MTA exhibited a 

more intense inflammatory response compared to the control group, represented by 

the clot, in both periods analyzed. Although MTA is considered biocompatible, its 

interaction with the bone tissue in the critical defect resulted in a more pronounced 

inflammatory reaction (Fig 1). 

In contrast, the other groups showed no statistically significant differences 

between them. This suggests that the two concentrations of MTA added to Osteosynt 

maintained good biocompatibility, without triggering an exacerbated inflammatory 

response in the surrounding tissues (Graph 2a). 

These results indicate that the combination of MTA and Osteosynt offers a 

favorable interaction with tissues, minimizing the risk of undesirable inflammatory 

reactions. The consistency of the findings further supports the potential application of 

these materials in contexts that require the preservation of cell viability and the 

minimization of inflammatory responses. 

 

4.6 Discussion  

Hydroxyapatite (HA, Ca₁₀(PO₄)₆(OH)₂) and tricalcium phosphate (TCP, 

Ca₃(PO₄)₂) in its α and β phases are widely used in maxillofacial rehabilitation due to 

their surface properties that promote protein adsorption, enhancing their 

osteoconductive and osteoinductive capacities. Although both TCP phases share 

similar osteoconductive characteristics, the α phase exhibits higher bioactivity 

because its structural arrangement facilitates ion exchange with the biological 

environment [11,17]. Conversely, the β phase is preferred in the biomedical industry 

due to its lower production cost, while still maintaining good bioactive properties [11]. 

Calcium phosphates stand out for their physicochemical similarity to the 

inorganic phase of bone, displaying excellent biocompatibility and bioactivity [2,3,7]. 

In our experiments, the inflammatory responses observed in both the Osteosynt® 

group and the groups treated with MTA remained within acceptable biocompatibility 

levels. 
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White MTA, widely used as a reparative cement in endodontics, demonstrates 

good biocompatibility, and antimicrobial activity, and promotes the formation of 

mineralized tissues [18,19]. However, in our experimental model involving critical 

defects in the calvaria of rats, MTA triggered a significant inflammatory response at 

28 and 45 days. This may be attributed to the size of the defect and the amount of 

material applied, as confirmed by statistical differences compared to the control 

group (Clot). 

Osteosynt® is a bone substitute composed of 40% HA and 60% β-TCP [11]. 

HA provides a stable scaffold for osteogenic cell colonization, while β-TCP facilitates 

rapid resorption, induces angiogenesis, and has good osteoconductive potential 

[11,20]. MTA not only recruits osteoprogenitor cells and induces the differentiation of 

pluripotent cells but also helps control microbial activity at the surgical site, like the 

use of vancomycin in previous studies [21]. 

The adjuvant materials used, such as MTA, in combination with biphasic bone 

substitutes, demonstrated good biocompatibility, aligning with previous findings on 

the effectiveness of such materials. 

In this study, we employed the SAOS-2 cell line, which is widely used to 

assess bone cell behavior in response to stimuli and repair processes [13,14]. MTA, 

when dissolved in water or tissue fluids, increases the local pH and enhances 

alkaline phosphatase activity through the release of Ca²+ ions [22,23]. However, 

excessive alkalinization can induce oxidative stress, leading to apoptosis [24]. 

The MTT assay for the eluates did not reveal significant statistical differences 

between the groups or time points, regardless of the dilution. These results are 

consistent with previous studies on MTA, HA, and β-TCP, suggesting that the ions 

released from these materials stimulate cell proliferation and differentiation without 

compromising biocompatibility [25,26]. Thus, the interaction between the material 

and tissue fluids promotes the release of ions that stimulate regeneration from a 

distance [21], aligning with our experimental findings. 

 

4.7 Conclusion  
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This study presented solid data regarding the biocompatibility of the proposed 

mixture. The use of strategies that promote bone regeneration and reduce the risk of 

postoperative infection is essential for the development of biomaterials that ensure 

clinical success. However, although promising, the approach proposed in this study 

requires further preclinical investigations and randomized clinical trials. 

