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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 
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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 



 
 

 

10 

 

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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2 PROPOSITION  

2.1 General Proposition: Evaluation of physicochemical and biological properties 

of tricalcium silicate-based and Biosilicate reparative materials. 

2.2 Specific Propositions: 

Publication 1 – To evaluate tricalcium silicate-based materials associated with zirconium 

oxide, calcium tungstate or niobium oxide radiopacifiers, and compare them with MTA HP 

with regard to the physicochemical properties (setting time, solubility, radiopacity and pH), 

in addition to cytocompatibility, antimicrobial ability and potential to induce mineralization.  

  

Publication 2 -  To evaluate a new tricalcium silicate-based material associated with the 

zirconium oxide radiopacifier and 10% and 20% Biosilicate, and compare it with Biodentine 

with regard to the physicochemical properties (setting time, solubility, radiopacity and pH), 

cytocompatibility, antimicrobial ability and potential to induce mineralization.  
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3 PUBLICATION 1* 

Physicochemical, biological, and antibacterial evaluation of tricalcium silicate-based 

reparative cements with different radiopacifiers 

ABSTRACT 

Aim To evaluate the physicochemical, biological, and antibacterial properties of tricalcium silicate-

based (TCS) experimental materials, associated with zirconium oxide (ZrO2), calcium tungstate 

(CaWO4) or niobium oxide (Nb2O5) radiopacifiers, in comparison with MTA Repair HP (MTA 

HP).   

Methodology Physicochemical tests: setting time, radiopacity, pH and solubility. In Vitro Assays: 

Cytotoxicity (MTT and Neutral Red - NR) and cell bioactivity: alkaline phosphatase activity (ALP), 

Alzarin red staining (ARS) and real time PCR (qPCR). Antibacterial activity was evaluated by 

direct contact on Enterococcus faecalis in the planktonic form. Physicochemical and ARS data were 

submitted to ANOVA and Tukey tests; antibacterial activity, to Kruskall-Wallis and Dunn tests; 

MTT, NR, ALP and qPCR were analyzed by the Two-Way ANOVA and Bonferroni tests (α=0.05). 

Results TCS + CaWO4 presented the longest setting time and MTA HP, the shortest (P < 0.05). 

Except for TCS, all the materials presented radiopacity over 3 mm Al. The cements presented 

alkaline pH, antibacterial activity, low solubility and presented no cytotoxic effects in the MTT and 

NR assays.  The highest ALP activity occurred in 14 days, especially to the TCS, TCS + ZrO2 and 

TCS + CaWO4 (P < 0.05) cements. TCS + ZrO2, TCS + Nb2O5 and MTA HP presented higher 

mineralized nodule formation (P < 0.05) than those of the negative control. 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. 

* article in the norms of the International Endodontic Journal  
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Conclusions The tricalcium silicate-based cements associated with ZrO2, CaWO4 or Nb2O5 

radiopacifiers presented proper physicochemical properties, antibacterial activity, cytocompatibility 

and induced mineralization in Saos-2, indicating their use as reparative materials. 

Key Words: physical properties; chemical properties; calcium silicate; cytotoxicity.  
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INTRODUCTION  

Mineral Trioxide Aggregate (MTA) is a reparative material composed of Portland Cement 

associated with bismuth oxide (Bi2O3) (Lee et al. 1993). Portland cement is composed of 53.1% 

tricalcium silicate and 22.5% dicalcium silicate (Camilleri 2007). Tricalcium silicate is used to 

formulate biomaterials due its biological and physicochemical properties, in addition to bioactivity 

(Camilleri 2011c, Camilleri et al. 2013, Grech et al. 2013, Gomes-Cornélio et al. 2017). 

The Bi2O3 used as radiopacifier in the composition of MTA jeopardize the physicochemical 

properties and may cause tooth discoloration (Coomaraswamky et al. 2007, Camilleri 2008, 

Marciano et al. 2014). Therefore, alternative radiopacifiers have been proposed, as zirconium oxide 

(ZrO2), niobium oxide (Nb2O5) or calcium tungstate (CaWO4). 

The association of tricalcium silicate and ZrO2 as radiopacifying agent presents proper 

physicochemical properties, alkaline pH, calcium ion release and induces the formation of 

hydroxyapatite, suggesting that it has excellent bioactive potential (Camilleri 2011c, Camilleri et al. 

2011b, Camilleri et al. 2013, Camilleri et al. 2014). It also presents ability to induce cell growth and 

differentiation (Gomes-Cornélio et al. 2017). 

Nb2O5 is used to improve the mechanical properties in the titanium alloys of osseointegrated 

implants due its resistance to corrosion, biocompatibility, and hydroxyapatite deposition (Denry et 

al. 2005). The use of Nb2O5 as radiopacifier in hydraulic calcium silicate- based cements provides 

radiopacity in accordance with the ANSI/ADA specifications (Wang et al. 2010, Guerreiro-

Tanomaru et al.  2014, Guerreiro-Tanomaru et al. 2016), in addition to improving the biological 

properties of the materials, such as biocompatibility and biomineralization. (Wang et al. 2010, 

Mestieri et al. 2014, Mestieri et al. 2017). Viapiana et al. (2014), demonstrated the 

biomineralization for Nb2O5 and ZrO2 used in the composition of hydraulic calcium silicate- based 

filling materials, showing deposition of hydroxyapatite crystals.  

CaWO4, also used as radiopacifying agent in endodontic cements, promotes alkaline pH 

(Húngaro-Duarte et al. 2012), antibacterial activity (Guerreiro-Tanomaru et al. 2012), and 
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biocompatibility (Gomes-Cornélio et al. 2011). When associated with hydraulic calcium silicate-

based cements, it presents biomineralization and has a composition similar to that of MTA Angelus 

(Bosso-Martelo et al. 2015). It maintains the setting time, low solubility, alkaline pH and calcium 

ion release similar to those of MTA (Bosso-Martelo et al.  2016). Experimental hydraulic calcium 

silicate-based cements with ZrO2 and CaWO4 as radiopacifiers present proper radiopacity, high pH 

and calcium ion release values (Marciano et al. 2016).  

MTA Repair HP (MTA HP) was developed to improve the physicochemical properties of 

MTA and avoid tooth discoloration and has CaWO4 as radiopacifying agent. MTA HP 

demonstrated biocompatibility and biomineralization similar to White MTA (Angelus) after 

subcutaneous implants in rats (Cintra et al. 2017). 

The aim of this study was to evaluate a new tricalcium silicate-based material associated with 

the ZrO2, Nb2O5 or CaWO4 radiopacifiers, in comparison with MTA HP.  The null hypothesis was 

that there is no difference among the properties of the materials evaluated. 

 

MATERIALS AND METHODS 

The materials evaluated were pure tricalcium silicate (TCS), tricalcium silicate associated 

with ZrO2 (TCS+ZrO2), CaWO4 (TCS+CaWO4) or Nb2O5 (TCS+Nb2O5) and MTA Repair HP 

(MTA HP). Their respective manufacturers and proportions used are described in Table 1. 

 

Setting Time 

 The setting time was evaluated based on ISO Standard 6876/2002. The cements were mixed 

and placed into stainless steel rings measuring 10 mm in diameter and 1 mm high (n=6). A Gilmore 

needle having 100 ± 0.5g and a tip diameter of 2 ± 0.1 mm was used, and the materials were kept in 

an oven (37°C and 95% humidity) throughout the analysis. The setting time was the mean time 

elapsing from the time the materials were mixed up to when the needle did not leave any 

indentation on the specimen surface. 
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Radiopacity 

The radiopacity test was performed based on ISO Standard 6876/2002. Stainless steel rings 

measuring 10 mm in diameter and 1 mm high were used to fabricate 6 test specimens of each 

material, which was kept in an oven at 37°C and 95% humidity for 24 hours. The specimens and an 

aluminum scale were placed on an occlusal film (Insight – Kodak Comp, Rochester, NY, USA) to 

take the radiograph (X-ray appliance -X GE 1000 - General Electric, Milwaukee, WI, USA). The 

parameters used were 60 kV, 7 mA, 0.32 pulses per second and focal distance of 33 cm. The 

exposed films were processed, digitized, and evaluated by using Image J for Windows software, to 

determine the radiopacity equivalence of the cements in millimeters of aluminum (mm Al) 

(Tanomaru-Filho et al. 2007).  

