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Queiroz MB. Physicochemical and biological properties of tricalcium silicate-based 
cements associated with alternative radiopacifiers and Biosilicate [Dissertação de 
Mestrado]. Araraquara: Faculdade de Odontologia da UNESP; 2018. 

ABSTRACT 
Tricalcium silicate cements associated with radiopacifiers are used as repair 
materials. Publication 1:  Evaluation of tricalcium silicate-based cements (TCS) 
associated with zirconium oxide (ZrO2), calcium tungstate (CaWO4) or niobium oxide 
(Nb2O5) radiopacifiers compared to MTA Repair HP (MTA HP). Publication 2: 
Evaluation of tricalcium silicate-based cements (TCS) associated with zirconium 
oxide (ZrO2) radiopacifier with 10% or 20% of Biosilicate (TCS ZrO2 + 10% Biosilicate 
and TCS ZrO2 + 20% Biosilicate) compared to Biodentine. Setting Time (ST) and 
radiopacity were evaluated based on ISO 6876/2002 standard. Solubility was 
evaluated according to the method proposed by Carvalho-Júnior et al. (2007) 
modified. pH was measured at 3, 12 and 24 hours and 7, 14 and 21 days after 
immersion in distilled water. Cellular cytotoxicity and bioactivity were evaluated by 
methyltetrazolium (MTT), neutral red (NR), alkaline phosphatase (ALP), alizarin red 
(ARS) and real time PCR (qPCR) (Publication 1) assays in different periods of 
contact with eluates of the materials in Saos-2 cells. Antibacterial activity was 
evaluated by direct contact on Enterococcus faecalis in the planktonic form. For the 
physico-chemical and ARS tests, the data were submitted to ANOVA and Tukey 
tests; for MTT, NR and ALP tests the data were analyzed by the Two-Way ANOVA 
and Bonferroni tests; the antibacterial activity, were submitted to Kruskall-Wallis and 
Dunn tests (α = 0.05).  Publication 1: TCS + CaWO4 presented the highest setting 
time and MTA HP the lowest (p<0.05). Except for TCS, all materials presented 
radiopacity above 3 mm Al. The materials presented solubility in accordance with ISO 
6876/2002. The cements evaluated presented alkaline pH values in all periods. The 
materials were cytocompatible at the dilution of 1:8. The highest ALP activity 
occurred in 14 days for all the cements, especially TCS, TCS + ZrO2 e TCS + 
CaWO4 when compared with the negative control (NC). TCS + Nb2O5 presented 
higher formation of mineralization nodules in comparison with the NC (p<0.05). After 
7 days, there was no statistically significant difference (p>0.05) in mRNA expression 
for ALP, when compared to NC. However, after 14 days there was na overexpressed 
ALP mRNA, especially TCS + Nb2O5 (p<0.05), in relation to the CN.  All the materials 
TCS presented antimicrobial action against E. faecalis. Publication 2: TCS 
presented the highest setting time (p<0.05) and the other materials presented no 
statistical difference (p<0.05). TCS ZrO2 + 10% Biosilicate and TCS ZrO2 + 20% 
Biosilicate showed radiopacity and solubility in accordance with ISO 6876/2002. All 
materials presented alkaline pH in the different periods. In the MTT and NR assays, 
the materials presented no cytotoxic effects, except for Biodentine that presented 
lower cell viability compared with the NC at the lower dilutions (1:1 and 1:2). The 
highest ALP activity was observed in the period of 14 days, with emphasis on TCS 
cements and Biodentine. All the materials TCS and Biosilicate presented 
antimicrobial action against E. faecalis. It could be concluded that tricalcium silicate-
based cement associated with different radiopacifiers presented proper 
physicochemical properties, bioactive potential and was non-cytotoxic in Saos-2, 
suggesting a potential use as a repair material (Publication 1). Biosilicate in two 
proportions, associated with TCS and ZrO2, presented proper physicochemical 
properties and no cytotoxic effect. Therefore, this material showed perspectives for 
clinical application (Publication 2). 



Key-words: Calcium silicate. Physical properties. Chemical properties. Cell culture 
techniques. 



Queiroz MB. Características físico-químicas e biológicas de materiais reparadores à 
base de silicato tricálcico associados à radiopacificadores alternativos e Biosilicato 
[Dissertação de Mestrado]. Araraquara: Faculdade de Odontologia da UNESP; 2018. 