Additional studies are needed to assess the formulation's ability to inhibit 

microbial growth, as well as to verify its biocompatibility over the medium and long 

term. These evaluations are recommended before conducting clinical trials involving 

the tested concentrations of the Osteosynt and MTA mixture. 

In conclusion, the proposed formulation shows promising results in terms of 

biocompatibility. However, its clinical application will depend on further studies to 

confirm its effectiveness and safety for patient use. 
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Fig 1. Representative images of the inflammatory infiltrate; a: group Clot 28 

days; b: group Osteosynt 28 days; c: group MTA 28 days; d: group Osteosynt + 

5% MTA  28 days ; e: group Osteosynt + 10% MTA 28 days; f: group Clot 45 

days; g: group Osteosynt 45 days; h: group MTA 45 days; i: group Osteosynt + 

5% MTA 45 days; j: group Osteosynt + 10% MTA  45 days. 

 

 

 

Graph 1a. Comparative chart between groups and periods related to the 

eluents released by the tested materials present in the used extracts. 
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Graph 2a. Descriptive chart of the inflammatory infiltrate. 
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5 CAPÍTULO 2 - ADVANCEMENTS IN BIPHASIC BONE SUBSTITUTE 

BIOMATERIALS: INTEGRATING MTA FOR ENHANCED BONE 

REPAIR§ 

5.1 Abstract 

This study investigates the development and efficacy of biphasic biomaterials, 

specifically the combination of Osteosynt® (composed of hydroxyapatite [HA] and β-

tricalcium phosphate [β-TCP]) with White Mineral Trioxide Aggregate (MTA) for bone 

regeneration in critical defects. HA provides long-term structural support, while β-

TCP is quickly resorbable, allowing for new tissue formation. MTA is valued for its 

antimicrobial and biocompatible properties, promoting tissue mineralization, 

and making it promising for applications beyond endodontics. 

The study utilized two concentrations of MTA (5% and 10%) combined with 

Osteosynt® in critical calvarial defect models in rats and Saos-2 bone cell cultures, 

with evaluations conducted at 28 and 45 days. Analyzed parameters included cell 

viability, inflammatory response, and histomorphometry, with micro-CT and 

histological analysis to assess bone volume, bone volume fraction (BV/TV), 

trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number 

(Tb.N). 

The results indicated that the combinations of Osteosynt® with MTA maintained good 

biocompatibility. The cell viability assay (MTT) showed that direct contact with the 

tested materials reduced Saos-2 cell viability compared to the control group, with the 

Osteosynt® + 5% MTA group showing better viability performance after 24 hours. In 

terms of bone formation, micro-CT revealed that the Osteosynt® + 5% MTA and 

Osteosynt® + 10% MTA groups showed improved trabecular organization at 45 

days, with increased trabecular thickness and density, suggesting superior bone 

quality. 

Histological analysis demonstrated the dimensional stability of the grafted granules, 

essential for clinical predictability and long-term implant stability. Although no 
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statistically significant differences were observed between groups, the mean values 

suggest that the MTA groups exhibited higher bone volume and trabecular quality at 

45 days. Trabecular thickness was particularly noteworthy for the Osteosynt® + 5% 

MTA group, which maintained high values across the evaluated periods, indicating 

the potential to support primary implant stability. 

In conclusion, the addition of MTA to biphasic bone substitutes may effectively 

modulate bone repair by promoting bone formation and density. However, additional 

studies, including long-term clinical trials, are recommended to assess the clinical 

efficacy and safety of this combination for future applications in bone and 

maxillofacial repair surgery. 

Keywords: Bone Substitutes. Bone Regeneration. Cell Viability. Rats. 

 

5.2 Introduction  

The development of biphasic bone substitute biomaterials presents complex 

challenges in balancing mechanical stability with biological resorbability. 

Hydroxyapatite (HA) and beta-tricalcium phosphate (β-TCP) are often combined to 

create these materials, leveraging their complementary properties. However, 

achieving the optimal ratio remains difficult since HA offers long-term stability, while 

β-TCP degrades faster to support bone in-growth [1,2].  

