
coatings

Article

Cytotoxicity and Mineralization Potential of Four
Calcium Silicate-Based Cements on Human
Gingiva-Derived Stem Cells

Donghee Lee 1,†, Jun-Beom Park 2,†, Dani Song 3, Hye-Min Kim 3 and Sin-Young Kim 3,*
1 College of Medicine, The Catholic University of Korea, Seoul 06591, Korea; dong524@naver.com
2 Department of Periodontics, College of Medicine, The Catholic University of Korea, Seoul 06591, Korea;

jbassoon@catholic.ac.kr
3 Department of Conservative Dentistry, Seoul St. Mary’s Dental Hospital, College of Medicine, The Catholic

University of Korea, Seoul 06591, Korea; eksl0104@gmail.com (D.S.); hmtoto@naver.com (H.-M.K.)
* Correspondence: jeui99@catholic.ac.kr; Tel.: +82-2-2258-1787
† These authors contributed equally to this study.

Received: 10 February 2020; Accepted: 16 March 2020; Published: 18 March 2020
����������
�������

Abstract: The aim of this study was to evaluate the cytotoxicity and mineralization potential of
four calcium silicate-based cements on human gingiva-derived stem cells (GDSCs). The materials
evaluated in the present study were ProRoot MTA (Dentsply Tulsa Dental Specialties), Biodentine
(Septodont), Endocem Zr (Maruchi), and RetroMTA (BioMTA). Experimental disks of 6 mm in
diameter and 3 mm in height were produced and placed in a 100% humidified atmosphere for 48 h to
set. We evaluated the cytotoxic effects of the cements using methyl-thiazoldiphenyl-tetrazolium (MTT)
and live/dead staining assays. We used a scratch wound healing assay to evaluate cell migratory
ability. Mineralization potential was determined with an Alizarin red S (ARS) staining assay. In the
MTT assay, no significant differences were found among the ProRoot MTA, Biodentine, and control
groups during the test period (p > 0.05). The Endocem Zr and RetroMTA groups showed relatively
lower cell viability than the control group at day 7 (p < 0.05). In the wound healing assay, no significant
differences were found among the ProRoot MTA, Biodentine, Endocem Zr, and control groups during
the test period (p > 0.05). The RetroMTA group had slower cell migration compared to the control
group at days 3 and 4 (p < 0.05). In the ARS assay, the ProRoot MTA, Biodentine, and RetroMTA
groups exhibited a significant increase in the formation of mineralized nodules compared to the
Endocem Zr and control groups on day 21 (p < 0.05). In conclusion, the four calcium silicate-based
cements evaluated in the present study exhibited good biological properties on GDSCs. ProRoot
MTA, Biodentine, and RetroMTA showed higher mineralization potential than the Endocem Zr and
control groups.
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1. Introduction

External root resorption (ERR) happens when the periodontal ligament of the cementum is either
destructed or removed [1]. Damage to the cementum uncovers the root surface to osteoclasts that can
resorb dentin. With additional stimulation provoked by sulcular bacteria in the neighboring area, root
resorption constantly progresses [2]. ERR of a permanent tooth is generally unfavorable because it
may cause irreversible damage and ultimately loss of the tooth. However, in its early stages, ERR can
be stabilized by repairing the cementum with calcium silicate-based cement [3].

Calcium silicate-based cements are hydraulic materials consisting of tricalcium silicate, dicalcium
silicate, and tricalcium aluminate [4,5]. The first tricalcium silicate-based cement was mineral trioxide
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aggregate (MTA), which is a derivative of Portland cement. The physical, chemical, and biological
properties of MTA have been studied for decades, and it produces favorable results when applied to
direct pulp capping, regenerative endodontic procedure, apical retrograde filling, and repair of ERR or
perforations [6]. Tricalcium silicate enhances proliferation and differentiation of dental pulp cells [7–9].
However, ProRoot MTA (Dentsply Tulsa Dental Specialties, Tulsa, OK, USA) contains heavy metal
components such as bismuth oxide [5]. It also has a long setting time and handling difficulty, and
can discolor the tooth and gingiva [10,11]. Novel calcium silicate-based cements have been produced
overcome these shortcomings.

