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Evaluation of the genotoxicity, cytotoxicity, 2
and bioactivity of calcium silicate-based
cements
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Abstract

Background As calcium silicate-based cements (CSCs) have found success in various vital pulp therapy applications,
several new CSC products have emerged. This study aimed to assess the genotoxicity, cytotoxicity, and bioactivity of
four CSCs by comparing the newly introduced materials Bio MTA+and MTA Cem with previously studied materials,
Biodentine and NeoMTA.

Methods Genotoxicity was evaluated using the micronucleus (MN) assay in human peripheral blood lymphocyte
cells, measuring MN frequency and nuclear division index (NDI). Cytotoxicity was assessed in human dental pulp
stem cells through the Water-Soluble Tetrazolium Salt-1 (WST-1) colorimetric assay. Bioactivity was determined by
ELISA, measuring the levels of angiogenic and odontogenic markers (BMP-2, FGF-2, VEGF, and ALP). Statistical analyses
included ANOVA, Dunnet and Sidak tests, and Wald chi-square test. (p <.05).

Results The MN frequency in the groups was significantly lower than that in the positive control group
(tetraconazole) (p <.05). NDl values decreased with increasing concentration (p <.05). Bio MTA+and NeoMTA showed
decreased cell viability at all concentrations in 7-day cultures (p <.07). All materials increased BMP-2, FGF-2, and VEGF
levels, with Biodentine and NeoMTA showing the highest levels of BMP-2 and FGF-2 on day 7. Biodentine displayed
the highest VEGF levels on day 7. Biodentine and NeoMTA groups exhibited significantly higher ALP activity than the
Bio MTA+and MTA Cem groups by day 7.

Conclusion Bio MTA+and MTA Cem demonstrated no genotoxic or cytotoxic effects. Moreover, this study revealed
bioactive potentials of Bio MTA+and MTA Cem by enhancing the expression of angiogenic and osteogenic growth
factors.
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Introduction

Mineral Trioxide Aggregate (MTA), introduced to the
market in the 1990s, has the ability to set in the pres-
ence of moisture, unlike most other dental products that
exhibit optimal performance in dry environments [1]. In
addition to its hydrophilicity, MTA exhibits several desir-
able features such as sealing ability, biocompatibility, bio-
activity, and low solubility, making it highly applicable in
various clinical situations in dentistry, including root-end
fillings, perforation repairs, root canal treatments, vital
pulp therapies, and regenerative endodontic procedures.
MTA has undergone several modifications in its formu-
lation to address drawbacks such as prolonged setting
time, discoloration, and poor handling characteristics,
while also enhancing the material’s antimicrobial proper-
ties, regenerative ability, and mechanical strength [1-3].
A more comprehensive term, ‘calcium silicate-based
cements (CSCs), has been employed to describe these
MTA-like materials, given their primary constituents of
calcium and silicate [4].

Biodentine”  (Septodont,  Saint-Maur-des-Fosses,
France), a calcium silicate-based material, was introduced
to the dental market in 2009 as a “dentine substitute”
and has gained significant attention from researchers
and clinicians due to its major advantages such as easier
handling, shorter setting time, and reduced discolor-
ation compared to MTA [5]. Studies have also proven
that its mechanical strength and adhesion properties are
superior to those of MTA [6, 7]. Moreover, it exhibits
favorable biocompatibility and bioactivity [8]. Another
tricalcium silicate-based material is NeoMTA® (Nusmile
Inc., Houston, TX; USA), which incorporates tantalum
oxide as a radiopacifier instead of bismuth oxide, known
for its association with the discoloration often attrib-
uted to traditional MTA [9]. Moreover, NeoMTA® offers
advantages such as faster setting and easier manipulation
compared to traditional MTA [10].

Recently, two new CSCs, Bio MTA+ (CERKAMED,
Poland) and MTA Cem (NexoBio, Chungcheongbuk-
do, South Korea), were introduced to the market, offer-
ing the similar composition as the original MTA. Bio
MTA+incorporates hydroxyapatite and nanoceramic
particles in its composition [11].