Structural challenges include designing suitable porosity for vascularization 

without compromising the material's mechanical properties and ensuring consistent 

ion release to promote tissue regeneration [1,3,4]. 

Biphasic biomaterials show promising potential for stimulating bone repair by 

providing osteoconductive and osteoinductive support. Micro-CT imaging and in vivo 

studies have demonstrated their capacity to serve as scaffolds for bone growth, with 

β-TCP enabling rapid tissue integration and HA maintaining long-term support. 

Additionally, incorporating ions like magnesium or strontium can enhance 

osteogenesis, further improving bone remodeling and mineralization processes 

[1,4,5].  
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The inclusion of adjuvants such as antibiotics in biphasic scaffolds offers a 

dual benefit: facilitating bone regeneration while mitigating infection risks. 

Vancomycin-loaded calcium phosphate scaffolds have been shown to inhibit 

methicillin-resistant Staphylococcus aureus (MRSA) infections while promoting bone 

growth, eliminating the need for separate antibiotic treatments [4,5]. These hybrid 

materials are especially advantageous in orthopedic and maxillofacial surgeries, 

where reducing infection risk and promoting healing are critical [2,4]. 

White mineral trioxide aggregate (MTA) is widely used in endodontics, where 

its biocompatibility, sealing properties, and regenerative potential have made it 

indispensable. Traditionally employed in procedures like root-end fillings, white MTA 

is increasingly explored for applications beyond endodontics, including as a pulp-

capping material and in apexification treatments [6]. Its ease of handling and ability to 

regulate inflammation make it a valuable candidate for broader biomedical 

applications [7]. 

White MTA’s ability to support mineralized tissue formation and inhibit 

bacterial growth makes it an excellent biomaterial for repair scenarios requiring both 

osteogenic stimulation and antimicrobial action. Studies using SAOS-2 cell models 

have shown that MTA promotes osteogenesis and controls inflammatory responses 

effectively. Its combination with nitric oxide-releasing agents has further improved its 

antibacterial capabilities, positioning it as a dual-functional material for tissue 

engineering [8-10]. 

However, combining biphasic biomaterials with adjuvants like white MTA 

presents new challenges. Researchers must optimize these hybrid materials to 

balance strength, bioactivity, and infection control. Future work will need to focus on 

refining the formulation to enhance osteoconductivity while minimizing postoperative 

complications, ensuring better outcomes in bone repair surgeries and long-term 

tissue health [5]  

 

5.2 Objective 

 This study aimed to evaluate the influence of MTA Angelus Branco® (Angelus 

Indústria de Produtos Odontológicos S/A, Londrina, Brazil) on cytotoxicity, tissue 
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response, and bone repair when combined with a particulate bone substitute. An 

experimental model with a 5 mm critical-size defect in the rat calvaria was used, with 

quantitative and qualitative analyses performed through histological, 

microtomographic, and cell viability assessments. 

 

5.3 Materials and Methods 

5.3.1 Animal Ethics 

The project was submitted to and approved by the Animal Use Ethics 

Committee (CEUA) under process no. 402-2023, in compliance with national 

guidelines and regulations for research involving animals. 

 

5.3.2 Animals 

Fifty male Wistar rats were used, divided into five groups (n=10), and 

evaluated at two experimental time points: 28 and 45 days (n=5 per period). The 

animals, approximately 30 days old and weighing around 250 g, were obtained from 

the vivarium of the School of Dentistry of Araçatuba (UNESP). After initial analysis of 

the calcified specimens, the decalcification process was initiated. 

The rats were kept in a controlled environment, with a temperature between 

22°C and 24°C, and a 12-hour light/dark cycle. They were housed in collective cages 

with six animals per cage, containing sawdust bedding that was changed daily. 

Throughout the experiment, the animals were provided ground solid food and water 

ad libitum, except for the 12 hours before and after surgery [11]. 

