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Featured Application: Bioceramic materials have been recently proposed for several applications
in endodontic practice. The impact of their setting time and chemical composition on
biocompatibility is still controversial. This in vitro study evaluated the osteogenic potential
of different bioceramic formulations.

Abstract: Recently, pre-mixed bioceramics in fast set formulations have been increasingly utilized in
clinical practice as an alternative to mineral trioxide aggregate (MTA) for their shorter setting time and
better handling properties. However, the impact on their osteogenic potential, due to modifications
in chemical composition to promote a fast setting, is still unclear. This molecular and in vitro study
compared the osteogenic potential of root repairing material putty fast set (FSP) with root-repairing
material putty (RRMPU), root-repairing material paste (RRMPA), Biodentine™ and MTA. The null
hypothesis tested was that there are no differences among the tricalcium silicate materials in terms
of osteogenic potential. Standardized discs were cultured with MG-63 human osteoblastic-like
cells to assess biocompatibility, the activity of alkaline phosphatase (ALP) and osteogenic potential.
Biocompatibility was evaluated at baseline and after 24 and 48 h. Osteogenic differentiation was
assessed after 15 days. Data were analyzed with one-way ANOVAs and Tukey’s post-hoc test
(p < 0.05). All materials showed biocompatibility and bioactivity. ALP activity, which induces mineral
nodule deposition, increased in all the cements tested, with a significant increase in RRMPU (p < 0.001)
and FSP (p < 0.001) samples versus MTA. In vitro mineralization was significantly increased for
RRMPU (p < 0.0001), FSP (p = 0.00012) and Biodentine™ (p < 0.0001) versus MTA. The bioceramics
tested showed higher levels of biocompatibility and bioactivity than MTA; a higher capacity for
mineralization was observed with RRMPU and FSP versus MTA.

Keywords: bioceramic; osteogenic potential; biocompatibility; MTA; bioactivity; endodontic material;
fast set bioceramics

1. Introduction

Endodontics involves the prevention and treatment of pulpal and periradicular diseases [1,2].
ProRoot® Mineral Trioxide Aggregate (MTA; Dentsply Maillefer, Ballaigues, Switzerland), a hydraulic
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silicate cement, has been perceived as the gold standard for vital pulp therapy, apexification, repair of
root perforations and root-end fillings [3,4]. Mineral trioxide aggregate is biocompatible and induces
the formation of new mineralized tissue [5,6]. However, disadvantages such as fluid consistency,
make it difficult to handle and control, and long setting time challenges clinical handling. Biodentine™
(Septodont, Saint-Maur-des-Fosses, France) has been introduced as an alternative bioceramic material
with reduced setting time and the ability to promote the formation of a dentinal bridge when
used for direct pulp capping [7,8]. Other bioceramic materials incorporate calcium phosphate into
tricalcium silicate cements (CPCSs) for improving bioactivity and facilitating clinical handling [9,10].
These bioceramic materials have been proposed for apexification, the repair of root defects and
perforation [11]. They are also available in pre-mixed formulations and have been reported to be
as biocompatible as MTA or Biodentine [12]. Endosequence BC root repair material putty (RRMPU;
Brasseler, Savannah, GA, USA) and Root Repair Material Paste (RRMPA; Brasseler) are premixed
bioceramics that have been reported to be biocompatible [13,14] and promote fibroblast growth [15].
These pre-mixed bioceramics are available in “regular” and “fast-set” versions, with setting times
ranging from 4 h to 20 min, respectively [10]. The fast-set formulation has similar mechanical properties
as MTA and a higher final hardness value than other CPCS cement formulations [16]. Biocompatibility
studies on novel bioceramics have reported the absence of cytotoxicity and genotoxicity; however,
their ion release profiles, mineralization capability and interactions with bone marker are yet to
be determined [17]. Although fast set bioceramic cements showed similar biocompatibility and
better cell adhesion capacity compared with MTA [18], their osteogenic potential remains largely
unknown. Human MG-63 osteoblastic-like cells are considered a reliable in vitro model for evaluating
the osteogenic potential of biomaterials by examining the expression of cytokines, bone markers and
osteoblast-derived proteins [19]. Accordingly, the objective of the present study was to compare
the biocompatibility and osteogenic potential of fast-set bioceramic cements with MTA and other
bioceramic materials using the MG-63 human cell line model. The null hypothesis tested was that
there are no differences among the tricalcium silicate materials in terms of their biocompatibility and
osteogenic potential.

