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RESUMO  
 

Os cimentos de polialcenoato de vidro ou Cimentos de Ionômero de Vidro (CIV), têm 

se mostrado os materiais mais apropriados para estar em contato com a Dentina 

Afetada por Cárie (DAC). Contudo, a baixa liberação de íons importantes para a 

remineralização da DAC demanda a exploração formulações de CIV’s contendo vidros 

bioativos, para melhorar as propriedades mecânicas, antibacteriana e liberação iônica. 

Esse estudo tem por objetivo  explorar o efeito da adição de uma vitrocerâmica 

bioativa (Biosilicato® 23,75Na2O– 23,75CaO–48,5SiO2 –4P2O5) nas propriedades 

físico-mecânicas e biológicas de um CIV restaurador convencional de baixa 

viscosidade (Maxxion R) e um de alta viscosidade (Fuji IX GP). O Biosilicato® foi 

incorporado em diferentes concentrações (5%, 10% e 15% P/P) aos diferentes CIVs. 

A caracterização da superfície (n=3) foi feita por MEV (n=3), EDS (n=3) e FTIR (n=1). 

Os tempos de presa e trabalho (T/P) (n=3), e a resistência à compressão (RC) (n=10) 

foram avaliados de acordo com a ISO 9917-1:2007. A liberação de íons foi 

determinada e quantificada por ICP-OES e por UV-Vis para Ca, Na, Al, Si, P, F (n=6). 

Para verificar a citotoxicidade, células tronco da papila apical (SCAP) foram expostas 

a eluatos desses cimentos (n=3 e relação área superficial/meio = 1,8 cm2/mL) e 

analisadas 24 h após a exposição. A atividade antimicrobiana contra Streptococcus 

mutans (ATCC® 25175, NCTC 10449) foi analisada por contato direto do inóculo com 

o material por 2 h (n=5). Os dados foram submetidos aos testes de normalidade e 

lognormalidade de Shapiro-Wilk. ANOVA(one-way) e teste de Tukey foram aplicados 

nos dados dos tempos T/P, RC e liberação de íons. Os dados de citotoxicidade e 

atividade antimicrobiana foram submetidos ao teste de Kruskal-Wallis e de Dunn como 

teste post-hoc. Todos os testes estatísticos foram aplicados considerando alfa=5%. A 

análise das características de superfície foi feita por análise qualitativa. Os resultados 

mostraram que entre todos os grupos, aqueles com 5% (peso) de Biosilicato® 

apresentaram melhor qualidade superficial. Os dados de FTIR mostraram uma boa 

interação entre o Biosilicato® e a matriz do CIV. Apenas Maxxion com 5% de 

Biosilicato apresentou tempos de T/P comparável ao material original (p=0,7254 e 

p=0,5912). A RC foi mantida em todos os grupos Maxxion (p>0,0001) e diminuiu nos 

grupos experimentais Fuji (p<0,0001). A liberação de Na, Si, P e F foi 

significativamente aumentada para todos os grupos Maxxion e Fuji (p<0,0001). A 

citotoxicidade foi aumentada apenas para Maxxion com 5% e 10% de Biosilicato®. A 



 

maior inibição do crescimento de S.mutans foi observada para Maxxion com 5% de 

Biosilicato® (menos de 100 UFC/mL), seguido de Maxxion com 10% de Biosilicato® 

(p=0,0053) e Maxxion sem a vitrocerâmica (p=0,0093). Maxxion R e Fuji IX 

apresentaram comportamentos diferentes quanto à incorporação do Biosilicato®, com 

o Maxxion R apresentando as maiores discrepâncias. Os impactos nas propriedades 

físico-mecânicas e biológicas foram diferentes dependendo do tipo do CIV, mas a 

liberação de íons terapêuticos foi aumentada para ambos os materiais. 

 

Palavras-chave: Cimento de polialcenoato. Cimento de ionômero de vidro. 

Biomateriais. Cerâmica vítrea.  



 

ABSTRACT 

 

Glass Ionomer Cements (GIC), also known as glass polyalkenoate cements, are the 

most appropriates materials for to be in contact with Caries Affected Dentin (CAD). 

However, the low release of crucial ions for CAD remineralization in GICs necessitates 

the exploration of alternative formulations of GICs. The incorporation of bioactive 

glasses has been suggested as a means of enhancing the mechanical, antibacterial, 

and ion release properties of GICs. This study aims to explore the effect of adding a 

bioactive glass-ceramic (Biosilicate® 23.75Na2O– 23.75CaO–48.5SiO2 –4P2O5) on 

the physical-mechanical and biological properties of a conventional (Maxxion R) and 

in a high viscosity (Fuji IX GP) GICs. Biosilicate® was incorporated by weight (5%, 

10% and 15%) in the GICs. Surface characterization was performed by SEM (n = 3), 

EDS (n = 3) and FTIR (n = 1). Setting and working times (S/T) (n = 3), and compressive 

strength (CS) (n = 10) were evaluated according to ISO 9917-1:2007. Ion release was 

determined and quantified by ICP-OES and by UV-Vis for Ca, Na, Al, Si, P, F (n = 6). 

To verify cellular cytotoxicity, Stem Cells from  Apical Papilla (SCAP) were exposed to 

eluates (n=3 and 1.8 cm2/mL ratio) and analized 24h after exposure. Antimicrobial 

activity against Streptococcus  mutans (ATCC® 25175, NCTC 10449) was analyzed 

by direct contact for 2 h (n=5). The data were submitted to normality and lognormality 

tests. One-way ANOVA and Tukey's test were applied to WT/ST, CS and ion release 

data. Cytotoxicity and antimicrobial activity data were submitted to the Kruskal-Wallis 

and Dunn tests as a post-hoc test. Among all groups, those with 5% of Biosilicate® 

showed better surface quality. The FTIR data showed a good interaction between 

Biosilicate® and the GIC matrix. Only Maxxion with 5% of Biosilicate® presented W/S 

times comparable to the original material (p=0.7254 and p=5912). CR was maintained 

in all Maxxion groups (p > 0.0001) and decreased in the experimental Fuji groups 

(p<0.0001). The release of Na, Si, P and F was significantly increased for all Maxxion 

and Fuji groups (p<0.0001). Cytotoxicity was increased only for Maxxion with 5% and 

10% Biosilicate®. The greatest inhibition of S.mutans growth was observed for 

Maxxion with 5% Biosilicate® (less than 100 CFU/mL), followed by Maxxion with 10% 

Biosilicate® (p=0.0053) and Maxxion without the glass-ceramic (p=0.0093).The 

impacts of adding Biosilicate® into Maxxion and Fuji IX over its physical-mechanical 

and biological properties were different depending on the GIC, but the release of 

therapeutic ions was increased for both materials. 



 

 
Keywords: Glass polyalkenoate cement. Glass ionomer cement. Glass ceramic. 

Bioactive glass. Antibacterial agents. 
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1 INTRODUÇÃO 
 

Os cimentos de polialcenoato de vidro, popularmente conhecidos Cimentos de 

Ionômero de Vidro (CIVs) são materiais restauradores amplamente utilizados, devido 

a capacidade de se aderir quimicamente ao dente, liberar fluoreto, apresentar 

coeficiente de expansão térmico similar ao da dentina e biocompatibilidade (1). São 

cimentos que podem ser considerados multiuso devido a vasta aplicabilidade, tais 

como: base e forramento de cavidades, restaurações provisórias e permanentes, 

selantes de fóssulas e fissuras, cimentação e para fixação de bráquetes ortodônticos 

(2). 

     Diferentes tipos de CIVs encontram-se comercialmente disponíveis, tais 

como cimentos de ionômero de vidro convencionais, fotopolimerizáveis ou híbridos. 

Os convencionais podem ser classificados de alta viscosidade ou de baixa 

viscosidade a depender da proporção de pó/líquido (P/L) e a quantidade de íons Ca+ 

e Al3 + (3).  Os CIVs de baixa viscosidade apresentam uma proporção P/L de 1.5/1 

(peso/peso), baixas propriedades mecânicas e são indicados para restaurações 

provisórias. Enquanto os CIVs de alta viscosidade, apresentam proporção P/L 3.6/1 

(peso/peso), o que reflete em melhores propriedades mecânicas e indicações clínicas 

mais longevas, como restaurações permanentes em regiões de grande carga 

mastigatória (4). 

Algumas limitações específicas desse material podem ser apresentadas 

dependendo do fabricante, como a sensibilidade a umidade durante os estágios 

iniciais da presa, alta suscetibilidade a variações nos tempos de trabalho e presa, 

baixa resistência ao desgaste, baixas propriedades mecânicas (5). Um CIV com 

finalidade restauradora deve apresentar resistência à compressão a partir de 100 

MPa, adequada microdureza (70 KNH), resistência à erosão ácida (>0.17mm) de 

acordo com a ISO 9917-1:2007, o que não é atingido por grande parte dos CIVs 

comercialmente disponíveis (6). A liberação de flúor é uma das principais vantagens 

desse material, e varia de acordo com a marca e a proporção P/L do CIV (7). 

Entretanto, ainda não há evidência clara sobre o quanto de liberação de flúor pelos 

CIVs seria necessário para se obter benefício clínico (1).  