RESUMO 
Cimentos de silicato tricálcico com radiopacificadores são utilizados como materiais 
reparadores. Publicação 1: Avaliação de cimento à base de silicato tricálcico (STC) 
associado aos radiopacificadores óxido de zircônio (ZrO2), tungstato de cálcio 
(CaWO4) ou óxido de nióbio (Nb2O5) em comparação ao MTA Repair HP (MTA HP). 
Publicação 2: Avaliação de material à base de silicato tricálcico (STC) e 
radiopacificador óxido de zircônio (ZrO2) e 10% ou 20% de Biosilicato (STC ZrO2 + 
10% de Biosilicato e STC ZrO2 + 20% de Biosilicato) em comparação ao Biodentine. 
Tempo de presa e a radiopacidade foram avaliados seguindo ISO 6876/2002. A 
solubilidade foi avaliada de acordo com o método proposto por Carvalho-Júnior et al. 
(2007) modificado. pH foi avaliado 3, 12 e 24 horas, 7, 14 e 21 dias após imersão em 
água destilada. A citotoxidade e bioatividade celular foram avaliadas pelos testes 
metiltetrazólio (MTT), vermelho neutro (VN), atividade de fosfatase alcalina (ALP), 
ensaio de vermelho de alizarina (ARS) e PCR em tempo real (qPCR) (Publicação1), 
em diferentes períodos de contato com eluídos dos materiais em células Saos-2. 
Atividade antimicrobiana dos materiais foi avaliada por meio do teste de contato 
direto com Enterococcus faecalis na forma planctônica. Para os testes físico-
químicos e ARS, os dados foram submetidos aos testes ANOVA e Tukey; para os 
ensaios do MTT, VN e ALP e qPCR os dados foram analisados aos testes Two Way 
ANOVA e Bonferroni; os dados da atividade antimicrobiana foram submetidos aos 
testes Kruskall-Wallis e Dunn. (α=0.05).  Publicação 1: STC + CaWO4 apresentou o 
maior tempo de presa e MTA HP o menor (p<0.05). Com exceção do STC, todos os 
materiais apresentaram radiopacidade acima de 3 mm Al. Os materiais 
apresentaram solubilidade de acordo com a ISO 6876/2002. Os cimentos avaliados 
apresentaram valores de pH alcalino em todos os períodos. Os materiais foram 
citocompatíveis na diluição 1:8. A maior atividade de ALP ocorreu em 14 dias para 
todos os cimentos, com destaque para STC, STC + ZrO2 e STC + CaWO4 quando 
comparados ao controle negativo (CN) (p<0.05). Após 7 dias, não houve diferença 
estatística (p>0.05) na expressão gênica (mRNA) para ALP, quando comparados ao 
CN. Entretanto, após 14 dias houve um aumento do transcrito ALP, especialmente 
STC + Nb2O5 (p<0.05), em relação ao CN. Todos os materiais de STC apresentaram 
ação antimicrobiana contra E faecalis. Publicação 2: STC apresentou o maior valor 
de tempo de presa (p<0.05) e os demais materiais não apresentaram diferença 
estatística (p>0.05). STC ZrO2 + 10% de Biosilicato e STC ZrO2 + 20% de Biosilicato 
apresentaram valores de radiopacidade e solubilidade de acordo com a norma ISO 
6876/2002. Todos os materiais, nos diferentes períodos apresentaram valores de pH 
alcalino. Nos ensaios MTT e VN os materiais não apresentaram efeitos citotóxicos, 
com exceção do Biodentine que apresentou menor viabilidade celular que o CN nas 
menores diluições (1:1 e 1:2). A maior atividade de ALP foi observada no período de 
14 dias, com destaque para os cimentos STC e Biodentine. Todos os materiais de 
STC e Biosilicato apresentaram ação antimicrobiana contra E faecalis. Conclui-se 
que cimento de silicato tricálcico associado aos diferentes radiopacificadores 
apresentam propriedades físico-químicas adequadas, potencial bioativo e 
citocompatibilidade que sugere potencial para uso como material reparador 
(Publicação 1). O Biosilicato nas duas proporções, associado ao STC e ZrO2,



apresentou adequadas propriedades físico-químicas e não demonstrou efeitos 
citotóxicos. Portanto, este material mostrou perspectivas para aplicação clínica 
(Publicação 2).  

Palavras-chave: Calcarea silicata. Propriedades físicas. Propriedades químicas. 
Técnicas de cultura de célula.
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1 INTRODUCTION 

Mineral Trioxide Aggregate (MTA) is a hydraulic calcium silicate-based material1 

developed for sealing communication between the pulp cavity and external tooth surface2. 