Solubility 

 Solubility was evaluated based on Carvalho-Junior et al. (2007) modified. Circular plastic molds 

measuring 1.5 mm high and 7.75 mm in internal diameter were fabricated. and placed on a glass 

plate covered with cellophane paper film and filled with the materials (n=6). A Nylon thread was 

included in the cement mass and another glass plate also covered by cellophane was placed on the 

mold. This unit was kept in an oven at 37°C for 24 hours. The test specimens were removed from 

the molds and weighed on a precision balance (HM-200 (A & D Engineering, Inc., Bradford, MA, 

USA). Then, they were suspended and fixed by means of nylon threads inside plastic flasks 

containing 7.5 mL of distilled, and kept in an oven at 37°C for 7days. The test specimens were 

removed from the distilled water, dried with absorbent paper, and placed in a dehumidifying 

chamber. The mass was measured before and after the immersion of the samples in distilled water, 

and every 24 h thereafter, until the mass was stabilized. The loss of mass was expressed as a 

percentage of the original mass.  
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pH 

For the pH tests, polyethylene tubes 10 mm long and 1 mm in diameter were filled with each 

material (n=10). Each tube was immersed in 10 mL distilled water and kept in the oven during the 

experimental period. At each period, the tubes were removed from the flasks and put into a new 

flask with 10 mL distilled water. Flasks containing only distilled water were used as control. The 

experimental time intervals were 3, 12, and 24 hours, 7, 14 and 21 days after manipulation of the 

materials. Immediately after the end of each experimental time interval, the pH of the solutions was 

measured with a previously calibrated digital pH meter (Digimed Analítica Ltda.   Grupo Digicrom 

Analítica. São Paulo, Brazil.)  

 

Preparation of material extracts 

This was carried out in accordance with the ISO Standard 10993-5/2005. Of each material, 

0.5 g was measured on a precision balance Adventurer TM (Ohaus; Barueri, São Paulo, Brazil), 

manipulated in the due proportions on sterile glass, then placed on the bottoms of 12-well culture 

plates (Corning, New York, NY, USA) and hydrated with humidified gauze. The culture plates 

were kept at 37 °C at 95% humidity, 5% CO2, for 24 hours to allow complete setting of the 

materials. After this period, the plates with the cements were exposed to U.V. light for 30 minutes 

to prevent contamination (Katara et al. 2008). Then, 5mL DMEM culture medium (Sigma/Aldrich) 

serum-free (without the presence of fetal bovine serum - FBS) were placed in each well of the 

plates, in which the material was accommodated, and maintained for 24 h (37 °C, 95% humidity 

and 5% CO2) to create the extract of each material. The extracts were collected and diluted in 

DMEM without FBS, thereby obtaining the 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32 dilutions for 

performing the cytotoxicity tests. As negative control, DMEM culture medium serum-free; and as 

positive control 20% DMSO were used. 
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Viability and Biomineralization Assays  

MTT 

Human osteoblastic cells (Saos-2) were plated (1x105 cells/mL) in 96-well plates (Corning) 

and kept at 37 °C at 95% humidity, 5% CO2, for 24 hours. After this period, the cells were exposed 

to the cement extracts in cell culture for 24 hours. For the MTT assay, cement extracts were 

replaced with 100 µl of a 5 mg/mL MTT solution (Sigma-Aldrich), and cells were incubated at 37 

°C at 95% humidity, 5% CO2, for 3 hours. After this period, each well was washed with 100 µL 

phosphate buffer solution (PBS) and 100 µl isopropyl alcohol (acidified 0.04 N HCl) was added to 

solubilize the formazan. The optical density was measured at 570 nm in an automatic microplate 

reader (ELx800; Instruments Bio-Tek, Winooski, VT, USA).  Three independent experiments were 

performed in triplicate for each experimental group and outcome. 

 

Neutral Red 

The cells (1x105 cells/mL) were plated in 96-well plates (Corning) in DMEM medium 

supplemented with 10% FBS and kept at 37 °C at 95% humidity, 5% CO2, for 24 hours. After the 

cells had remained in contact with the cement extracts in their different concentrations for 24 

hours, the extracts were replaced by 100 µL DMEM serum free, containing 50 µg NR/mL (Sigma-

Aldrich), followed by incubation at 37º C, 95% humidity and 5% CO2 for 3 hours. The coloring 

agent was removed and the colorimetric product was solubilized in 100 µL of 50% ethanol and 1% 

acetic acid solution (Sigma-Aldrich). The optical density was measured in the plate reader at 570 

nm (Asys-UVM 340, Biochrom – MikroWin 2000, USA). Three independent experiments were 

performed in triplicate for each experimental group and outcome. 

 

Alkaline Phosphatase 

Alkaline phosphatase activity was determined by using the commercial Labtest kit (Labtest, 

Lagoa Santa, MG, Brazil). After plating for 24 hours, (7x104 cells/mL in 96-well plates), the Saos-2 
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cells were exposed to the cement extracts for 7 and 14 days. The extracts were renewed every two 

days throughout the exposure period. After each experimental period, the cells were washed with 

200 µL of PBS 1X, followed by the addition of 200 µL of a sodium lauryl sulphate solution (1% in 

distilled water, Sigma-Aldrich) to each well. The samples remained at rest at  room temperature for 

30 minutes, and then 12.5 µL of each sample was transferred to Eppendorf tubes with reagents of 

the commercial Alkaline Phosphatase kit, according to the manufacturer’s instructions (Labtest). 

The optical density was evaluated in an automatic miniplate reader (ELx800, Bio-Tek 

Instruments, Winooski, VT, USA) at 590 nm. The data were expressed as ALP activity normalized 

by the number of viable cells determined in the MTT assay, in the respective culture period. Three 

independent experiments were performed in sextuplicate for each experimental group and outcome. 

 

Quantitative Real Time PCR (qPCR)  

 For gene expression study, RNA extraction was performed from cells using Trizol 

(Life Technologies – Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s Kit 

instructions (PureLink TM, RNA Mini Kit, Carlsbad, CA, USA).  The transcripts were synthesized 

from total Saos-2 RNA (0,5µg/µL) by reverse transcriptase reaction using the ImProm-II Reverse 

Transcription System (PROMEGA, Mandison, WI, USA) kit according to the manufacturer 

instructions. The gene expression was analysed by qPCR (StepOne, Applied Biosystems, Life 

Technologies, Grand Island, NY, USA) using TaqMan chemistry and pre-designed primers and 

probe sets alkaline phosphatase (ALP) (Hs01029144_m1) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), (Hs02758991_g1) (Applied Biosystems, Life Technologies). The levels 

of target gene expression for each sample group were calculated with the ΔΔCt method (fold 

expression = 2 - (∆∆Ct± stdev)) compared to control (serum-free DMEM medium). 
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Alizarin Red 

 With the purpose of evaluating the calcium deposition induced by the materials, Saos-2 cells 

were plated (1x104 cells/mL) in 24-well culture plates (Corning, New York, NY, USA) in DMEM 

medium supplemented with 10% FBS. For 21 days, the cement extracts prepared with osteogenic 

DMEM culture medium (DMEM 10% SFB; 100 IU/mL penicillin; 100 mg/mL streptomycin; 

0.023 g/mL β-Glycerophosphate; 0.055 mg/mL ascorbic acid – Sigma Chemicals St Louis MO, 

USA) were renewed every 2 days. The medium was then aspirated, the wells washed with PBS 1X, 

and the cells fixed with 70% ethanol (Sigma/Aldrich) at 40C, for 1 hour. The cells were washed 

twice with distilled water before the addition of 300 µL Alizarin Red S (at 2% and pH 4.1). The 

cells were incubated at room temperature for 2 minutes. After this they were washed 4 times with 1 

mL distilled water/well for 5 minutes. For quantitative analysis of mineralization nodule formation, 

the nodules were solubilized in 0.5 mL Cetylpyridinium chloride (Sigma-Aldrich) under agitation 

for 15 minutes. After homogenization, three aliquots of 100 µL from each well were transferred to 

a 96-well plate. Mineral nodule formation was analyzed in accordance with the absorbance 

determined at 562 nm in a plate reader (ELx800, Bio-Tek Instruments). Three independent 

experiments were performed in triplicate for each experimental group and outcome. 

 

Test of direct contact on planktonic E. faecalis cells 

 Microplates with 96 wells were used, in which the experimental materials were manipulated 

and inserted on the lateral wall of the well in a standardized manner. The materials were submitted 

to decontamination under ultraviolet light for 30 minutes. After this, 10 µL of each inoculum was 

deposited on the materials and on the positive control, to which only the inoculum was added. The 

plates were kept in an oven at 37°C for 1 hour and 30 minutes. Afterwards, 250 µL of brain heart 

infusion (BHI) were added to each contaminated well, serial decimal dilution was performed, and 

the plates containing Tryptic soy agar (TSa) were seeded. After incubating the plates in the oven at 

37°C for 48 hours, cells were counted in CFU mL-1. 
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Statistical Analysis 

For the physicochemical tests the data obtained were submitted to a normality test, and 

afterwards to the ANOVA and Tukey tests, with 5% level of significance. For the cell viability and 

bioactivity, the data were analyzed by using Two-way ANOVA and Bonferroni tests (α=0.05). 

