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ARTICLE INTFO ABSTRACT

Article history: Objective. Odontoblast differentiation from dental pulp stem cells (DPSCs) is involved in
Received 24 March 2019 a cascade of key biological events for maintaining pulp-dentin homeostasis, repair and
Received in revised form regeneration. A pulp regeneration biomaterial (mineral trioxide aggregate (MTA)) increased
30 May 2019 intracellular reactive oxygen species (ROS) levels during differentiation, ameliorating the dif-
Accepted 30 May 2019 ferentiating of DPSCs into odontoblasts. Here, ceria nanoparticles (CNP) were incorporated

as an insoluble antioxidant into commercially available MTA (CMTA), and the odontoblastic
differentiation of human DPSCs was investigated.

Keywords: Methods. The CMTA was fabricated from MTA and CNP conjugation up to 4wt%, and the
Ceria nanoparticle compressive strength, surface morphology after setting and setting time were investigated.
ROS downregulation Furthermore, the alkaline phosphatase (ALP) assay, Alizarin Red staining (ARS) and quanti-
Mineral trioxide aggregate tative real-time polymerase chain reaction (qPCR) were performed to evaluate odontoblastic
Dental pulp stem cells differentiation in an indirect co-culture system using inserts with pores. To reveal the under-

lying mechanism, the ROS levels and ion release were measured. Statistical analysis was
performed by one-way analysis of variance with a Tukey post hoc test (P <0.05).

Results. CMTA significantly elevated the odontoblastic differentiation of hDPSCs measured by
ALP activity, ARS, and odontoblastic gene expression, whereas the other physico-mechanical
properties were relatively maintained. Upregulation of gene expression from CMTA was
reversed with hydrogen peroxide. CMTA could reduce the increased intracellular ROS levels
of hDPSCs by approximately 70% during differentiation, similar to when an antioxidant was
used, without changing the ion release and pH of the media.
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Significance. CMTA could be useful dental materials for regenerating dentin-pulp complexes
by instructing intracellular ROS during differentiation to achieve beneficial biological func-
tions. This study suggests a new direction of dental nanomaterials in treating pulp-dentin

complexes.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.

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

1. Introduction

Regeneration of the dentin-pulp complex is the most impor-
tant biological phenomenon for maintaining tooth viability
after dental decay is treated [1-4]. Exciting progress is
being made in this field, which utilizes mesenchymal stem
cells (MSCs) from dental pulp tissues and promotes natural
repair of dental tissue through biomolecules or biomaterials
[5-8]. Recent clinical studies have revealed the potential of
implanted biomaterials (i.e., mineral trioxide aggregate (MTA)
and calcium hydroxide) for accelerating dentin-pulp complex
regeneration [9,10]. However, currently available biomateri-
als are still suboptimal for supporting dentin-pulp complex
regeneration due to insufficient odontoblastic differentiation
potential, which drives MSCs in the pulp tissue to mature
functional cells (odontoblasts) during regeneration.

Acceleration of odontoblastic/osteoblastic differentiation
in MSCs would be achieved from a new class of bio-
instructive material that regulates intracellular reactive
oxygen species (ROS) production [11,12]. During differ-
entiation, intracellular ROS levels increase and mitigate
differentiation efficiency. Antioxidant biomolecules such as
vitamin C and N-acetylcysteine (NAC) were supplemented in
a biomaterial-stem cell co-culture system, including MTA-
human dental pulp stem cells (hDPSCs), to detoxify the
microenvironment via ROS downregulation and successfully
accelerate differentiation [13,14]. However, there is a limita-
tion of applying the above antioxidant biomolecules in the
MTA system in clinical settings due to the burst release and
non-continuous efficacy of antioxidants in dynamic microen-
vironments [15,16].

Thus, antioxidants with continuous efficacy and high bio-
compatibility have been a promising alternative additive
[17,18]. Recently, inorganic metal (gold, silver, platinum, sele-
nium) or metal oxide (ceria) nanoparticles exhibited intrinsic
redox activity and have been utilized as insoluble biocom-
patible antioxidants in various medical devices for hard- or
neuro-tissue regeneration [19-27]. Here, ceria nanoparticles
(CNP) was chosen as a model for incorporating MTA to achieve
sustained antioxidant ability during odontoblastic differenti-
ation of hDPSCs.