2. Materials and Methods

2.1. Cell Culture and Osteogenic Differentiation

The human osteosarcoma-derived MG-63 cell line (ATCC® CRL-1427, American Type Culture
Collection, Mamassas, VA, USA) was grown in Dulbecco’s Modified Eagle’s Medium (MilliporeSigma,
Burlington, MA, USA), with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA), 1% glutamine (MilliporeSigma, Burlington, MA, USA) and 1% streptomycin, penicillin and
fungizone (Millipore Sigma, Burlington, MA, USA). This medium was designated as the “Normal
Medium” (NM). For osteogenic differentiation, the cells were cultured in “Differentiation Medium”
(DM), which was composed of NM supplemented with 50 mg/mL L-ascorbic acid and 10 mmol/L
β-glycerolphosphate (all from MilliporeSigma, Burlington, MA, USA). The MG-63 cells, cultured in
NM or DM, were maintained at 37 ◦C in a humidified 5% CO2 atmosphere. Cell growth was monitored
daily with a digital inverted microscope (EVOS, Advanced Microscopy Group, Bothell, WA, USA).

2.2. Biomaterial Preparation and Eluate Collection

The study was performed using the following biomaterials: Root Repair Material Putty (RRMPU,
Brasseler), Root Repair Material Paste (RRMPA, Brasseler), Fast-set Putty (FSP, Brasseler), Biodentine™
(BIO) and ProRoot® MTA (Table 1). All materials were prepared according to the manufacturer’s
instructions. Discs of ~1 mm thickness and 8 mm diameter were prepared by packing the mix for
pre-mixed materials into polyvinylchloride molds. The discs were stored at 37 ◦C and 95 ± 5% relative
humidity until set. The set materials were transferred to 24-well plates and disinfected by exposure to
ultraviolet light for 2 h. The NM medium was added to each well (1 mL/well) and maintained for 24 h
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at 37 ◦C in a humidified 5% CO2 atmosphere to allow any cytotoxic material to be eluted from the set
cement. After 24 h, the eluate (EM) was collected and stored at −80 ◦C for subsequent analysis.

Table 1. Chemical formulation of the tested materials: Root Repair Material Putty (RRMPU, Brasseler),
Root Repair Material Paste (RRMPA, Brasseler), Fast-set Putty (FSP, Brasseler), Biodentine (BIO) and
ProRoot® MTA.

Material Composition pH

Root Repair Material Putty (RRMPU,
Brasseler)

Calcium silicates, zirconium oxide, tantalum oxide,
calcium phosphate monobasic >12

Root Repair Material Paste (RRMPA,
Brasseler)

Calcium silicates, zirconium oxide, tantalum oxide,
calcium phosphate monobasic >12

Fast-set Putty (FSP, Brasseler) Calcium silicates, zirconium oxide, tantalum oxide,
calcium phosphate monobasic >12

Biodentine (BIO, Septodont,
Saint-Maur-des-Fosses, France)

Powder: tricalcium silicate, dicalcium silicate,
calcium carbonate, zirconium oxide, calcium oxide,
iron oxide Liquid: calcium chloride, a hydrosoluble

polymer, water

9

ProRoot® Mineral Trioxide Aggregate
(MTA, Dentsply Maillefer, Ballaigues,

Switzerland)

Powder: tricalcium silicate, dicalcium silicate,
bismuth oxide, tricalcium aluminate,

calcium sulfate dihydrate or gypsum Liquid: water
9

2.3. Cell Attachment and Biocompatibility

Cell attachment and biocompatibility were evaluated with the aforementioned digital inverted
microscope by examining the morphology and adhesion of the MG-63 cells that were cultured directly
on the biomaterial or in the corresponding eluate. For each material to be tested, the MG-63 cells were
seeded in 24-well plates according to the following conditions:

(a) 1 × 104 MG-63 cells cultured in 1 mL of NM (positive control);
(b) 1 × 104 MG-63 cells cultured in 1 mL of EM, obtained, as previously described;
(c) 1 × 104 MG-63 cells cultured in 1 mL of NM together with a pre-prepared bioceramic disc.

The culture plates were incubated at 37 ◦C in a humidified 5% CO2 atmosphere. The cells were
monitored at time-zero, 24 h and 48 h with the inverted microscope. Three independent experiments
were performed. The cells were observed for morphological alteration and adhesion. Evaluation was
performed by two independent operators. A material was considered biocompatible if more than 50%
of the cells appeared flat or partially round and were attached to the culture plate or material surface.
If cells were totally round and detached from a surface, the material was considered toxic and not
biocompatible. The MG-63 cells that were not adjacent to any materials were used as control [20–22].

