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KEYWORDS Abstract Background/purpose: Several brands of calcium silicate-based cements (CSBCs) are

Calcium silicate- currently marketed. Here we compared physicochemical and biological properties of new products
based endodontic Ortho MTA (BioMTA), Retro MTA (BioMTA), and EZ-Seal (Ezekiel) to widely used ProRoot MTA (Dents-
cement; ply Tulsa).

Mineral trioxide Materials and methods: CSBCs were analyzed by X-ray diffractometry and examined by scanning
aggregate; electron microscopy. Elemental composition was determined by energy dispersive spectroscopy.

Physicochemical Particle size was measured by particle size analyzer. Human stem cells from apical papilla (SCAPs)
properties; were incubated with eluates from CSBCs. Survival of SCAP cells was evaluated with MTT assay. The

Biocompatibility; Alizarin red S stain was used to identify calcified nodules formed in SCAP cultures. The effects of

in vitro *wound- CSBC eluates on SCAP proliferation and migration were examined using an in-vitro scratch “wound-
healing” assay healing” assay.

Results: AllCSBC specimens showed similar X-ray diffraction patterns. The average particle size of
EZ-Seal was smaller than ProRoot MTA, Ortho MTA, and Retro MTA (P < 0.001). The least cytotox-
icity of eluates was found for EZ-Seal. In the Alizarin red S staining test, calcified nodules were
observed in cultures with ProRoot MTA, Ortho MTA, and Retro MTA, however, no calcified nodules
were observed in cultures with EZ-Seal. SCAP proliferation and migration capacity in presence of
EZ-Seal was higher than with ProRoot MTA, Ortho MTA, and Retro MTA (P < 0.001).
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Conclusion: EZ-Seal has a smaller average particle size and a better cytocompatibility than all

other examined CSBCs.

© 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

Mineral Trioxide Aggregate (MTA) has been successfully
used as material for endodontic applications such as
perforation repair, apical microsurgery, and vital pulp
therapy.'> MTA is currently also a main material of choice
for barriers placed in regenerative endodontic proced-
ures>* MTA is biocompatible and has the potential to
induce differentiation of dental pulp stem cells into
odontoblast-like cells and promote formation of hard
tissues.>®

Recently, new calcium silicate based endodontic ce-
ments (CSBCs) have emerged as MTA alternatives.”’® These
products appear promising as they have been shown to
overcome some shortcomings of MTA, such as long setting
time, tooth discoloration and handling difficulty.’'> How-
ever, physicochemical and biological characteristics of
these materials have not been comprehensively studied.

Previous publications on CSBCs have been focused on
biological aspects of this material class,>®'® while other
studies separately reported on their physicochemical
properties.’”'*"> |t should be considered, however, that
the biological performance of CSBCs may be related to their
physicochemical characteristics.

Among new CSBC products, Ortho MTA™ (BioMTA, Seoul,
Korea) was reported to have no effect on tooth shade
because of its very low heavy metal content.'®'” Retro
MTA™ (BioMTA) was shown to have very short setting time
that improved its clinical performance,'® while EZ-Seal™
(Ezekiel, Taean-gun, Chungcheongnam-do, Korea) was
proclaimed to have improved handling characteristics
because of addition of a natural polymer.®

To the best of our knowledge, no such studies have been
published that would examine the newly launched CSBCs,
such as Ortho MTA™, Retro MTA™ and EZ-Seal™.

The goal of this study was to investigate both the
physicochemical and biological characteristics of the newly
launched CSBCs, while comparing them to properties of
widely used ProRoot MTA™ (Dentsply, Tulsa Dental, Tulsa,
OK, USA).1,2,6,12,16—21

Materials and methods

Four CSBCs were selected for this study: ProRoot MTA™,
Ortho MTA™, Retro MTA™ and EZ-seal™.

Physicochemical characteristics

X-ray diffractometry (XRD)
Powder X-ray diffraction analyzer (Model Ultima IV, Rigaku,
Woodlands, TX, USA) was used to obtain information on a

degree of crystallinity in the samples. XRD was performed
on the powder state of four CSBCs. Samples were scanned
at 40 kV and 40 mA, with a scan speed of 3°/min over the 26
range of 2—40°.

Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS)

The elemental composition of four CSBCs was determined
using SEM (Tescan VEGA Il LSU, Tescan Orsay Holding, Brno-
Kohoutovice, Czech Republic), which was coupled to EDS
(Quantax 200; Bruker AXS, Madison, WI, USA). Samples were
sputter-coated with platinum (9 nm) using a turbomo-
lecular pumped coater Quorum Q150T ES (Quorum Tech-
nologies, Laughton, UK).

Particle size analysis

For particle size analysis, a particle size analyzer (Microtrac
FLEX, Microtrac, Largo, FL, USA) was used. Four CSBCs were
dispersed in water by sonication and analyzed using a light-
scattering method.

Biological characteristics

Isolation of cells from apical papilla (SCAPs) and
preparation of CSBC specimens

This study was approved by the Institutional Review Board
of the University (processes #16—128 and #18—35). The
SCAPs were obtained from human premolars extracted as
part of orthodontic treatment. Informed consent was
signed by the patient. SCAPs were cultured in sterile a-MEM
(Thermofisher Scientific, Waltham, MA, USA) supplemented
with 1% glutamine, 1% antibiotics and 10% human serum.
Cultured SCAPs were harvested by 0.25% trypsin at passage
Jor7.

Polypropylene (Thermofisher Scientific) cylindrical
molds were prepared with a diameter of 6 mm and height
of 2 mm and were disinfected by exposure to UV light for
30min. CSBCs were mixed according to manufacturer’s
instructions and allowed to set for 24 h. Each disc was
placed in a separate well of a 24-well plate and immersed
in a fresh growth medium for 24 h at 37 °C. The extraction
waszzperformed in general accordance with ISO 10993-
12.

Cytotoxicity evaluation

Cytotoxicity of four CSBC eluates was determined using
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) assays.?? The SCAPs were seeded at a density of
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1 x 10* cells per well in 24-well plates in the growth culture
medium. The growth medium was removed, and the cells
were exposed to the CSBC eluates (500 ul/well) for 24 h.
Dilutions of 1:1, 1:2, 1:4, and 1:8 were prepared by addi-
tion of a fresh growth medium. SCAP cultures incubated in
the culture medium without eluate served as negative
controls. After 24 h, MTT solution was added, removed
after 4 h, and 20% dimethyl sulfoxide solution (DMSO;
Sigma—Aldrich, St Louis, MO, USA) was added. Absorbance
was measured at 540 nm using a VersaMax Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA). The MTT
assay was performed in triplicate. Proportion of surviving
cells after exposure to eluate’s dilution was ascertained as
ratio of eluate’s reading divided by reading for a negative
control.

Alizarin red S staining

SCAPs were plated in 12-well plates. The osteogenic cul-
ture medium was used (StemPro®, Gibco, Waltham, MA,
USA) with osteogenesis supplement (StemPro® osteo-
genesis supplement, Gibco, Waltham, MA, USA). For 21
days, the osteogenic culture medium containing one of the
four types of CSBC eluates (dilution 1:8) was replaced
every other day. Osteogenic culture medium without any
CSBC eluate served as a negative control. After 21 days of
incubation, the medium was aspirated, the wells were
washed with PBS, and the cells were fixed with 4% para-
formaldehyde. Fixed cells were stained with 40 mM Alizarin
red S (ScienceCell, Calsbad, CA, USA) for 10 min. Each well
was photographed under a microscope equipped with a
digital camera.

In vitro scratch “wound-healing” assay

The effects of CSBC eluates on SCAP migration were
examined using an in-vitro scratch “wound-healing” assay
by the method used previously in this lab.?* SCAPs were
seeded into 24-well plates. A simulated wound was inflicted
by making a scratch across the monolayer of cells using a
sterile plastic pipette tip. Subsequently, cells were washed
with PBS to remove cell debris and incubated with CSBC
eluates for up to 24 h to allow cell migration back into the
cell-free area. Photographs of the scratch area were taken,
Image J (NIH, Bethesda, MD, USA) was used to quantify
areas covered with migrated cells. Cell-occupied area was
measured in pixels.

