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Abstract: Biocompatibility is an essential property for any vital pulp material that may interact
with the dental pulp tissues. Accordingly, this study aimed to compare the chemical composition
and ultrastructural morphology of Biodentine (Septodont, Saint Maur-des-Fosses, France), ProRoot
MTA (Dentsply Tulsa Dental Specialties, Johnson City, TN, USA), and Bio-C Repair (Angelus,
Londrina, PR, Brazil), as well as their biological effects on human dental pulp cells. Chemical element
characterization of the materials was undertaken using scanning electron microscopy and energy
dispersive X-ray analysis (SEM-EDX). The cytotoxicity was assessed by analyzing the cell viability
(MTT assay), cell morphology (immunofluorescence assay), and cell attachment (flow cytometry
assay). The results were statistically analyzed using ANOVA and Tukey’s test (p < 0.05). EDX
revealed that ProRoot MTA and Biodentine were mostly composed of calcium, carbon, and oxygen
(among others), whereas Bio-C Repair evidenced a low concentration of calcium and the highest
concentration of zirconium. SEM showed adequate attachment of human dental pulp cells (hDPCS)
to vital pulp materials and cytoskeletal alterations were not observed in the presence of material
eluates. Remarkably, the undiluted Biodentine group showed higher viability than the control group
cells (without eluates) at 24 h, 48 h, and 72 h (p < 0.001). Based on the evidence derived from an
in vitro cellular study, it was concluded that Bio-C Repair showed excellent cytocompatibility that
was similar to Biodentine and ProRoot MTA.

Keywords: vital pulp materials; cytocompatibility; calcium silicate materials; dental pulp cells;
endodontic

1. Introduction

The dental pulp is a connective tissue formed by cells residing within a collagen-rich extracellular
matrix surrounded by dentin, a mostly inorganic tubular tissue [1]. Due to their embryological,
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histological, and functional similarities, they are considered together as a dentin—pulp complex [2].
Upon damage, stem cells from the dental pulp (DPSCs) are recruited and induced to differentiate into
odontoblast-like cells that are involved in the process of reparative tissue formation [3]. Within the
field of endodontics, the different procedures involved in the preservation of pulp vitality and the
promotion of its reparative potential are encompassed in the term vital pulp treatment (VPT) [4].

These procedures require the use of materials with specific biological properties, such as
cytocompatibility, to ensure the survival and proliferation of stem cells present in the viable tissue with
reparative potential [5]. Specifically, their chemical surface is essential in terms of cytocompatibility,
as this layer will be in direct contact with living tissue and different host responses may occur in
the cell-biomaterial interface [6,7]. Additionally, biomaterials used in VPT should express bioactive
properties, thereby liberating calcium and hydroxide ions to form hydroxyapatite on their surface and
allow for a mineral attachment to the inorganic component of dentin [8-10].

Mineral trioxide aggregate (MTA) was the first bioactive material used in endodontics [11],
which demonstrated excellent clinical success due to its ability to stimulate pulp tissue repair and
promote reparative dentin formation in early pulp wound healing [12]. However, its long setting
time and discoloration potential led to the development of new biomaterials [13,14]. Silicate-based
hydraulic cements were introduced in the market to alleviate the disadvantages of MTA, enhancing
both its physicochemical and biological properties [15,16]. Among them, Biodentine (BD; Septodont,
Saint Maur-des-Fosses, France), a tricalcium silicate cement, showed better clinical performance,
less discoloration potential, and a shorter setting time than MTA [17-19]. Additionally, previous
reports evaluating the biological effects of BD and MTA showed that BD presented accelerated dental
pulp cell proliferation compared to MTA [20,21].

Bio-C Repair (Angelus, Londrina, PR, Brazil) (BCR) is a new silicate-based hydraulic cement
that is presented in a ready-for-use format [22]. According to the manufacturer, it exhibits excellent
consistency that is easy to be applied, acts as a barrier against microorganisms, stimulates tissue
healing, and does not contribute to discoloration.

Various studies have assessed the composition, ultrastructural morphology, and biological effects
of MTA and Biodentine [23-25]. However, to the best of the authors” knowledge, these properties have
yet to be identified and compared for Bio-C Repair. Accordingly, this study aimed to compare the
chemical composition and ultrastructural morphology of ProRoot MTA, Biodentine, and Bio-C Repair,
as well as the biological effects of these materials on human dental pulp cells. The null hypothesis was
that there was no difference between the tested materials in their chemical composition, ultrastructural
morphology, and cytotoxicity on human dental pulp cells.

2. Materials and Methods

2.1. Material Extracts

Biodentine (Septodont, Saint Maur-des-Fosses, France), ProRoot MTA (Dentsply Tulsa Dental
Specialties, Johnson City, TN, USA), and Bio-C Repair (Angelus, Londrina, PR, Brazil) were prepared
according to the manufacturer’s recommendations under aseptic conditions.

To characterize their composition and assess their ultrastructural morphology, three samples were
prepared for each of the materials using a previously fabricated 54 x 36 X 14 mm silicone mold with a
2 mm depth and 5 mm diameter wells (Elite HD + Putty Soft Normal; Zhermack S.p.A., Badia Polesine,
RO, Italy). Samples were then allowed to set for a week in an incubator at 37 °C and 95% humidity to
simulate the conditions of the oral cavity.