Biocompatibility refers to the material’s capacity to
interact with vital tissues without inducing adverse tissue
reactions, such as systemic or local toxicity, genotoxicity,
mutagenicity, or carcinogenicity. CSCs come into contact
with dental pulp cells (DPCs) and periodontal ligament
cells (PDLCs) when employed for vital pulp treatments,
apexification, perforation repair, and root-end filling [12,
13]. In vitro cytotoxicity assays, which constitute the ini-
tial step in evaluating the biocompatibility of materials,
can be employed to test new endodontic materials [14].
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Bioactivity, in its broadest sense, refers to a material’s
capacity to actively engage with biological systems, pro-
moting specific responses that contribute to tissue regen-
eration, repair, and overall therapeutic benefits in diverse
applications. This concept goes beyond a limited focus on
bone-bonding ability and encompasses a wide range of
applications across various tissues and cellular environ-
ments. Bioactive materials have been characterized by
their indirect effect to release ions or molecules, result-
ing in desired biological reactions, such as biomineraliza-
tion, regeneration, antimicrobial effects, or an immune
response [15-17]. Studies have shown that growth fac-
tors become entrapped in the dentin matrix during tooth
development. These growth factors can be released either
due to caries or as a result of specific materials applied
in vital pulp treatments. Upon release, these growth fac-
tors from dentin play a significant role in recruiting and
differentiating mesenchymal stem cells into an odonto-
blast-like phenotype, thereby enhancing their potential
for mineralization. This reperative potential in vital pulp
therapies can be ascribed to the indirect effect of mate-
rial placement on dentin, such as CSCs [16, 18]. The
biomineralization process is closely linked to local angio-
genesis and vascularization events, and the interaction
between osteoblastic and endothelial cells plays a crucial
role in achieving positive outcomes in vital pulp therapy.
Accordingly, it is required to investigate the impact of
dental cements on the expression and release of angio-
genic and osteogenic factors by precursor cells [19]. The
assessment of bioactive properties can be performed by
the quantitative analysis of odontogenic, osteogenic, and/
or angiogenic markers or genes, followed by the evalua-
tion of ALP activity and alizarin red staining [20].

Currently, there is limited information available on the
biological properties of both Bio MTA+and MTA Cem,
particularly regarding biocompatibility and bioactiv-
ity. As a result, the primary objective of this study was
to evaluate the genotoxicity, cytotoxicity, and bioactivity
of recently introduced CSCs, Bio MTA+and MTA Cem
and to compare these characteristics with those of Bio-
dentine and NeoMTA. The null hypothesis of the study
was that there would be no significant differences among
the tested materials concerning genotoxicity, cytotoxic-
ity, and bioactivity.

Materials and methods

Tested materials and sample preparation

Bio MTA+, MTA Cem, Biodentine and NeoMTA were
tested in this study. The composition of the test materi-
als and their manufacturers are provided in Table 1. Each
material was mixed as per the instructions outlined by
the manufacturer in a laminar flow cabin under asep-
tic conditions. Each mixture was then inserted into a
custom-made presterilized teflon mold with a diameter
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Table 1 Manufacturers and compositions of CSCs used in the
study

Material
Bio MTA+

Manufacturer Batch No
Cerkamed, Poland 2811221

Composition

Powder: Calcium
oxide, hydroxyapa-
tite, oxides of: silicon,
iron, aluminum, so-
dium, potassium, bis-
muth, magnesium,
zirconium,; calcium
phosphate. Liquid:
Purified water,
calcium catalyst.

MTA Cem Powder: Tricalcium
silicate, dicalcium
silicate, tricalcium
aluminate, bismuth
oxide

Liquid: Distilled
water

NexoBio, Chun-
gcheongbuk-do,
South Korea

MC180601

B24589 Powder: Tricalcium
silicate, Zirconium
oxide, Calcium
carbonate, Calcium
chloride, polymer
Liquid: Aque-

ous solution of
calcium chloride and
polycarboxylate.