Statistical evaluation

The average particle sizes of four CSBCs were compared
with Kruskal Wallis and Mann—Whitney U tests with Bon-
ferroni’s correction. Two-way ANOVA with Tukey’s test was
used to compare survival of SCAPs exposed to four kinds of
CSBC eluates. One-way ANOVA followed by Tukey’s test was
performed to compare migration of SCAPs into cell-free
areas in presence of four kinds of CSBS eluates diluted 1:8.
IBM SPSS statistics 25 software (IBM Corp, Armonk, NY, USA)
was used for statistical analysis.

Results
Physicochemical characteristics

X-ray diffractometry

XRD analysis showed similar diffraction patterns for all
specimens examined (Fig. 1). The highest peaks were
shown near 26 of 27.5° in both ProRoot MTA and Ortho MTA.
Retro MTA and EZ-seal showed similar patterns, highest
peaks appeared near 28°.

Scanning electron microscopy and energy
dispersive spectroscopy analysis

ProRoot MTA, Ortho MTA, and Retro MTA showed multiple
aggregates of polygonal particles with various sizes (less
than 1 um to more than 30 um). The EZ-Seal demonstrated
more uniform and smaller particle size than other three
kinds of CSBCs (Fig. 2).

EDS showed that all four CSBCs were mainly composed of
calcium, silica, and oxide. Additionally, ProRoot MTA con-
tained Bi, Zn, Al, Mg, S. Ortho MTA contained Bi, Zn, Al, Mg.
Retro MTA contained Al, and EZ-Seal contained Zn and S
(Figs. 3 and 4).

Particle size analysis

Cumulative percentages of particles less than 10 um were
35.69%, 40.36%, 20.10%, and 92.3% for ProRoot MTA, Ortho
MTA, Retro MTA, and EZ-Seal, respectively. Particle diameter
ranged 1.783—73.99 um, 1.06—124.4 um, 2.521—209.3 um,
and 0.187—31.11 um for ProRoot MTA, Ortho MTA, Retro MTA,
and EZ-Seal, respectively (Fig. 5). The peak values of the
particle size distribution were at 12.31 pum, 11.59 pm
14.72 um and 2.696 um, respectively. The average particle
size of EZ-seal was smaller than ProRoot MTA, Ortho MTA, and
Retro MTA (P < 0.001). There were no significant differences
among ProRoot MTA, Ortho MTA, and Retro MTA.

Biological characteristics

Cytotoxicity evaluation

There was no significant difference in cell survival among
four CSBCs when SCAPs were exposed to 1:1 dilution of
eluates. Overall, cell survival increased as concentrations
of eluates decreased.

After 24 h incubation in 1:2, 1:4, and 1:8 eluate di-
lutions, EZ-Seal presented with a superior SCAP cell survival
in comparison with ProRoot MTA (1:2 dilution P = 0.01, 1:4
dilution P = 0.009, and 1:8 dilution P = 0.02). Cell survival
in media containing eluates of ProRoot MTA, Ortho MTA and
Retro MTA did not significantly vary in respect to dilutions
of eluates (Fig. 6).

Alizarin red S staining

No calcified nodules were formed in control conditions
(Fig. 7A) and cell cultures with EZ-Seal (Fig. 7E). In the
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Figure 1  XRD pattern of ProRoot MTA (A), Ortho MTA (B), Retro MTA (C), and EZ-Seal (D). Note main peak near 28° for all
materials.
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Figure 2 Representative SEM images of ProRoot MTA (A), Ortho MTA (B), Retro MTA (C), and EZ-Seal (D). ProRoot MTA (A), Ortho

MTA (B), Retro MTA (C) have polygonal particles with various sizes. EZ-Seal (D) consists of smaller and more uniform particles.
Original magnification x5000.
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Figure 3  EDS analysis shows elemental composition of ProRoot MTA (A), Ortho MTA (B), Retro MTA (C), and EZ-Seal (D).
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Figure 4 EDS mapping of ProRoot MTA (A), Ortho MTA (B), Retro MTA (C), and EZ-Seal (D). Four calcium silicate-based cements

commonly contained Ca, Si, and O. In addition, ProRoot MTA (A) contained Bi, Zn, Al, Mg, S.; Ortho MTA (B) contained Bi, Zn, Al,
Mg.; Retro MTA (C) contained Al.; EZ-Seal (D) contained Zn and S.
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Figure 6

Survival of SCAPs after 24-h incubation with eluates of ProRoot MTA, Ortho MTA, Retro MTA, and EZ-Seal when compared

to control. The results show mean + standard deviation of three parallel experiments performed in triplicate. Different letters
represent significant differences between groups in each dilution of eluate. Analysis of variance followed by Tukey’s post hoc test

(P < 0.05).

presence of ProRoot MTA (Fig. 7B), Ortho MTA (Fig. 7C), and
Retro MTA (Fig. 7D) calcified nodules were produced.