 

5.3.3 Experimental Materials 

The following materials were used: 

• MTA Angelus Branco® Repair Cement (Angelus Indústria de Produtos 

Odontológicos, Londrina, Brazil) 

• Osteosynt® Bone Substitute (Eincobio, Belo Horizonte, MG, Brazil) 
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The materials were prepared according to the manufacturer's instructions. The 

combinations between MTA and the particulate biomaterial were measured precisely 

using an analytical balance. The tested proportions were: 

• Proportion 1: 0.95 g of particulate biomaterial + 0.05 g of MTA 

• Proportion 2: 0.90 g of particulate biomaterial + 0.10 g of MTA 

These combinations were evaluated for their impact on bone repair and tissue 

response in a critical-sized defect model in rat calvaria. 

 

5.3.4 MTA Angelus Branco® 

MTA Angelus Branco® consists of hydrophilic mineral oxides that react with 

water to form a biocompatible paste. Its composition includes the following oxides: 

SiO₂, K₂O, Al₂O₃, Na₂O, Fe₂O₃, SO₃, CaO, Bi₂O₃, and MgO, as well as crystalline 

silica residues and potassium and sodium sulfates. This cement provides effective 

sealing and promotes the formation of mineralized tissues [6]. 

 

5.3.5 Osteosynt® (40:60) 

Osteosynt® is composed in a 40:60 ratio and exhibits osteoconductive 

properties, supporting bone formation in areas requiring implant rehabilitation. Its 

biocompatibility and predictability ensure proper integration with the bone matrix and 

long-term stability [12]. 

 

5.3.6 In Vitro Assay 

5.3.6.1 Cell Culture 

The in vitro assay used Saos-2 cells, commonly employed in studies on bone 

differentiation and metabolism. The cells were cultured in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

antibiotic/antifungal cocktails. Cultures were maintained at 37°C, with 95% air, 5% 

CO₂, and 100% humidity [13,14]. 
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5.3.6.2 Assessment of Cellular Morphology through Direct Contact 

Saos-2 cells (2 × 10⁵ per glass coverslip) were seeded in culture plates coated 

with the tested materials. After 24 and 48 hours of incubation, cellular morphology 

was observed using phase-contrast microscopy and documented with photographs 

[9]. 

 

5.3.6.3 Cell Viability – MTT Assay 

Cell viability was assessed using the MTT assay, which measures the 

conversion of tetrazolium into formazan by metabolically active cells. Absorbance 

was measured at 570 nm using a spectrophotometer. The experiment was 

conducted in triplicate to ensure reproducibility [15]. 

 

5.3.7 In Vivo Assay 

5.3.7.1 Animals and Surgical Procedure 

The 50 Wistar rats were divided into five groups, evaluated at 28 and 45 days. 

Anesthesia was administered using ketamine hydrochloride (10 mg/kg) combined 

with xylazine hydrochloride (5 mg/kg). Following trichotomy and antisepsis, a 5 mm 

trephine was used to create a critical-sized defect (CSD) in the calvaria. The dura 

mater was preserved to avoid neurological damage [11]. 

 

5.3.7.2 Filling and Suturing Procedure 

The defects were filled with MTA Angelus Branco®, Osteosynt®, blood clot, 

Osteosynt® or combinations of MTA and Osteosynt®. Suture was performed with 5-0 

Nylon to ensure proper healing [11]. 

 

5.3.7.3 Microtomographic Analysis 
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Samples were scanned with a SkyScan 1272 micro-CT using 11 µm-thick 

slices. Scanning parameters included: 

• Voltage: 70 kV 

• Current: 142 µA 

• Filters: Al 0.5 mm and Cu 0.038 mm 

• Resolution: 2016 × 1344 pixels 

• Rotation: 0.5 mm per step 

The images were processed and analyzed with NRecon and CTvox software, 

enabling a three-dimensional assessment of the samples. 