To assess their biological effects, the materials were plated at the bottom of 12-well tissue culture
plates and allowed to set for 48 h in the incubator at 37 °C and 95% humidity. Subsequently, all
materials were covered with 2.5 mL of Dulbecco modified Eagle medium (DMEM) for cell culturing
(Sigma-Aldrich, St. Louis, MO, USA) and incubated in the dark for 24 h at 37 °C [19]. The eluates (1:1)
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were prepared following the recommendations of ISO 10993-5 [26]. After incubation, 1:1, 1:2, and 1:4
eluates were filtered and added to each culture.

2.2. Cell Isolation and Culture

Human dental pulp cells (hDPCs) were isolated from human healthy third molars (n = 10) that were
extracted for surgical reasons; this process was previously approved by the Ethical Committee of the
University of Murcia (ID: 2199/2018). The pulp tissues obtained were carefully examined and immersed
in 3 mg/mL collagenase type I solution (Gibco, Thermo Fischer Scientific, Waltham, MA, USA) at 37 °C
in 5% CO, for 90 min, as previously reported [20]. Then, single-cell suspensions were obtained and
cultured in DMEM (Gibco, Thermo Fischer Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco, Thermo Fischer Scientific, Waltham, MA, USA), 1% L-glutamine (Lonza,
Basel, Switzerland), and 100 pg/mL penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and
then incubated at 37 °C in 5% CO,. Cells at passages 2—4 were used for subsequent experiments.

2.3. Scanning Electron Microscopy (SEM): Sample Visualization, Element Analysis, and Cell Attachment

Material samples were observed under 500x, 2500%, 5000, 10,000, and 50,000x magnifications
at 5 and 10 kV using a field emission scanning electron microscope (Hitachi S-4800, Hitachi
High-Technologies Corporation, Chiyoda, Tokio, Japan). Images of the visible structural morphology
were taken for posterior assessment and comparison.

The same equipment was attached to an energy dispersive X-ray analysis system (EDX; Oxford
INCA 350 EDX, Abingdon, UK). The analysis was carried out at 2500%, both for areas with a regular
structure and areas with a protruding structure, except for Bio-C Repair samples, in which the use of a
20,000x magnification was necessary due to their minor particle size. Three analyses were performed
for each area in each of the samples, which were used to produce a table and a graph illustrating the
elements present in the different areas of the samples (three samples for each material).

SEM was also used to estimate the effect of the surface chemistry of the different cements on cell
adhesion and growth. A total of 5 x 10* hDPCs were directly seeded to each disk surface and cultured
for 72 h. Then, specimens were post-fixed with 4% glutaraldehyde in PBS for 4 h and dehydrated via a
graded series of ethanol (30%-90% v/v). Before observation, samples were mounted on stubs and were
coated with sputtered gold/palladium. Finally, cell attachment analysis was performed using 100X,
300x%, and 1500x magnifications.

2.4. Cell Viability Assay

The viability of hDPCs exposed to material eluates or not (control) was analyzed using the
MTT reduction assay, as described elsewhere [19], at 24, 48, and 72 h after seeding. At each time
interval, 10 uL of MTT reagent (Thermo Fisher Scientific, Waltham, MA, USA) at a concentration of
5 mg/mL was added to the 90 uL growth medium/well, and then incubated at 37 °C in 5% CO, for 4 h.
Then, the medium was removed and dimethyl sulfoxide solution (Sigma-Aldrich, Saint Louis, MO,
USA) (100 uL/well) was added and incubated for 30 min at 37 °C to dissolve the formazan crystals.
Afterward, the absorbance of each well was quantified at a wavelength of 570 nm using a multi-well
plate reader (Synergy H1, BioTek Instruments, Winooski, VT, USA).

2.5. Cell Morphology Analysis

Confocal microscopy experiments were assessed to evaluate changes in the actin cytoskeleton
of hDPCs, as previously described [23]. In brief, hDPCs were seeded at a density of 1.0 x 10*
cells/well on 24-well plates in the culture medium containing undiluted extracts of the different cements.
Untreated cells served as the control group. Then, hDPCs were fixed with 4% paraformaldehyde for
10 min, washed twice with saline solution, and permeabilized with 0.25% Triton X-100 (Sigma-Aldrich,
Saint Louis, MO, USA) before fluorescent staining. Phalloidin CruzFluor™ 594 Conjugate (Santa
Cruz Biotechnology, Dallas, TX, USA) and 4,6-diamidino-2-phenylindole dihydrochloride (DAPI)
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(Sigma-Aldrich, Saint Louis, MO, USA) were used to label the F-actin cytoskeleton and nuclei of hDPCs,
respectively. Images were taken using an Axio Imager M2 Zeiss microscope (Carl Zeiss, Oberkochen,
Germany).

2.6. Statistical Analysis

All experiments were repeated at least three times. The data obtained were analyzed using
Graph-Pad Prism version 8.1.0 (GraphPad Software, San Diego, CA, USA). One-way analysis of
variance (ANOVA), complemented by Tukey’s test, was applied. The level of significance was set to
p <0.05.

3. Results

3.1. Sample Morphology

SEM images of the ProRoot MTA, Biodentine, and Bio-C Repair samples under 500x and 10,000x
magnification are presented in Figure 1.

100um

Figure 1. Sample morphology under scanning electron microscopy (SEM) after 1 week of setting at 37 °C
and 95% humidity: (A) ProRoot MTA sample, 500%; (B) ProRoot MTA sample, 10,000x; (C) Biodentine
sample, 500x; (D) Biodentine sample, 10,000x; (E) Bio-C Repair sample, 500x; and (F) Bio-C Repair
sample, 10,000x. The arrows indicate exophytic areas.
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ProRoot MTA exhibited a regular but non-uniform surface throughout the sample surface.
Biodentine, however, showed some protruding irregular structures over a regular surface.
These irregularities often appeared as clusters of small particles, while others emerged as a singular
piece of material. Higher magnifications showed an ultrastructural configuration of these protruding
areas similar to that of the regular areas. Bio-C Repair offered the most regular superficial morphological
organization. Only a few minor protruding areas were seen. In this case, a higher magnification
revealed a grainy ultrastructure.