MTA is biocompatible and has sealing ability and bioactivity3. MTA is composed of 53.1% 

tricalcium silicate, 22.5% dicalcium silicate, 21.6% bismuth oxide (Bi2O3) and traces of 

calcium sulphate4-6.  

Tricalcium silicate-based cements have been proposed as alternative materials to 

MTA7,8, due the tricalcium silicate phase that is responsible for the bioactive potential of 

this material. Tricalcium silicate hydration after reaction with water forms hydrated 

hydraulic calcium silicate and calcium hydroxide9. 

The presence of bismuth oxide Bi2O3 as radiopacifier in MTA reduces the release 

of calcium hydroxide, increases the solubility and harms the dimensional stability of the 

material10. Moreover, this radiopacifier increases the porosity of Portland Cement (PC)11, 

and diminishes its compressive strength11,5.  The presence of bismuth oxide12 affects the 

color of MTA Angelus when it comes into contact with the dental structures. Therefore, the 

use of alternative radiopacifiers such as zirconium oxide (ZrO2), niobium oxide (Nb2O5) or 

calcium tungstate (CaWO4) have been indicated as potential substitutes for Bi2O3.

ZrO2 has been shown to be inert10, without changing the properties of MTA13,14. 

The association of tricalcium silicate with ZrO2 leads to calcium ion release15, promotes 

alkalinization and bioactive potential16. Furthermore, this radiopacifier does not undergo 

leaching when immersed in water or HBSS15. When hydraulic calcium silicate is 

associated with the radiopacifier ZrO2, it has a setting time similar to that of MTA Angelus; 

low solubility; radiopacity higher than 3 mm Al, and alkaline pH17. Hydraulic calcium silicate 

cement with ZrO2 and MTA present better bacterial sealing capacity when compared with 

zinc oxide and eugenol18. 

Biodentine (Septodont, Saint Maur des Fossés, France) is a hydraulic calcium 

silicate-based biomaterial with indications similar to those of MTA19-23, and has a better 

consistency24. Biodentine consists of a powder that contains tricalcium and dicalcium 

silicate (3CaO SiO2 and 2CaO SiO2), calcium carbonate (CaCO3) and ZrO2 as 

radiopacifier. The liquid is made up of calcium chloride (CaCl2 2H2O) and a water reducing 

agent in an aqueous solution with a mixture of polycarboxylate (a super plasticizing 

agent)20,22. MTA hydration is slower than that of Biodentine and tricalcium silicate 

associated with 20% ZrO2, due to the smaller quantity of tricalcium silicate present in the 
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material7. Biodentine has a shorter initial setting time than that of MTA Angelus, and 

radiopacity below the value of the ISO Standard 6876/200225. MTA and Biodentine are 

biocompatible and show bioactivity in Saos-2 cell cultures transfected with the gene that 

codifies bone morphogenetic protein 2 (BMP-2)26. 

Nb2O5 has been used in bone implants due to its biocompatibility, resistance to 

corrosion and disintegration27. Nb2O5 used as micro and nano particulate radiopacifier in 

hydraulic calcium silicate cement in the proportion of 30% promoted radiopacity in 

accordance with the ANSI/ADA specifications28,29. The addition of Nb2O5 to hydraulic 

calcium silicate-based cement promoted a biocompatible material with adequate 

radiopacity and setting time30. 

 Nb2O5 provides radiopacity and improves the biological properties of materials, 

well as their biocompatibility and bioactivity31. Nb2O5 and ZrO2 associated with hydraulic 

calcium silicate cement in endodontic cement formulations promoted the deposition of 

hydroxyapatite crystals32. Nb2O5 associated with hydraulic calcium silicate cement shows 

cytocompatibility in Saos-2 cells, stimulates alkaline phosphatase activity33, in addition to 

showing cellularbioactivity34.  

When CaWO4 is associated with Portland cement (PC), it promotes higher pH and 

calcium ion release values similar to those of MTA35, increases the compressive strength 

and diminishes the solubility of PC35,36. Moreover, it does not change its mechanical 

properties and final setting time36. When CaWO4 is associated with PC it presents 

antimicrobial action37 and is not cytotoxic38. When associated with PC in the proportion of 

20%, it presents radiopacity equivalent to 3.11 mm Al39. CaWO4 associated with hydraulic 

calcium silicate cement shows bioactive potential similar to that of MTA Angelus40; low 

solubility, and alkaline pH17.  