 

5.3.7.4 Evaluated Parameters 

Following the Journal of Bone and Mineral Research guidelines [16], the 

following microtomographic parameters were assessed: 

• Bone volume (BV) 

• Bone volume fraction (BV/TV) 

• Trabecular thickness (Tb. Th) 

• Trabecular separation (Tb. Sp) 

• Trabecular number (Tb. N) 

 

5.3.7.5 Histometric 

Samples were decalcified in 10% EDTA for eight weeks, sectioned 

longitudinally, and embedded in paraffin. Sections of 5 µm were stained with 

Hematoxylin and Eosin (H&E). To ensure accurate counting, quantitative analysis 

was performed with ImageJ software, using a grid with 130 intersections [11]. 

 

5.3.7.6 Statistical Analysis 
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Statistical analysis was performed using GraphPad Prism® 7.04 software. 

Data normality was verified using the Shapiro-Wilk test. For parametric data, one-way 

ANOVA was used, followed by Tukey’s post-hoc test. For non-parametric data, the 

Kruskal-Wallis and Mann-Whitney tests were applied. A significance level of p < 0.05 

was adopted. 

 

5.4 Results  

Osteosynt® comprises hydroxyapatite (HA) and β-tricalcium phosphate (β-

TCP), both calcium phosphates. This combination offers complementary benefits: HA 

serves as an osteoconductive scaffold, while β-TCP is resorbed, promoting 

angiogenesis and new bone formation [17,18]. 

Calcium phosphates are widely used in maxillofacial rehabilitation due to their 

physicochemical similarity to the inorganic bone matrix, excellent biocompatibility, 

and bioactivity. These materials support the formation of vital bone and are effective 

in sinus lift procedures, fracture repair, alveolar ridge preservation, and vertical and 

horizontal bone augmentation [17,19]. 

White MTA, commonly used in endodontics as a reparative cement, is also 

applied in pulpotomies, pulp capping, and apexification due to its biocompatibility, 

antimicrobial activity, and ability to induce tissue mineralization [6,20]. Studies have 

shown that MTA stimulates bone regeneration by expanding progenitor cells and 

osteoblasts [7,8]. 

The combination of Osteosynt® and MTA was evaluated for its potential to 

promote bone formation. Osteosynt® (40% HA and 60% β-TCP) offers dimensional 

stability and osteoconductive potential, while MTA enhances bioactivity by inducing 

cellular differentiation and recruiting pluripotent cells from the bone marrow and 

periodontal ligament [8,17,21]. 

The 28- and 45-day time points were used to assess the kinetics of bone 

formation with Osteosynt® and MTA at concentrations of 5% and 10%, comparing 

these groups with controls (Clot and Osteosynt®) [5]. The SAOS-2 cell line, 

commonly used in studies of bone repair, was employed to evaluate the effects of 
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MTA. MTA dissolution increases pH and stimulates alkaline phosphatase activity 

through Ca²+ release, but excessive alkalinization may induce oxidative stress and 

apoptosis, as observed in groups treated with MTA and its combinations (Fig 1) [22-

25]. 

Histological analysis showed that the presence of MTA did not significantly 

affect the kinetics of bone formation or graft incorporation, aligning with previous 

studies (Graph 1a and Graph 2a) [23,26]. Imaging analysis confirmed the 

dimensional stability of grafted granules, essential for clinical predictability and long-

term implant placement (Fig 2) [1,19]. 

The groups Osteosynt® + 5% MTA and Osteosynt® + 10% MTA 

demonstrated the potential to accelerate bone repair at 45 days, likely due to the 

bioactivity of MTA, which promotes mineralized tissue formation and cellular 

differentiation (Graph 3a) [7,8,27]. Although microtomography (u-CT) initially 

identified the cement as newly formed bone, histological analysis confirmed only 

marginal contact between the cement and the bone defect (Graph 3a and Graph 4a) 

(Fig 2-B) [26,28]. 

While no statistically significant differences were observed between groups, 

the average results suggest meaningful trends for future research. Over 45 days, the 

groups Osteosynt® + 5% MTA and Osteosynt® + 10% MTA performed best in 

volumetric parameters (BV, BV/TV, Tb. Th, Tb. Sp, Tb. N), reflecting superior 

trabecular organization and quality (Graph 3a to Graph 7a) [2,29,30]. 