Alizarin red staining (ARS) was compared by ANOVA one-way and Tukey tests. For the 

antibacterial test, the Kruskall-Wallis and Dunn multiple comparison tests were performed, with 5% 

significance, after logarithmic transformation (log 10). 

 

RESULTS  

The radiopacity, setting time and solubility results are described in Table 2. All the cements 

presented values higher than 3 mm aluminum, except for pure TCS (P<0.05). TCS + CaWO4 

presented the longest setting time (P<0.05), while MTA HP presented the shortest setting time 

(P<0.05). Low solubility values were observed for the materials, with the lowest values for TCS + 

CaWO4.  

The results of the pH test are described in Table 3. All the showed an alkaline pH, in the 

different time intervals evaluated. 

 

Cell Viability 

In the MTT assay, at the 1:1 dilution, the pure TCS, TCS + ZrO2, TCS + Nb2O5 and MTA 

HP cements presented higher or equal cell viability the negative control (P<0.05).  At the 1:2 

dilution, the TCS + Nb2O5 cement presented cell viability similar to the negative control (P>0.05).  

At the 1:4 dilution, all the cements presented higher cell viability than the negative control 

(P<0.05), with the exception of TCS + CaWO4 that presented no statistically significant difference 

when compared to the control (P>0.05).  At the 1:8, 1:16 and 1:32 dilutions, all the cements 

presented cell viability similar (P>0.05) or higher than (P<0.05) the negative control (Figure 1).  
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In the neutral red assay, the cements showed no statistically significant difference (P>0.05) 

in the dilutions tested when compared with the negative control (Figure 2). 

 

ALP Activity 

All the groups presented lower cell viability than the control group (P<0.05) in the time interval 

of seven days. At 14 days, the cements presented cell viability similar (MTA HP and TCS + 

CaWO4) (P>0.05) or lower (TCS, TCS + ZrO2 and TCS + Nb2O5) (P<0.05) than the control (Figure 

3a). 

In the time of 7 days exposure to the cements, an increase in ALP activity was observed in the 

TCS + ZrO2 and TCS + CaWO4 groups of cement (P<0.05). The highest ALP activity was detected 

in the period of 14 days, especially to the TCS, TCS + ZrO2, TCS + CaWO4 cements, in comparison 

with the control (P<0.05) (Figure 3b). 

 

Quantitative Real Time PCR (qPCR)  

 On day seven, there was no statistically significant difference (P>0.05) in mRNA expression 

for ALP in all material groups when compared to control. However, at day 14, all materials 

overexpressed ALP mRNA, especially TCS + Nb2O5 and TCS + CaWO4 (P<0.05) in relation to the 

control (Figure 4) 

 

Alizarin Red 

  In the Alizarin Red assay, the TCS + ZrO2, TSC + Nb2O5 and MTA HP cements presented 

higher mineralized nodule formation (P<0.05) in comparison with those of the negative control 

(Figure 5). 
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 Test of direct contact on planktonic E. faecalis cells 

  For the test of direct contact on planktonic E. faecalis cells, the materials presented 

antibacterial activity, differing from the control group. Although the materials presented no 

statistical difference among them (P>0.05), TCS + Nb2O5 and TCS + CaWO4 presented the lowest 

bacterial count (P<0.0001), followed by TCS (P<0.001), TCS + ZrO2 (P<0.01) and MTA HP 

(P<0.05), when compared with the control. The data are presented in Table 4.  

 
DISCUSSION  

The main component of MTA, tricalcium silicate cement (Camilleri 2008, Taddei et al. 

2011, Gandolfi et al. 2013) has been evaluated as a dental biomaterial (Camilleri 2011c). The 

association of tricalcium silicate-based materials with ZrO2 promoted calcium ion release and 

resulted in a material with bioactive potential (Camilleri et al. 2013). ZrO2 has been demonstrated 

to be an inert agent in the cement hydration reaction (Camilleri et al. 2013) and presented greater 

stability than the association of Bi2O3 with PC (Camilleri et al. 2011).   

The radiopacity observed for the cements evaluated in the present study is in accordance 

with the ISO Standard 6876/2002, with values above 3 mm aluminum, except for pure TCS, as 

demonstrated by previous studies (Hungaro-Duarte et al. 2009, Bosso-Martelo et al. 2016). 

Adequate radiopacity has been reported for hydraulic calcium silicate-based cements associated 

with ZrO2 radiopacifiers (Hungaro-Duarte et al.  2009; Cutajar et al. 2013, Grech et al. 2013b; 

Bosso-Martelo et al. 2016), CaWO4 (Hungaro-Duarte et al. 2009) or Nb2O5 (Mestieri et al. 2014, 

Silva et al. 2015, Bosso-Martelo et al. 2016).  

In this study, the highest radiopacity value was observed for TCS + CaWO4 with values 

higher than 4 mm Al, in agreement with Bosso-Martelo et al. (2016). Although MTA HP also 

presented CaWO4 as radiopacifier, its radiopacity was lower, probably because of the proportion of 

radiopacifier in the composition of this material. 

MTA HP is composed of tricalcium silicate, dicalcium silicate, tricalcium aluminate, 

calcium oxide, calcium carbonate, calcium tungstate as radiopacifier and a liquid containing water 
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and a plasticizing agent (Silva et al. 2016). The addition of calcium carbonate to tricalcium silicate 

improved the hydration of the material, accelerating its setting time (Camilleri et al. 2013). In this 

study, MTA HP presented the shortest setting time among the materials evaluated. Thus, a possible 

explanation for its shorter setting time could be the presence of calcium carbonate in its 

composition. 

Furthermore, the results of this study showed that the addition of Nb2O5 decreased the 

setting time of tricalcium silicate, in agreement with the study of Bosso-Martelo et al. (2016). 

However, the addition of CaWO4 increased the setting time of this material, corroborating the 

findings in the study of Hungaro-Duarte et al. (2012), for its association with Portland Cement. 

Based on a study of hydraulic calcium silicate cement hydration (Camilleri et al. 2013), it may be 

suggested that the addition of the Nb2O5 and CaWO4 radiopacifiers interfered in the hydration 

process of tricalcium silicate, accelerating and retarding the setting, respectively. Another factor 

that could be associated with the setting process is related to the powder/liquid ratio (Cutajar et al.  

2011), which was established for each material according to the consistency for clinical 

applicability. 

The solubility was perfomed by a modified method proposed by Carvalho-Júnior (2007). 

Thereby, we evaluated the solubility of the materials in 7 days of immersion in distillated water. 

Low solubility was observed for all the cements evaluated, similar to those observed in previous 

studies that also evaluated hydraulic calcium silicate-based cements with ZrO2 or CaWO4 

radiopacifiers (Bosso-Martelo et al. 2016, Espir et al. 2016, Húngaro-Duarte et al. 2012). MTA HP 

and TCS + Nb2O5 presented a water absorption, indicating that a mass increased occurred after 7 

days of immersion in distilled water. A possible explanation for the water absorption would be the 

quantity of hydraulic calcium silicates in the materials, since Silva et al. (2017) affirmed that 

hydraulic calcium silicate-based cements had greater capacity for fluid absorption and sorption. 

The reparative cements of the present study presented an alkaline pH, in agreement with 

Camilleri (2010), who studied associations of Portland Cement with different radiopacifiers. Bosso-
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Martelo et al. (2016) observed an alkaline pH for hydraulic calcium silicate-based cement 

associated with ZrO2, NbO2 or CaWO4 radiopacifiers.  

The MTT assay is the most usual method for determining cytotoxicity, evaluated by means 

of cell metabolism, with the use of a reaction catalyzed by the dehydrogenase enzyme from the 

mitochondria of viable cells (Jung et al. 2015). The Neutral Red assay is based on the uptake and 

accumulation of the neutral red supravital dye in the cells in which the lysosomes present intact 

membranes (Scelza et al. 2012). All the cements evaluated presented cytocompatibility and induced 

cell proliferation. Cintra et al. 2017 observed significant increase in cell viability of MTA HP when 

compared with the negative control. This response could be related to the replacement of Bi2O5 by 

CaWO4 (Chiang & Ding 2010, Min et al. 2007).   