A composição do pó e do líquido varia de acordo com o fabricante, e 

consequentemente as propriedades do material também (5, 6). Esses materiais 

passam por constante aprimoramento na composição,  no tamanho das partículas de 
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vidro e nos tipos de ácidos empregados, o que lhes confere diferentes propriedades 

físicas e mecânicas, bem como clínicas (5, 8, 9). Entretanto, é comum que o pó de 

vidro seja composto por partículas de cálcio-fluoro-aluminossilicato e a fase líquida, 

por uma solução aquosa de poliácidos (1). 

Os poliácidos (alquenóico) são homopolímeros ou copolímeros de monômeros 

de ácidos mono, di ou tri-carboxílicos insaturados, como ácido acrílico, ácido maleico, 

ácido itacônico e ácido 2-buteno1,2,3 tricarboxílico (10). A composição, o peso 

molecular e a arquitetura dos poliácidos influenciam diretamente na manipulação e 

nas propriedades mecânicas dos CIVs (10, 11, 12, 13). O ácido tartárico, por exemplo, 

é comumente co-polimerizado ao ácido acrílico, e atua como um acelerador que 

auxilia na extração de íons do vidro aluminossilicato e facilita sua ligação às cadeias 

de poliânions (14). 

O CIV é resultado da reação de neutralização entre a solução aquosa de ácido 

polimérico (ácidos polialcenóicos / ácidos carboxílicos) e o pó de vidro de caráter 

básico (1). Os íons cálcio e sódio não fazem parte da rede tridimensional do vidro, 

porém encontram-se dispersos nesta rede. Por isso e pela natureza bivalente do 

cálcio (Ca2+) e univalente do sódio (Na+), essa reação inicia preferencialmente por 

esses elementos, formando carboxilato de cálcio (ou estrôncio) e carboxilato de sódio 

imediatamente (10, 15). A degradação do vidro continua pela hidrolização das 

ligações de aluminossilicato (Al-O-Si) da rede de vidro e liberando cátions de alumínio, 

formando ligações cruzadas com os grupos carboxilatos (carboxilato de alumínio), o 

que irá conferir boas propriedades mecânicas ao material (16, 17). 

O cimento em si, resulta em uma quantidade substancial de partículas de vidro 

parcialmente reagidas, que atuam como carga de reforço na matriz polimérica. De 

acordo com a norma ISO 9917-1:2007, o tempo mínimo de trabalho para este tipo de 

material deve ser de 1,5 minutos e o tempo de presa de 6 minutos. O mecanismo de 

adesão química à estrutura dentária ocorre através da quelação dos íons Ca2+ do 

esmalte/dentina pelos grupamentos carboxílicos livres na matriz polimérica. Logo, o 

CIV deve ser aplicado na cavidade ainda enquanto apresenta grupos carboxílicos 

livres, caracterizado pelo brilho superficial da mistura, para garantir o benefício da 

adesão química ao dente (18). 

O uso dos CIV’s tem sido amplamente defendidos em tratamentos 

minimamente invasivos, como na Remoção Seletiva de Cárie (RSC) e no Tratamento 

Restaurador Atraumático (ART) (19, 20).  O ART foi originalmente desenvolvido para 
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cuidados preventivos em áreas que carecem de recursos, como eletricidade ou 

equipamentos de alta/baixa rotação. Nessa técnica, apenas instrumentos manuais 

são usados para remover o tecido cariado, tendo alta adesão pelos pacientes 

pediátricos, porque está associado à redução da dor, desconforto e evita a 

necessidade de anestesia local (5). Mesmo com as limitações estéticas e mecânicas 

do material, restaurações com esse material no substrato de dentina afetada por cárie, 

apresentaram taxa de sobrevivência similar à de restaurações em resina composta e 

em amálgama após 3 anos de observação (21, 22). 

As características do remanescente cariado são desafiadoras para se manter 

a estabilidade da restauração, uma vez que este substrato apresenta alto teor de 

água, alto conteúdo bacteriológico, superfície irregular e baixas propriedades 

mecânicas, comparada ao tecido hígido (23). Porém, deve-se considerar que além do 

alto conteúdo bacteriológico presente na dentina remanescente, após o ART ou RSC, 

mesmo após o vedamento da cavidade, o tecido dentinário permanece em 

degradação durante um período de 3 meses, período máximo investigado até o 

presente momento (24). 

Dessa forma, a busca contínua por melhorias na atividade antimicrobiana e nas 

propriedades mecânicas desses materiais têm ocorrido desde a sua concepção. 

Diferentes materiais com propriedades antimicrobianas têm sido incorporados aos CIV 

tais como: compostos naturais (25, 26) clorexidina e antibióticos (27, 28, 29, 30), 

nanotubos de dióxido de titânio (31) e nanopartículas de prata (32). No entanto, a 

incorporação de de tais aditivos têm reduzido a resistência à compressão e estendido 

o tempo de presa do CIV (26, 27), enquanto nanopartículas de titânio e prata têm 

demostrado que além de melhorarem o efeito antimicrobiano, melhoraram as 

propriedades mecânicas de CIVs de alta viscosidade (33, 34). 

 Além da busca pela melhoria da atividade antimicrobiana e das propriedades 

mecânicas, elevar a bioatividade desse material tem sido muito almejada para a 

remineralização da dentina afetada por cárie  (35, 36). Nesse contexto, aditivos 

inorgânicos bioativos como hidroxiapatita (37, 38, 39, 40), fluorapatita (41) e biovidros 

(42) têm sido incorporados aos CIVs como possibilidade elevar a bioatividade e 

atuarem como partículas de reforço. Porém, no geral não promoveram melhora 

significativa na resistência a compressão e causaram aumento no tempo de presa (42, 

43, 44) com exceção de algumas formulações de biovidros livres de sódio e contendo 
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alumínio que mostraram não afetar a presa e aumentaram as propriedades mecânicas 

(45). 

 Os biovidros ou vidros bioativos, têm sido amplamente utilizados nas diversas 

especialidades odontológicas, para regeneração óssea, capeamento pulpar, terapias 

endodônticas, tratamento da hipersensibilidade dentinária, remineralização de 

esmalte e de dentina, e, com isso, têm sido frequentemente incorporados aos 

materiais restauradores e sistemas adesivos (46). Larry L. Hench foi  pioneiro no 

desenvolvimento do biovidro. Enquanto pretendia criar um material de enxerto que 

não causasse rejeição pelo hospedeiro, desenvolveu o Bioglass® 45S5, um vidro do 

sistema quaternário que interage e se adere aos tecidos vivos pela indução da 

formação  de uma camada de apatita (47).  

Desde então diferentes formulações foram investigadas. A composição básica 

dos biovidros pode conter de 40–52% SiO2, 10–50% CaO e 10–35% Na2O. Também 

podem estar presentes em alguns biovidros 2–8% P2O5, 0–25% CaF2 e 0–10% B2O3 

(32%). Quando em solução aquosa, o material é capaz de precipitar a patita e também 

de se aderir aos tecidos duros e moles sem rejeição (48).  

Segundo Larry L. Hench, ocorrem basicamente cinco estágios que antecedem 

a precipitação da apatita quando em contato com o biovidro: (estágio 1) troca iônica 

entre a superfície do biovidro e o meio (aquoso/fluido corporal), havendo a substituição 

de íons alcalinos e alcalinos terrosos da estrutura do vidro por H+ e H3O+; (estágio 2) 

o pH é elevado e ocorre a ruptura das ligações Si-O-Si, assim o silício é liberado no 

fluido em forma de silanóis, [Si(OH)4]; (estágio 3) em pH<9,5, os grupos silanóis se 

condensam sobre a partícula do biovidro, formando uma camada de gel de sílica. A 

troca iônica continua ocorrendo nesta camada superficial, principalmente recrutando 

o íons Ca2+ e PO4
3-;(estágio 4) formação de uma camada de cálcio e fosfato amorfo 

sobre o gel de sílica. Com o aumento da espessura dessa nova camada inicia-se a 

cristalização da apatita carbonatada (estágio 5) (49). 

Esses materiais agregam a funcionalidade bioativa (formação de apatita) e 

antimicrobiana devido a sua alcalinidade, por isso promovem a remineralização do 

esmalte e da dentina, e apresentam efeito antibacteriano contra os microorganismos 

envolvidos na atividade da lesão cariosa. No tecido dentinário, forma-se uma ligação 

entre as partículas do biovidro e a dentina (50). Isso ocorre devido a comprovada 

afinidade do biovidro pelo colágeno tipo I (51). Abuna et al. (52) incorporaram 
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nanopartículas de biovidro a um sistema adesivo, que in vitro resultou na redução da 

degradação enzimática e remineralização da dentina afetada por cárie.  

Especificamente na dentina desmineralizada, a adição de biovidro ao CIV 

promoveu maior formação de fluorapatita na superfície da dentina, e não interferiu na 

resistência adesiva do CIV a esse substrato (53). Apesar de suas excelentes 

propriedades bioativas, as principais desvantagens dos vidros bioativos são a baixa 

resistência mecânica (54). Sabe-se que o  método de processamento do biovidro 

impacta diretamente na capacidade de formação da apatita (55). A taxa de formação 

de hidroxiapatita carbonatada (HAC) in vitro diminui significativamente à medida que 

a fração de volume cristalizado aumenta, indicando que o ganho nas propriedades 

mecânicas, com a cristalização, implicará na diminuição da bioatividade (47, 56, 57, 

58). 