3.2. Element Analysis

As explained previously, we performed three analyses per sample, obtaining nine analyses for each
material. These data are represented in bar histograms (Figure 2). Tables 1-3 show the compositions of
the materials obtained after the EDX analysis. For each sample, the average of the three measurements
is also presented.

M sample 1 M Sample 2 W sample 3 Average W sample 4 W sample 5 W Sample 6 Average
50 % 50 %
37,5% 37,5 %
25% 25%
125 % 125 %
0% 0%
Carbon Oxygen  Aluminium Silicon Calcium  Zirconium Carbon Oxygen  Aluminium Silicon Calcium  Zirconium
Biodentine ProRoot MTA
(a) (b)
W sample 7 M Sample 8 W Sample 9 Average
40 %
30 %
20%
10 %
0%
Carbon Oxygen Aluminium Silicon Calcium Zirconium
Bio-C Repair
(©

Figure 2. Energy dispersive X-ray (EDX) analysis results for the different samples analyzed. (a) Biodentine,
(b) ProRoot MTA, (c) Bio-C Repair.

Carbon and oxygen showed the greatest presence within the Bio-C Repair composition. Calcium
was represented in a low quantity (almost the same as zirconium, which is used as a radiopacifier),
while calcium had a high abundance in the Biodentine and ProRoot MTA samples.
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Table 1. Element analysis for the Biodentine samples.

Element Sample 1 Sample 2 Sample 3 Average
Carbon 25.25% 15.88% 13.10% 18.08%
Oxygen 30.39% 31.97% 34.84% 32.40%
Aluminium 0.23% 0.31% 0.16% 0.23%
Silicon 4.67% 4.61% 4.19% 4.49%
Calcium 37.46% 44.45% 44.19% 42.03%
Zirconium 2.02% 2.78% 3.53% 2.78%

Table 2. Element analysis for the ProRoot MTA samples.

Element Sample 4 Sample 5

Sample 6 Average
Carbon 16.76% 13.29% 12.42% 14.16%
Oxygen 47.32% 41.80% 35.63% 41.58%
Aluminium 0.91% 0.69% 1.50% 1.03%
Silicon 4.01% 4.89% 6.46% 5.12%
Calcium 29.55% 37.77% 41.78% 36.37%
Zirconium 1.44% 1.55% 2.21% 1.73%

Table 3. Element analysis for the Bio-C Repair samples.

Element Sample 7 Sample 8

Sample 9 Average
Carbon 33.61% 30.85% 39.98% 34.81%
Oxygen 30.48% 34.92% 38.14% 34.51%
Aluminium 1.01% 0.75% 0.60% 0.79%
Silicon 3.20% 3.08% 2.00% 2.76%
Calcium 15.56% 14.71% 9.60% 13.29%
Zirconium 16.14% 15.69% 9.67% 13.83%

3.3. Cell Attachment Analysis

The analysis of the cell adherence and morphology of the hDPCs on the surfaces of the samples
showed multilayered cultures of cells with multiple prolongations adhered to the biomaterial in all
groups (Figure 3). This phenomenon confirmed the MTT assay and cell morphology results.
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Bio-C Repair ProRoot MTA Biodentine
100x , 100x 100x

Figure 3. SEM images of human dental pulp cells (hDPCs) cultivated on vital pulp material (Bio-C
Repair, ProRoot MTA, and Biodentine) surfaces after 72 h of culture. Magnifications of 100x, 300X, and
1500%. Scale bars: 500 um, 100 um, and 30 pm.

3.4. Cell Viability Assay

The cytotoxic effects of the three materials over 24, 48, and 72 h are summarized in Figure 4.
The relative formazan production evidenced that Biodentine, Bio-C Repair, and ProRoot MTA were
not cytotoxic to hDPCs. Remarkably, the undiluted Biodentine exhibited significantly higher levels of
relative formazan formation than the control group (without eluates) at 24 h, 48 h, and 72 h (p < 0.001).
All dilutions tested in the Bio-C Repair group presented similar formazan production compared with
untreated cells (control). Concerning the ProRoot MTA group, the 1:2 and 1:4 dilutions presented
higher formazan formation than the control group at 72 h (p < 0.05).
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Figure 4. Relative formazan formation of hDPCs that were exposed to Biodentine, ProRoot MTA, and
Bio-C Repair eluates, as well as the culture medium (control) for 24, 48, and 72 h. (a): Non-diluted,
(b) Diluted 1:2, (c) Diluted 1:4. The bar heights represent the mean values and the line extensions
represent the standard deviations. Significant differences compared to the control are marked with an ¥,

where * means p < 0.05, and *** means p < 0.001.

3.5. Cell Morphology Analysis

After 72 h of exposure of the cell cultures to the eluates of different materials, hDPCs showed an
extended morphology and similar well-organized F-actin filaments compared to the control group.
The presence of aberrant cells with a pyknotic nucleus, reflecting the apoptotic or necrotic status of the

cells, was not evidenced (Figure 5).