Biodentine (Septodont, Saint-Maur-des-Fossés, France) is composed mostly of tricalcium silicate,
zirconium oxide, and calcium carbonate powder, which are mixed with a supplied solution that includes
calcium chloride [12,13]. The reduced setting time compared to MTA is achieved by diminishing the
particle size and adding calcium chloride to expedite the reactions [13–15]. The substitution of bismuth
oxide with zirconium oxide may also play a role in reduced setting time, because this component has
been reported to expedite the primary hydration reaction [13]. Previous studies of this material’s effects
on dental pulp stem cells demonstrated its biocompatible ability, odontoblast differentiation ability,
and mineralization potential [12,16]. Endocem Zr (Maruchi, Wonju, Korea) and RetroMTA (BioMTA,
Seoul, Korea) were developed to cause less tooth discoloration compared to ProRoot MTA [17]. These
materials have a reduced setting time compared to ProRoot MTA and are easy to handle [18,19].
Bismuth oxide is replaced by zirconium oxide as a substitute radiopacifier [17]. RetroMTA is composed
of fine hydrophilic particles that do not originate from Portland cement [19].

To the best of our knowledge, no study has evaluated the biocompatibility and calcium nodule
formation ability of various calcium silicate-based cements on human gingiva-derived stem cells
(GDSCs). Therefore, the aim of the present study was to evaluate the cytotoxic effects of four calcium
silicate-based cements on GDSC compared to that of intermediate restorative material (IRM; Caulk
Dentsply, Midford, DE, USA). IRM is a commonly used temporary filling material that is highly toxic
to human stem cells [18,20]; therefore, we used IRM as a negative control. We also evaluated the
mineralization potential of the four calcium silicate-based cements on GDSCs.

2. Materials and Methods

2.1. Human Gingiva-Derived Stem Cells

GDSCs were collected using a previously reported method [21]. Gingival tissue was collected
from a 70-year-old female undergoing a second implant surgery. The institutional review board of
Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea approved this study
(KC19SESI0259), and written informed consent was obtained from the participant. All experiments were
performed according to relevant guidelines and regulations specified in the Declaration of Helsinki.

Gingival tissue was de-epithelialized, minced into 1–2 mm2 fragments, and digested in an
alpha-modified minimal essential medium (α-MEM; Gibco, Grand Island, NY, USA) containing dispase
(1 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) and collagenase IV (2 mg/mL; Sigma-Aldrich). Cells were
incubated in a humidified incubator at 37 ◦C. Every 2–3 days nonadherent cells were rinsed with
phosphate-buffered saline (PBS; Welgene, Daegu, South Korea) and placed in fresh medium.

2.2. Experimental Disks of Four Calcium Silicate-Based Cements

The calcium silicate-based cements tested in the present study were ProRoot MTA (Dentsply
Tulsa Dental Specialties), Biodentine (Septodont), Endocem Zr (Maruchi), and RetroMTA (BioMTA).
Their compositions are presented in Table 1. All cements were mixed according to the manufacturer’s
guidelines. We produced disks of each cement 6 mm in diameter and 3 mm in height using sterile
rubber molds under aseptic conditions. All disks were placed in a 100% humidity incubator at 37 ◦C
for 48 h, then sterilized using ultraviolet light at room temperature for 4 h.
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Table 1. The manufacturer and chemical composition of each experimental calcium silicate-based
cement used in this study [17,22–24].