The alkaline phosphatase enzyme is a known osteogenic marker, based on thymolphthalein 

used for staining the cells that are associated with the process of mineralization (Lee et al. 2011). In 

this study, after 7 days exposure to the cements, an increase in alkaline phosphatase enzyme activity 

was observed in the TCS + ZrO2 and TCS + CaWO4 cements. After 14 days, the TCS, TCS + ZrO2 

and TCS + CaWO4 cements presented higher alkaline phosphatase enzyme activity values when 

compared with those of the negative control. Tricalcium silicate cements have demonstrated the 

ability to increase ALP activity and osteogenic differentiation of stem cells (Gandolfi et al. 2011, 

Eid et al. 2014, Lee et al. 2014). All tested materials overexpressed ALP mRNA at day 14, 

especially TSC + Nb2O5 and TCS + CaWO4 when compared to the control group. These results 

corroborate with previous study which revealed using the qPCR assay that hydraulic calcium 

silicate experimental cement associated with niobium (CSCR Nb2O5) oxide as radiopacifier 

increased the ALP transcript at day 3 of cell exposure. CaWO4 contributed to higher calcium ion 

release values, helping with the process of biomineralization (Huffman et al. 2009). 

Alizarin Red is a derivative of anthraquinone, which may be used to identify calcium 

deposits in cell cultures (Gregory et al. 2004). Higher production of mineralization nodules was 

observed for the TCS+ZrO2, TCS+Nb2O5 and MTA HP cements. Saos-2 osteoblast cells exposed to 
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the calcium-based cement associated with Nb2O5 showed a larger mineralized area than the 

hydraulic calcium silicate materials with different radiopacifiers (Gomes-Cornélio et al. 2017). 

Tanomaru-Filho et al. 2017 evaluated the biocompatibility and mineralization of Saos-2 cells in 

contact with the tricalcium silicate cement and the tantalum oxide radiopacifier, and observed that 

the tricalcium silicate cements presented cytocompatibility and induced the production of 

mineralization nodules essential for the endodontic repair process. 

All the materials evaluated were shown to be effective against E. faecalis, in agreement with 

previous studies with hydraulic calcium silicate-based cements associated with different 

radiopacifiers, such as Portland Cement with the addition of ZrO2 (Guerreiro-Tanomaru et al. 2012, 

Guerreiro-Tanomaru et al. 2014a,b, Vazquez-Garcia et al. 2016), CaWO4 (Guerreiro-Tanomaru et 

al. 2012, Elashiry et al. 2017) and Nb2O5 (Guerreiro-Tanomaru et al. 2014b).  

 

CONCLUSION 

The tricalcium silicate cement associated with different radiopacifiers, as well as MTA HP 

presented adequate setting time, radiopacity, solubility and pH. Regarding the in vitro assays, the 

materials presented cytocompatibility, bioactive potential in Saos-2 cells, and antibacterial activity.  
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TABLES 

Table 1 Experimental Materials, Manufacturers, and Proportions used 

Material Manufacturer/Proportion 

MTA HP  Angelus, Londrina, Brazil / 1g powder: 300 µL liquid  

TCS Mineral Research Processing, Meyzieu, France / 1g powder: 330 µL 

Distilled water 

TCS + 30% ZrO2  ZrO2 (Sigma Aldrich, St Louis, MO, USA) / 1g powder: 330 µL 

Distilled water 

TCS + 30% CaWO4 CaWO4 (Sigma Aldrich, St Louis, MO, USA) / 1g powder: 340 µL 

Distilled water 

TS + 30% Nb2O5 Nb2O5 (Sigma Aldrich, St Louis, MO, USA) / 1g powder: 420 µL 

Distilled water 

TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide. 
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Table 2 Mean and Standard Deviation (±) of radiopacity, setting time and solubility results of the 

materials evaluated.  

  Radiopacity (mmAl) Setting time (minutes) Solubility (%) 

MTA HP 3.20d (±0.18)  32.50d (±1.80) -1.10c (±0.90) 

TCS 1.70e (±0.06) 44.00b (±1.63) 2.20a (±1.02) 

TCS + ZrO2 4.20b (±0.13) 40.06bc (±2.45)  1.47ab (±0.55) 

TCS + CaWO4 4.61a (±0.01) 61.78a (±4.07) 0.81b (±0.28) 

TCS + Nb2O5 3.55c (±0.17) 38.00c (±4.96) -1.06c (±0.39) 

TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide. 

Different letters in the same column indicate statistically significant difference among the 

experimental groups (P<0.05). 
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Table 3 Mean and Standard Deviations of pH values results found in the different time intervals 

evaluated. 

pH 3 hours 12 hours 24 hours 7 days 14 days 21 days 

MTA HP 10.5c 

(±0.34) 

9.9ab 

(±0.36) 

9.3ab 

(±0.44) 

10.3a 

(±0.27) 

10.3a 

(±0.44) 

9.1a 

(±0.47) 

TCS 11.2a 

(±0.21) 

9.6ab 

(±0.13) 

9.5a 

(±0.62) 

10.2ab 

(±0.66) 

10.2a 

(±0.65) 

8.7a 

(±0.79) 

TCS + ZrO2 10.9ab 

(±0.43) 

10.0a 

(±0.40) 

9.0 ab 

(±0.52) 

9.2c 

(±0.93) 

9.1b 

(±0.71) 

9.3a 

(±0.42) 

TCS + 

CaWO4 

10.9ab 

(±0.24) 

9.0c 

(±0.56) 

8.8b 

(±0.53) 

9.8 (abc) 

(±0.66) 

10.0a 

(±0.60) 

9.0a 

(±0.60) 

TCS + Nb2O5 10.7bc 

(±0.28) 

9.4bc 

(±0.42) 

8.7b 

(±0.54) 

9.4bc 

(±0.90) 

9.8ab 

(±0.57) 

9.0a 

(±0.69) 

Control 6.4d 

(±0.14) 

6.5d 

(±0.41) 

6.3c 

(±0.27) 

6.4d 

(±0.22) 

6.1c 

(±0.17) 

6.6b 

(±0.46) 

TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide. 

Different letters in the same column indicate statistically significant difference among the 

experimental groups (P<0.05). 
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Table 4 Mean and standard deviation Colony Forming Units (CFU). 
 
  

Groups MTA HP TCS TCS + 

ZrO2 

TCS + 

CaWO4 

TCS +            Control 

      Nb2O5 
 

CFU mL-

1 log10  

 

1.48 

(±1.59)b 

 

0.57 

(±1.07)b*** 

 

0.66 

(±1.24)b** 

 

0.00 

(±0.00)b**** 

 

0.00                    7.74 

(±0.00)b****  (±0.32)a 
 

TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide. 

Different letters in the same column indicate statistically significant difference among the 

experimental groups (P<0.05). *Kruskall-Wallis and Dunn (P<0.05). **Kruskall-Wallis and Dunn 

(P<0.01). ***Kruskall-Wallis and Dunn (P<0.001) ****Kruskall-Wallis and Dunn (P<0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 
 

  

 

FIGURE LEGENDS 

 

Figure 1 (a) Cell Viability (%) evaluated by the MTT assay after 24 hours exposure of Saos-2 cells 

to the cements extracts in different dilutions, and to the negative and positive controls. (b) Statistical 

comparison of cell viability. Different letters in the columns indicate statistically significant 

difference among the groups in each dilution. 	TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- 

calcium tungstate; Nb2O5- niobium oxide and C- control. 
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Figure 2 (a) Cell Viability (%) evaluated by the NR assay after 24 hours exposure of Saos-2 cells to 

the cements extracts in different dilutions, and to the negative and positive controls. (b) Statistical 

comparison of cell viability. Different letters in the columns indicate statistically significant 

difference among the groups in each dilution.	TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- 

calcium tungstate; Nb2O5- niobium oxide and C- control. 
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Figure 3 (a) MTT assay and (b) alkaline phosphatase activity (ALP) in Saos-2 osteoblast cells after 

exposure to the cements extracts and culture medium: negative control in different periods. Bars 

with different letters in each time interval indicate statistically significant difference among the 

groups.	TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide 

and C- control. 
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Figure 4 mRNA expression levels of target genes in Saos-2 cells exposed to TCS -  tricalcium 

silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide and MTA HP at 1:8 

dilution and to culture medium (control) for 7 and 14 days. Bars with different letters indicate 

statistically significant difference among the groups. ALP = alkcaline phosphatase genes.  
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Figure 5 Mineralization nodule formation in human Saos-2 osteoblast cells after 21 days of 

exposure to the cement extracts and osteogenic DMEM culture medium: control (C) by Alzarin Red 

staining. Bars with different letters indicate statistically significant difference among the groups. 