2.4. Osteogenic Differentiation

The MG-63 cells were seeded in 24-well plates (1× 104 cells/well) in NM, with or without bioceramic
discs. After 24 h, the NM was replaced with DM and the cells were induced to osteogenically differentiate
for 15 days [23,24]. The DM was replaced every 48 h. The cells were photographed using the EVOS
inverted microscope at 4X magnification. The ImageJ software (National Institute of Health, Bethesda,
MD, USA) was used to measure the area of mineralized nodules. Multiple images were analyzed for
each condition tested and areas were expressed as mean ± standard deviation.

2.5. Alkaline Phosphatase Activity

Alkaline phosphatase (ALP) activity of cells cultured with or without a bioceramic disc was
evaluated using the QuantiChromTM Alkaline Phosphatase Assay Kit (DALP-250; BioAssay Systems
Hayward, CA, USA) after 15 days of culture in DM. Reagent application and sample preparation were
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performed according to the manufacturer’s instructions. The specimens were read at 405 nm and data
were expressed as optical density (OD) at 405 nm. The experiment was performed in triplicate.

2.6. Mineralization and Alizarin Red S Staining

Alizarin Red S is a red dye used to identify calcium deposits in cell culture. Mineralization is
evaluated by the extraction of calcified material at low pH, neutralization with ammonium hydroxide
and colorimetric detection at 405 nm [25]. The MG-63 cells were cultured in DM for 15 days.
Analysis was performed using the Alizarin Red S Staining Quantification Assay (ARed-Q Kit; ScienCell
Research Laboratories, Carlsbad, CA, USA), following the manufacturer’s instructions. The dye (1 mL
of 40 mm) was added to each well, incubated for 30 min at ambient temperature and removed using
10% acetic acid. The acid was neutralized with 10% ammonium hydroxide. Three aliquots from
each well were transferred to a 96-well plates and their absorbance was read at 405 nm with a plate
reader. Data were expressed as OD at 405 nm and as dye concentration (mm). Dye concentration was
calculated using an Alizarin Red S standard curve, according to the manufacturer’s instructions.

2.7. Quantitative Real-Time PCR (RT-qPCR)

Ribonucleic acid (RNA) was extracted from the MG-63 cells after osteogenic differentiation
with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), according to manufacturer’s
instructions. The RNA pellets were resuspended in diethylpyrocarbonate-treated water, and RNA
concentrations were measured with a spectrophotometer (NanoDrop™ 2000, Thermo Fisher
Scientific). The RNA was reverse-transcribed with a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) after a DNase treatment with a TURBO
DNA-freeTM Kit (Thermo Fisher Scientific). The RNA samples without reverse transcriptase
were reverse transcribed as negative controls for DNA contamination in the PCR analyses.
Complementary DNA (cDNA) was amplified by real-time PCR using the TaqMan® Gene Expression
Master Mix (Applied Biosystems, Foster City, CA, USA) and the StepOne machine (Applied
Biosystem, Foster City, CA, USA), according to the manufacturer’s protocols. The following
TaqMan®-qPCR assays (Applied Biosystem) were employed: Glyceraldehyde-3-phosphate
dehydrogenase, GAPDH (Hs99999905_m1); actin beta, ACTB (Hs99999903_m1); pumilio RNA
binding family member 1, PUM1 (Hs00472881_m1); alkaline phosphatase, ALPL (Hs01029144_m1);
bone gamma-carboxyglutamate protein, BGLAP (Hs01587814_g1); integrin binding sialoprotein,
IBSP (Hs00173720_m1); interleukin 1 alpha, IL-1a (Hs00174092_m1); interleukin 6, IL-6
(Hs00985639_m1). A no-template control was included for each assay. The RT-qPCR reaction
was conducted with a 10 min incubation period at 95 ◦C, 40 cycles of 95 ◦C amplification for 15 s
and 60 ◦C for 1 min for annealing. GAPDH, ACTB and PUM1 were used as housekeeping genes
to normalize the gene expression data of the target genes. The 2−∆∆Ct method was used to analyze
relative changes in gene expression between samples in the form of fold changes.