Material Manufacturer Composition Batch
Number

ProRoot MTA
Dentsply Tulsa Dental
Specialties, Tulsa, OK,

USA

Portland cement (tricalcium silicate, dicalcium
silicate, and tricalcium aluminate) 75%

Calcium sulfate dihydrate (gypsum) 5%
Bismuth oxide 20%

0000186484

Biodentine
Septodont,

Saint-Maur-des-Fossés,
France

Tricalcium silicate, dicalcium silicate, calcium
carbonate, calcium oxide, and zirconium oxide in

its powder form
Water, calcium chloride, and soluble polymer as

an aqueous liquid

B24553

Endocem Zr Maruchi, Wonju, Korea

Calcium oxide 27%–37%
Silicon dioxide 7%–11%

Aluminum oxide 3%–5%
Magnesium oxide 1.7%–2.5%

Ferrous oxide 1.3%–2.3%
Zirconium dioxide 43%–46%

ZF7812231228

RetroMTA BioMTA, Seoul, Korea

Calcium carbonate 60%–80%
Silicon dioxide 5%–15%

Aluminum oxide 5%–10%
Calcium zirconia complex 20%–30%

RM1810D14

2.3. Cell Viability Assay

We evaluated the cytotoxic effects of the four calcium silicate-based cements using a
methyl-thiazoldiphenyl-tetrazolium (MTT) assay (MTT Cell Growth Assay Kit; Chemicon, Rosemont,
IL, USA) [25,26]. The proliferation rate of the GDSCs was analyzed after 0, 1, 2, 3, and 5 days of culture
growth. GDSCs were seeded at a density of 1.0 × 104 cells/well on 24-well cell culture plates (SPL Life
Sciences, Pocheon, Korea) with a growth medium. After 24 h of culture for cell attachment, we obtained
the optical density value for day 0. An individual disk was stored in an insert with a 0.4 µm pore size
(SPLInsert; SPL Life Sciences) and the insert was stored over the GDSCs. For maintaining the medium
level up to the disk, each well was supplemented with an extra 1 mL of growth medium. GDSCs
cultured without experimental disks were used as positive controls, and IRM was used as a negative
control. MTT solution at a concentration of 500 µg/mL was added to each well for 4 h. Thereafter, each
well was washed with PBS and dimethyl sulfoxide was added to dissolve the synthesized formazan.
The optical density at 570 nm was determined using an absorbance microplate reader (Power Wave XS;
BioTek Instruments, Winooski, VT, USA) with the absorbance at 630 nm as the reference. Each group
was evaluated in quadruplicate.

2.4. Cell Migration Assay

We evaluated cell migratory ability using a scratch wound healing assay. GDSCs were seeded at a
density of 3.5 × 104 cells/well on 24-well cell culture plates (SPL Life Sciences, Pocheon, Korea) with a
growth medium. After 24 h of culture, a scratch wound was created in the middle of the confluent
cell layer using a 1000 µL pipette tip. After scratching, cell debris was rinsed off with PBS. After 24 h
of culture, each individual disk was stored in an insert with a 0.4 µm pore size (SPLInsert; SPL Life
Sciences) and the insert was stored over the GDSCs. For maintaining the medium level up to the disk,
each well was supplemented with an extra 1 mL of growth medium. GDSCs with various calcium
silicate-based cement disks were incubated for 4 days, with changing the medium every 2 days. Images
of wound healing were observed at 0, 1, 2, 3, and 4 days using a phase-contrast microscope (Olympus,
Tokyo, Japan). ImageJ 1.46r (National Institutes of Health, Bethesda, MD, USA) was used to determine



Coatings 2020, 10, 279 4 of 12

the wound healing area. We calculated the area of cell migration into the wound using the initial
wound area as the reference. Each group was evaluated in quadruplicate.

2.5. Live/Dead Staining Assay

GDSCs were seeded at a density of 1.0 × 104 cells/well on 24-well plates (SPL Life Sciences) with a
growth medium. After 24 h of culture, each individual disk was stored in an insert with a 0.4 µm pore size
(SPLInsert; SPL Life Sciences) and the insert was stored over the GDSCs. GDSCs with various calcium
silicate cement disks were incubated for 5 days, with changing the growth medium every 2 days. Cells
were double-stained with a LIVE/DEAD™ Cell Imaging Kit (488/570; Molecular Probes, Life Technologies,
CA, USA) on days 3 and 5, and the stained cells were evaluated under an inverted microscope (Axiovert
200; Carl Zeiss Microscopy, Jena, Germany). Qualitative analyses of cell viability were performed with
digital image processing software (ZEN 2012, AxioVision; Carl Zeiss Microscopy).