Nesse contexto, o Biosilicato® [23,75Na2O– 23,75CaO–48,5SiO2 –4P2O5 (% 

em peso)] é um material vitrocerâmico bioativo totalmente cristalino que pode ser 

obtido com uma (BS-1P) ou duas fases cristalinas (BS-2P): silicato de sódio-cálcio 

(Na2CaSi2O6) ou ambos Na2CaSi2O6 e uma solução de sódio– fases de fosfato de 

cálcio (NaCaPO4) (59). Essa vitrocerâmica apresenta índice de bioatividade maior que 

o da hidroxiapatita e 99,5% de cristalinidade (47), atingido por meio do processo de 

cristalização controlada (58). Assim, Biosilicato® exibe propriedades mecânicas 

distintas dos biovidros, apresentando-se mais tenaz na forma monolítica e maior 

usinabilidade (47).  

Alguns trabalhos como o de Saran et al 2020, reportaram aumento significativo 

das propriedades mecânicas com a incorporação de 10% em peso de pós cerâmicos 

aos CIVs. A composição específica dos pós cerâmicos muitas vezes não é clara, 

porém sabe-se que o óxido de zircônia é um dos principais constituintes. Devido ao 

ganho substancial nas propriedades mecânicas, os CIVs contendo pós cerâmicos 

geralmente são conhecidos como “Zircômero” ou “Amálgama branco” (60). 

Nomenclatura esta, fortemente criticada, uma vez que por definição “amálgama” são 

ligas de mercúrio (61). 

 O Biosilicato® foi inicialmente idealizado como um material bioativo para a 

utilização no tratamento da hipersensibilidade dentinária, e mostrou-se efetivo (62). 

Desde então, ampliaram-se as aplicações do material, foram realizados estudos in 

vitro e in vivo, mostrando significativa indução na osteogênese em culturas celulares 
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(63), materiais para proteção pulpar (64), na osseointegração de implantes (65) e na 

redução da desmineralização do esmalte causada pelo clareamento dental (62, 64).  

O efeito antimicrobiano do Biosilicato® também é uma grande vantagem ao se 

considerar sua incorporação ao CIV. A vitrocerâmica mostrou-se efetiva quando 

testada em contato direto com 23 patógenos aeróbicos e anaeróbicos relacionados à 

cárie e à infecções endodônticas (66). A atividade antibacteriana do Biosilicato® se dá 

pela alteração no pH, que em meio aquoso aumenta de 5,0 para 8,7, em 35 minutos. 

Essa mudança promove significativa alteração no meio osmótico, sendo prejudicial 

aos microorganismos. A alcalinização do meio pode inativar algumas enzimas 

produzidas pelas bactérias (63), e a despolarização da membrana celular impactará 

nos processos do metabolismo celular, como a falta de ATP, e no transporte de 

nutrientes (67, 68). Contudo, essa vitrocerâmica ainda não foi incorporada aos CIVs. 

A adição do Biosilicato® ao CIV representa uma possibilidade de melhorar o 

potencial de remineralização da dentina, pelo aumento na liberação de íons 

terapêuticos que também podem atuar no efeito antimicrobiano. Nesse contexto, o 

Biosilicato® foi incorporado em peso, em concentrações 5,10, e 15% aos dois tipos de 

CIVs, sendo um CIV convencional de baixa viscosidade (Maxxion R) e o outro de alta 

viscosidade (Fuji X GP). Dessa forma, o objetivo deste trabalho é investigar o efeito 

da adição de Biosilicato® nas propriedades físico-mecânicas, liberação de íons, 

citotoxicidade e atividade antimicrobiana contra Streptococcus mutans. As hipóteses 

são: a adição de diferentes concentrações de Biosilicato® aos CIVs impacta o tempo 

de presa e o comportamento mecânico (I); Biosilicato® aumenta a liberação de íons 

nos CIVs (II); diminui a citotoxicidade (III) e eleva a atividade antimicrobiana (IV). 
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Abstract: This study investigated the influence of Biosilicate® on the physico-

mechanical and biological properties of glass ionomer cements (GIC). This bioactive 

glass ceramic (23,75Na2O– 23,75CaO–48,5SiO2 –4P2O5) was incorporated by weight 

(5%, 10%, or 15%) into commercially available GICs (Maxxion R and Fuji IX GP). 

Surface characterization was made by SEM (n = 3), EDS (n = 3), and FTIR (n = 1). 

Setting and working (S/W time) times (n = 3) and compressive strength (CS) were 

analyzed (n = 10) according to ISO 9917-1:2007. Ion release (n = 6) was determined 

and quantified by ICP OES and by UV-Vis for Ca, Na, Al, Si, P, F. To verify cell 

cytotoxicity, stem cells from the apical papilla (SCAP) were exposed to eluates (n = 3 

and ratio 1.8 cm2/mL) and analyzed 24h post-exposure. Antimicrobial activity against 

Streptococcus mutans (ATCC 25175, NCTC 10449) was analyzed by direct contact of 

2h (n = 5). Data were submitted to normality and lognormality tests. One-way ANOVA 

and Tukey’s test were applied for working and setting time, compressive strength, and 

ion release data. Data from cytotoxicity and antimicrobial activity were submitted to 

Kruskal-Wallis’ test, and Dunn’s as a post-hoc tests (α = 0.05). Among all experimental 

groups, only those with 5% (wt) of Biosilicate® showed better surface property.Only 

M5% showed a comparable W/S time to the original material (p = 0.7254 and p = 

0.5912). CS was maintained for all Maxxion R groups (p > 0.0001) and declined for 
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Fuji IX experimental groups (p < 0.0001). The Na, Si, P, and F ion releases were 

significatively increased for all Maxxion R and Fuji IX groups (p < 0.0001). Cytotoxicity 

was increased only for Maxxion R with 5% and 10% of Biosilicate®. A higher inhibition 

of S.mutans growth was observed for Maxxion R with 5% of Biosilicate® (less than 100 

CFU/mL), followed by Maxxion R with 10% of Biosilicate® (p = 0.0053) and Maxxion 

R without the glass ceramic (p = 0.0093). Maxxion R and Fuji IX presented different 

behavior regarding Biosilicate® incorporation. The impacts on physico-mechanical and 

biological properties were different depending on the GIC, but therapeutic ion release 

was increased for both materials. 

 

Keywords: glass ceramic; Biosilicate®; glass ionomer cement; ion release; bioactivity; 

antimicrobial; biocompatibility.  
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1. Introduction 

Glass-ionomer cements (GICs) have been extensively employed as the material 

of choice for some minimally invasive dental procedures, such as atraumatic 

restorative treatment (ART) [1,2], demonstrating high durability and good clinical 

performance over several years [3]. Fluoride release, chemical adhesion to tooth, 

biocompatibility, and a thermal expansion coefficient close to that of dentine are well-

known beneficial properties of GICs. [4]. The normal setting reaction of GIC results 

from the neutralization of an aqueous polymeric acid solution and a glass powder [5]. 

This reaction initially produces calcium polyacrylate (or strontium polyacrylate), 

followed by aluminum polyacrylate [6]. A significant amount of unreacted glass 

particles serves as reinforcing fillers in the polymeric matrix. The setting reaction 

typically lasts between 2 and 6 minutes [7].  

The fluoride release from these materials, which provides an anti-cariogenic 

effect by inhibiting plaque formation [8-11], is insufficient to remineralize remaining 

caries-affected dentin after an ART procedure [4]. Since their introduction, GICs have 

undergone several improvements to the glass particle and polyacids used [4,12,13]. 

Bioactive materials such as hydroxyapatite, chitosan, bioglass, and even processed 

bovine dentin have been incorporated into GIC [14]. These bioactive materials have 

been studied to develop a restorative material that can provide remineralization, 

antimicrobial activity, and chemical interaction to restore challenging cavities, such as 

dentin affected by caries in deep caries lesions and cervical lesions [15,16]. 

BAG (Bioactive Glasses) was invented by Dr. Larry Hench in 1969 [21]. BAG 

incorporated into GICs have demonstrated the capability of inducing dentin 

remineralization [17-20]. Despite their excellent bioactive properties, bioactive glasses 

present low mechanical properties [22], for that reason bioactive glass ceramics have 

been created to overcome BAG’s poor mechanical properties. However, as the 

crystallized volume fraction increases, the rate of apatite formation in vitro decreases 

significantly. The crystallization of this glass rendered it an inert substance.  