Biodentine  Septodont, Saint-
Maur-des-Fosses,

France

NeoMTA 2022051801  Powder: Tricalcium
silicate, dicalcium
silicate, tantalite, and
minor amounts of
calcium sulfate and
tricalcium aluminate
Liquid: water and

proprietary polymers

Nusmile Inc.,
Houston, TX; USA

of 8 mm and a thickness of 2.0 mm and left undisturbed
for four hours. Fifteen sample discs for each group were
obtained. Upon complete setting, the surfaces of the
specimens were exposed to 30 min of ultraviolet light to
ensure sterility [21]. All discs were immersed in 50 ml
Falcon tubes filled with 25 ml of DMEM (Thermo Fisher
Scientific 31,885,023, MA, USA) and stored in an incu-
bator at 37 °C for 24 h. The extracts of the materials
were filtered with 0.22-pm pore size filter (Sartorius AG,
Germany). The stock extracts were kept at -20 °C until
experiments.

Genotoxicity analysis

Human peripheral blood lymphocyte cells were used
for genotoxicity testing. Peripheral venous blood was
collected from a healthy donor aged 28 years, who was
a nonsmoker, had no chronic disease, and was not tak-
ing any medication or radiation. The blood donor gave
informed consent to participate in the study and the
study protocol received approval from the Ethics Com-
mittee of the Istanbul University Faculty of Dentistry
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(2018/28). The genotoxicity of the tested materials was
evaluated using the micronucleus assay, which was car-
ried out according to the protocol described by Akyil
et al. [22]. Peripheral blood (0.3 ml) was added to ster-
ile tubes containing 2.5 ml chromosome medium [23],
which included phytohemagglutinin (PHA) as a mitogen.
The samples were then incubated at 37 °C for 72 h.

Stock solutions of each material were prepared at three
different concentrations (1, 10, 50 ug/ml) as recom-
mended by the Organization for Economic Cooperation
and Development (OECD) guidelines [24]. Tetracon-
azole was used as the positive control. At the 24th hour,
all doses of the experimental and control groups were
added to the tubes and incubated again. At the 44th hour
of incubation, 8 pug/ml cytochalasin-B was added to the
tubes to prevent cytokinesis and facilitate the forma-
tion of binucleate cells. After the incubation period, the
tubes were centrifuged at 1200 rpm for 15 min, and the
supernatants were removed. Five milliliters of 0.4% hypo-
tonic KCL solution was then added slowly in drops. The
centrifugation process was repeated. After removal of
the supernatants, the cells in the tubes were treated with
the first fixative, which was a mixture of glacial acetic
acid, methanol, and 0.9% NacCl at a ratio of 1:5:6. After
20 min, the tubes were recentrifuged. The cells were then
treated with the cold second fixative of glacial acetic acid
and methanol at a 1:5 ratio. This procedure was repeated
until the fluids in the tubes became clear. Finally, 1 ml
of the samples in tubes was resuspended and dropped
onto glass slides that were kept cold and cleaned with
alcohol. After 24 h, the slides were dried and dyed with
5% Giemsa (Sigma-Aldrich, USA) dissolved in Sorenson
buffer for 14 min. The slides were examined under an
inverted microscope (Nikon Eclipse, Japan). Scoring of
binucleated cells and micronuclei (MN) was performed
based on the criteria outlined by Fenech [25]. The MN
frequency was calculated as the number of MNs per
2000 binucleated cells. The effect of each tested CSCs
on the cell cycle was assessed through the nuclear divi-
sion index (NDI). An evaluation was conducted on 2,000
viable cells to determine the percentage of cells with 1,
2, 3, and 4 nuclei. NDI was calculated with the formula:
(MI+2xMII+3xMIII+4xMIV) / N; where, M1 to M4
denote the counts of cells with 1 to 4 nuclei, and N is the
total number of intact cells scored [25].

Cytotoxicity analysis

Cell culture

Commercially available human dental pulp stem cells
(hDPSCs, Lonza Group, Basel, Switzerland) were used
in the experiments to assess cell viability, angiogenic fac-
tor release and alkaline phosphatase (ALP) activity. The
hDPSC growth medium was prepared as per the instruc-
tions outlined by the manufacturer. The cells were seeded
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in a 75 cm? culture flask containing culture medium and
kept in an incubator at 37 °C under standard conditions
with 5% CO,. Upon reaching 80% confluency on the 5th
day, the cells were subcultured.