2.8. Statistical Analysis

The GraphPad Prism software version 7.0a was used to analyze the data (GraphPad Software, Inc.,
San Diego, CA, USA). Parametric statistical methods were adopted after validating the homogeneity
(Shapiro–Wilk test) and homoscedasticity (modified Levene test) of the corresponding data sets.
Analyses were performed using one-way analysis of variance and the Tukey multiple comparison
procedures. Significance was defined following the New England Journal of Medicine style: 0.12 not
significant (ns), 0.033 *, 0.002 ** and p < 0.001 *** [26]. A probability value of p < 0.05 was considered to
be statistically significant.
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3. Results

3.1. Cellular Attachment and Biocompatibility

All the bioceramic materials tested were biocompatible (Figure 1). Adhesion and the morphology
of MG-63 cells were not affected by the presence of EM or by direct contact with any of the bioceramics.
No morphological differences in attachment or in the growing of cells were identified between the
control and treated wells.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 11 
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MG-63 cells were observed with an EVOS inverted microscope for morphological alteration and 
adhesion evaluation. If cells appeared flat or partially-round and attached to the surface, the material 
was considered biocompatible. If cells were totally round and detached from the surface, the material 
was considered toxic and not biocompatible. (a) MG-63 cells cultured without any bioceramic material 
were used as positive control. (b) MG-63 cells were not affected by direct contact with bioceramics. In 
the fast set putty (FSP) sample, cells acquired a round shape (white arrows) and detached from the 
disc surface. The cells remained in suspension after 24 h of treatment. After 48 h, the cells had re-
attached to the surface. (c) MG-63 cells cultured in 1 mL of eluate medium (EM) were attached to the 
disc surface and no morphological differences in the attachment or the growing of cells were 
identified. In (b,c), adherent cells are highlighted by black arrows. 

3.2. Osteogenic Differentiation 

The process of osteogenic differentiation was evaluated via examination of the ALP activity. The 
ALP levels were significantly higher in MG-63 cells cultured in direct contact with FSP and RRMPU, 
compared with the cells grown in the presence of MTA (p < 0.001 for both comparisons, Figure 2, 
Table 2). After 15 days in DM, mineralized nodule formation was enhanced in cells cultured with 
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occupied by the mineralized nodules was significantly larger in MG-63 cells grown in direct contact 
with FSP, RRMPU and BIO (p < 0.001 for all; Figure 3a,b), compared to that obtained from culturing 
with MTA. The formation of mineralized nodules in the MG-63 cells was also evaluated with Alizarin 
Red S staining (Figure 3c). Staining was significantly increased when cells were cultured in the 
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Significant difference in IL-1A expression was also observed in cells cultured in BIO, versus those 
cultured in the presence of MTA (p < 0.0001). 

Figure 1. Cellular attachment and biocompatibility. To evaluate cell attachment and biocompatibility,
MG-63 cells were observed with an EVOS inverted microscope for morphological alteration and
adhesion evaluation. If cells appeared flat or partially-round and attached to the surface, the material
was considered biocompatible. If cells were totally round and detached from the surface, the material
was considered toxic and not biocompatible. (a) MG-63 cells cultured without any bioceramic material
were used as positive control. (b) MG-63 cells were not affected by direct contact with bioceramics.
In the fast set putty (FSP) sample, cells acquired a round shape (white arrows) and detached from
the disc surface. The cells remained in suspension after 24 h of treatment. After 48 h, the cells had
re-attached to the surface. (c) MG-63 cells cultured in 1 mL of eluate medium (EM) were attached to the
disc surface and no morphological differences in the attachment or the growing of cells were identified.
In (b,c), adherent cells are highlighted by black arrows.