Within this context Biosilicate® (BioS 23,75Na2O– 23,75CaO–48,5SiO2 –

4P2O5) is a fully crystalline bioactive glass-ceramic that can be obtained with one (BS-

1P) or two crystalline phases (BS-2P): sodium–calcium silicate (Na2CaSi2O6) or both 

Na2CaSi2O6 and a sodium-calcium phosphate (NaCaPO4) phases [23]. Biosilicate®, 

on the other hand, is a type of bioactive glass ceramic produced by controlled 

crystallization, which allows leads to high crystallinity (higher mechanical properties) 
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without compromising its bioactivity [24]. This material is highly bioactive, 

osteoconductive, osteoinductive, non-cytotoxic and non-genotoxic, and it shows 

antibacterial properties. [23]. Biosilicate® has been used successfully for medical and 

dental applications, such as the treatment of dentine hypersensitivity [25], enamel 

remineralization agent [26], and antimicrobial agent in intracanal pastes [27], over the 

past two decades. Biosilicate® is a fully crystalline bioactive glass ceramic; therefore, 

it may be possible to incorporate it into GICs to increase their bioactivity and 

therapeutic ion release without compromising their mechanical properties. 

The primary objective of this study is to investigate the effects of incorporating 

Biosilicate® into commercially available conventional and high viscosity GIC on setting 

behavior, mechanical properties, ion release, cytotoxicity, and antimicrobial activity 

against S.mutans. Thus, the research hypotheses tested are: (I) Different 

concentrations of Biosilicate® into GIC will affect their setting time and mechanical 

properties; (II) Biosilicate® incorporation into GIC increases their ion release, (III) 

cytotoxicity, (IV) and antimicrobial activity.  

 

2. Materials and Methods 

2.1. Formulation of experimental restorative materials and group assignments 

Biosilicate® microparticles (D50= 5 μm) were synthesized by melting followed 

by a heat treatment, as described by Martins et al., (2011). Two glass ionomer cements 

were investigated: Maxxion R (FGM, Joinville, Santa Catarina, Brazil) and Fuji XI GP 

GC Corporation, Tokyo, Japan). Table 1 shows the manufacturers and compositions 

of the materials used in the study. Biosilicate® and the powders portions of each GIC 

were weighed using a 0.1mg analytical balance (Chyo Balance JK 180; Chyo Corp., 

Tokyo, Japan). Then, Biosilicate® was manually incorporated into Maxxion R and Fuji 

IX powders in concentrations of 5, 10, or 15% by weight. Table 2 shows the group 

distributions, formulations, and powder/liquid (P/L) ratios used on this study. Maxxion 

R (M0%) and Fuji IX (F0%) without Biosilicate® were used as control groups. M0% 

and F0% were manipulated following each GIC manufacturer’s instructions. For 

experimental groups F5%, F10%, and F15%, the P/L ratio was 1.8/1 (wt/wt) to improve 

handling conditions (when touched or drawn apart, these cements formed strings/fibrils 

that prevented proper handling). The P/L ratio for Maxxion R groups was kept as 1.5/1 

(wt/wt). 
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Table 1. Manufacturers and composition of the materials used. 

Material 
(manufacturers) 

Composition 

Biosilicate® (LaMaV-CeRTEV, São 
Carlos, SP, Brazil) 

23,75Na2O– 23,75CaO–48,5SiO2 –4P2O5 

(%wt), microparticles (D50=5 μm). 

Maxxion R, Shade A2 (FGM, Joinville, 
Santa Catarina, Brazil) 

Powder: aluminofluorosilicate glass and 
calcium fluoride (10 g). Liquid: polycarboxylic 

acid, tartaric acid, and water (8 g). 
Fuji IX GP, Shade A2 (GC Corporation, 

Tokyo, Japan – authorized by South 
America GC, SP, Brazil) 

Powder: aluminofluorosilicate glass, 
polyacrilic acid. Liquid (4 mL): polyacrylic 

acid, water. 

 

Table 2. Groups of experimental formulations by %wt and P/L ratios. 

Groups Formulations (% wt) Ratio P:L (wt/wt) 

M0% 100% Maxxion R 1.5/1 

M5% 95% Maxxion R + 5% Biosilicate® 1.5/1 

M10% 90% Maxxion R + 10% Biosilicate® 1.5/1 

M15% 85% Maxxion R + 15% Biosilicate® 1.5/1 

F0% 100% Fuji IX 3.6/1 

F5% 95% Fuji IX + 5% Biosilicate® 1.8/1 

F10% 90% Fuji IX + 10% Biosilicate® 1.8/1 

F15% 85% Fuji IX + 15% Biosilicate® 1.8/1 

 

 

 

2.2. Scanning Electronic Microscopy (SEM) and Energy-dispersive X-ray 

Spectroscopy (EDS) 

The powders of each material (Fuji IX GP, Maxxion R, and Biosilicate®) were 

individually applied onto a carbon-tape mounted on plastic stubs using a plastic rod, 

and sputter-coated with gold (MED 010, Balzers, Liechtenstein) [28] to evaluate 

particle morphology.  In addition, cylindrical molds (4.0 mm in diameter and 3.0mm in 

height) were fabricated. The cements were manipulated, inserted into the molds (n=3), 

and stored for 24h in relative humidity (100%). Following, the cylindrical specimens 

were split-off using a chisel and a hammer, finished and polished using #320 and #400 

sandpaper with 99° ethanol, and stored for 24 h in a desiccator (Pyrex, São Paulo, SP, 
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Brazil) at 37°C. The specimens were mounted on the stubs, as previously described. 

A Scanning Electron Microscope was used (JSM-5600LV; Jeol, Tokyo Japan) and 

images were taken in magnifications of 1,000x, 5,000x, operating at 15 kV, ray width 

25–30 nm, and working distance of 10–15 mm. Energy-dispersive x-ray spectroscopy 

(EDS) was performed to qualitatively estimate the amount of ions (Ca, P, Si, Al, Na, F) 

on the cross-section (as previously described) of the cylindrical specimens (n=3). The 

specimens were fixed on a carbon tape over a plastic stub, coated with carbon (MED 

010, Baltec), and analyzed using 15 kV, working distance of 10 mm, spot size of 25 

mm, and ×500 magnification. The images obtained in the SEM were used for 

qualitative analysis of the GIC surfaces, as well as the spectra obtained by the EDS 

evaluation. 

 

2.3. Fourier Transform Infrared spectroscopy (FTIR) 

To investigate GICs setting dynamics FTIR spectra were collected over time 

(n=1). The cements were mixed, immediately placed and kept in the spectrometer, 

obtaining curves after 1, 5, and 60 minutes [29]. The analysis was performed with a 

spectral resolution of 4 cm−1 in the region between 4000 to 400 cm-1 (Perkin Elmer, 

Spectrum GX. DE), though only the spectral range of interest (1800 to 900 cm-1) was 

represented. FTIR spectra were baseline-normalized using a specific software 

(Spectragryph Software, Germany, version 2.16.1) and plotted in a statistical software 

(GraphPad, Prism, version 9.5.0). The peaks of interest were searched in the range of 

1700 to 1715 cm-1 for poly-carboxylic acid and 1400 to 1640 cm-1 for poly-carboxylates 

salts [29-32]. 

 

2.4. Working and setting time  

The working and setting times of evaluated GICs were measured by using 

Gilmore needles [33,34], n = 3. The cements were mixed and placed in metallic molds 

of 8.00 mm x 10.00 mm x 5.00 mm, on top of an aluminum foil. A large diameter needle 

(2.12 mm) with a weight of 113 g was applied and the working time was determined as 

soon as the needle no longer indented the surface. Then, a small diameter needle 

(1.06 mm) with 453.6 g of mass was positioned perpendicularly to the cement surface 

for 5 s. The indentations were repeated every 30 s in different spots until the needle 

failed to make a completely circular indentation, determining the setting time and it was 

obtained in seconds. 
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2.5. Compressive Strength (CS) 

Eighty (80) cylindrical specimens (n=10) were prepared according to ISO 9917-

1:2007 using custom silicone molds (4.00 mm in diameter and 6.00 mm in height). 

Cements were mixed and placed into molds between two glass slides protected by a 

transparent polyester film (Mylar®). Specimens were removed from the molds after 30 

min and stored in 100% relative humidity in an incubator at 37oC for 24 h. The tests 

were carried out at a speed of 0.75 mm/min under and 50 N/min load using a universal 

testing machine (Model 5544, Instron, Canton, MA, USA). The compressive strength 

(CS) was calculated (MPa) according to the formula: 

 

𝐶𝑠 =
4𝑝

𝜋. 𝐷2
 

 

 

where p represents the load (Newton) exerted by the load cell until the sample failure, 

and D is the diameter of each specimen (mm), measured using a digital caliper 

(Mitutoyo, Japan). 

 

2.6 Ion release by Inductively Coupled Plasma Optical Emission Spectrometry (ICP 

OES) and Ultraviolet-Visible Spectrometry (UV-Vis) 

Forty-eight (48) cylindrical specimens (n=6) were made as previously described 

for CS and stored in an incubator at 37 °C for 1 h. The specimens were removed from 

the molds and placed in 20 mL of deionized water (DI) in plastic tubes (surface 

area/mL, 1 cm2 /mL) [35]. The determination of Ca, Na, Al, Si, P and F ions in eluates 

were made using an Inductively Coupled Plasma Optical Emission Spectrometry (ICP 

OES), using iCAP 6000 (Thermo Fischer Scientific, Madison, WI, USA) and Ultraviolet-

Visible Spectrometry, Uv-Vis. Quantifying and detection limits were respectively 0.050 

and 0.015 ppm for Ca, Na, Al, Si, and P ion. Ultraviolet-Visible Spectrometry (UV-Vis) 

(DR/2500, HACH, Ames, Iowa, USA) was used to determine F ion release, according 

to Standard Methods for the Examination of Water and Wastewater (SMWW) – 4500 

– F- D. – SPANDNS. To quantify and detect F ions the limits considered were 0.100 

and 0.030 ppm, respectively. To calculate the cumulative concentration of the 
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respective ions, the limit values of quantification and detection of the analysis methods 

used were normalized. 