Control Bio-C Repair

ProRoot MTA Biodentine

Figure 5. Confocal analysis was used to analyze changes in the actin cytoskeleton of hDPCs exposed to
material eluates. The confocal microscopy images show F-actin labeling with CruzFluor 594-conjugated
phalloidin (red) and nuclei with DAPI (blue). Scale bar: 100 um.
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4. Discussion

Biocompatibility has been defined as the ability of a material or a substance to perform with an
appropriate host response when applied as intended. Furthermore, it is an essential aspect that should
be considered when selecting a material for direct contact with vital tissues [27,28].

Scanning electron microscopy (SEM) is a commonly used technique for the observation of
the microstructure of biomaterials [29,30], along with the EDX system for element analysis [31,32].
The dimensions of the samples used in the present study were described in other studies assessing
silicate-based materials [20,33], and are also similar to those used in other studies in the field [22,34-36].
Samples were stored at 37 °C to allow for the complete setting of the biomaterials. This temperature
was maintained for a week, aiming to simulate clinical conditions, unlike other studies, which kept
these conditions for only 24-48 h [20,33,34].

Results from the element analysis revealed that ProRoot MTA was mostly composed of oxygen
(41.58%) and calcium (36.37%). Similarly, Biodentine showed high levels of oxygen (32.40%) and
calcium (42.03%). This coincides with the results shown by Camilleri et al. [31], except for the
concentration of silicon shown, which was lower in our study (4.49% vs. 9.2%). These two materials
exhibit a similar composition [37]. However, Bio-C Repair was mostly composed of carbon (34.81%)
and oxygen (34.51%), with a lower concentration of calcium compared to the other biomaterials.
This could be associated with its clinical application as a repair material, as the same version of the
biomaterial designed as an endodontic sealer (Bio-C Sealer) shows a higher concentration of calcium in
its composition [38]. The higher calcium content in Bio-C Sealer may be explained by the phenomenon
of bioactivity. As described by previous studies, calcium-silicate-based cements are capable of releasing
their major cationic components, resulting in the precipitation of a hydroxyapatite-like mineral on
their surface. The formation of a mineral attachment to the inorganic content of dentine is a desirable
property among endodontic cements, which aim to seal viable tissue with reparative potential from
possible harm [39,40].

Additionally, Biodentine and Bio-C Repair both showed higher levels of zirconium compared
to ProRoot MTA, as they use zirconium oxide as a radiopacifier in contrast with bismuth oxide in
ProRoot MTA. Our results for the general elemental composition, found for both ProRoot MTA and
Biodentine, concurs with that from a microstructural analysis carried out by Ashofteh Yadzi et al. [37]
in 2019, except for those elements with a low proportion within the materials” composition, which
were considered in their study as “trace elements.” However, another study [41] reported the presence
of phosphorous in both ProRoot MTA and Biodentine using energy dispersive spectroscopy (EDS).
Nonetheless, minor differences in the expected chemical composition reported in EDX/EDS analyses
can be produced as a result of variances between the equipment used and the measurements carried
out. The composition results reported in the present study were based upon the mean result from the
three measurements that were carried out for each of the samples.

Furthermore, studies have also identified the chemical composition of ProRoot MTA using X-ray
diffraction to detect the chemical compounds and crystalline composition. In 2006, Song et al. [42] used
this methodology to detect phosphorous-containing compounds (i.e., calcium phosphate, magnesium
phosphate, barium zinc phosphate) in ProRoot MTA’s powder, while no phosphorous was found once
the material was set. The EDX analysis performed in the present study was also carried out after the
setting period of the materials, thus coinciding with the results shown by Song et al.

When comparing the composition of Biodentine, both in the regular and protruding areas observed
under SEM, no differences were observed. Therefore, we confirmed that the study samples had the
same composition throughout their surface, but different ultrastructural morphologies. Interestingly,
Bio-C Repair showed a greater aluminum content in protruding areas compared to regular areas.

To simulate the clinical situation of vital pulp materials placed on remaining dentine thicknesses
of 0.01 to 0.25 mm or in cavities with pulp exposure, where there are fluids, the evaluation of these
materials was carried out via incubation of the cultured cells with several extracts or eluates of the
materials (1:1, 1:2, and 1:4) according to the International Standard ISO 10993-5 [26]. The MTT formazan
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method is a cytotoxicity test widely used in the literature that evaluates the possible changes in the
cellular functions that might lead to damage to cellular survival and function [43]. According to
the present MTT assay results, the test found no statistically significant differences between the vital
pulp materials, and none of them exhibited cytotoxic effects on hDPCs. Previous reports have shown
different results with MTA-based materials. Youssef et al. [25] reported that formazan production in
the presence of ProRoot MTA was 53%, whereas other authors showed that ProRoot MTA eluates
induced significant proliferation of DPSCs [44] and adequate cell viability of human mesenchymal
stem cells from bone marrow [45]. Regarding Bio-C Repair, Benetti et al. [22] demonstrated that Bio-C
Repair is a premixed and biocompatible material that induces mineralization in vivo. Finally, excellent
cytocompatibility was observed with Biodentine. Our results showed that Biodentine displayed lower
cytocompatibility when compared to untreated cells and the other vital pulp materials. These results
are consistent with recently published studies [46,47].