Experimental cements with ZrO2 and CaWO4 as radiopacifiers have adequate 

hydration properties, high pH and calcium ion release values41. MTA HP is a cement 

similar to MTA developed by Angelus (Brazil), which has CaWO4 as radiopacifier agent, in 

addition to a plasticizing agent in the liquid. Evaluation of the cytotoxicity, biocompatibility 

and biomineralization capacity has demonstrated that MTA HP has similar biocompatibility 

and biomineralization to that of White MTA (Angelus)42.  

Different materials, including metals, polymers, ceramics and composites have 

been used to repair or reconstruct parts of the injured musculo-skeletal system.  According 

to Hench and Wilson43, biomaterials are classified according to their type of interaction 

with live tissues. The concept of bioactive material was introduced by Hench: ‘‘A bioactive 

material generates a specific biological response at the interface, resulting in the formation 
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of a bond between the tissue and material”44. More specifically, bioactive materials are 

materials which, when in contact with live tissue, produce a hydroxycarbonate apatite 

(HCA) in the superficial layer, thus promoting an extremely strong chemical bond between 

the tissue and implant43,44.  

Some glass-ceramic biomaterials with high bioactive potential have been developed. 

Thus, a completely crystallized bioactive glass-ceramic denominated Biosilicate (Federal 

University of São Carlos, São Carlos) has been developed by controlled heat treatment, 

for use in the medical and dental areas45. Biosilicate (Biosilicate, Vitrovita, São Carlos, SP, 

Brazil) has demonstrated bioactivity46,47. Biosilicate has positive characteristics for bone 

tissue regeneration: it is highly bioactive, osteoconductive, osteoinductive, non-cyctotoxic, 

non-genotoxic, and has antibacterial properties48. Martins et al.49 observed that Biosilicate 

is a broad-spectrum antimicrobial agent, including anaerobic bacteria. The antimicrobial 

effect of Biosilicate may be explained by its highly crystalline bioactive phase, elevated 

superficial area and ultrafine particles (between 0.1 and 20 μm). Biosilicate is capable of 

increasing the pH of aqueous solutions50,51. The basic pH of the solution makes the 

bioglass more soluble due to the presence of OH- that has the capacity to cleave the 

chains of silica46,47,52. 

Biosilicate has a stimulatory effect on bone cell metabolism46. Complete 

crystallization of bioactive glasses in Biosilicate can promote an increase in the formation 

of tissue similar to that of bone tissue, in vitro, in an osteogenic cell culture system46. 

Biosilicate promotes the bone regenerative process of surgically created defects in rat 

tibias53. Bone repair adjacent to conventional titanium implants placed in dental alveoli of 

dogs has demonstrated that filling the alveolus with Biosilicate particles preserved the 

alveolar bone height and allowed osseointegration47.  Biosilicate shows osteogenic activity, 

accelerating bone repair, shown by the activating of immunomarkers, such as COX-2, 

BMP-9 and RANKL, related to tissue repair54.  Biosilicate does not induce damage to DNA 

in fibroblast and osteoblast cell lineages55.  Therefore, Biosilicate is used as a synthetic 

bone graft for replacing bone in various types of surgery56. Biosilicate has shown 

osteogenic activity and the capacity to accelerate bone matrix deposition in experimental 

models of bone defects57.  However, the properties of manipulation and low dissolution of 

the material represent a disadvantage to the biological properties of Biosilicate53.  

The aim of the present study was to develop and evaluate tricalcium silicate cement 

associated with ZrO2, Nb2O5 and CaWO4 radiopacifiers, and with Biosilicate.  
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6 CONCLUSION 

Based on the results obtained, 

• The tricalcium silicate cements associated with the radiopacifiers ZrO2,

CaWO4, Nb2O5 and with Biosilicate (10% or 20%), as well as MTA HP

presented proper setting time, radiopacity, antimicrobial action and

solubility.

• Biodentine was not in accordance to ISO 6876/2002 standards

regarding solubility and radiopacity.

• All the materials evaluated presented alkaline pH.

• The materials TCS + ZrO2; TCS + Nb2O5; TCS + CaWO4; MTA HP, and

Biodentine presented no cytotoxic effects and increased the

biomineralization potential in Saos-2 cells.

• The association of Biosilicate (10% or 20%) with TCS + ZrO2

demonstrated adequate physico-chemical properties and capacity to

reduce setting time and solubility of TCS, in addition to presenting no

cytotoxic effects.
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