Reduced trabecular spacing and increased thickness suggest improved bone 

density, supporting primary implant stability. At 28 days, the Osteosynt® + 5% MTA 

group recorded the highest trabecular thickness values, which remained stable at 45 

days. The three-dimensional stability of the graft is crucial for structural support and 

implant placement (Graph 5a and Graph 6a) [1,19]. 

Studies indicate that bone formed from particulate substitutes reaches 

structural normality within five years, reproducing the lamellar organization of vital 

bone [31,32]. Thus, newly formed trabecular bone plays a vital role in the 

rehabilitation of grafted areas, enhancing clinical predictability and implant stability 

[12]. 
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The evaluation of cellular viability through the MTT assay (Fig 3) revealed that, 

after 24 hours of direct contact between the cell culture (SAOS-2) and the tested 

materials, the Control and Osteosynt groups showed no statistically significant 

differences. In contrast, the other groups exhibited a marked decrease in cellular 

viability compared to the Control group. The Osteosynt® + 5% MTA group showed 

numerically greater cellular viability at 24 hours than the other groups supplemented 

with MTA. After 48 hours, all groups displayed significantly lower cellular viability 

values compared to the Control group (Graph 8a) [24,33]. 

Regarding the analyzed parameters—bone volume (BV), percentage of bone 

volume (BV/TV), thickness of the bone trabeculae (Tb. Th), trabecular separation 

(Tb. Sp), and number of trabeculae (Tb. N)—the parameters BV, BV/TV, Tb.Sp, and 

Tb. N showed no statistically significant differences between the groups. However, a 

numerical trend favoring the Osteosynt® + 10% MTA group was observed at 45 

days, indicating quantitatively superior bone neoformation (Graph 7a) [2]. 

Quantitatively, at 28 days, the BV parameter was numerically higher in the 

Clot group, with a mean of 11.521 mm³. However, the lack of statistical difference 

indicates that there was no modification in the dynamics of bone neoformation when 

comparing the Osteosynt group with the tested preparations. 

Additionally, at 28 days, the Osteosynt® + 5% MTA group exhibited the 

highest average values of 0.30 mm². At 45 days, this group maintained stable 

average values compared to the previous period, while the Clot group showed the 

highest average value for the thickness of the bone trabeculae, measuring 0.32 mm². 

At 28 days, the values for trabecular separation ranged from 0.2 mm for the 

Osteosynt® group to 0.12 mm for the Osteosynt® + 10% MTA group. By 45 days, 

the average values were 0.25 mm for the Osteosynt® + 5% MTA group and 0.17 mm 

for the Clot group. 

The statistical analysis of the histological findings related to bone 

neoformation, and the resorption of biomaterials did not show significant differences 

between the groups and the respective time points. However, numerical trends 

indicate a possible superiority of bone neoformation in the Osteosynt® + 5% MTA 

and Osteosynt® + 10% MTA groups compared to the other groups, corroborating the 
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u-CT findings regarding the stability of the bone neoformation dynamics among the 

Osteosynt®, Osteosynt® + 5% MTA, and Osteosynt® + 10% MTA groups. This 

demonstrates the capacity of bone substitutes to maintain their dimensions, along 

with a low resorption rate of pure MTA. 

 

5.5 Discussion 

Calcium phosphate-based materials are prominent in maxillofacial 

rehabilitation due to their physicochemical similarities to the inorganic portion of 

bone. These materials demonstrate good biocompatibility and bioactivity, facilitating 

the formation of vital bone suitable for implant procedures and filling bone gaps, such 

as in maxillary sinus lifts, bone fractures, and ridge maintenance after extractions 

[34]. 

White Mineral Trioxide Aggregate (MTA) is widely used in endodontics as a 

repair cement. Since its introduction in the 1990s for sealing perforations, its 

favorable properties have made it a preferred choice for pulp capping and 

apexification [6,27]. MTA is known for excellent biocompatibility, antimicrobial activity, 

and the ability to induce mineralized tissue formation [1,6,8,18,21,27,35]. 