Furthermore, the biological reaction of cells in contact with these materials was evaluated using
direct contact (SEM) and indirect contact (immunofluorescence assay) methods. Cell morphology, when
attached to the surface of a biomaterial, can be a predictable sign of cell function and differentiation
and the chemical compositions of materials can influence the cytotoxicity toward hDPSCs [48].
Additionally, previous reports have shown that tricalcium silicate-based cements that are in contact
with tissue fluids produce calcium hydroxide that releases calcium ions, favoring the migration of
stem cells and differentiation into odontoblast-like cells, which are two essential processes involved in
pulpal repair [20,23]. The results of this study showed adequate attachment of hDPCS to vital pulp
materials, where multilayered cultures of cells with multiple prolongations adhered to the biomaterial
were evidenced. It has been reported that cytotoxic dental materials induce shrinkage of the actin
cytoskeleton, pyknotic nuclei (predominantly rounded in shape), and a reduction in adherent cells [49].
Cytoskeletal alterations were not observed in the presence of material eluates. These findings also
agree with previous studies, which indicated low cytotoxicity of vital pulp materials [47,50].

5. Conclusions

Based on the evidence derived from an in vitro cellular study, it was concluded that Bio-C Repair
exhibited excellent cytocompatibility that was similar to Biodentine and ProRoot MTA. These results
suggest that Bio-C Repair can be used as a vital pulp material.

Author Contributions: Investigation and methodology: ].G., J.L.S. and S.L.-G.; supervision, visualization,
conceptualization, and data curation: M.P.P-L. and J.G.-G.; investigation, methodology, and writing—original
draft: A.L. and C.L.; conceptualization, formal analysis, project administration, supervision, validation, and
writing—review and editing: L.F. and G.S.; investigation, methodology, project administration, resources,
writing—original draft, and writing—review and editing: EJ.R.-L. All authors have read and agreed to the
published version of the manuscript.

Funding: The Spanish Net of Cell Therapy (TerCel), RETICS subprograms of the I + D + I12013-2016 Spanish
National Plan, and project “RD16/0011/0001” funded by the Instituto de Salud Carlos III to JMM and co-funded by
the European Regional Development Fund supported this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shah, D.; Lynd, T.; Ho, D.; Chen, J.; Vines, ].; Jung, H.-D.; Kim, ].-H.; Zhang, P.; Wu, H.; Jun, H.-W.; et al.
Pulp-Dentin Tissue Healing Response: A Discussion of Current Biomedical Approaches. J. Clin. Med. 2020,
9, 434. [CrossRef] [PubMed]

2. Hashemi-Beni, B.; Khoroushi, M.; Foroughi, M.R.; Karbasi, S.; Khademi, A. Tissue engineering: Dentin—Pulp
complex regeneration approaches (A review). Tissue Cell 2017, 49, 552-564. [CrossRef] [PubMed]

3. Shi, X;; Mao, J.; Liu, Y. Pulp stem cells derived from human permanent and deciduous teeth: Biological
characteristics and therapeutic applications. Stem Cells Transl. Med. 2020, 9, 445-464. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/jcm9020434
http://www.ncbi.nlm.nih.gov/pubmed/32033375
http://dx.doi.org/10.1016/j.tice.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28764928
http://dx.doi.org/10.1002/sctm.19-0398
http://www.ncbi.nlm.nih.gov/pubmed/31943813

Materials 2020, 13, 2189 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

DClinDent, B.K.; Ricucci, D.; Saoud, T.M.; Sigurdsson, A.; Kahler, B. Vital pulp therapy of mature permanent
teeth with irreversible pulpitis from the perspective of pulp biology. Aust. Endod. ]. 2019, 46, 154-166.
[CrossRef]

Spagnuolo, G.; Codispoti, B.; Marrelli, M.; Rengo, C.; Rengo, S.; Tatullo, M. Commitment of Oral-Derived
Stem Cells in Dental and Maxillofacial Applications. Dent. ]. 2018, 6, 72. [CrossRef]

Kingshott, P.; Andersson, G.G.; McArthur, S.L.; Griesser, H. Surface modification and chemical surface
analysis of biomaterials. Curr. Opin. Chem. Biol. 2011, 15, 667-676. [CrossRef]

De Caluwé, T.; Vercruysse, C.; Ladik, I.; Convents, R.; Declercq, H.; Martens, L.; Verbeeck, R. Addition of
bioactive glass to glass ionomer cements: Effect on the physico-chemical properties and biocompatibility.
Dent. Mater. 2017, 33, e186—€203. [CrossRef]

Schmalz, G.; Widbiller, M.; Galler, K. Material Tissue Interaction—From Toxicity to Tissue Regeneration.
Oper. Dent. 2016, 41, 117-131. [CrossRef]

Raghavendra, S.S.; Jadhav, G.R.; Gathani, K.M.; Kotadia, P. Bioceramics in endodontics—A review. |. Istanb.
Univ. Fac. Dent. 2017, 51, S128-5S137. [CrossRef]

Sanz, J.L.; Rodriguez-Lozano, EJ.; Llena, C.; Sauro, S.; Forner, L. Bioactivity of Bioceramic Materials Used in
the Dentin-Pulp Complex Therapy: A Systematic Review. Materials 2019, 12, 1015. [CrossRef]

Camilleri, J.; Ford, T.P. Mineral trioxide aggregate: A review of the constituents and biological properties of
the material. Int. Endod. ]. 2006, 39, 747-754. [CrossRef] [PubMed]

Parirokh, M.; Torabinejad, M.; Dummer, PM.H. Mineral trioxide aggregate and other bioactive endodontic
cements: An updated overview—Part I: Vital pulp therapy. Int. Endod. J. 2017, 51, 177-205. [CrossRef]
[PubMed]

Ha, W.N,; Nicholson, T.M.; Kahler, B.; Walsh, L.J. Mineral Trioxide Aggregate—A Review of Properties and
Testing Methodologies. Materials 2017, 10, 1261. [CrossRef] [PubMed]