 

2.7 GIC cytotoxicity 

The cytotoxicity was measured as part of the biocompatibility assessment. 

Twenty-four specimens (n=3) of 5.00 mm in diameter and 1.00 mm in thickness were 

made using polyvinylsiloxane (PVS) molds and allowed to set for 1 h at 37°C. 

Subsequently, specimens were added to 300 μL of cell culture media for 24 h at 37°C 

(surface area/mL was 1.8 cm2/mL) [36]. The Promega CellTox™ Green assay was 

performed to assess the cytotoxicity of GICs on Stem Cells from Apical Papilla – SCAP, 

RP-89 cell line (donated by University of Texas Health Science Center Dental School, 

San Antonio, TX, USA). Cells were seeded at 10,000 cells/well in a black opaque-

walled 96-well plate and maintained in α-MEM (Gibco, Grand Island, NY) 

supplemented with 10% fetal bovine serum (Gemini, West Sacramento, CA), 1% L-

glutamine and 1% penicillin/ streptomycin (Sigma-Aldrich, St Louis, MO) at 37°C and 

5% CO2. After 24 h, the cell culture media was replaced by GIC-conditioned media. 

Cytotoxicity was evaluated by using the Promega CellTox Green® assay at 24 h post-

exposure as per the manufacturer protocol. Fluorescence was read on a Spark® 

multimode microplate reader (Tecan, USA) with excitation/emission wavelengths of 

485 nm / 520 nm. Cell exposed to the provided lysis buffer were considered positive 

control, while cells incubated in cell culture media alone were the negative control. 

Data were reported as percentage of dead cells in a population, relative to the positive 

control set arbitrarily to 100%. 

 

 

 

2.8 Antimicrobial activity – Direct contact with disk surfaces 

Forty specimens (n=5) of 15.00 mm in diameter and 1.00 mm in thickness were 

made using custom PVS molds. After 1 h setting at 37°C, each specimen was placed 

into a well of a 6-well plate and sterilized under UV light for 20 minutes per 

side. Streptococcus mutans Clarke (ATCC 25175, NCTC 10449) was inoculated in 

BHI broth (BD Difco™, Becton, Dickinson, and Company, Sparks, Maryland, USA) and 

incubated at 35°C ± 2°C supplemented with 5% CO2 for 24 h. Then, the overnight 

inoculum was centrifuged and resuspended to an optical density at 600 nm (OD600) = 
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1.0, approximately 1 × 109 colony-forming units/ml (CFU/ml) in dilute BHI (1:500 BHI 

in sterile DI water). Bacterial suspension was diluted 100-fold and 50 μL of the diluted 

bacterial suspension was added to each specimen surface (approximately 5.0 x 105 

CFU/specimen). Then, a UV-sterilized plastic coverslip (15.00 mm in diameter) was 

aseptically placed onto each disk and incubated at 100% relative humidity at 25°C ± 

2°C. After 2 h of direct contact, 950 μL of sterile phosphate-buffered saline (PBS) was 

added to each specimen/well and the plate was placed on an orbital shaker (Orbit™ 

1000, Labnet International Inc., Edison, New Jersey, USA) at 150 rpm for 2 min to 

remove bacteria from the surface of the specimen. Then, liquid from each well (1 mL) 

was collected and serially diluted for plating onto BHI agar. Plates were incubated in a 

aerobic environment (tissue culture incubation conditions) at 35°C ± 2°C for 48h. The 

colonies formed were counted using a Colony Counter (Bantex® 920A, American 

Bantex Corp, Burlingame, California, USA) and CFU remaining after surface exposure 

was calculated. 

  

2.9 Data analysis  

Statistical analysis was performed using GraphPad Prism 9 version 9.5.0 

(November 2022). The Shapiro-Wilk test was utilized to examine the normality and 

lognormality of cell viability data with a significance level of 0.05. The Compressive 

Strength and Ion Release presented normal distribution, and the data were submitted 

to one-way ANOVA followed by a Tukey’s multiple comparisons test. Due to the non-

normal distribution of cell viability and antimicrobial data (p < 0.05), Kruskal-Wallis’ test 

was recommended to detect differences in group medians (p < 0.05). The multiple 

comparisons post-hoc test developed by Dunn was used to identify differences 

between experimental groups.  

 

3. Results 

3.1. SEM and EDS analyses 

Figure 1 depicts the particle shape and size of Fuji IX (Figure 1A), Maxxion R 

(Figure 1B), and Biosilicate® (Figure 1C). All materials were observed to have non-

uniform particle sizes. As seen in SEM images, Fuji IX particles are more sphere-like 

(octahedron shape), whereas Maxxion R particles have sharp edges (hexahedron 

shape). Small Biosilicate® particles have a sphere-like form and are clustered on large 
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particles (hexahedron shape), indicating a greater particle size distribution. The 

particles were categorized based on their shapes [37]. 

 

 

Figure 1. SEM analysis of GIC and Biosilicate® powders. A: Fuji IX GP; B: Maxxion 
R; C: Biosilicate®. 
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Figure 2. Representative SEM micrographs from each group and EDS histogram of 
the main ions present on their internal surface (%wt) as determined by EDS. A-D: 
Maxxion R groups; E-H: Fuji IX groups.  
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Figure 2 depicts the surface morphology of specimens. All groups presented 

crack lines on their specimens’ surfaces. However, Fuji IX groups were observed to 

have smoother surfaces, with less apparent porosity and fewer cracks than Maxxion R 

groups. All experimental cements exhibited clusters of unreacted small particles whose 

number increased with increasing Biosilicate® concentration (white arrows). Figure 2 

also shows histograms and the EDS spectra (%wt): calcium (Ca), phosphorus (P), 

silicon (Si), aluminum (Al), sodium (Na), fluorine (F), in the final mixture for each 

cement.  

 

3.1. FTIR 

Figure 3 depicts the FTIR spectrum of cements at 1, 5, and 60 minutes after 

initial mixing. Data from the FTIR of all samples showed absorption bands in 1715, 

1560, 1455, 1415, 1170, 1060, and 940 cm-1. As the materials set, the intensity of the 

–COOH groups of polyacrylic acid (1715 cm-1) decreases and reorganizes as COO- 

(polycarboxylate salts) groups (1400–1640 cm-1), as indicated by the dashed lines. The 

loading graph reveals that these two bands vary significantly at 1, 5, and 60 minutes 

of setting. The neutralization reaction appeared at 1170 (Si-O), 940 (O–H) cm-1, and 

with the silica gel (Si-OH) at 1060 cm-1.  
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Figure 3. Data from the FTIR of Maxxion R (A, B, and C) and Fuji IX groups (D, E, and 
F) at 1, 5, and 60 minutes.  

 

3.3. Setting and Working time 

Figure 4 shows the working and setting times for cements. M10% exhibited the 

longest working time for Maxxion R (Figures 4A and 4B), whereas M15% exhibited the 

shortest. M0% and M5% showed similar working and setting time, and no significant 
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differences were found (p = 0.7254 and p = 5912). There was no significant difference 

in working time between M5% and M10% (p = 0.1314). M15% working and setting 

times were significantly shorter than M0% (p = 0.0072 and p = 0.0071). All 

experimental groups for Fuji IX (Figures 4C and 4D) had significantly longer working 

and setting times than F0%. F5% had the longest working time, followed by F15% and 

F10%, while F0% had the shortest. F15% did not differ significantly from F5% (p = 

0.1150) and F10% (p = 0.9017) regarding working time. However, F15% had the 

shortest setting time, followed by F5% and F10%, which were similar (p = 0.8043).  

 

Figure 4. Working and setting times of GICs, in seconds. Error bars represent standard 
deviations. One-way ANOVA and Tukey’s, performed separately for working and 
setting time. Different letters indicate significant differences between mean values of 
working and setting times (p < 0.0001). 

 

3.5. Compressive Strength (CS) 

Figure 5 depicts the results for compressive strength. The addition of 

Biosilicate® to Maxxion R (Figure 5A) did not compromise the CS. No significant 

differences were found between the Maxxion R groups. In contrast, for Fuji IX groups 



 33 

 

(Figure 5B), the compressive strength decreased by approximately 30% for F5%, 37% 

for F10%, and 43% for F15% compared to F0%. (p < 0.0001). The F10% group did not 

differ from the F5% and F15% groups. However, F5% was significantly higher than 

F15% (p = 0.0126). Fuji IX groups exhibited a higher compressive strength than 

Maxxion R, with a maximum value of 149 MPa compared to 75 MPa for Maxxion R.  