TCS- tricalcium silicate; ZrO2- zirconium oxide; CaWO4- calcium tungstate; Nb2O5- niobium oxide and C- 

control. 
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4 Publication 2* 

Physicochemical, biological, and antibacterial evaluation of tricalcium silicate-based 

reparative materials associated with Biosilicate 

Abstract 

Introduction: Biosilicate is a bioactive glass-ceramic used in the fields of medicine and dentistry. 

This study evaluated reparative materials composed of pure tricalcium silicate (TCS), 30% 

zirconium oxide (ZrO2) and 10% or 20% Biosilicate, in comparison with Biodentine. Methods: 

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. The pH was 

analyzed with a digital pHmeter. Cell viability was evaluated by the MTT and Neutral Red tests; 

bioactivity, by alkaline phosphatase activity and alizarin red; real time PCR was used to evaluate 

gene expression (osteocalcin and alkaline phosphatase); and antimicrobial activity, was evaluated 

on Enterococcus faecalis by means of the direct contact test. The data were analyzed by ANOVA 

and Tukey; Two-Way ANOVA; Bonferroni and Kruskal-Wallis, and Dunn statistical tests (α = 05). 

Results: Pure TCS presented a longer setting time than the other materials (P < .05). The 

association of 10% or 20% Biosilicate with TCS + ZrO2 demonstrated radiopacity and solubility in 

accordance with the ISO 6876/2002 standard; alkaline pH; antimicrobial action and presented no 

cytotoxic effects. Pure TCS and Biodentine showed higher ALP activity in 14 days than the control 

(P < .05) All the cements produced mineralized nodules.  Conclusions: The addition of Biosilicate 

to TCS ZrO2 demonstrated proper radiopacity, solubility, setting time and pH, in addition to 

presenting antibacterial action, biocompatibility and bioactive potential. Thus, this material presents 

perspectives for clinical application.  

Key Words 

 Physical properties, chemical properties, cytotoxicity, calcium silicate  
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Tricalcium silicate-based cements have been developed due its bioactivity (1). Association of 

tricalcium silicate with zirconium oxide radiopacifier (ZrO2) presented proper 

physicochemical and mechanical properties, such as calcium release, hydration, radiopacity, 

setting time, solubility and pH (1, 2), as well as biocompatibility (2). Biodentine (Septodont, 

Saint Maur des Fossés, France) is a tricalcium silicate and a dicalcium silicate- based 

biomaterial that presents ZrO2 as radiopacifier, with indications similar to those of Mineral 

Trioxide Aggregate (3, 4). Different components have been incorporated to hydraulic calcium 

silicate and ZrO2-based materials in order to improve their antimicrobial and biological 

properties (5, 6). 

 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 areas (7). Biosilicate has a stimulatory effect on bone cell 

metabolism (8), and is bioactive, osteoconductive, and osteoinductive; is not cytotoxic or 

genotoxic; has the capacity to increase pH (9), and stimulate osteogenic activity, thereby 

accelerating bone repair (10, 11).  Biosilicate has shown antimicrobial activity against a broad 

spectrum of microorganisms, including anaerobic bacteria (12). 

 Although bioglasses have bioactivity, the handling properties of these materials for 

clinical use are limited (13).  Therefore, the association of Biosilicate powder with a 

hydrosoluble polymer (14) and carboxymethylcellulose (13) has been proposed with the 

purpose of improving the consistency of this material and its applicability. 

 Considering that Biosilicate has excellent biological properties, in addition to 

antimicrobial action and limited consistency for application, the purpose of the present study 

was to develop and evaluate the physicochemical, biological, and antibacterial properties of 

the association between tricalcium silicate and Biosilicate for use as a reparative material, in 

comparison with Biodentine cement.  

 

Materials and Methods 

Biosilicate is a completely crystallized (99.5%) quaternary bioactive glass ceramic 

P2O5-Na2O-CaO-SiO2 (1 to 20µm). It was produced by the Glass Ceramic Innovation Institute 

- “Instituto de Inovação em Vitro-cerâmicas” (Vitrovita, São Carlos, SP, Brazil) in accordance 

with the process of preparation described in the Patent deposit (7). Biodentine was 
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manipulated according to the manufacturer’s instructions. The reparative materials, their 

respective manufacturers and proportions used are described in Table 1. 

Physicochemical tests 

Setting Time 

  This test was based on ISO Standard 6876/2002 (15). After manipulation, the cements 

were inserted in metal rings measuring 10 mm in diameter and 1 mm high (n=6). A Gilmore 

needle with mass of 100 ± 0.5g and a tip diameter of 2 ± 0.1 mm was used, supported on the 

cement surface. The materials were kept in an oven (37°C and 95% humidity) during analysis 

and the needle was cleaned between the analyses. The setting times were determined as the 

time when the marks of needle could not be observed on the sealer surface. 

Radiopacity 

  The radiopacity was determined based on based on ISO Standard 6876/2002 (15). 

After manipulation, the cements were inserted in rings with an internal diameter of 10 mm 

and height of 1 mm and kept in an oven at 37°C and 95% humidity for 24 hours. A sample of 

each material (n=6) and an aluminum scale were placed on an occlusal film (Insight – Kodak 

Comp, Rochester, NY, USA) to take the radiograph (X-ray appliance -X GE 1000 - General 

Electric, Milwaukee, WI, USA). The parameters used were 60 kV, 7 mA, 0.32 pulses per 

second and focus-film distance of 33 cm. The films were processed, digitized, and evaluated 

by using Image J for Windows software, to determine the radiopacity equivalence of the 

cements in millimeters of aluminum (mm Al). Thus, the radiopacity of the evaluated cements 

was estimated by using a conversion equation as performed by Tanomaru-Filho et al. (16).  

 

Solubility 

Solubility was evaluated in accordance with Carvalho-Junior et al. (17) modified. Circular 

molds measuring 1.5 mm high and 7.75 mm in internal diameter were fabricated. Each mold 

was placed on a glass plate covered with cellophane paper film and filled with the material 

(n=6). A Nylon thread was included in the cement mass and another glass plate also 

enveloped in cellophane was placed on the mold. This unit was kept at 37°C and 95% 

humidity for three times the duration of their setting time. The test specimens were removed 

from the molds and weighed on a precision balance (HM-200, A & D Engineering, Inc., 

Bradford, MA, USA). Then, they were placed in closed plastic flasks containing 7.5 mL of 

distilled and deionized water and kept in an oven at 37°C for 7 days. The mass was measured 
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before and after the samples were immersed in distilled water, and every 24 h thereafter, until 

the mass was stabilized. The loss of mass was expressed as a percentage of the original mass.  

pH 

For the pH test, polyethylene tubes 10 mm long and 1 mm in diameter were filled 

with each material (n=10). Each tube was immersed in 10 mL of distilled water and kept in an 

oven. At each period, the tubes were removed from the flasks and put into new flasks each 

containing 10 mL of distilled water. Flasks containing only distilled water were used as 

control. The experimental time intervals were 3, 12, and 24 hours, 7, 14 and 21 days after 

manipulation of the materials. Immediately after the end of each experimental time interval, 

the pH of the solutions was measured with a previously calibrated digital pH meter (Digimed 

Analítica Ltda. Grupo Digicrom Analítica. São Paulo, Brazil). 

 

Biological Tests 

For the tests, 0.5 g of each material was manipulated in the proportions described in 

Table 1. These portions were then placed on the bottoms of 12-well culture plates (Corning, 

New York, NY, USA) and hydrated with humidified gauze. The culture plates were kept at 37 

°C at 95% humidity, 5% CO2, for 24 hours to allow complete setting of the materials. After 

this period, the cements were exposed to U.V. Light for 30 minutes to prevent contamination. 

Then 5mL DMEM culture medium (Sigma/Aldrich) serum-free (without the presence of fetal 

bovine serum - FBS) were placed in each well of the plates, in which the material was 

accommodated, and thus remained at 37˚C, 95% humidity and 5% CO2 for 24 hours to allow 

formation of the extract of each material. The extracts were collected and diluted in DMEM 

without FBS, thereby obtaining the 1:1, 1:2, 1:4, 1:8, 1:16 and 1:32 dilutions for performing 

the cytotoxicity tests. As negative control, the DMEM culture medium serum-free; and as 

positive control 20% DMSO were used. 
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Viability and Biomineralization Potential Assays  

MTT 

Human osteoblast cells (Saos-2) were plated (1x105 cells/mL) in 96-well plates 

(Corning Inc, NY, USA) and kept at 37 °C at 95% humidity, 5% CO2, for 24 hours. After this 

period, the cells were exposed to the cement extracts in cell culture for 24 hours. For the MTT 

assay, the medium was replaced by DMEM serum-free, containing 5 mg/mL of MTT solution 

(Sigma-Aldrich) and cells were incubated at 37 °C at 95% humidity, 5% CO2, for 3 hours. 