Zizka, R.; éedy, J.; Gregor, L.; Voborn4, I. Discoloration after Regenerative Endodontic Procedures: A Critical
Review. Iran. Endod. |. 2018, 13, 278-284. [CrossRef] [PubMed]

Prati, C.; Gandolfi, M.G. Calcium silicate bioactive cements: Biological perspectives and clinical applications.
Dent. Mater. 2015, 31, 351-370. [CrossRef]

Rodriguez-Lozano, FJ.; Lépez-Garcia, S.; Garcia-Bernal, D.; Lloret, M.R.P; Guerrero-Gironés, J.;
Pecci-Lloret, M.P.; Lozano, A.; Llena, C.; Spagnuolo, G.; Forner, L. In Vitro Effect of Putty Calcium
Silicate Materials on Human Periodontal Ligament Stem Cells. Appl. Sci. 2020, 10, 325. [CrossRef]
Bortoluzzi, E.A.; Niu, L.-N.; Palani, C.D.; El-Awady, A.R.; Hammond, B.D.; Pei, D.-D.; Tian, E.-C.; Cutler, CW.,;
Pashley, D.H.; Tay, ER. Cytotoxicity and osteogenic potential of silicate calcium cements as potential protective
materials for pulpal revascularization. Dent. Mater. 2015, 31, 1510-1522. [CrossRef]

Rajasekharan, S.; Martens, L.C.; Cauwels, R.G.E.C.; Anthonappa, R.P.; Verbeeck, R.M.H. Biodentine™ material
characteristics and clinical applications: A 3 year literature review and update. Eur. Arch. Paediatr. Dent.
2018, 19, 1-22. [CrossRef]

Koutroulis, A.; Kuehne, S.A.; Cooper, PR.; Camilleri, J. The role of calcium ion release on biocompatibility
and antimicrobial properties of hydraulic cements. Sci. Rep. 2019, 9, 19019. [CrossRef]

Tomas-Catald, C.].; Collado-Gonzalez, M.; Garcia-Bernal, D.; Sanchez, R.E.O.; Forner, L.; Llena, C.; Lozano, A.;
Moraleda, ].M.; Rodriguez-Lozano, E]J. Biocompatibility of New Pulp-capping Materials NeoMTA Plus,
MTA Repair HP, and Biodentine on Human Dental Pulp Stem Cells. ]. Endod. 2018, 44, 126-132. [CrossRef]
Agrafioti, A.; Taraslia, V.; Chrepa, V.; Lymperi, S.; Panopoulos, P.; Anastasiadou, E.; Kontakiotis, E.G.
Interaction of dental pulp stem cells with Biodentine and MTA after exposure to different environments.
J. Appl. Oral Sci. 2016, 24, 481-486. [CrossRef] [PubMed]

Benetti, F; Queiroz India, O.D.A.; Cosme-Silva, L.; Conti, L.C.; De Oliveira, S.H.P; Cintra, L.T.A. Cytotoxicity,
Biocompatibility and Biomineralization of a New Ready-for-Use Bioceramic Repair Material. Braz. Dent. J.
2019, 30, 325-332. [CrossRef] [PubMed]

Tomas-Catald, C.J.; Collado-Gonzalez, M.; Garcia-Bernal, D.; Onate-Sanchez, R.E.; Forner, L.; Llena, C.;
Lozano, A.; Castelo-Baz, P.; Moraleda, J.M.; Rodriguez-Lozano, EJ. Comparative analysis of the biological
effects of the endodontic bioactive cements MTA-Angelus, MTA Repair HP and NeoMTA Plus on human
dental pulp stem cells. Int. Endod. ]. 2017, 50, e63—e72. [CrossRef] [PubMed]

Hungaro-Duarte, M.A.; Marciano, M.; Vivan, R.R.; Filho, M.T.; Guerreiro-Tanomaru, J.M.; Camilleri, J.
Tricalcium silicate-based cements: Properties and modifications. Braz. Oral Res. 2018, 32, 70. [CrossRef]


http://dx.doi.org/10.1111/aej.12392
http://dx.doi.org/10.3390/dj6040072
http://dx.doi.org/10.1016/j.cbpa.2011.07.012
http://dx.doi.org/10.1016/j.dental.2017.01.007
http://dx.doi.org/10.2341/15-249-BL
http://dx.doi.org/10.17096/jiufd.63659
http://dx.doi.org/10.3390/ma12071015
http://dx.doi.org/10.1111/j.1365-2591.2006.01135.x
http://www.ncbi.nlm.nih.gov/pubmed/16948659
http://dx.doi.org/10.1111/iej.12841
http://www.ncbi.nlm.nih.gov/pubmed/28836288
http://dx.doi.org/10.3390/ma10111261
http://www.ncbi.nlm.nih.gov/pubmed/29099082
http://dx.doi.org/10.22037/iej.v13i3.21271
http://www.ncbi.nlm.nih.gov/pubmed/30083194
http://dx.doi.org/10.1016/j.dental.2015.01.004
http://dx.doi.org/10.3390/app10010325
http://dx.doi.org/10.1016/j.dental.2015.09.020
http://dx.doi.org/10.1007/s40368-018-0328-x
http://dx.doi.org/10.1038/s41598-019-55288-3
http://dx.doi.org/10.1016/j.joen.2017.07.017
http://dx.doi.org/10.1590/1678-775720160099
http://www.ncbi.nlm.nih.gov/pubmed/27812618
http://dx.doi.org/10.1590/0103-6440201902457
http://www.ncbi.nlm.nih.gov/pubmed/31340221
http://dx.doi.org/10.1111/iej.12859
http://www.ncbi.nlm.nih.gov/pubmed/28891221
http://dx.doi.org/10.1590/1807-3107bor-2018.vol32.0070