In vitro scratch “wound-healing” assay

Areas covered by migrated cells at 12 h cultures with Pro-
Root MTA, Ortho MTA, and Retro MTA eluates (dilution 1:8)
were not different from that of control, while cultures with
EZ-seal eluate showed a significantly greater migrated cell
area than with ProRoot MTA eluate (P = 0.044) (Fig. 8).
Twenty-four hours after the scratch, cultures with EZ-seal
eluate showed even greater migrated cell area than in
control cultures (P < 0.001), and in cultures with eluates
from ProRoot MTA (P < 0.001), Ortho MTA (P < 0.001), and
Retro MTA (P < 0.001) (Fig. 8).
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Discussion

The aim of this study was to correlate physicochemical
properties of four CSBCs with biologic responses of SCAP
cells exposed to CSBC eluates. Physical properties were
different among the tested CSBCs, the EZ-seal mostly con-
sists of small particles. According to Wei et al.,?* composite
material with nano-sized calcium silicate (0.1—0.35 pm)
demonstrated lower contact angles, i.e., greater hydrophi-
licity compared to composite with micro-sized calcium
silicate (20-50 pm particle size). In that study,?* cell
attachment as well as proliferation on the composite with
nano-sized calcium silicate were superior, which could be
attributed to the more hydrophilic surface of nano-sized
calcium silicate. In the present study, the particle size of
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Figure 7

Representative images of calcium nodule formation (stained by Alizarin red S) in SCAP control cultures or in cultures

exposed to CSBC eluates for 21 days. (A) Control, (B) ProRoot MTA, (C) Ortho MTA, (D) Retro MTA, and (E) EZ-Seal. Original
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Figure 8

Cell migration ability (%) according to in vitro scratch “wound healing” assay. Different letters represent significant

difference between groups in each incubation period. Analysis of variance followed by Tuckey’s post hoc test (P < 0.05).

EZ-Seal ranged from 0.187 to 31.11 um, and most particles
(92.3%) were less than 10 um in size. Conversely, for ProRoot
MTA, Ortho MTA and Retro MTA, particles over 10 um
accounted for more than half of each cement’s particles
(Fig. 5). SCAPs cultured with EZ-Seal presented superior cell
viability than with ProRoot MTA (Fig. 6). Likewise, cell
migration areas in wound healing assay were the largest in
the EZ-Seal group. (Fig. 8).

It may be speculated that small particle size of EZ-Seal
might have facilitated rapid hydration of the EZ-Seal
cement with water during storage in the medium and
therefore, resulted in a more intense release of calcium
jons.?*%> Further studies are recommended on the ionic
concentration in the eluates of the CSBCs and whether the
particle size affect the physical properties such as setting
reaction, flow, and film thickness.
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Both ProRoot MTA and Ortho MTA exhibited a sharp peak
at 20 of 27.5° representing tricalcium silicate. However,
ProRoot MTA had small amount of metal content such as
magnesium, zinc, and aluminum. ProRoot MTA, Ortho MTA,
and Retro MTA had aluminum, while EZ-Seal did not. EZ-
Seal contained calcium, silica, oxide, zinc, and sulfur. For
Retro MTA and EZ-Seal, zirconium oxide was used as radi-
opacifying agent. A peak for zirconium oxide was identified
from XRD analysis, consistent with XRD result of Biodentine
(Septodont) which contained zirconium oxide.?® Bismuth
oxide has been added to ProRoot MTA and Ortho MTA to
improve the radiopacity of CSCBs. XRD results demon-
strated that peaks for Bismuth Oxide were observed at
20 27.2° and 33° (Fig. 1), according to previous
studies.?”*?® Kim et al. reported that bismuth oxide reduced
cell viability up to 24 h, but not from 48 h, at which time a
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similar cell viability to pure Portland cement was noted.?’
Potentially water-soluble metal salts contributed to cyto-
toxicity of eluates,*® and this fact may be one of the rea-
sons that for example bismuth oxide has been replaced with
zirconium oxide as radiopacifier. It is possible that various
cement components get into the eluate, bind or do not bind
to serum proteins, and adhere to the plastic surface of the
dish, thus changing its topography and resembling the
microenvironment around the applied cement.*®*" Future
studies need to focus on analysis of eluate’s components
and their modes of biological effects on a grown SCAP
monolayer.