During the passaging process, the medium was
removed from the flasks and the cells were sequentially
washed with 4 ml of HEPES followed by 2 ml of tryp-
sin EDTA (Thermo Fisher Scientific, USA). After 5 min
of incubation, the cells were successfully detached from
the flask’s base. The detached cells were washed with
4 ml of trypsin neutralization solution (TNS) and then
transferred into new sterile Falcon tubes. The tubes were
centrifuged at 1500 rpm for 5 min and cultivated in fresh
culture flasks. Cell cultures at the third passage were used
for all experiments.

Cell proliferation analysis

The cytotoxicity of the different CSC eluates was assessed
using Cell Proliferation Reagent WST-1 (Roche Diag-
nostics, Mannheim, Germany) after 1, 3 and 7 days of
culture. The hDPSCs were seeded in 96-well plates at a
density of 1x10* cells/well and exposed to various con-
centrations (12.5%, 25%, 50%, 75%, and 100%) of each
material extract. Untreated cells were used as a negative
control group. At each selected timepoint, 10 pL of the
WST-1 reagent was added to each well, and the plates
were incubated at 37 °C under 5% CO, for 4 h. Finally,
absorbance was measured at a wavelength of 450 nm
with the reference wavelength set at 620 nm using a Mul-
tiskan Sky Microplate Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA).

Bioactivity assessment

Measurement of angiogenic and osteogenic growth factors
The material extracts at 50% concentration were selected
for the bioactivity assessment, based on the previous
WST-1 cell proliferation results. Cells were seeded in
three different 12-well plates at a density of 1x10° cells/
well. Following an overnight incubation, the culture
medium was removed and at this stage, the cells in each
plate were exposed to the diluted material extracts. Sub-
sequently, cells in each plate were incubated 1, 3, and 7
days, respectively. On days 1, 3, and 7, the supernatant
from each cell culture plate was collected, subjected
to centrifugation, and subsequently stored at -80 °C for
subsequent analysis. The amounts of Fibroblast Growth
Factor 2 (FGF-2), Bone Morphogenetic Protein 2 (BMP-
2) and Vascular Endothelial Growth Factor (VEGF) were
quantified using their respective ELISA kits in accor-
dance with each manufacturer’s protocol (Elabscience,
Houston, Texas, USA; Invitrogen, ThermoFisher Scien-
tific, MA, USA). The levels of BMP-2, FGF-2, and VEGF
were determined via a microplate reader (ThermoFisher
Scientific, MA, USA) at 450 nm.
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Evaluation of ALP activity

ALP activity at 1, 3, and 7 days was measured in the cul-
ture supernatant, which was collected after exposure
to 50% concentration of each material extract, using an
ELISA kit (Elabscience, Houston, Texas, USA) adhering
to the manufacturer’s recommended procedures. The
absorbance was recorded at a wavelength of 450 nm and
a standard curve of ALP concentration was generated.
The results were then statistically evaluated.

Statistical analysis

All experiments were conducted three times indepen-
dently, with triplicate assessments for each. The findings
of cytotoxicity and genotoxicity assays were analyzed
with GraphPad Prism 6 software using one-way ANOVA.
Post hoc verification was performed using Dunnet and
Sidak tests. Data obtained from ELISA tests were ana-
lyzed using IBM SPSS V23 software. The interactions
of the main effects, including time, concentration, and
group, were examined using the generalized linear model
method, and the Wald chi-square test was employed
to compare the means. The significance level was set at
p<.05.