3.2. Osteogenic Differentiation

The process of osteogenic differentiation was evaluated via examination of the ALP activity.
The ALP levels were significantly higher in MG-63 cells cultured in direct contact with FSP and RRMPU,
compared with the cells grown in the presence of MTA (p < 0.001 for both comparisons, Figure 2,
Table 2). After 15 days in DM, mineralized nodule formation was enhanced in cells cultured with
bioceramic discs, compared to those cultured without, as shown in Figure 3. Furthermore, the area
occupied by the mineralized nodules was significantly larger in MG-63 cells grown in direct contact
with FSP, RRMPU and BIO (p < 0.001 for all; Figure 3a,b), compared to that obtained from culturing
with MTA. The formation of mineralized nodules in the MG-63 cells was also evaluated with Alizarin
Red S staining (Figure 3c). Staining was significantly increased when cells were cultured in the presence
of RRMPU (p < 0.0001), BIO (p < 0.0001) and FSP (p = 0.0012) (Figure 3c). Osteogenic differentiation
was also investigated in MG-63 cells cultured through the expression of ALPL, IBSP, BGLAP, IL-1a and
IL-6, using RT-qPCR (Figure 4). ALPL expression was significantly reduced in MG-63 cells cultured
with FSP and RRMPA. IBSP expression was significantly increased in cells cultured with RRMPU.
BGLAP was downregulated in all the tested conditions and there was no statistical difference in the
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fold changes among the different biomaterials. No differences in ALPL, IBSP and BGLAP expressions
between FSP and the other bioceramic materials were evident. The upregulation of IL-1A and IL-6 was
detected when culture was performed in the presence of some of the biomaterials. No difference in
IL-6 expression was identified between FSP and the other bioceramic materials. IL-1A expression was
significantly increased in MG-63 cells cultured with RRMPU or BIO (p < 0.0001 for both) and MTA
(p = 0.0009), versus MG-63 cells cultured in DM alone. Significant difference in IL-1A expression was
also observed in cells cultured in BIO, versus those cultured in the presence of MTA (p < 0.0001).Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 11 
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Figure 2. Alkaline phosphatase activity. Osteogenic differentiation was monitored by evaluation of
alkaline phosphatase (ALP) activity: ALP levels were higher in MG-63 cells cultured in direct contact
with FSP or RRMPU, compared with the cells grown in the presence of MTA. The ALP activity is
expressed as absorbance at 405 nm.

Table 2. Comparative analysis of the tested bioceramic materials. ARS alizarin red staining; ALP
alkaline phosphatase; NM normal medium, DM differentiation medium, RRMPU root repairing material
putty, RRMPA root repairing material paste, FSP root repairing material putty fast set, BIO Biodentine™,
MTA mineral trioxide aggregate (ns = not significant, * p < 0.033, ** p < 0.002, *** p < 0.001, **** p < 0.0001).

ARS p-Value ALP p-Value

NM vs. DM ns 0.998 NM vs. DM ns >0.99
NM vs. RRMPU + DM **** <0.0001 NM vs. RRMPU + DM * 0.02
NM vs. RRMPA + DM ns 0.9549 NM vs. RRMPA + DM *** <0.001

NM vs. FSP + DM *** 0.0003 NM vs. FSP + DM *** <0.001
NM vs. BIO + DM **** <0.0001 NM vs. BIO + DM *** <0.001

NM vs. MTA + DM ns 0.9843 NM vs. MTA + DM *** <0.001
DM vs. RRMPU + DM **** <0.0001 DM vs. RRMPU + DM ** 0.01
DM vs. RRMPA + DM ns 0.9993 DM vs. RRMPA + DM *** <0.001

DM vs. FSP + DM *** 0.0008 DM vs. FSP + DM *** <0.001
DM vs. BIO + DM **** <0.0001 DM vs. BIO + DM *** <0.001

DM vs. MTA + DM ns >0.9999 DM vs. MTA + DM *** <0.001
RRMPU + DM vs. RRMPA + DM **** <0.0001 RRMPU + DM vs. RRMPA + DM *** <0.001

RRMPU + DM vs. FSP + DM **** <0.0001 RRMPU + DM vs. FSP + DM *** <0.001
RRMPU + DM vs. BIO + DM ns 0.9959 RRMPU + DM vs. BIO + DM *** <0.001

RRMPU + DM vs. MTA + DM **** <0.0001 RRMPU + DM vs. MTA + DM *** <0.001
RRMPA + DM vs. FSP + DM ** 0.0016 RRMPA + DM vs. FSP + DM *** <0.001
RRMPA + DM vs. BIO + DM **** <0.0001 RRMPA + DM vs. BIO + DM ns >0.99

RRMPA + DM vs. MTA + DM ns >0.9999 RRMPA + DM vs. MTA + DM ns 0.13
FSP + DM vs. BIO + DM **** <0.0001 FSP + DM vs. BIO + DM *** <0.001