After this period, each well was washed with 1 mL phosphate buffer solution (PBS) and 100 

µl isopropyl alcohol (acidified 0.04N HCl) was added to solubilize the formazan. The optical 

density was measured at 570 nm in an automatic microplate reader (ELx800; Instruments Bio-

Tek, Winooski, VT, USA). Three independent experiments were performed in triplicate for 

each experimental group and outcome. The same methodology was used for the MTT assay in 

the time intervals of 7 and 14 days, in which the cells were plated at 7x104 cells/mL. 

Neutral Red 

The cells (1x105 cells/mL) were plated in 96-well plates (Corning) in DMEM 

medium supplemented with 10% FBS and kept at 37 °C at 95% humidity, 5% CO2, for 24 

hours. After the cells had remained in contact with the cement extracts in their different 

concentrations for 24 hours, the extracts were replaced by 100 µL DMEM serum-free, 

containing 50 µg NR/mL (Sigma-Aldrich), followed by incubation at 37º C, 95% humidity 

and 5% CO2 for 3 hours. The coloring agent was removed and the colorimetric product was 

solubilized in 100 µL of 50% ethanol and 1% acetic acid solution (Sigma-Aldrich). The 

optical density was measured in the plate reader at 570 nm (Asys-UVM 340, Biochrom – 

MikroWin 2000, USA). Three independent experiments were performed in triplicate for each 

experimental group and outcome. 

 

Alkaline Phosphatase 

Alkaline phosphatase activity was determined by using the commercial Labtest kit 

(Labtest, Lagoa Santa, MG, Brazil). After plating for 24 hours, (7x104 cells/mL in 96-well 

plates), the Saos-2 cells were exposed to the cement extracts for 7 and 14 days. The extracts 

were renewed every two days throughout the exposure period. After each experimental 

period, the cells were washed with 200 µL of PBS 1X, followed by the addition of 200 µL of 
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a sodium lauryl sulphate solution (1% in distilled water, Sigma-Aldrich) to each well. The 

samples remained at rest at room temperature for 30 minutes, and then 12.5 µL of each 

sample was transferred to Eppendorf tubes with reagents of the commercial Alkaline 

Phosphatase kit, according to the manufacturer’s instructions (Labtest). 

The optical density was evaluated in an automatic miniplate reader (ELx800, Bio-Tek 

Instruments, Winooski, VT, USA) at 590 nm. The data were expressed as ALP activity 

normalized by the number of viable cells determined in the MTT assay, in the respective 

culture period. Three independent experiments were performed in sextuplicate for each 

experimental group and outcome. 

 

Alizarin Red 

 With the purpose of evaluating the calcium deposition induced by the materials, Saos-2 

cells were plated (1x104 cells/mL) in 24-well culture plates (Corning, New York, NY, USA) 

in D-MEM medium supplemented with 10%  FBS. For 21 days, the cement extracts prepared 

with osteogenic DMEM culture medium (DMEM 10% FBS; 100 IU/mL penicillin; 100 

mg/mL streptomycin; 0.023 g/mL β-Glycerophosphate; 0.055 mg/mL ascorbic acid – Sigma 

Chemicals St Louis MO, USA) were renewed every 2 days. The medium was then aspirated, 

the wells washed with PBS 1X, and the cells fixed with 70% ethanol (Sigma/Aldrich) at 40C, 

for 1 hour. The cells were washed twice with distilled water before the addition of 300 µL 

Alizarin Red S (at 2% and pH 4.1). The cells were incubated at room temperature for 2 

minutes. After this they were washed 4 times with 1 mL distilled water/well for 5 minutes. 

The plates were left at an angle for 2 minutes, to facilitate the removal of excess water, and 

were then photographed (Canon EOS-Rebel T6i, Canon Inc, Tokyo, Japan). For quantitative 

analysis of mineralization nodule formation, the nodules were solubilized in 0.5 mL 

Cetylpyridinium chloride (Sigma-Aldrich) under agitation for 15 minutes. After 

homogenization, three aliquots of 100 µL from each well were transferred to a 96-well plate. 

Mineral nodule formation was analyzed in accordance with the absorbance determined at 562 

nm in a plate reader (ELx800, Bio-Tek Instruments). Three independent experiments were 

performed in triplicate for each experimental group and outcome. 
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Antibacterial Test 

Test of direct contact on planktonic E. faecalis cells 

Microplates with 96 wells were used, in which the experimental materials were 

manipulated and inserted on the lateral wall of the well in a standardized manner. The 

materials were submitted to decontamination under ultraviolet light for 30 minutes. After this, 

10 µL of each inoculum was deposited on the materials and on the positive control, to which 

only the inoculum was added. The plates were kept in an oven at 37°C for 1 hour and 30 

minutes. Afterwards, 250 µL of brain heart infusion (BHI) were added to each contaminated 

well, serial decimal dilution was performed, and the plates containing Tryptic soy agar (TSa) 

were seeded. After incubating the plates in an oven at 37°C for 48 hours, cells were counted 

in CFU mL-1.  

Statistical Analysis 

 For the physicochemical tests the data obtained were submitted to a normality test, and 

afterwards to the ANOVA and Tukey tests, with 5% level of significance. For the 

antimicrobial test, the Kruskall-Wallis and Dunn multiple comparison tests were performed, 

with 5% significance, after logarithmic transformation (log 10). For the cell viability and 

bioactivity, the data were analyzed by using Two-way ANOVA and Bonferroni tests 

(α=0.05). Alizarin red staining (ARS) was compared by ANOVA one-way and Tukey tests.  

 

Results 

Physicochemical Tests 

The radiopacity, setting time and solubility results are described in Table 2. No 

statistically significant difference between TCS ZrO2 + 10% Biosilicate and TCS ZrO2 + 20% 

were observed for radiopacity, with values higher than 3 mm aluminum. The experimental 

cements containing the different proportions of Biosilicate presented a setting time similar to 

that of Biodentine (P > .05). The materials presented low solubility, except for Biodentine (P 

< .05). 

All the materials presented an alkaline pH in the different time intervals evaluated, as 

demonstrated in Table 3.  
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Cell Viability 

In the MTT assay, in the 1:1 and 1:2 dilutions, there was lower cell viability in all the 

cements in comparison to the negative control (P ˂ .05). At the 1:4 dilution, there was no 

statistically significant difference among the cements (P > .05), with the exception of pure 

TCS that presented lower cell viability than the negative control (P < .05). At the 1:8, 1:16 

and 1:32 dilutions, there was no difference in cell viability among the groups (P > .05), 

however, at the 1:16 dilution, the Biodentine group presented higher cell viability values in 

comparison with those of the negative control (P < .05), as shown in Figure 1. 

NR Assay, in the 1:1 dilution, presented lower cell viability in all the cements, except 

to TCS ZrO2 + 20% Biosilicate, that was no statistically different in comparison to the 

negative control (P ˂ .05). Biodentine presented lower cell viability in comparison to the 

negative control (P < .05) at the 1:1, 1:2 and 1:4 dilutions. At the 1:8 dilution, the cell 

viability of Biodentine was similar to the negative control (P > .05). In the same dilution, TCS 

ZrO2 + 20% Biosilicate was significantly higher when compared to the negative control (P < 

.05). At the other dilutions, 1:16 and 1:32, there was no statistically significant difference (P > 

05) in cell viability of all materials when compared to the negative control (Figure 2). 

ALP Activity 

In the MTT assay of 7 days, all the groups presented lower cell viability in comparison 

with the control (P ˂ .05). In 14 days, the cell viability was similar (pure TCS) or lower (TCS 

ZrO2 + 10% Biosilicate and TCS ZrO2 + 20% Biosilicate), in comparison with the control (P > 

.05). Only Biodentine presented higher cell viability in comparison to the negative control (P 

< .05). In the period of 7 days of exposure to the cements, only Biodentine presented higher 

ALP activity in comparison with the negative control (P ˂ .05). At 14 days, the Groups TCS 

and Biodentine presented higher ALP activity than the control (p < 05), as shown in Figure 3.  

Alizarin Red  

  As shown in Figure 4, after 21 days of exposure, all the cements induced a large 

production of mineralized nodules when compared to the control group (P < .05). Biodentine 

were highlighted by its ability to induce more mineralized nodules than the other (P < .05) 

 

Antibacterial Activity  

For the test of direct contact on planktonic E. faecalis cells, all the materials 

presented antibacterial activity, differing from the control group (P ˂ .05). Biodentine and 
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TCS ZrO2 + 20% Biosilicate presented lower bacterial count values (P < .0001) than pure 

TCS and TCS ZrO2 + 10% Biosilicate (P < .01), when compared with the control. The data 

are presented in Table 4.  