The bone substitute Osteosynt® consists of hydroxyapatite (HA) and β-

tricalcium phosphate (β-TCP) in proportions of 40% and 60%, respectively [17]. HA 

provides a scaffold for osteogenic cell colonization and maintains dimensional 

stability, while β-TCP is osteoconductive, rapidly resorbable, and induces 

angiogenesis [11,35]. MTA also enhances mineralized tissue formation by recruiting 

osteogenic cells and inducing differentiation of pluripotent cells present in 

the periodontal ligament and bone marrow [8]. 

The SAOS-2 cell line was employed due to its relevance in evaluating bone 

cell responses to stimuli and repair [14,25]. MTA, upon dissolution, elevates local pH, 

increasing Ca²+ availability and enhancing alkaline phosphatase activity. However, 

elevated oxidative stress may lead to apoptosis in some cell populations [36]. This 

may explain the cytological findings in MTA and Osteosynt® + 5% MTA and 

Osteosynt® + 10% MTA groups, which showed a progressive increase in cellular 

debris after apoptosis [9,25]. 
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The analysis of imaging and histological findings indicated a direct interaction 

between the tested materials (MTA and Osteosynt®) and their proportions. This 

allowed for the assessment of bone repair kinetics and the dimensional maintenance 

of grafted materials, crucial for clinical predictability regarding the bone volume 

required for dental implants [12]. The bone substitutes showed good dimensional 

stability even when combined with MTA, particularly in the Osteosynt® + 5% MTA 

and Osteosynt® + 10% MTA groups. 

Imaging findings aligned with previous studies on particulate bone substitutes, 

showing maintenance of the critical defect area and some neoformation at 28 days, 

with increased formation at 45 days. The Osteosynt® + 5% MTA and Osteosynt® + 

10% MTA groups at 45 days exhibited potential for accelerated bone repair, likely 

enhanced by MTA's Properties [8,36,37]. MTA's imaging and histological findings 

corroborated earlier studies regarding its behavior at the mineralized tissue-MTA 

interface [26,28]. However, non-destructive evaluation techniques, such as u-CT, 

may misinterpret MTA as bone tissue, introducing bias [16,26,28]. 

While statistical analyses did not show significant differences between groups, 

mean values of parameters indicate trends that could inform future studies. Bone 

neoformation was evaluated through microtomographic imaging and parameters 

including bone volume (BV), percentage of bone volume (BV/TV), trabecular 

thickness (Tb. Th), separation, and number of trabeculae (Tb. Sp and Tb. N). At 28 

days, the BV parameter was numerically superior in the Clot group, with a mean of 

11.521 mm³. At 45 days, the highest values were recorded for Osteosynt® + 5% 

MTA and Osteosynt® + 10% MTA. These volumetric characteristics support the 

literature on the importance of maintaining volume during bone formation with 

particulate substitutes [1,31,32]. 

The higher mean values in Osteosynt® + 5% MTA and Osteosynt® + 10% 

MTA can be attributed to the osteoconductive properties of HA and the angiogenic 

properties of β-TCP [30]. The presence of MTA contributes to mineralized tissue 

formation and the recruitment of osteogenic lineage cells, enhancing neoformed 

bone quantity [8,26]. Thus, reduced trabecular separation and increased thickness 

may lead to denser bone, facilitating dental implant placement [2,12].  



64 

 

 
 

At 28 days, the Osteosynt® + 5% MTA group showed the highest mean values 

for Tb.Th (0.30 mm²). At 45 days, this group maintained stable values compared to 

the previous period, while the Clot group exhibited the highest average trabecular 

thickness (0.32 mm²). Prior studies indicate that neoformed bone from particulate 

substitutes exhibits normal characteristics after 5 years, replicating the lamellar 

organization of vital bone following dynamic equilibrium [12,38]. The trabecular bone 

structure supports the dimensional stability of grafted biomaterials, crucial for 

subsequent dental implant placement [2,12]. Thus, neoformed trabecular bone plays 

a vital role in the rehabilitation of grafted areas [12]. 