During differentiation into odontoblasts from hDPSCs,
intracellular ROS are upregulated, alleviating the differenti-
ation capacity. Thus, myriad antioxidants (i.e. vitamin C and
NAC) have been added to the hDPSC differentiation condition
to detoxify the microenvironment via ROS downregulation
and accelerate odontoblastic differentiation [13,14]. However,
application of the above antioxidants in the MTA system is
limited due to the burst release of antioxidants and discon-

tinuous antioxidant effects in dynamic microenvironments.
Thus, insoluble antioxidants, capable of revealing consistent
antioxidant capacity, with high biocompatibility have been
suggested as a promising alternative additive.

Ceria is CeO; (cerium oxide) and belongs to the rare-earth
elements. Recently, inorganic CNP has been utilized as an
insoluble biocompatible antioxidant in a myriad of medical
devices for hard- or neuro-tissue regeneration [19-21]. Thus,
CNP was mixed in MTA to achieve antioxidant ability dur-
ing odontoblastic differentiation. After characterization of the
physico-mechanical properties of compressive strength and
surface morphology after setting time, odontoblastic differen-
tiation was investigated in an indirect co-culture system using
inserts with pores. The null hypothesis of this investigation
is that there is no difference in odontoblastic differentiation
between CNP-incorporated MTA and as-received MTA.

2. Materials and methods
2.1.  Synthesis of CNP-incorporated MTA

MTA, consisting of MTA powder, and distilled water (DW)
were obtained (Ortho MTA, BioMTA, South Korea; lot num-
ber OM1610D15). Ortho MTA consists of tricalcium silicate
(3Ca0-5i0;) 76.3%, dicalcium silicate (2Ca0-SiOy) 11.8%,
tricalcium aluminate (3Ca0-Al,03) 8.0%, tetracalcium alumi-
noferrite (4Ca0-Al,03-Fe;03) 0.8% and free calcium oxide (Free
Ca0) 0.7% as weight % and revealed similar clinical outcomes
compared to ProRoot MTA [28]. A CNP sol-gel was fabricated
and characterized by transmission electron microscopy for
morphology and TMB (3,3/,5,5 -tetramethyl-benzidine) assay
with hydrogen peroxide for catalytic effect (antioxidant effect)
according to previous protocols [20,29]. CNP were incorporated
as an additive in quantities of 0.5%, 1%, 2%, and 4% by weight
relative to the amount of MTA powder. MTA powder only (0%
CNP) was used as control. After mixing the materials mechan-
ically using a rolling ball mill for 24h, DW was added to the
powder at a ratio of 1:1 liquid (mL) to powder (g). After the set-
ting time, disc (h=2mm and d =6 mm) specimens were made.
Alltools, including the spatula and mould, were sterilized with
ethylene oxide gas before biological testing [30].

2.2. Physico-mechanical properties

The CNP-incorporated MTA disc specimens (@=10mm,
d=2mm) were set and polished using SiC paper (up to 1200
grit), and surface morphology was characterized by scanning
electron microscopy (SEM, Sigma 500, ZEISS, Jena, Germany).
Compressive strength was measured according to ISO 6876
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[31]. Briefly, after the powder was mixed with DW, the result-
ing MTA was inserted into metal moulds (thickness=6mm
and diameter =4 mm) and allowed to set at 37 °C (n=10). After
1 day, compressive strength was measured using an Instron
5966 machine (MA, USA) with a 10kN load cell at a speed of
1.0mm/min [32]. The compressive strength (MPa) was deter-
mined by dividing the maximum load force before fracture
(N) by the area (mm) of the specimen. The setting time was
measured according to the standards for root canal sealing
materials (ISO 6876, n=3) [31]. The CNP 0% (MTA) and CNP
4% specimens were chosen as representative materials among
experimental groups due to their similar compressive strength
regardless of CNP amount conjugated in MTA. Briefly, 30 min
after the MTA mixing was started, a Teflon mould (¢ =10mm,
d=2mm) was filled and placed on a Teflon block, and the
MTA was maintained at 37°C and 95% humidity during the
measurements. The initial time of the specimens was marked
using a Gillmore needle at 30s intervals. Then, a 1/4-pound
flat-end indenter needle was applied vertically to the hori-
zontal surface of the specimens for 5s. The setting time was
independently recorded (n=3).