Results

Genotoxicity analysis

The MN frequency and the NDI values for all concentra-
tions (1 ug/ml, 10 pg/ml, 50 ug/ml) of each test group and
the control group are presented in Fig. 1 (a,b). Represen-
tative images of binucleated cells stained with Giemsa in
each group are depicted in Fig. 2. In all four groups, MN
frequency increased with higher concentrations; how-
ever, these differences were not statistically significant
(p>.05). Moreover, when compared to the positive con-
trol group, the MN frequency in each test group for all
concentrations tested was found to be significantly lower
(p<.05). No significant differences in MN frequency were
observed among the test groups at the same concentra-
tions (p>.05). At a concentration of 10 pg/ml, both the
NeoMTA and MTA Cem groups exhibited significantly
less nuclear division than the Bio MTA+and Biodentine
groups (p<.05). When NDI values of each test group
were compared to that of the control group, statistical
significance was found in all groups and all tested con-
centrations except Biodentine and MTA Cem at 50 pg/ml
concentration.

Cytotoxicity analysis

The cell viability of each group at all concentrations on
days 1, 3 and 7 is shown in Fig. 3. After 1 day of culture,
all four groups exhibited similar levels of cell viability
compared to the control group. In 3-day cultures, both
the Biodentine and MTA Cem groups demonstrated
decreased cell viability compared to the control group at
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Fig. 1 (a, b). MN frequency (a) and NDI (b) in human peripheral lymphocyte cells treated with three different concentrations of each material. (MN:

Micronuclei, NDI: Nuclear Division Index C+: Positive control)

&

Fig. 2 a. Control group showing binucleate cell with one micronucleus. b. MTA Cem 10 pg/ml group showing binucleate and mononucleate cells. c.
NeoMTA 10 ug/ml group showing binucleate cell with a wide nucleoplasmic bridge and no micronuclei (d) Bio MTA+ 50 pg/ml group showing binucle-
ate cells with two micronucleus (e) Biodentine 10 ug/ml showing binucleate cells with one micronucleus

all concentrations (p<.0001; p<.01). The cell viability of
Biodentine at 75% and 100% concentrations significantly
increased in 7-day culture (p<.0001). The Bio MTA+and
NeoMTA groups exhibited a significant decrease in cell
viability at all concentrations in 7-day cultures (p<.0I).
However, they did not show any significant change in cell

viability at all concentrations after 1 and 3 days of culture

(p>.05).

Angiogenic/osteogenic factor release

The BMP-2, FGF-2 and VEGF levels of each group on
days 1, 3 and 7 are shown in Table 2. The ELISA results
revealed a significant increase in BMP-2 levels in all
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NeoMTA Biodentine

Concentrations(%)

Fig. 3 Cell viability of experimental and control groups at all concentrations on days 1, 3 and 7. Bars indicate mean standard deviation of the percentage

compared to the control group. (C+: Positive control)

groups over time (p<.0001). On day 1, all experimen-
tal groups, including the control group, showed similar
BMP-2 levels (p>.05). However, by day 3, while there
were no significant differences among the experimental
groups, all of them exhibited significantly higher BMP-2
levels than the control group (p<.0001). On day 7, MTA
Cem had the lowest BMP-2 level among the experimental
groups but remained significantly higher than that of the
control group.

The levels of FGF-2 in all groups except the MTA Cem
group were significantly increased over time (p<.0001).
On day 1, there were no statistically significant differ-
ences in the levels of FGF-2 between any of the groups
(p>.05). On day 3, the FGF-2 level of the Biodentine
group was significantly higher than that of the NeoMTA
and MTA Cem groups (p<.0001). On day 7, the Bio-
dentine and NeoMTA groups demonstrated higher
FGE-2 levels than the Bio MTA+and MTA Cem groups
(p<.0001).

All experimental groups, including the control group,
showed similar VEGF levels on day 1 (p>.05). On day
3, the Biodentine group showed a significantly higher
level of VEGF than the Bio MTA+and NeoMTA groups
(p<.0001). On day 7, the Biodentine group displayed the
highest levels of VEGF among all groups (p<.0001).

ALP activity analysis

The levels of ALP activity for each on days 1, 3 and 7
are shown in Table 2. On day 1, the ALP activity in all
groups, except for MTA Cem, was significantly higher
than that in the control group. Notably, the Biodentine
group showed the highest ALP activity among all groups.
On days 3 and 7, all groups exhibited significantly greater

ALP activity than the control group. Additionally, by day
7, the Biodentine and NeoMTA groups demonstrated
significantly higher ALP activity than the Bio MTA+and
MTA Cem groups.