 

5.6 Conclusion  

Based on the findings of this study, it can be concluded that the addition of 

MTA to bone substitutes represents a promising strategy for modulating bone repair. 

However, to achieve the goal of benefiting patients who require surgical procedures 

involving these materials, further research is needed. 

It is essential to conduct both preclinical studies and randomized clinical trials 

that allow for the evaluation of the actual effectiveness of bone repair modulation and 

the microbiological control of the proposed material. These investigations should 

encompass both short-term and longer-term periods, such as 1, 3, 5 years, or more. 
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Fig 1. Representative histology of the different groups tested. A: Clot at 28 

days; B: Osteosynt at 28 days; C: MTA at 28 days; D: Osteosynt+5%MTA at 28 

days; E: Osteosynt+10%MTA at 28 days; F: Clot at 45 days; G: Osteosynt at 45 

days; H: MTA at 45 days; I: Osteosynt+5%MTA at 45 days; J: 

Osteosynt+10%MTA at 45 days. 

 

 

 

Fig 2. Representative images of coronal sections to verify structures. A: Clot at 

28 days; B: Osteosynt at 28 days; C: MTA at 28 days; D: Osteosynt+5% MTA at 

28 days; E: Osteosynt+10% MTA at 28 days; F: Clot at 45 days; G: Osteosynt at 

45 days; H: MTA at 45 days; I: Osteosynt+5% MTA; J: Osteosynt+10% MTA.  



70 

 

 
 

 

Fig 3. Representative images captured at 40X magnification to verify cell 

morphology after direct contact between cells and material. 

 

 

 

Graph 1a. Comparative chart between groups and periods for the evaluation of 

bone neoformation. 
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Graph 2a. Comparative chart between groups and periods for the evaluation of 

resorption and dimensional maintenance of biomaterials. 

 

 

 

Graph 3a. Chart of the mean bone volume values for the two periods. 
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Graph 4a. Chart of the mean percentage bone volume values for the periods of 

28 and 45 days. 

 

 

 

Graph 5a. Chart of the mean trabecular bone thickness values for the two 

periods. 
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Graph 6a. Chart of the mean trabecular separation values for the periods of 28 

and 45 days. 

 

 

Graph 7a. Chart of the mean trabecular number values for both periods. 
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Graph 8a. Comparative chart between groups and periods for direct cell-

biomaterial contact. 

 

 

 

 

  



75 

 

 
 

6 CONCLUSÃO GERAL  

Com base nos achados do presente estudo, é possível afirmar que a 

utilização do MTA em baixa concentração associado aos substitutos ósseos 

bifásicos não impactou negativamente a cinética de neoformação óssea.  

Desta maneira, apesar de não haver diferenças estatísticas nos parâmetros 

observados para a comparação dos grupos e tempos, numericamente a mistura 

representada pelos grupos Osteosynt + 5%MTA e Osteosynt + 10%MTA 

apresentaram um potencial favorável para o desenvolvimento de um novo 

biomaterial e novos protocolos para sua utilização.  

Onde a atual pesquisa atuou de modo a iniciar estudos acerca da utilização 

destes dois biomateriais em conjunto. Mas fazem-se necessários estudos em outros 

campos da ciência biológica para que o material proposto possa demonstrar sua 

relevância e capacidade de auxiliar o reparo ósseos e mitigar infecções pós-

operatórias. 

Estudos microbiológicos devem ser feitos, para a verificação da capacidade 

de inibição do crescimento bacteriano, bem como estudos em modelo animal como 

Coelhos albinos utilizando defeitos ósseos maiores e verificando sua capacidade de 

resolução em tempo precoces e tardios. Da mesma maneira estudos clínicos 

randomizados serão de grande valia para que a proposta atual possa chegar até o 

paciente impactando positivamente em reabilitações maxilofaciais. 
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