2.6. Alizarin Red S (ARS) Staining Assay

To evaluate the formation of calcified nodules in GDSCs, we used an ARS assay [25,26]. The powder
of each experimental calcium silicate-based cement was mixed with an osteogenic medium at a
concentration of 5 mg/mL, and the mixture was placed in a 100% humidity incubator at 37 ◦C for 7 days.
The osteogenic medium consisted of complete α-MEM, 50 µg/mL ascorbic acid (Sigma-Aldrich), 0.1 µM
dexamethasone (Sigma-Aldrich), and 10 mM beta-glycerophosphate (Sigma-Aldrich). The supernatant
fluid was refined through 0.20 µm filters (Minisart; Sartorius Stedim Biotech, Goetingen, Germany).
GDSCs were seeded at a density of 2.0 × 104 cells/well on 24-well plates (SPL Life Sciences) and cultured
for 21 days in calcium silicate-based cement eluate, with changing the eluate every 3 days. Cells were
fixed in 4% paraformaldehyde solution and stained with 2% ARS solution (ScienCell, Carlsbad, CA,
USA) for 20 min. The stain was treated with 10% cetylpyridinium chloride (Sigma-Aldrich) for 15 min,
and the optical density at 560 nm was evaluated using an absorbance microplate reader (Power Wave
XS). Each group was evaluated in quadruplicate.

2.7. pH Measurement

The powder of each experimental calcium silicate-based cement was mixed with deionized water
and osteogenic medium at a concentration of 5 mg/mL, and the mixture was placed in a 100% humidity
incubator at 37 ◦C for 7 days. The pH of each liquid was evaluated using a digital pH meter which is
adjusted prior calibration (Satorious Docu-pH Meter; Satorious AG, Goettingen, Germany). Three
measurements were made for each cement solution. As a control, deionized water and osteogenic
medium without experimental powder was also measured.

2.8. Statistical Analyses

The SPSS software program (ver. 24.0; IBM Corp., Armonk, NY, USA) was used for statistical
analyses. The Shapiro-Wilk test of normality was used to confirm the data distribution. The data
normality was confirmed; thus, repeated measures analyses of variance were performed for general
comparisons of MTT and wound healing assays. Independent t tests were performed for pairwise
comparisons of experimental groups at each time point. One-way analyses of variance and Tukey post
hoc tests were used for the ARS assay. p < 0.05 was considered statistically significant.

3. Results

In the cell viability assay, no significant differences were shown among the ProRoot MTA, Biodentine,
and positive control groups during the test period (p > 0.05). The Endocem Zr and RetroMTA groups
differed significantly from the control group on days 5 and 7 (p < 0.05). Out of all groups, the IRM group
showed the lowest viable cell level after 24 h (p < 0.05) (Figure 1).
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Figure 1. Relative cell viability based on methyl-thiazoldiphenyl-tetrazolium (MTT) assay. Asterisks
represent statistically significant differences between the positive control and experimental groups.

In the cell migration assay, no significant differences were found among the ProRoot MTA,
Biodentine, Endocem Zr, and control groups during the test period (p > 0.05). The RetroMTA group
had lower cell migratory ability than the control group on days 3 and 4 (p < 0.05). Cell migration was
not shown in the IRM group, and significant differences were observed between the IRM and positive
control groups at days 1–4 (p < 0.05; Figure 2). Representative images of the cell migration in all groups
are shown in Figure 3.
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Figure 3. Representative images of cell migration based on wound healing assay (scale bar = 250 µm).

In the live/dead staining assay, GDSCs in contact with IRM extract showed low viable cell density,
whereas GDSCs in contact with the other experimental cements showed favorable cell growth relative
to the control group (Figure 4).
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Figure 4. Results of live/dead staining assay of all tested calcium silicate-based cements (scale bar =

200 µm).