 

Figure 5. Compressive strengths of GICs. Figure 5A: Maxxion without Biosilicate® ® 
(M0%), M5%, M10% and M15%. Figure 5B: Fuji XI without Biosilicate® (F0%), F5%, 
F10% and F15%. Error bars represent standard deviations. Different lowercase letters 
indicate significant differences among mean values of compressive strength (MPa) in 
groups (p<0.0001). 

 

3.1. Ion release 

Figure 6 depicts ions released (ppm) by GICs after 24 h of soaking. In general, 

for Maxxion R and Fuji IX groups the higher concentration of Biosilicate® was added, 

the greater amount of the studied ions released, except for Al ion released by Maxxion 

(3.1.3).  

 

3.1.1 Ca ions 

Compared to Fuji IX groups, Maxxion R (Figure 6A) released a greater amount 

of Ca ions. M15% released the highest amount of calcium (31 ppm), followed by M10% 

(12 ppm). M5% and M0% did not differ statistically and released approximately 9 ppm 

of Ca ions. Group F0% exhibited a release of zero ppm of Ca ions. F5% and F10% did 

not differ significantly and released a small amount of Ca, approximately 0.5 ppm, as 

shown in Figure 6G. F15% released a significantly higher amount (3 ppm).  
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3.1.2 Na ions 

All Maxxion R groups (Figure 6B) differed significantly from one another: M15% 

(290 ppm) > M10% (180 ppm) > M5% (120 ppm) > M0% (80 ppm). For Fuji IX (Figure 

6H), F15% released a higher amount of 100 ppm, followed by F10% and F5%, which 

were statistically similar (12 ppm) (p = 0.2086). F0% released the lowest amount (3 

ppm). 

 

3.1.3 Al ions 

M15% released an average of 60 ppm of Al ions, whereas M5%, M0%, and 

M10% did not differ statistically, releasing approximately 100 ppm. The highest Al 

release for Fuji IX groups (Figure 6I) was observed for F15% (8 ppm), followed by 

F10% (2 ppm). F0% and F5% did not differ statistically and presented the lowest Al 

release. 

 

3.1.4 Si ions  

M15% released significantly more Si ions than the other Maxxion R groups (38 

ppm; see Figure 6D). M5% and M10% released about 28 ppm,  and they were not 

sgnificantly different (p = 0.9981). M0% released the lowest amount fo Si ions (19 

ppm). For Fuji IX (Figure 6J), all groups were significantly different from each other (p 

< 0.0001): F15% (25 ppm) > F10% (7 ppm) > F5% (4 ppm) > F0% (1 ppm), with a 

decreasing amount of Si ions released as the concentration decreased. 

 

3.1.5 P ion 

M15% released the most significant amount of P ions (40 ppm), whereas M0% 

released the lowest amount (11 ppm). M5% and M10% were not statistically different 

(approximately, 30 ppm) (Figure 6E). No P ions was detected or quantified F0%. The 

P ion release by F5%, F10%, and F15% was made possible by incorporating 

Biosilicate®. F5% (0.5 ppm) did not differ statistically from F0% (p = 0.4751). F10% 

(1ppm) was statistically higher than F0% and F5% (p < 0.0001). F15% released the 

highest amount of P ions among Fuji IX groups (9 ppm) (Figure 6K). 

 

3.1.6 F ion 

The incorporation of Biosilicate® to Maxxion R increased F ion release by a 

factor of 4, and by a factor of 2.5 for Fuji IX. M15% released the highest amount of F 
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ion (40 ppm), followed by M10% and M5% (35 ppm), that did not differ statistically 

between them. M0% presented a significant lower (5 ppm) F ion release (Figure 6F). 

Fuji IX by itself (F0%), showed the lowest amount of fluoride release, at 2.5 ppm. F5% 

released a significant higher amount (5.7 ppm) compared do F0% (p < 0.0001). The 

highest amount was observed for F15% (7 ppm), which not differ statistically (p = 

0.8187) from F10% (6.3 ppm) as shown in Figure 6L. 
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Figure 6. Concentration of ions released in 24 h. Na, Al, Si, P, and Ca determination 
on the eluates by ICP OES, and F by UV-Vis. Different letters indicate significant 
differences in the amount (ppm) of the ion released by each group (Maxxion R: Figure 
6A-F; Fuji IX: Figure 6G-L).  

 

3.4 Cytotocixity 
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Figure 7 depicts the percentage of cell death relative to positive control. The 

percentage of dead cells was calculated relative to lysis buffer (positive control) set to 

100%. M5% presented a significantly higher percentage of dead cells compared to 

M0% (p < 0.0001) and M15% (p < 0.0001). M5% appears to be the most cytotoxic 

since it was the only treatment significantly different from the negative control (p = 

0.0009). The next most cytotoxic group was M10%, which did not differ from M5% (p 

> 0.9999). Among those Maxxion R groups with Biosilicate®, only M15% did not differ 

from the M0% (p = 0.0541). A tendency toward decreased cytotoxicity when 

concentrations above 5% of Biosilicate® have been incorporated was observed. In the 

Fuji IX groups (Figure 7B), Biosilicate® incorporation did not have an impact on the 

material cytotoxicity, as F0%, F5%, F10%, F15%, and CCM groups showed were not 

significantly different (p > 0.9999). 

 

Figure 7. Cytotoxicity at 24 h. Percentage of cell death relative to the lysis buffer (100% 
of death), while the negative control cells were exposed only to the cell culture medium. 
Different letter represents statistical differences on the charts. 

3.4 Antimicrobial activity  

Data were analyzed by Kruskal–Wallis and Dunn’s multiple comparisons test. 

After S. mutans specimen exposure a 1-log reduction in surviving bacteria was 

observed for all Maxxion groups compared to the N group (no specimen, only bacteria). 

M5% consistently reduced S. mutans by 4- to 5-logs compared to all other groups. No 

colonies (zero) were observed on the plates, meaning less than 100 CFU/mL remained 

after direct contact with M5% (indicated by the black diamond on Figure 8A). Therefore, 

statistical analysis was run comparing M0%, M10%, M15%, and N groups. Only M0% 

(p = 0.0053) and M10% (p = 0.0093) showed statistically reduced CFU after exposure 

compared to N group, although, there was no significant difference among M0%, 
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M10%, and M15%. No significant reduction in CFU was found for all Fuji IX groups 

when compared to each other nor when compared to N group (Figure 8B). 

 

 

Figure 8. S. mutans remaining after 2 h of direct contact with Maxxion groups (8A) and 

Fuji groups (8B). Black diamond (◆) indicates less than 100 CFU/mL recovered (limit 
of detection). Different letters indicate significant differences among groups (p < 
0.0001). 

The percentage of survival of S. mutans after 2 h of direct contact was 

calculated using N group as 100% of survival as reference. Overall, Maxxion R and 

Fuji IX groups showed substantial differences in overall S. mutans survival. As shown 

in Figure 9A, M5% presented 0% (± 0.0) of survival rate, followed by M0% at 1.2% (± 

2.7), M10% at 4.7% (± 0.8), and M15% at 12.5% (± 5.3). M5% consistently differ from 

M15% (p = 0.0046). Regarding Fuji IX groups (Figure 9B), no significant differences 

were observed on survival rate for F0%, F5%, F10%, and F15% (p > 0.0001). Fuji 5% 

trended towards being the most effective in antimicrobial effect among Fuji IX groups, 

presenting 29.4% (± 10.7) of survival compared to no specimen. F0% and F10% 

presented an intermediate percentage of survival, respectively 29.4 (± 14.9) and 60.9 

(± 5.3). F15% increased S. mutans survival in 8.1% (± 5.9), but none of these 

differences reached statistical significance. 
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Figure 9. Percentage of survival of S. mutans compared to no disk group (only 
bacteria) for Maxxion groups (figure 9A) and Fuji groups (figure 9B). No disk was 
considered 100% survival. Different letters indicate significant differences among 
groups.   

 

4. Discussion 

The purpose of this exploratory study was to assess the impact of incorporating 

different concentrations of bioactive glass ceramic (Biosilicate® 23,75Na2O– 

23,75CaO–48,5SiO2 –4P2O5) into a conventional (Maxxion R) and a high viscosity (Fuji 

IX) glass ionomer cement. The first research hypothesis was accepted because the 

addition of Biosilicate® into GICs affected their setting times and mechanical behavior. 

For conventional GIC (Maxxion R), only M5% demonstrated comparable 

setting/working times to M0%. However, adding 10% Biosilicate® to Maxxion resulted 

in a significant increase in setting time, whereas adding 15% Biosilicate® resulted in 

shorter setting times. However, previous studies showed that the amount of bioglass 

or ceramic powders added to GIC increases proportionally their setting time [17,18] 

which was the opposite observed in M15% setting behavior. For the GIC with a high 

viscosity (Fuji IX), all experimental groups demonstrated significantly increased 

working/setting times. In addition, no significant differences in compressive strength 

(CS) were observed between Maxxion R groups; however, CS of the experimental Fuji 

IX cements decreased. 