Discussion

In the present study, we aimed to compare the effects of
four CSCs, namely Bio MTA+, MTA Cem, Biodentine,
and NeoMTA, on genotoxicity, cell viability, the release
of osteogenic/angiogenic factors, and the ALP activity
in an in vitro setting. Our findings revealed variability in
responses among the tested materials across most of the
experimental conditions.

Genotoxicity tests were used investigate the impact
of the tested material on the genetic integrity of cells.
Numerous iz vitro and in vivo tests, including alkaline
comet assay and the MN test, are used to identify genetic
damage caused by materials, components, and drugs
[26—-28]. In the present study, the in vitro MN assay was
chosen to determine the genotoxicity of the test groups,
due to its ease of use, rapid scoring, and simplicity in
culturing procedures [29]. The MN assay is based on the
observation of whole chromosomes or their fragments
being lost during cell mitosis, resulting in smaller nuclei
or micronuclei that are not reintegrated into the nucleus
after cell division. The OECD guidelines recommend
using either cell lines such as CHL/IU, CHO, SHE, and
V79 or human peripheral blood lymphocytes in the MN
test [24]. In this study, we opted to use peripheral blood
lymphocytes obtained from a single donor, as these cells
can reflect the micronucleus frequency between tissues
with cancer and lymphocytes.
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Table 2 The BMP-2, FGF-2, VEGF, and ALP levels of each group on days 1, 3 and 7. BMP-2 levels significantly increased over time in all CSC groups, contrasting with the control group

where they remained consistent. The highest FGF-2 levels were seen in Biodentine and NeoMTA groups on day 7. Bio MTA+ and NeoMTA exposure had no significant impact on VEGF
levels at any time point, with the maximum VEGF level observed in the Biodentine group on day 7. All CSCs demonstrated elevated ALP activity compared to the control on days 3

and 7, with the highest ALP activity observed in the Biodentine and NeoMTA groups on day 7
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Upon reviewing the available literature, a general
agreement emerges indicating the favorable biocompat-
ibility of calcium silicate-based materials. Studies have
consistently yielded no evidence of genotoxic effects
induced by CSCs in mammalian cells, with the exception
of light-cured CSCs [27, 30, 31]. In the current study, the
MN frequency in each experimental group was observed
to be lower than that in the control group across all tested
concentrations. The NDI in all groups was higher than
that in the control group at all concentrations, except for
the Biodentine and MTA Cem groups at a concentration
of 50 pg/ml. These findings suggest that these cements
do not exert any genotoxic effects on lymphocyte cells
except at the highest concentrations of Biodentine and
MTA Cem. Despite the contrasting results between MN
frequency and NDI values concerning the highest doses
of the Biodentine and MTA Cem groups, we reasoned
that MN frequency provides a more accurate assessment
of genotoxicity. This is based on the fact that MN fre-
quency is a direct measurement of chromosome damage,
unlike NDI, which primarily reflects damage in cell cycle
resulting in a reduction in cell proliferation. Moreover,
Fenech [25] noted that necrotic and apoptotic cells are
not included in the total number of cells scored in NDI,
leading to overestimated NDI values. Therefore, concern-
ing genotoxicity, the null hypothesis was accepted.

The present study is the first to investigate the geno-
toxicity of MTA Cem. Therefore, it was not possible to
compare the findings with those of other studies. None-
theless, the biocompatibility was verified for MTA Cem,
aligning with the outcomes generally reported for cal-
cium silicate-based cements. To date, only one study has
investigated the genotoxicity of Bio MTA+through sub-
cutaneous implantation in rats and and demonstrated
good biocompatibility [32]. In the present study, the
genotoxicity of Bio MTA+was assessed in vitro through
the MN assay, and no genotoxic effects on lymphocytes
were demonstrated for all tested concentrations.