FSP + DM vs. MTA + DM ** 0.0012 FSP + DM vs. MTA + DM *** <0.001
BIO + DM vs. MTA + DM **** <0.0001 BIO + DM vs. MTA + DM ns 0.1
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Figure 3. Formation of mineralized nodules. The presence of biomaterials enhanced the formation of
mineralized nodules. (a) Mineralized nodules were detected in MG-63 cells grown in direct contact
with RRMPU, BIO or FSP, as highlighted in red. (b) The area of nodules was increased in RRMPU,
FSP and BIO cultures (p < 0.001 ***). (c) Alizarin Red S staining demonstrated that biomineralization
increased when cells were cultured in direct contact with RRMPU (p < 0.0001 ***), BIO (p < 0.0001 ***)
or FSP (p = 0.0012 ***). Alizarin Red S is expressed as absorbance at 405 nm (left) and as mM
concentration (right).
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Figure 4. Evaluation of gene expression by RT-qPCR. The osteogenic differentiation process
was monitored by RT-qPCR: gene expression of alkaline phosphatase (ALPL), bone sialoprotein
(IBSP), osteocalcin (BGLAP), interleukin 1 alpha (IL-1a) and interleukin 6 (IL-6) was investigated.
ALPL expression was significantly downregulated in all the conditions tested (top, left). IBSP expression
was increased in culture with RRMPU, but the differences were not statistically significant (top, middle).
BGLAP expression was downregulated in all the conditions tested, without any statistically significant
difference (top, right). Upregulation of IL-1A (bottom, left) and IL-6 was detected in all the conditions
tested (bottom, right).

4. Discussion

Biocompatibility is one of the most important characteristics for dental products [27,28]. In vitro
biocompatibility tests are regulated by ISO 7405 and ISO 10993-5 standards [29]. Although many studies
have evaluated the biocompatibility of dental materials [19,30,31], the use of different in vitro models
(different cell cultures, medium or exposure time) precludes the meaningful comparison of the results
reported in those studies [29]. The osteosarcoma-derived MG-63 cells have been used occasionally
for evaluating the biocompatibility of calcium silicate cements, due to their similar physiologic
and adhesive properties as human osteoblasts [32],as well as their reliability in biocompatibility
testing [19,30,31,33]. All the cements tested in the present study demonstrated high biocompatibility
with MG-63 cells. The osteogenic response of MG-63 cells was evaluated by ALP activity, an important
marker of bone matrix mineralization. The two bioceramic materials RRMPU and FSP, both composed
mainly of calcium silicates, zirconium oxide, tantalum oxide and calcium phosphate monobasic,
exhibited higher ALP activity compared to MTA, suggesting a better capability of these two materials
to induce mineralization. Indeed, MTA is composed by similar elements (calcium, silicate, phosphate,
carbon and oxygen), but shows a different overall composition (tricalcium silicate, dicalcium silicate,
bismuth oxide, and small proportions of tricalcium aluminate and calcium sulfate). The capability
of mineralization potential of bioceramic materials was confirmed by the observation of mineralized
nodules in cell cultures and by Alizarin Red S staining. The FSP has been claimed to have optimal
mineralizing properties [34]. The previously reported result is in agreement with findings from the
present study. The osteogenic differentiation of mesenchymal stem cells is regulated by osteocytes
and osteoblasts in a simplified bone niche. To monitor the potential effects of the biomaterials on
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osteogenic differentiation, expressions of ALPL, IBSP and BGLAP and ALPL genes were used as
markers of different phases of osteogenesis. After an initial peak, ALPL levels started to decline as
other genes (e.g., BGLAP) were upregulated [35]. In the present study, the expression of these markers
was determined after 15 days of culture in an osteogenic differentiation medium. ALPL expression
was downregulated in all the conditions tested. The results are in line with the notion that the early
osteogenesis phase declines after 15 days of culture. Accordingly, even if the ALP enzyme is still active,
gene expression is diminished.

As expected, MG-63 cells cultured in DM expressed high levels of IBSP, as this gene is involved
in the middle phase of osteogenesis. However, high levels of BGLAP expression were not detected.
The results suggest that the MG-63 cells in DM had not reached the last phase of osteogenesis after
culturing for 15 days. The absence of statistically significant differences in ALPL, IBSP and BGLAP
expressions between FSP and the other bioceramic materials suggests that the effect of FSP on osteogenic
induction is comparable to the other bioceramic materials tested. Up-regulations of IL-1A and IL-6 gene
expressions were evident in the MG-63 cells cultured with FSP, RRMPU or Biodentine. Interleukin-6
plays an important role in tissue regeneration by enhancing ALP activity and promoting osteogenic
differentiation, while IL-1A is positively involved in the regulation, production and secretion of
IL-6 [36]. Up-regulation of IL-6 in the presence of FSP confirms that the activity of ALP is stimulated in
the cells and that osteogenic differentiation is ongoing.

5. Conclusions

Within the limits of the present study, it may be concluded that FSP exhibits better biocompatibility
and bioactivity in comparison with MTA. There is no difference in these activities between FSP and
RRMPU. The FSP also promotes cellular differentiation and demonstrates the potential to contribute to
the re-mineralization process of osteolytic lesions of endodontic origin.
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