Comparing the obtained peaks to the setting mechanism of conventional glass 

ionomer cement, as reported by other authors, the FTIR spectrum revealed very minor 

structural changes [32,38,39]. What stands out in the FTIR spectrum is the constant 

formation of polysalts and the inversional behavior of polyacrylic acid (–COOH) with 

time, indicating that there is an interaction between the Biosilicate® and GIC. The 

polycarboxylate salts in the range of 1400 to 1640 cm-1 [31] were also observed in the 
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present study (clearly indicated between dashed lines in Figure 3. This range is 

associated to calcium carboxylate (–COOCa2+) at 1409 cm-1, aluminum carboxylate (–

COOAl3+) at 1459 cm-1, and sodium carboxylate (–COONa2+) at 1552 cm-1 [29,30,32].  

It must be considered that, due to the use of different GICs with different powder 

and liquid phase compositions, different behaviors on the analyzed properties are to 

be anticipated. Fuji IX's powder contains fluoroaluminosilicate glass particles and 

lyophilized PAA, meaning that water must first dissolve PAA in the powder in order to 

initiate an acid/base reaction. Maxxion's powder contains fluoroaluminosilicate and 

calcium fluoride, and the liquid contains polycarboxylic acid, tartaric acid, and water. 

Concerning Fuji experimental groups, the presence of Biosilicate may have hindered 

the hydration of polyacrylic acid (PAA), reducing PAA ionization and, as a result, 

reducing the leaching of cationic ions by the acid attack on the glass, reducing the 

formation of crosslinks in the matrix, and also increasing the working time.  

Additionally, the P/L ratio was altered from 3.6/1 to 1.8/1 (wt/wt) to improve 

handling conditions. It is well-known that the P/L ratio, the concentration of the 

polyacid, and the particle size of the powder influence not only the working and setting 

times, but also the mechanical properties. [14,44]. In this sense, the addition of 

Biosilicate® did not affect the compressive strength of Maxxion groups because the 

P/L ratio remained unaltered. However, for Fuji IX experimental groups (F5%, F10%, 

and F15%) the P/L ratio seems to be critical for CS. Thus, a decrease in CS for these 

groups were expected. 

In addition to differences in the powder compositions of Maxxion R and Fuji IX, 

it is important to mention that the brand-specific polyacid type can influence the 

physico-mechanical properties of the GICs [40]. The polyacids used in conventional 

glass ionomers, such as Maxxion R, are less concentrated and less viscous than those 

used in high viscosity GICs, such as Fuji IX [7,41]. The concentration and molecular 

weight of polycarboxylic acid have a significant effect on mechanical properties [12,41]. 

This may explain why Fuji XI exhibited superior overall mechanical properties 

compared to Maxxion R (Figure 6).  

It has been reported that certain formulation of bioglass containing Al3+ 

increased the CS of GICs in comparison to formulation without Al3+ [42]. In addition, 

sodium-containing bioglasses showed a degrading effect on GICs, whereas sodium-

free formulations did not compromise setting or mechanical properties [17,19,43]. 

Biosilicate® contains sodium oxide (23.75% by wt), and no aluminum. Following the 
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partial replacement of GIC powder with bioactive glass ceramic, the amount of 

aluminum cations (Al3+) was reduced. Al3+ is a major contributor to strength because it 

forms three-dimensional and stronger bonds than Ca2+ in the GIC matrix [44]. Any 

imbalance in this process or interference with the glass degradation can influence the 

cement's setting and, consequently, its mechanical properties. [45].  

Certain bioactive glasses with a high sodium content can release Na+ during the 

acid-base reaction, interfering with the cement setting reaction, negatively impacting 

mechanical properties, and extending the setting time [4,42]. In addition, the Al:Si ratio 

of approximately 1:2 in glass is essential for a satisfactory setting reaction rate, 

hydrolytic stability, and the ability of glass to form cements [46-48]. It is also possible 

that an unbalanced Al:Si ratio occurred in those cements, which was not directly 

measured in this study after the Biosilicate® was incorporated by %wt.  

According to ISO 9917-1:2007, this material must have a minimum working time 

of 1.5 minutes and a maximum setting time of 6 minutes. Only F0% demonstrated 

setting time in accordance with ISO 9917, indicating that M0% falls short of the 

specifications. In addition, only F0% and F5% exhibited CS values greater than 100 

MPa as required by ISO 9917-1:2007, whereas Maxxion groups fell below the 

requirement, indicating that adjustments must be made to those experimental 

cements. For improved setting behaviors and mechanical properties, it would be 

beneficial to test the reaction of various polyacids with bioglass or bioglass ceramic 

containing GIC. In conventional GIC, the initial setting reaction involves the 

neutralization between the aqueous polyacid and the glass powder. [5]. This reaction 

forms calcium (or strontium) polyacrylate immediately, with aluminium polyacrylate 

forming slightly later [6].  

As Biosilicate® is a rich in Ca and Na, the abundance of these ions bound to the 

polymer chains may induce charge repulsions, thereby reducing Al3+ binding [12,43], 

thereby affecting setting behaviors and mechanical properties. The potential primary 

reason is that polyacrylic acid (PAA) has only one carboxyl group per repeating unit 

[49,50], whereas Poly (vinylphosphonic-co-acrylic acid) which is used as a rate-

modifier in a few commercial brands [13], has a phosphonic acid group in addition to 

the carboxyl group. This allows more protons to attack the glass, but also promotes 

the formation of more ionic cross-links between metallic cations such as Al3+ and the 

polymeric acid, thereby enhancing the hydrolytic stability and mechanical properties of 

cements [38].  
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All experimental groups presented crack lines, unreacted particles, and rough 

surfaces. Small particle clusters of Biosilicate® were also observed in the experimental 

cements. These concerns are commonly observed for bioglass-containing GICs [20]. 

Still, Fuji IX groups exhibited the smoothest surface, fewer pores, and fewer crack lines 

than Maxxion R groups. It may be due to differences in the composition, particle size, 

and P/L ratio of these GICs [51,52]. Lower concentrations (F5% and M5%) of the 

bioactive glass ceramic induced fewer microstructural disturbances in the GICs. 

Higher Biosilicate® concentrations resulted in greater ion release from GICs, 

thus supporting the acceptance of the second research hypothesis. Overall, the 

release of Na, Si, P, and F increased with increasing Biosilicate® concentration. 

However, for Ca ion releasing, only F15% for Fuji IX and M10% and M15% for Maxxion 

R were significantly higher. Also, Al release was significant lower in M15%, indicating 

that somehow Biosilicate® in this concentration decreased Al release. The profile of 

ion release in descending order for Maxxion R groups was Na>Al>Si=P=F>Ca, and for 

Fuji IX was Na>Si>Al=P=F>Ca. Figure 6 clearly depicts that Maxxion R groups 

released a greater quantity of all evaluated ions than Fuji IX groups.  

One of the most notable variations was the range of Al released by Maxxion R 

groups (60 to 105 ppm) versus Fuji IX groups (< 1 to 8 ppm), which can be attributed 

to the different compositions of the two cements (i.e., Maxxion R presents Ca2F and 

NaF in its composition, while Fuji IX does not). It has been reported that larger cations, 

such as Ca and Na, disrupt the glass network more effectively, resulting in a decrease 

in oxygen density (expanded glass network) and allowing a greater amount of small 

cations (e.g., Al) to diffuse through the glass. Thus, it is hypothesized that the Al in Fuji 

powder was crosslinked via carboxylate salts and entrapped within the GIC matrix, 

resulting in a low Al release once the Biosilicate®-derived Ca is available to react and 

is released. 

As mentioned previously, the release of fluoride ions is one of the primary 

benefits of using GICs [7,8]. Fluoride increases the acid resistance of teeth by inhibiting 

demineralization and enhancing remineralization, and it inhibits the growth and 

metabolism of bacteria by inhibiting the activities of enzymes such as enolase and 

ATPase. [10,11]. In this regard, the addition of Biosilicate® increased the fluoride 

release by a factor of 4 for Maxxion R and 2.5 for Fuji IX (Figures 6F and 6L). 

Therapeutic ion release increased proportionally with Biosilicate® addition for both 
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GICs, suggesting that these materials may be effective for remineralizing enamel and 

dentin. 

The third research hypothesis, that Biosilicate® improves biocompatibility, was 

disproved as we observed no difference in cytotoxicity among the Fuji IX groups, while 

the rate of cell death in M5% and M10% was significantly higher than in M0%. For Fuji 

IX, this can be partially attributed to the high alkalinity of Biosilicate®, which indicates 

that the glass ceramic likely compensates the acidity in those groups with a 1.8/1 ratio 

(g/g), making them similar to F0% [ratio 3.6/1 (wt/wt)]. The low amount of ions, 

particularly Al ions, released by Fuji IX groups may also be a factor in the lack of 

cytotoxicity. 

 In contrast, the amount of realeased ions, primarily Al and Na, was substantial 

in the Maxxion R groups. M5%, which released 105 ppm of Al, tends to exhibit the 

most cytotoxic effect. It has been demonstrated that as Al concentration increases (4.5 

ppm, 45 ppm, and 450 ppm), the percentage of live cells in a population decreases, 

while the percentage of early apoptotic cells, late apoptotic cells, and dead cells 

increases [53]. The primary mechanism of Al toxicity is the induction of oxidative stress 

by excessive production of reactive oxygen species (ROS) [54], which disrupts 

signaling processes, inhibits cell growth, promotes DNA damage [55,56], destroys 

phospholipidic membranes, and induces cellular apoptosis [57].  