Human DPSCs exhibit multipotent characteristics,
enabling them to proliferate, migrate to injury sites, and
differentiate into odontoblast-like cells, promoting the
formation of new dentin. When employed in vital pulp
treatments, calcium silicate-based cements come into
direct contact with dental pulp. As a result, evaluating
the cytotoxicity and bioactivity of these materials on
DPSCs is crucial for the repair of dentin-pulp complex
tissues [33—35]. In the present study, the cytotoxicity of
the materials was assessed using the WST-1 assay, which
determines the number of viable hDPSCs based on their
mitochondrial activity. Additionally, three dilutions of
the conditioned medium for each material were used to
mimic diverse clinical conditions. Notably, in vital pulp
treatments, these materials may be applied to dentin lay-
ers ranging from 0.01 to 0.25 mm in thickness or directly
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in contact with exposed pulp. As such, the concentration
of the material reaching viable pulp tissue might exhibit
variations. Moreover, it is noteworthy that the presence
of blood and lymphatic vessels in pulp tissue contributes
to the dilution of substances [34, 36].

The analysis of WST-1 cell viability assay revealed vari-
ability in responses among the tested CSC materials and
across various doses. Hence, the null hypothesis regard-
ing the cytotoxicity of the materials was rejected in this
study. In most previous studies, Biodentine and NeoMTA
have been shown to be noncytotoxic to dental pulp cells,
suggesting their potential as biocompatible materials
in vital pulp therapy [34, 35, 37]. Based on our results,
all tested cements exhibited comparable outcomes to
the control group, indicating their cytocompatibility to
DPSCs at all concentrations after 1 day of culture. How-
ever, in both the Biodentine and MTA Cem groups, cell
viability steadily decreased after 3 days of culture. A
similar pattern of results was obtained in a prior study by
Youssef et al. [38], where Biodentine displayed significant
cytotoxicity against DPSCs, reducing cell viability to 16%
after 3 days of culture. It is noteworthy that the decline in
cell viability on day 3 in our study was not as pronounced
as in their study. Furthermore, in the Biodentine group,
cell viability sharply increased after 7 days, reaching lev-
els similar to or even higher than those in the control
group. Additionally, in the present study, the undiluted
extracts of NeoMTA exhibited significantly lower cell
viability than the control group at 3 and 7 days of cul-
ture. This finding is in line with that of Kim et al. [39], as
both our study and theirs reported 25% cell viability for
the undiluted extracts of NeoMTA at 3 days of culture.
The mechanisms underlying the observed cytotoxicity
remain not fully elucidated. However, consistent with our
findings, Tomas Catala et al. [35] reported lower cell via-
bility for NeoMTA than for Biodentine. To address this
discrepancy, they conducted an in-depth analysis of the
chemical composition of the cement surfaces and their
eluate extracts using SEM/EDS. Notably, they identified a
100-fold increase in strontium (Sr) levels in the eluates of
NeoMTA compared to Biodentine. Additionally, silicon
(Si) ions were detected on the surface of NeoMTA but
were absent in Biodentine. They suggested that the lower
cell viability of NeoMTA may be associated with the
presence of ions such as Sr and Si in NeoMTA eluates,
which are not found in Biodentine [35]. This explanation
aligns with our own study results. Our findings demon-
strate that Bio MTA+exhibits biocompatibility, as it con-
sistently maintains cell viability rates above 50% across
all tested dilutions except for the undiluted extract after
7 days. This study is the first to investigate the cytotox-
icity of MTA Cem and Bio MTA+. Biocompatibility was
confirmed for both cements, aligning with the outcomes

Page 8 of 10

typically reported for calcium silicate-based cements in
general.

The biomineralization process which is related to bio-
activity of materials involves local angiogenesis and
osteo/odontogenesis events. These events are regulated
by several growth factors, among which BMP-2, FGEF-2,
and VEGF play significant roles [40]. BMP-2, a member
of the transforming growth factor beta (TGF-f) family,
plays a pivotal role in differentiating dental pulp stem
cells into odontoblasts during vital pulp therapy, contrib-
uting to the formation of mineralized tissue bridges [41,
42]. The efficacy of MTA in inducing BMP-2 expression
and calcification in hDPCs has been well established [43—
47]. In the present study, BMP-2 expression in all test
groups increased significantly over time. The Biodentine,
Bio MTA+and NeoMTA groups exhibited higher BMP-2
levels than the MTA Cem group on day 7.