Materials 2020, 13, 2189 12 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Youssef, A.-R.; Emara, R.; Taher, M.M.; Al-Allaf, F.A.; Almalki, M.; Almasri, M.A; Siddiqui, S.S. Effects of
mineral trioxide aggregate, calcium hydroxide, biodentine and Emdogain on osteogenesis, Odontogenesis,
angiogenesis and cell viability of dental pulp stem cells. BMC Oral Health 2019, 19, 133. [CrossRef]

ISO 10993-5:2009 Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. 2009.
Available online: https://www.iso.org/standard/36406.html (accessed on 10 January 2020).
Collado-Gonzaélez, M.; Lloret, M.R.P,; Tomas-Catala, C.J.; Garcia-Bernal, D.; Sanchez, R.E.O.; Llena, C.;
Forner, L.; Rosa, V.; Rodriguez-Lozano, EJ. Thermo-setting glass ionomer cements promote variable biological
responses of human dental pulp stem cells. Dent. Mater. 2018, 34, 932-943. [CrossRef]

Peters, C.I. Research that matters-biocompatibility and cytotoxicity screening. Int. Endod. J. 2013, 46, 195-197.
[CrossRef]

Voicu, G.; Didilescu, A.C.; Stoian, A.B.; Dumitriu, C.; Greabu, M.; Andrei, M. Mineralogical and
Microstructural Characteristics of Two Dental Pulp Capping Materials. Materials 2019, 12, 1772. [CrossRef]
Mandava, J.; Arikatla, S.K.; Chalasani, U.; Yelisela, R.K. Interfacial adaptation and penetration depth of
bioceramic endodontic sealers. J. Conserv. Dent. 2018, 21, 373-377. [CrossRef]

Camilleri, J.; Sorrentino, F.; Damidot, D. Investigation of the hydration and bioactivity of radiopacified
tricalcium silicate cement, Biodentine and MTA Angelus. Dent. Mater. 2013, 29, 580-593. [CrossRef]
Jiménez-Sanchez, M.D.C.; Segura-Egea, ]J.J.; Diaz-Cuenca, A.; Jimenez-Sanchez, M. Physicochemical
parameters - hydration performance relationship of the new endodontic cement MTA Repair HP. J. Clin.
Exp. Dent. 2019, 11, e739—e744. [CrossRef] [PubMed]

Lopez-Garcia, S.; Lloret, M.R.P.; Guerrero-Gironés, J.; Pecci-Lloret, M.P; Lozano, A.; Llena, C;
Rodriguez-Lozano, EJ.; Forner, L. Comparative Cytocompatibility and Mineralization Potential of Bio-C
Sealer and TotalFill BC Sealer. Materials 2019, 12, 3087. [CrossRef] [PubMed]

Singh, G.; Gupta, I.; EIShamy, EM.M.; Boreak, N.; Homeida, H.E. In vitro comparison of antibacterial
properties of bioceramic-based sealer, resin-based sealer and zinc oxide eugenol based sealer and two mineral
trioxide aggregates. Eur. J. Dent. 2016, 10, 366-369. [CrossRef] [PubMed]

Khashaba, R.M.; Chutkan, N.B.; Borke, J.L. Comparative study of biocompatibility of newly developed
calcium phosphate-based root canal sealers on fibroblasts derived from primary human gingiva and a mouse
1929 cell line. Int. Endod. . 2009, 42, 711-718. [CrossRef]

Cintra, L.T.A.; Benetti, F.; de Azevedo Queiroz, 1.O.; de Aratjo Lopes, ].M.; de Oliveira, S.H.P.; Aratjo, G.S.;
Gomes-Filho, J.E. Cytotoxicity, Biocompatibility, and Biomineralization of the New High-plasticity MTA
Material. J. Endod. 2017, 43, 774-778. [CrossRef]

Yazdi, K.A.; Ghabraei, S.; Bolhari, B.; Kafili, M.; Meraji, N.; Nekoofar, M.H.; Dummer, PM.H. Microstructure
and chemical analysis of four calcium silicate-based cements in different environmental conditions. Clin. Oral
Investig. 2018, 23, 43-52. [CrossRef]

Lépez-Garcia, S.; Lozano, A.; Garcia-Bernal, D.; Forner, L.; Llena, C.; Guerrero-Gironés, J.; Moraleda, ].M.;
Murcia, L.; Rodriguez-Lozano, FJ. Biological Effects of New Hydraulic Materials on Human Periodontal
Ligament Stem Cells. . Clin. Med. 2019, 8, 1216. [CrossRef]

Sarkar, N.; Caicedo, R.; Ritwik, P.; Moiseyeva, R.; Kawashima, I. Physicochemical basis of the biologic
properties of mineral trioxide aggregate. J. Endod. 2005, 31, 97-100. [CrossRef]

Vallittu, P.; Boccaccini, A.R.; Hupa, L.; Watts, D.C. Bioactive dental materials—Do they exist and what does
bioactivity mean? Dent. Mater. 2018, 34, 693-694. [CrossRef]

Sequeira, D.B.; Seabra, C.M.; Palma, PJ.; Cardoso, A.L.; Pega, J.; Santos, ] M. Effects of a New Bioceramic
Material on Human Apical Papilla Cells. J. Funct. Biomater. 2018, 9, 74. [CrossRef]