In the ARS assay, GDSCs exposed to ProRoot MTA, Biodentine, and RetroMTA eluates resulted
in a meaningful increase in the formation of calcium (Ca) compared to the Endocem Zr and control
groups on day 21 (p < 0.05; Figure 5).

In the pH measurement, the pH of all experimental calcium silicate-based cements in deionized
water was higher (pH > 10.0) than the pH of deionized water without experimental powder (Table 2).
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Table 2. The pH of each experimental calcium silicate-based cement.

Material

pH (7 days)

Osteogenic Media ddH2O

Mean Mean

Control 7.56 7.59 7.50 7.55 7.02 7.06 7.08 7.05
ProRoot MTA 8.58 8.63 8.67 8.63 11.33 11.34 11.29 11.32

Biodentine 9.65 9.71 9.67 9.68 11.31 11.30 11.34 11.32
Endocem Zr 8.61 8.69 8.74 8.68 10.77 10.79 10.82 10.79
RetroMTA 8.55 8.57 8.58 8.57 11.32 11.35 11.32 11.33

4. Discussion

In some clinical conditions such as the repair of root resorption, a fast initial setting time is required
to prevent the dissolution of materials into blood and oral fluids. Less tooth discoloration is also an
important factor esthetically. Some alternative calcium silicate-based cements, such as Biodentine,
Endocem Zr, and RetroMTA, were introduced for these reasons to replace ProRoot MTA. Furthermore,
biocompatible and bioactive calcium silicate-based cements can promote rapid healing of adjacent
periodontal tissue. Therefore, in the present study we evaluated the cytotoxicity and mineralization
potential of four calcium silicate-based cements on GDSCs.

In this study, we analyzed the biocompatibility of ProRoot MTA, Biodentine, Endocem Zr,
RetroMTA, and IRM using MTT and wound healing assays. The ProRoot MTA, Biodentine, and control
groups showed higher cell viability and migratory ability compared to the IRM group. The Endocem
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Zr and RetroMTA groups showed lower cell viability compared to the control group (Figure 1), and the
RetroMTA group also had a slower cell migration rate than the control group (Figure 2).

Biodentine is a novel bioceramic calcium silicate-based cement that possesses biocompatible
and noncytotoxic properties [22,27]. In one study, the highest migration rate of dental pulp stem
cells was found in the Biodentine group, and scanning electron microscopy revealed superior cell
adhesion on disks of Biodentine [22]. In another study, cell viability was highest in the Biodentine
group followed by the ProRoot MTA group, although viability on the glass ionomer cement (Ketac
Molar Aplicap; 3M ESPE, Seefeld, Germany) was significantly lower [27]. Other published studies
showed that Biodentine eluates resulted in low-to-moderate negative consequence on cell viability and
on cell migratory ability [28]. One possible explanation is that high density level of Biodentine in the
growth medium seriously lower stem cell proliferation [29].

Endocem Zr is a pozzolan-based, white calcium silicate cement developed to improve shortcomings
such as a long setting time and tooth discoloration [30]. If bismuth oxide, which is used as a radiopacifier
in ProRoot MTA, interacts with the collagen fibrils in dentin, it can lead to tooth discoloration. Bismuth
oxide is substituted by zirconium oxide in the Endocem Zr formulation [31]. Lee et al. reported that
Endocem Zr showed a similar inflammatory response to dental pulp tissue as did ProRoot MTA;
however, its formation of a calcific barrier was inferior to that by ProRoot MTA [30].

RetroMTA is another fast-setting calcium silicate cement thanks to its zirconium component,
which shortens the setting time by increasing the hydration rate of Portland cement [32]. In a study
by Chung et al., RetroMTA showed similar biocompatibility and angiogenic effects on human dental
pulp cells as ProRoot MTA; therefore, it is an effective pulp capping material [33]. In comparison,
Endocem Zr showed irregular cytotoxic effects and derived less vascular endothelial growth factor
and angiogenin expression [33]. In a previous study, both ProRoot MTA and RetroMTA resulted in
significantly higher cell viability compared to the positive control, whereas ProRoot MTA had a higher
radiopacity than RetroMTA [23]. Another study found that set RetroMTA showed better biological
responses compared to a set calcium-enriched mixture (BioniqueDent, Tehran, Iran) and Angelus MTA
(Angelus MTA, Londrina, Paraná, Brazil) in a mouse L929 fibroblast cell line [19].