 

Discussion 

 The present study demonstrated that in the two concentrations of Biosilicate 

associated with tricalcium silicate and the ZrO2 radiopacifier, the experimental materials 

presented proper physicochemical, biological and antibacterial properties, with potential for 

use as reparative materials. We chose to add zirconium oxide to the TCS, because it has been 

shown to be inert, release calcium ions (1), has a setting time similar to MTA Angelus, low 

solubility, and suitable radiopacity (19).  In accordance with the ISO 6876/2002 standard, an 

endodontic material must present radiopacity of over 3 mm Aluminum (mmAl). In this study, 

the pure TCS and Biodentine cements presented radiopacity values lower than those 

recommended by ISO 6876/2002, according to previous studies (19,20). Although Biodentine 

contains ZrO2 as radiopacifier, the proportion is 5% (1), which may explain its low 

radiopacity. In the present study, 30% of this radiopacifier was added to obtain an 

experimental cement with good radiopacity. The incorporation of 10% or 20% of Biosilicate 

promoted no significant change in the radiopacity of the experimental cements. 

 Pure TCS was the material with the longest setting time in comparison with the 

other materials. The addition of ZrO2 and Biosilicate in the two proportions accelerated the 

setting process of TCS. The shorter setting time of Biodentine when compared with TCS is 

related to the calcium chloride present in its liquid, which decreases the setting time (21). 

Moreover, the calcium carbonate present in the Biodentine powder acts on the mechanism of 

hydration of this cement, also reducing its setting time (1).  The Biosilicate might have acted 

on accelerating the hydration reaction of TCS. Biodentine is known to have the potential to 

form hydroxycarbonate apatite (11), and when associated with a vehicle, it promotes a faster 

calcium ion release when compared with Biosilicate (22). 

Biodentine was the material that showed the highest solubility values, corroborating 

the findings of previous studies (23,24). The high solubility of this material may be related to 

the incorporation of a hydrosoluble plasticizer into a polymer, which has a tensoactive effect, 

dispersing the particles of the cement and thus promoting a higher level of solubility (23).  

Regarding the cements associated with Biosilicate, the solubility values found were in 

accordance with ISO 6876/2002, i.e., below 3%.  
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Biosilicate added to TCS + ZrO2 in the concentration of 10%, presented a gain in 

mass after the solubility test, differing from pure TCS, whereas, in the concentration of 20%, 

its solubility was similar to that of pure TCS. The results obtained with the experimental 

cements containing Biosilicate were in disagreement with the study of Vivan et al. (25) who 

observed a correlation between the properties of solubility and setting time. Although the 

addition of Biosilicate and ZrO2 radiopacifier accelerated the hydration process, and 

consequently, decreased the setting time of TCS, it solubility was not changed at the 

concentration of 20%, whereas, there was water absorption by the cement with the lower 

concentration (10% Biosilicate) and corroborated with the study of Cutajar et al. (26) who 

showed that the water/cement proportion effect on the solubility of the material. Gandolfi et 

al. (26) evaluated a new endodontic sealer with bioactive glass incorporated into its 

composition (GuttaFlow Bioseal) and observed a shorter setting time for this material, when 

compared with similar sealers without bioactive glass. 

Biodentine and the hydraulic calcium silicate-based cements have a known capacity 

for alkalinization (19, 20). In this study, all the cements had an alkaline pH (approximately 

10). Except for the period of 3 hours, Biosilicate incorporated into tricalcium silicate and the 

ZrO2 radiopacifier in both concentrations promoted no significant change in increasing the pH 

in comparison with pure TCS.  

The cements evaluated presented no cytotoxic effects in both the cytotoxicity assays, 

with the exception of Biodentine that showed higher cytotoxicity at the lower dilutions (1:1, 

1:2) when compared to the negative control. Previous studies have shown lower cell viability 

for Biodentine at the lower dilutions of the cement extracts (1:1, 1:2 and 1:4) when compared 

to the negative control (27, 28).  

The highest ALP activity was detected for the pure TCS and Biodentine cements in the 

period of 14 days. When the tricalcium silicate cements come into contact with the tissue 

fluids, they produce hydrated hydraulic calcium silicate and calcium hydroxide (29), which 

releases calcium ions essential for cell migration, adhesion, proliferation and differentiation, 

and contribute to the formation of hydroxyapatite (30). Tricalcium silicate cement associated 

with tantalum oxide (Ta2O5), was biocompatible and induced ALP activity in Saos-2 cells 

(31). Biodentine presented biocompatibility and osteogenic bioactivity when compared with 

MTA and tricalcium silicate-based materials (27,28).  

In the literature, there are no studies that showed the deposition of mineralization 

nodules in pure tricalcium silicate cement. However, our results showed that Pure TCS, 

Biodentine, TCS ZrO2 + 10% Biosilicate and TCS ZrO2 + 20% Biosilicate stimulated the 
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production of mineralization nodules. The largest deposition of calcium nodules was observed 

for Biodentine. Biodentine was capable of depositing calcium nodules when in contact with 

Saos-2 cells (27, 28), and human dental pulp cells (hDPCs) (32).  

All the materials were effective against E. faecalis.  Biodentine and the association of 

20% Biosilicate showed a lower bacterial count. These findings are in agreement with 

previous studies that observed antimicrobial effectiveness for Portland Cement associated 

with ZrO2 (5, 6, 33), and for Biodentine (34). Our results for Biosilicate corroborate those of 

the study of Martins et al. (12), which showed that this material had a broad spectrum of 

antimicrobial properties; and its association with TCS in our study allowed a significant 

increase in the antimicrobial effect of this material against E. faecalis. The antimicrobial 

action of the materials evaluated may be explained by the release of hydroxyl ions, which 

create an environment unfavorable to bacterial proliferation and survival (35). 

Based on the results obtained in the present study, the association of Biosilicate (10% 

or 20%) with TCS+ ZrO2 showed adequate physicochemical properties, demonstrating the 

capacity to reduce setting time and adequate solubility. In addition, the above-mentioned 

materials demonstrated antimicrobial activity, bioactivity, and were not cytotoxic, suggesting 

their potential for clinical use. 
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TABLES 

TABLE 1.  Experimental Materials, Manufacturers, and Proportions used 

Group Manufacturer/Proportion 

Biodentine 
Septodont, Saint Maur des Fossés, France 

1 capsule of powder: 5 drops liquid 

 TCS 

 

100% tricalcium silicate- based cement (Mineral Research Processing, 

Meyzieu, France) 

1g powder: 330 µL Distilled water 

TCS ZrO2 + 10% 

Biosilicate 

60% tricalcium silicate-based cement (TCS, Mineral Research 

Processing, Meyzieu, France) 

10% Biosilicate (Vitrovita, São Carlos, SP, Brazil). 

30% Zirconium Oxide (ZrO2, Sigma-Aldrich Brasil Ltda., São Paulo, 

SP, Brazil) 

1g powder: 300 µL Distilled water 

TCS ZrO2 + 20% 

Biosilicate 

 

50% tricalcium silicate-based cement (TCS, Mineral Research 

Processing, Meyzieu, France) 

20% Biosilicate (Vitrovita, São Carlos, SP, Brazil). 

30% Zirconium Oxide (ZrO2, Sigma-Aldrich Brasil Ltda., São Paulo, 

SP, Brazil) 

1g powder: 300 µL Distilled water 

TCS- tricalcium silicate; ZrO2- zirconium oxide. 
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TABLE 2. Mean and Standard Deviation (±) of radiopacity (mmAl), setting time (minutes), 

and solubility results for the different materials evaluated.  