Song, J.-S.; Mante, FK.; Romanow, W.].; Kim, S. Chemical analysis of powder and set forms of Portland
cement, gray ProRoot MTA, white ProRoot MTA, and gray MTA-Angelus. Oral Surg. Oral Med. Oral Pathol.
Oral Radiol. Endodontol. 2006, 102, 809-815. [CrossRef] [PubMed]

Diomede, F.; Marconi, G.; Guarnieri, S.; D"Attilio, M.; Cavalcanti, M.EX.B.; Mariggio, M.A.; Pizzicannella, J.;
Trubiani, O. A Novel Role of Ascorbic Acid in Anti-Inflammatory Pathway and ROS Generation in HEMA
Treated Dental Pulp Stem Cells. Materials 2019, 13, 130. [CrossRef] [PubMed]

Olcay, K.; Tagli, PN.; Giiven, E.P,; Ulker, G.M.Y,; Ogiit, E.E.; Cift¢ioglu, E.; Kiratli, B.; Sahin, F. Effect of a
novel bioceramic root canal sealer on the angiogenesis-enhancing potential of assorted human odontogenic
stem cells compared with principal tricalcium silicate-based cements. J. Appl. Oral Sci. 2020, 28, €20190215.
[CrossRef] [PubMed]


http://dx.doi.org/10.1186/s12903-019-0827-0
https://www.iso.org/standard/36406.html
http://dx.doi.org/10.1016/j.dental.2018.03.015
http://dx.doi.org/10.1111/iej.12047
http://dx.doi.org/10.3390/ma12111772
http://dx.doi.org/10.4103/JCD.JCD_64_18
http://dx.doi.org/10.1016/j.dental.2013.03.007
http://dx.doi.org/10.4317/jced.56013
http://www.ncbi.nlm.nih.gov/pubmed/31598203
http://dx.doi.org/10.3390/ma12193087
http://www.ncbi.nlm.nih.gov/pubmed/31546696
http://dx.doi.org/10.4103/1305-7456.184145
http://www.ncbi.nlm.nih.gov/pubmed/27403055
http://dx.doi.org/10.1111/j.1365-2591.2009.01572.x
http://dx.doi.org/10.1016/j.joen.2016.12.018
http://dx.doi.org/10.1007/s00784-018-2394-1
http://dx.doi.org/10.3390/jcm8081216
http://dx.doi.org/10.1097/01.DON.0000133155.04468.41
http://dx.doi.org/10.1016/j.dental.2018.03.001
http://dx.doi.org/10.3390/jfb9040074
http://dx.doi.org/10.1016/j.tripleo.2005.11.034
http://www.ncbi.nlm.nih.gov/pubmed/17138186
http://dx.doi.org/10.3390/ma13010130
http://www.ncbi.nlm.nih.gov/pubmed/31892218
http://dx.doi.org/10.1590/1678-7757-2019-0215
http://www.ncbi.nlm.nih.gov/pubmed/31939521

Materials 2020, 13, 2189 13 of 13

45.

46.

47.

48.

49.

50.

D’Anto, V,; Di Caprio, M.P; Ametrano, G.; Simeone, M.; Rengo, S.; Spagnuolo, G. Effect of Mineral Trioxide
Aggregate on Mesenchymal Stem Cells. . Endod. 2010, 36, 1839-1843. [CrossRef] [PubMed]

Mds, AM.Z.E.; Hamama, H.H.; Msc, M.A.A.E.; Mds, M.E.G.; Mahmoud, S.H.; Neelakantan, P. The effect of
four materials on direct pulp capping: An animal study. Aust. Endod. J. 2020. [CrossRef]

Dahake, P.T.; Panpaliya, N.P.; Kale, Y.J.; Dadpe, M.V.; Kendre, S.B.; Bogar, C. Response of stem cells from
human exfoliated deciduous teeth (SHED) to three bioinductive materials—An in vitro experimental study.
Saudi Dent. J. 2019, 32, 43-51. [CrossRef]

Akbulut, M.B.; Arpaci, PU.; Eldeniz, A.U. ‘Effects of novel root repair materials on attachment and
morphological behaviour of periodontal ligament fibroblasts: Scanning electron microscopy observation’.
Microsc. Res. Tech. 2016, 79, 1214-1221. [CrossRef]

Lv, F; Zhu, L.; Zhang, J.; Yu, J.; Cheng, X.; Peng, B. Evaluation of the in vitro biocompatibility of a new
fast-setting ready-to-use root filling and repair material. Int. Endod. ]. 2016, 50, 540-548. [CrossRef]
Poggio, C.; Ceci, M.; Dagna, A.; Beltrami, R.; Colombo, M.; Chiesa, M. In vitro cytotoxicity evaluation of
different pulp capping materials: A comparative study. Arhiv za Higijenu Rada i Toksikologiju 2015, 66, 181-188.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.joen.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20951297
http://dx.doi.org/10.1111/aej.12400
http://dx.doi.org/10.1016/j.sdentj.2019.05.005
http://dx.doi.org/10.1002/jemt.22780
http://dx.doi.org/10.1111/iej.12661
http://dx.doi.org/10.1515/aiht-2015-66-2589
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Material Extracts 
	Cell Isolation and Culture 
	Scanning Electron Microscopy (SEM): Sample Visualization, Element Analysis, and Cell Attachment 
	Cell Viability Assay 
	Cell Morphology Analysis 
	Statistical Analysis 

	Results 
	Sample Morphology 
	Element Analysis 
	Cell Attachment Analysis 
	Cell Viability Assay 
	Cell Morphology Analysis 

	Discussion 
	Conclusions 
	References