VEGEF, one of the most important angiogenic factors,
plays a critical role in responding to pulp injury, leading
to enhanced blood vessel permeability and angiogenesis
during healing events [31]. A previous study showed that
VEGF promoted the proliferation and differentiation
of hDPCs into odontoblasts/osteoblasts, elevated the
expression of genes commonly associated with osteogen-
esis/odontogenesis, and enhanced mineralization and the
formation of tertiary dentin [48]. Previous studies have
demonstrated that VEGF is upregulated by Biodentine
in hDPSCs [38, 49]. To date, no studies on the levels of
VEGF in Bio MTA+, NeoMTA, or MTA Cem have been
reported. However, similar types of MTA brands such
as Proroot MTA and MTA Angelus showed an enhanc-
ing effect on VEGF regulation [38, 50, 51]. In the present
study, only Biodentine and MTA Cem upregulated VEGF
on days 3 and 7 compared to the control. The VEGF
level of Biodentine on day 7 was found to be significantly
higher than those of the other groups. Given these find-
ings, it can be inferred that Biodentine influenced VEGF
expression to a greater extent, which is significant for
angiogenesis and mineralization events.

An angiogenic growth factor, FGF-2, promotes wound
healing and tissue repair [52]. FGF-2 has also been
involved in odontogenesis [53] and the repair process of
pulpal wounds [54, 55]. In vital pulp treatment, its expres-
sion contributes to pulpal healing process and tertiary
dentin formation. In the current study, all groups showed
increased FGF-2 expression on day 3 and day 7 when
compared to the control. However, FGF-2 expression was
significantly lower in the MTA Cem group than in the
Bio MTA+, Biodentine, and NeoMTA groups. These data
suggest that all materials contribute to angiogenesis and
tertiary dentin formation by FGF-2 expression, but to a
lesser extent for MTA Cem. In contrast to our findings,
Olcay et al. reported no significant differences in FGF-2
and VEGF levels among their groups ProRoot MTA,
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Biodentine and Well-Root ST [40]. According to the pre-
viously discussed results of this study, the null hypothesis
regarding the bioactivity was rejected due to the signifi-
cant differences among the levels of BMP-, FGF-2 and
VEGEF in the tested materials.

ALP is a significant enzyme involved in the early stages
of osteo/odontogenic differentiation. It plays a crucial
role in tissue repair and healing after pulpal injury, as it
promotes mineral deposition and tissue calcification [44].
In the present study, all groups had significantly higher
ALP activity than the control groups on day 3 and day
7. Biodentine and NeoMTA induced a greater increase
in ALP activity when compared with the Bio MTA+and
MTA Cem groups on day 7. In most studies, tricalcium
silicate cements demonstrated the ability to enhance
ALP activity and promote the osteogenic differentiation
of stem cells [38, 44, 56]. The differentiation of progeni-
tor cells into odontoblast- or osteoblast-like cells is criti-
cal for healing process in vital pulp therapy [57]. During
their differentiation, osteo/odontoblasts secrete ALP and
type I collagen, contributing to the maturation of the
matrix and subsequent mineralization [58].

The present study had certain limitations. First, our
evaluation of cell viability was primarily based on the
WST-1 assay, and we did not examine cellular toxicity
encompassing apoptosis and necrotic cell death path-
ways. These areas warrant further exploration. Another
limitation may stem from the absence of prior reports
that evaluated the bioactivity and cytocompatibility of
Bio MTA+or MTA Cem.

Conclusion

Our study presented no genotoxic effects on human lym-
phocytes and no cytotoxicity on hDPSCs. Additionally,
these materials exhibited bioactive properties by increas-
ing the expression of angiogenic and osteogenic growth
factors and enhancing ALP activity. Further studies are
necessary to evaluate clinical outcomes and compare
them with the in vitro findings.
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