 Biodentine TCS 

TCS ZrO2 + 

10% 

Biosilicate 

TCS ZrO2 + 

20% 

Biosilicate 

Radiopacity 

(mmAl) 
2.26b (± 0.12) 1.69c (±0.06) 3.93a (±0.20) 4.02a (±0.13) 

Setting time 

(minutes) 
34.17b (±2.40) 44.00a (±1.63) 37.17b (±2.60) 35.00b (±2.51) 

Solubility 

(%) 
3.69a (±0.77) 1.81b ( ±0.64) -0.14c (±0.14) 1.16b (± 0.13) 

TCS- tricalcium silicate; ZrO2- zirconium oxide. Different letters in the same column indicate 

statistically significant difference among the experimental groups (P < .05).  
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TABLE 3. Mean and Standard Deviations (±)  of pH value results found in the different time 

intervals of analysis.  

pH Biodentine TCS TCS ZrO2 + 

10% 

Biosilicate 

TCS ZrO2 + 

20% 

Biosilicate 

Control 

3 hours 11.7a (±0.25) 11.2b (± 0.21) 10.3c (±0.26) 10.8b (± 0.40) 6.8d (±0.40) 

12 hours 10.1a (±0.39) 9.5a (±0.27) 9.8a (±0.67) 9.9a (±0.49) 6.6b (± 0.30) 

24 hours 9.6a (±0.24) 9.5a (±0.62) 9.7a (±0.47) 9.8a (±0.48) 6.4b (±0.10) 

7 days 10.8ab (±0.53) 10.2b ( ±0.66) 11.1a (±0.26) 11.2a (±0.45) 6.6c (±0.22) 

14 days 10.6ab (±0.31) 10.4b (± 0.49) 11.0a (±0.30) 10.7ab (±0.25) 6.7c (±0.23) 

21 days 10.0a (±0.43) 9.2b (±0.71) 10.1a (±0.25) 10.1a (0.19) 6.7c (±0.26) 

TCS- tricalcium silicate; ZrO2- zirconium oxide. Different letters in the same line indicate 

statistically significant difference among the groups (P < .05).  
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TABLE 4. Mean and Standard Deviation (±) CFU (mL-1 log10) of the materials evaluated.    

Groups Biodentine TCS TCS ZrO2 + 
10% 

Biosilicate 

TCS ZrO2 + 
20% 

Biosilicate 

Control 

CFU mL-1 log10  0.00b** 

(±0.00) 

0.67b* 

(±1.26) 

0.64b* 

(±1.19) 

0.00b** 

(±0.00) 

8.04a 

(±0.18) 

TCS- tricalcium silicate; ZrO2- zirconium oxide. Different letters in the same line indicate 

statistically significant difference among the groups (P < .05).  *Kruskall-Wallis and Dunn (P 

< .01). **Kruskall-Wallis and Dunn (P < .0001). 
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Figures 

 

 

Figure 1.  (A) Cell Viability (%) evaluated by MTT assay after 24 hours exposure of Saos-2 

cells to the eluates of cements in different dilutions, and to the negative (NC) and positive 

controls (PC). (B) Statistical comparison of cell viability (%). Different letters in the columns 

indicate statistically significant difference among the groups in each dilution. TCS- tricalcium 

silicate; ZrO2- zirconium oxide. 
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Figure 2.  (A) Cell Viability (%) evaluated by NR assay after 24 hours exposure of Saos-2 

cells to the eluates of cements in different dilutions, and to the negative (NC) and positive 

controls (PC). (B) Statistical comparison of cell viability (%). Different letters in the columns 

indicate statistically significant difference among the groups in each dilution. TCS- tricalcium 

silicate; ZrO2- zirconium oxide. 
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Figure 3.  (A)  MTT assay and (B) Alkaline Phosphatase Activity (ALP) in osteoblast cells of 

the human Saos-2 lineage after exposure to the eluates of cements and to the control (culture 

medium D-MEM + 1% FBS) in different time intervals. Bars with different letters in each 

time interval indicate statistically significant difference among the groups. TCS- tricalcium 

silicate; ZrO2- zirconium oxide. 
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Figure 4.  (A) Alizarin red staining (ARS) statistical analysis after 14 days exposure to the 

cement eluates. (B) Osteogenic culture of Saos-2 showing calcium deposition as demonstrated 

by positive ARS. Cells exposed to osteogenic culture medium were the control group. Bars 

with different letters represent significant differences among the groups. TCS- tricalcium 

silicate; ZrO2- zirconium oxide. 
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5 DISCUSSION  

Reparative materials must have adequate physico-chemical and biological 

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

reparative material58 that is biocompatible and capable of inducing mineralized tissue 

formation59.60. At present, pure tricalcium silicate7,8 has been indicated as a reparative 

material because of the possibility of incorporating heavy metals into it during 

hydration of this cement58.   

Tricalcium silicate (TCS) is used as the main constituent in the formulation of 

new biomaterials38,61. The bioactive potential of this material induces the formation of 

apatite precipitates, leaving to mineralized tissue formation62,63. The induction of cell 

growth and differentiation has also been demonstrated, with the formation of 

hydroxyapatite38. 

TCS has biological characteristics and bioactive potential similar to those of 

MTA38,61,62,63, and in association with a radiopacifier, it is indicated as a substitute for 

MTA. 

The consistency of MTA makes it difficult to manipulate64, and the bismuth 

oxide used as radiopacifier in its composition, harms its physico-chemical properties 

and may cause tooth darkening5,11,12. Therefore, bioactive endodontic cements have 

been developed65 using pure tricalcium silicate associated with different 

radiopacifiers such as zirconium oxide (ZrO2), calcium tungstate (CaWO4) and 

niobium oxide (Nb2O5).  

Biodentine cement is an example of a hydraulic calcium silicate-based 

biomaterial developed as a substitute for MTA cement7. Biosilicate is a glass-ceramic 

that is highly bioactive, osteoconductive, non-cytotoxic, non-genotoxic and also 

presents an antibacterial property48; these are desirable characteristics for a 

biomaterial. Its use in association with hydraulic calcium silicate cements for 

reparative use in endodontics has not yet been studied. 

In the present study, the different cements evaluated presented radiopacity in 

accordance with the specifications of the ISO Standard 6876/2002, with the 

exception of pure TCS and Biodentine. Our results corroborated those of studies that 

observed adequate radiopacity for the ZrO2
8,17,39

, CaWO4
39 and Nb2O5

17,30,33 

radiopacifiers when added to PC or to TCS; and values below those recommended 

for TCS17,39 and Biodentine25,66,67. MTA HP contains CaWO4 as radiopacifier, 
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however, this material presented lower radiopacity, which could be justified by the 

different proportion of radiopacifier added to the material. 

The results of the present study demonstrated that the addition of Nb2O5 

diminished the setting time of TCS, in agreement with the study of Bosso-Martelo et 

al.35, while the addition of CaWO4 increased its setting time, corroborating the 

findings of Hungaro-Duarte et al. 35 

The solubility of the cements was evaluated after 7 days of immersion in 

distilled water. With the exception of Biodentine, all the materials showed values in 

accordance with the standard ISO 6876/2002, with solubility lower than 3%. Previous 

studies evaluating the solubility of Biodentine also demonstrated high solubility 

values for this material67-69. As regards the cements associated with Biosilicate, the 

values found were promising, because this material obtained a low percentage of 

solubility, particularly in the proportion of 10%. All the cements presented an alkaline 

pH, in agreement with the study of Camilleri70, who associated different radiopacifiers 

with Portland cement. 

Furthermore, in vitro biological tests were performed in Saos-2 osteoblast cell 

cultures. An increase in the cell viability of MTA HP in comparison with the negative 

control was observed, in agreement with the study of Cintra et al.42. After 7 days 

exposure to the cements, the materials that presented the highest ALP activity values 

were TCS + ZrO2 and TCS + CaWO4 (p<0.05), corroborating the findings of Huffman 

et al.71, who described that CaWO4 was able to contribute to a higher level of calcium 

ion release, thus helping with the process of biomineralization. The highest ALP 

activity value was detected in the period of 14 days, in comparison with the control, 

with emphasis on the TCS, TCS + ZrO2, TCS + CaWO4 and Biodentine (p<0.05).  

The cements evaluated presented no cytotoxic effects in both the cytotoxicity 

assays, with the exception of Biodentine that showed lower cell viability at the lower 

dilutions (MTT) and (NR) in comparison with the negative control. In a similar 

manner, Gomes-Cornélio et al.38 observed that Biodentine in the dilutions of 1:1 and 

1:2 presented lower cell viability than the negative control. Rodrigues et al.26 in a 

study with Saos-2 cells, also observed a reduction in cell viability for Biodentine in the 

dilutions 1:2 and 1:4, when compared with the negative control. Chang et al.72 

demonstrated that Biodentine presented high ALP activity values in comparison with 

the control.  
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According to the results obtained in the present study, the association of TCS 

with the different radiopacifiers presented adequate physico-chemical properties; 

presented no cytotoxicity, and showed both bioactive and antimicrobial potential. 

Furthermore, the incorporation of Biosilicate   in the concentration of 10% or 20% into 

TCS + ZrO2 demonstrated adequate physico-chemical properties, capacity to reduce 

setting time and solubility of TCS, and presented antimicrobial action without 

cytotoxic effects. Considering that the materials showed excellent prospects for 

clinical use; and that the addition of alternative radiopacifiers and Biosilicate 

improved the manipulation properties of TCS, a possible complementation would be 

to perform later in vivo tests, with the purpose of proving the biocompatibility of these 

materials and confirming their indication for use in endodontic practice.   
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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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