The fourth research hypothesis that the higher the amount of Biosilicate® added 

to GIC, the greater the inhibition of S. mutans, was also rejected. Figure 4A clearly 

demonstrates that only M5% consistently killed S. mutans to levels below our limit of 

detection (less than 100 CFU/ml). M0% and M10% also significantly killed S. mutans 

compared to the No Disk control (N), but this killing was not significantly different than 

that of M15%. As previously stated, a greater amount of Al was released by M5% (105 

ppm), and so there is likely a higher amount of Al free in the M5% surfaces which may 

have contributed to the antimicrobial killing measured by the direct contact assay.  

It is well known that Al can act synergistically with fluoride increasing the 

bactericidal effect on S. mutans by inhibiting ATPase [58]. The possible mechanism of 

the combined action of fluoride and aluminum to inhibit ATPase may involve the 

formation of an ADP-Al-F3 complex in the enzyme’s catalytic site [59,60]. ATPase plays 

an important role in the maintenance of the intracellular pH by pumping out protons; 

inhibition of this enzyme disrupts the bacterial metabolism and the aciduric capability 

of S. mutans [61].  
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A significant reduction in S. mutans (NCTC 10449) growth after exposure to F−, 

Al3+, and SiO3
2−, at respective concentrations 8.6 ppm, 6.8 ppm, and 9.7 ppm has been 

reported previously [63]. It has been reported a significant reduction in S.mutans 

(NCTC10449) growth after exposure to F−, Al3+, and SiO3
2−, at respective 

concentrations 8.6 pp , 6.8 ppm, and 9.7 ppm [63]. In the same study, it was 

demonstrated that as the concentration of all ions increased, the inhibitory effect 

tended to increase. In this study M5% released 30 ppm of F−, 105 ppm of Al3+, and 19 

ppm of SiO3
2−. It is possible that the combination of these ions promoted increased 

bactericidal activity against S. mutans, with Al being the primary contributor to the 

antimicrobial effect observed on the surface of M5%, and F and Si being minor 

contributors. 

Lastly, this was a prospection and comprehension study designed to better 

comprehend the potential benefits of the interaction between Biosilicate® and two 

distinct GICs. In this study, the manufacturer-provided composition and the lack of 

information regarding the amount of each element in the matrix were insufficient to 

comprehend the interaction between the studied elements. This lack of compositional 

information required a surface analysis via energy-dispersive X-ray spectroscopy 

(EDS).  

Despite the encouraging developments presented in this article for the 

enhancement of the ion-releasing and antimicrobial effects of GICs, additional studies 

employing various glass ceramic compositions are required to investigate this topic in 

greater depth. For instance, by increasing the amount of aluminum and decreasing the 

amount of calcium and sodium; by adding uniformly smaller Biosilicate®; and by 

employing different methods for incorporating glass ceramic into GIC (such as molar 

ratio instead of %wt, including automated methods for better homogenization of 

powders and different formulations of polyacid with co-polymers in place of PAA. 

5.Conclusion  

The bioactive glass ceramic Biosilicate® used in this study did not significantly 

affect the setting and mechanical properties of Maxxion R when incorporated at a 5% 

(%wt), and it provided benefits such as therapeutic ion release and antimicrobial 

activity. Fuji IX's cytotoxicity was unchanged with the addition of Biosilicate®, and the 

release of therapeutic (Si, P, Na, and Ca) ions was increased. However, Fuji IX's 
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setting behavior was altered, and its mechanical properties were diminished, due to 

changes in P/L ratio and Biosilicate® addition.  
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3 CONCLUSÃO 
 
 Esse estudo explorou o comportamento físico-mecânico e biológico de um CIV 

de baixa viscosidade e de um CIV de alta viscosidade, quando da adição de 

Biosilicato®. Para ambos CIVs, quando o Biosilicato® foi adicionado em baixa 

concentração (5%) observou-se  melhor qualidade superficial comparada às 

concentrações mais altas. No CIV de baixa viscosidade (Maxxion R), a adição de 5% 

de Biosilicato® agregou benefícios como elevação da liberação iônica e do potente 

efeito inibidor do crescimento de S. mutans, sem afetar as propriedades físico-

mecânicas. Porém, apresentou-se como uma das concentrações mais citotóxicas.  

 Para o CIV de alta viscosidade (Fuji IX GP), observou-se diminuição das 

propriedades físico/mecânicas, não alterando a citotoxicidade do material e 

aumentando a liberação de íons terapêuticos (Si, P, Na, Ca e F), porém sem aumentar 

o efeito antimicrobiano. 
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APÊNDICES 

Apêndice 1 – Ilustração esquemática da análise de liberação iônica por ICP OES e 

por Espectroscopia UV-Vis.  

 

 

Os espécimes foram imersos em 20mL de água deionizada e após 1/2h foram 

transferidos para outro tubo plástico contendo água deionizada onde permaneceram 

por 5 horas e meia. Decorrido esse tempo, os espécimes foram transferidos 

novamente para outro tubo plástico com 20 mL de água deionizada e após 18 horas 

foram retirados. Restando 3 eluatos por espécime, correspondentes aos tempos de 

1/2h (E1 – eluato 1), 5, 5h (E2 – eluato 2) e 18h (E3 – eluato 3). A determinação e 

quantificação iônica de flúor foi realizada por Espectroscopia UV-Vis. Os íons cálcio, 

sódio, fósforo, silício e alumínio foram determinados e quantificados por ICP OES. Os 

valores de quantificação de cada eluato foram normalizados de acordo com o limite 

de quantificação dos equipamentos para cada elemento. Após a normalização, as 

concentrações por elemento foram somadas, resultando na concentração cumulativa 

de cada elemento em 24h.  
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Apêndice 2 – Ilustração esquemática do teste de citotoxicidade dos CIVs. 

 

Após a confecção dos espécimes, estes foram esterilizados em luz ultravioleta 

por 20 minutos cada lado. Em seguida o condicionamento do meio de cultura α-MEM, 

feito através da imersão dos espécimes em 300μL de α-MEM. Após 24h de 

armazenamento à 37oC, os tubos plásticos contendo o espécime e 300 μL de α-MEM, 

foram agitados e, em seguida, aspirados. Foi realizada a substituição do meio de 

cultura em que as células foram cultivadas, pelo meio condicionado pelos cimentos. 

Após 24h de armazenamento à 37oC, o protocolo do Kit Promega CellTox Green® foi 

realizado conforme instruções do fabricante. As células expostas a Lysis Buffer 

(reagente citotóxico do Kit Promega), representadas pelos poços coloridos em 

vermellho, foram considerados o controle positivo (C+: 100% morte celular). As células 

expostas somente ao α-MEM representam o controle negativo (C-). Os poços da 

coluna 1 (coloridos em azul), foram preenchidos com água, para evitar a evaporação 

dos meios de cultura nos demais poços. A análise da citotoxicidade foi realizada pela 

análise de fluorescência pelo leitor de microplacas multimodo Spark® (Tecan, EUA) 

com comprimento de onda de excitação/emissão 485nm/520nm. Os dados foram 

reportados em porcentagem de células mortas em uma população, relativo ao controle 

positivo normalizado como 100%. 
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Apêndice 3 – Ilustração esquemática do teste de atividade antimicrobiana. 

 

Após a esterilização dos espécimes em luz ultravioleta, os discos de CIV foram 

colocados em placas estéreis de 6 poços. Em seguida, 50 μL do inóculo foi colocado 

diretamente sobre os discos e no poço sem disco (C-). Em seguida, filmes plásticos 

(15 mm ø) estéreis foram colocados sobre o inóculo para garantir o espalhamento do 

inóculo por toda a superfície do disco. Após 2 horas de armazenamento em 100% de 

umidade relativa à 25°C ± 2°C, os poços foram lavados com 950 μL de PBS e agitados 

por 2 min (150 RPM) e uma agitadora orbital. O sobrenadante foi aspirado, e a diluição 

em série foi realizada. Os inóculos diluídos foram recultivados em BHI ágar, pelo 

método de espalhamento sobre a placa (Spread plate), por 48h em ambiente aeróbico. 

Após esse tempo a contagem de Unidades Formadoras de Colônias (UFC) foi 

realizada manualmente. 
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ANEXOS 

Anexo 1 – Curvas de calibração Al, Ca, Na, Si e P. 
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Concentração de Fluoreto

Curva de Calibração - Fluoreto

Anexo 2 – Curva de calibração do fluoreto por Espectrometria Uv-Vis (método 

SPANDS). 

 

Pontos 

Concentração 

(mg/L) Absorbância 

mg Fluoreto/L 

(Calculado) 

Branco 0.000 3.083 0.000 

P1 0.100 3.023 0.121 

P2 0.250 2.970 0.227 

P3 0.500 2.842 0.485 

P4 1.000 2.587 1.000 
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ANEXOS 

Anexo 3 – Relatório de similaridade  
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ANEXOS 

Anexo 4 – Comprovante de submissão do artigo. 
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