In this study, we evaluated the calcium nodule formation ability associated with ProRoot MTA,
Biodentine, Endocem Zr, and RetroMTA using an ARS assay. We found that ProRoot MTA resulted in
more mineralization potential than Biodentine and RetroMTA, which is in accordance with a previous
study in which ProRoot MTA showed better osteogenic potential than Biodentine based on real-time
polymerase chain reaction expression analysis, alkaline phosphatase activity, and calcium nodule
formation data [34]. In another study, Biodentine showed significantly decreased alkaline phosphatase
activity compared to ProRoot MTA [35]. Its differences in composition and the rate of dissolution in
culture medium may be one reason for the lower mineralization activity of Biodentine [34]. Differences
in types of cells, culture condition, and time of culturing may have affected the results. In both studies,
alveolar bone marrow stem cells rather than dental pulp stem cells were used [34,35].

Meanwhile, a different study showed that Biodentine has a comparable efficacy to ProRoot MTA
in the clinical setting and may be considered as an interesting substitute for ProRoot MTA in pulp
capping procedures [36]. In that study, well-arranged odontoblast layers and odontoblast-like cells
formed tubular dentin under the osteodentin [36]. Furthermore, Wongwatanasanti et al. reported
that only Biodentine showed a positive ARS compared to ProRoot MTA and RetroMTA groups [37].
They concluded that Biodentine, ProRoot MTA, and RetroMTA all induce stem cell apical papilla
(SCAP) proliferation; however, only Biodentine induces significant SCAP differentiation [37]. Another
study also showed that SCAP mineralization was greater in the Biodentine group than the ProRoot
MTA group [38]. These studies used SCAP for the ARS assay [37,38], unlike our study, which used
GDSCs. The differences in osteogenic gene expression can be explained by differences in cell origin
and developmental status at the time of incubation. Therefore, further investigation is required to
clarify the different results.
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A previous study reported that Endocem MTA and Endocem Zr are related with remarkably less
Ca ion release compared to ProRoot MTA [31]. When the three cements were immersed in PBS for 2
weeks, these cements created Ca- and phosphorous (P)-incorporating apatite-like materials. ProRoot
MTA showed precipitates which has a higher Ca/P ratio compared to Endocem Zr [31]. Unlike ProRoot
MTA, in which calcium and silicon are the predominant compositions, Endocem Zr is largely composed
of zirconia with a small quantity of calcium and silicon. In the present study, Endocem Zr showed
the lowest calcium nodule formation ability among the experimental calcium silicate-based cements,
in accordance with a previous study [30]. Ca ions contribute to the formation and mineralization of
hard tissue. Therefore, extended Ca release from calcium silicate-based cements can influence the
osteogenic potential of bone marrow stem cells and osteoblast progenitors [39,40]. In the present study,
all tested calcium silicate-based cements were associated with an alkaline pH (Table 2), consistent with
the findings of previous studies [23,41,42]. The high alkalinity of the materials contributes to their
osteogenic potential as a suitable condition for matrix formation and antimicrobial ability is created.

Unfortunately, the reason why various calcium silicate-based cements elicit different biological
responses was not thoroughly investigated in this study. Further study on the association between
chemical components of the calcium silicate-based cements and biological responses of cells is necessary.
Furthermore, proper characterization of each calcium silicate-based cement is required.

5. Conclusions

In summary, the four calcium silicate-based cements evaluated in this study using GDSCs had
good biological properties. The ProRoot MTA, Biodentine, and RetroMTA groups showed higher
mineralization potential compared to the Endocem Zr and control groups. Therefore, Biodentine and
RetroMTA can be used as alternatives to ProRoot MTA to treat ERR in terms of esthetics. Further
in vivo research is needed.
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