In our SCAP cultures, Ortho MTA, Retro MTA, and EZ-
Seal eluates were less cytotoxic than ProRoot MTA after
24 h of incubation. Several previous studies have revealed
excellent biocompatibility of Ortho MTA and Retro MTA.3*
% There has been no cell culture-based study has on
cytotoxicity of EZ-Seal. EZ-Seal exhibited superior cell
survival in presence of eluates diluted more than 1:1 after
24 h in culture. While cell viability at the 1:1 dilution of
EZ-Seal eluate was comparable to other CSBCs. It is
speculated that cytotoxic components in the eluate of EZ-
Seal are less concentrated than in other CSBCs. A water-
soluble polymer, contained in EZ-Seal to improve
handling characteristics, did not interfere with cyto-
compatibility of EZ-Seal.

Proliferation and migration of cells is important for
repair of wounded tissue.?>3® To address this issue, a
scratch "wound-healing” assay was used in our study to
functionally evaluate cytotoxicity of the most diluted
CSBC eluates (dilution 1:8) on proliferation and migration
of cultured SCAPs. SCAPs exposed to ProRoot MTA, Ortho
MTA, and Retro MTA eluates proliferated similarly to the
control. However, in presence of EZ-Seal eluate, cells
proliferated more rapidly. This finding is interesting and
has not been reported before. EZ-Seal may contain both
inhibitory and stimulatory components, and the function
of the inhibitory component may have been weakened in
1:8 dilution. A future study is needed on identification and
quantification of components of CSBCs that modulate cell
proliferation.

Alizarin red S was used to detect calcified nodules in
SCAP cultures. Calcified nodules were formed in cultures
with ProRoot MTA, Ortho MTA, and Retro MTA eluates. When
applied as a pulp capping agent, a dentine bridge was
formed four weeks after placing ProRoot MTA in a rat
study.>” Four weeks after partial pulpotomy in a dog,
complete calcified barrier formation was observed in a half
of cases with Retro MTA and in 69% of cases with ProRoot
MTA.*® When partial pulpotomy was performed in human
teeth, 55% of cases with ProRoot MTA showed a complete
bridge formation with normal pulp morphology, while 55%
of cases with Retro MTA presented discontinuous bridge
formation with pulp disorganization.** According to Kang
et al.,“° ProRoot MTA and Ortho MTA induced complete
calcific barrier formation with less pulpal inflammation
after pulpotomy in a dog. Development of calcified nodules
may be related to cytotoxicity of eluates; indeed, inhibition
of proliferation may increase probability of osteogenic
differentiation and formation of calcified nodules.

In this study differences in some physicochemical and
biological characteristics of three newly developed CSBCs
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(Ortho MTA, Retro MTA and EZ-Seal) were studied and
compared to ProRoot MTA. EZ-Seal showed the smallest
average particle size, and stimulated SCAP proliferation
and migration, decreased potential to formation of calci-
fied nodules when compared to ProRoot MTA, Ortho MTA,
and Retro MTA eluates. EZ-Seal might be a promising new
material for indications such as vital pulp therapy. These
findings need to be confirmed by a clinical study.

Collectively, the four investigated CSBCs, Ortho MTA™,
Retro MTA™, ProRoot MTA™ and EZ-Seal™, are similar in
material composition but different in particle size. The
smaller mean particles are found for EZ-SealTM, which in
turn has less mineral production but higher migration po-
tential. Under the conditions of this in vitro study, biologic
responses of CSBCs can be connected to differences in
physical properties.
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