2.3. Cytocompatibility test

Primary hDPSCs from a non-caries third molar were cultured
between the third and ten passages and were used in this
study throughout the in vitro experiments after the exper-
imental protocol was approved by the Institutional Review
Board (H-1407/009/004) [33]. A cytotoxicity test was performed
based on ISO 10993-5. After the cells were seeded (6 x 10* cells/
24-well plate) and incubated at 37°C in a humidified atmo-
sphere of 5% CO; and 95% air, each specimen was placed on
an insert with 3 um pores and co-cultured for 1 day. The disc
(thickness =2 mm and diameter =6 mm) specimens were made
with tools sterilized with ethylene oxide gas using a Person
EO50 system (Person Medical, Gunpo-si, Gyeonggi-do, Korea)
[30]. Alpha-minimum essential medium supplemented with
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA),
10% fetal bovine serum (Gibco, Waltham, MA, USA), 0.1 mM
L-ascorbic acid (Sigma), and 2 mM GlutaMAX (Gibco) was used
as the maintaining media (MM) for culturing hDPSCs. The cul-
ture volume for the cytotoxicity test with specimen on the
insert was initially calculated based on ISO 10993-12 at a ratio
of 3cm?/mL (100%). To immerse the specimen on the insert,
the culture media in a well were further adjusted to two (50%)
and four (25%) times the original calculated media volume.
After 24h of incubation, cell viability was assessed by the
MTS assay by measuring the optical density at 450 nm using
a spectrophotometer (SpectraMax M2e, Molecular Devices).
MM without specimen was used as control for normaliza-
tion. To confirm the cytotoxicity results, the live and dead

cells were stained with a commercial kit (LIVE/DEAD™ via-
bility/cytotoxicity kit, ThermoFisher Scientific, Waltham, MA,
USA) consisting of calcein AM and ethidium homodimer-
1, and images of the live (green) and dead (red) cells were
scanned by a digital imaging system (Celena®S, Logos Biosys-
tems, Anyang-si, Gyeonggi-do, South Korea).

2.4. Alizarin Red staining (ARS) and alkaline
phosphatase (ALP)

To assess the in vitro odontoblastic differentiation of hDPSCs,
cells (600pL of 10°/ml) cultured for 24h with maintain-
ing medium until adherence in 24-well plates were further
co-cultured with the determined specimen via the insert
in odontogenic differentiation medium (OM, 1256 uL, 25%
condition) that included 50 wg/mL ascorbic acid, 100 nM dex-
amethasone, and 10mM B-glycerophosphate, as described
previously [8]. OM and MM without specimen co-culture was
used as positive and negative control, respectively. Every 2-3
days, the medium was changed. At specific days, the dif-
ferentiated cells were fixed with 10% paraformaldehyde for
30min and rinsed with a phosphate-buffered solution before
further staining. At 7 and 14 days, biomineralization mea-
sured by ALP activity was visualized by staining using a
Sigmafast BCIP”/NBT tablet (Sigma) according to the manu-
facturer’s recommendation. On day 21, the cells were stained
with a 2% ARS solution (pH 4.2) for 30min [34]. After being
stained and washed five times with DW, images were taken by
light microscopy (Olympus 1X71, Shinjuku, Tokyo, Japan). All
analyses were independently performed in triplicate, and the
representative images are shown.

2.5.  Real-time polymerase chain reaction (PCR)
analysis for odontogenic gene expression

After 7 days of odontogenic induction with the specimens
from all the groups described above, real-time PCR was per-
formed according to the manufacturers’ protocols. As an
antioxidant treatment group, NAC (5mM, Sigma) was sup-
plemented in OM. As a high-ROS-condition model, hydrogen
peroxide (0.1 mM) was added to OM with CNP 4%. Briefly, total
RNA was extracted using an RNA purification kit (GeneAll,
Ribospin TM, Seoul, Korea), and 2 pg of total RNA was reverse
transcribed to cDNA using the AccuPower RT Premix (Bioneer,
Daejeon, Korea) and a model 2720 Thermal Cycler (Life Tech-
nologies, Foster City, CA, USA). The quantitative PCR (qPCR)
experiments were performed using the RealAmp SYBR gPCR
master mix (GeneAll) and a real-time PCR system (StepOne-
Plus, Applied Biosystems) according to the manufacturers’
instructions. The differential expression of three odontogenic
genes (dentin matrix acidic phosphoprotein 1 (DMP1), dentin

Table 1 - Sequence of primer for PCR.

No. Origin Gene Forwar primer sequence 53’ Reverse primer sequence 5'-3’
1 Human B-actin CATGGATGATGATATCGCCGCG ACATGATCTGGGTCATCTTCTCG

2 Human DSPP AGAAGGACCTGGCCAAAAAT TCTCCTCGGCTACTGCTGTT

3 Human DMP-1 CAGGAGCACAGGAAAAGGAG CTGGTGGTATCTTCCCCCAGGAG
4 Human OCN GTGCAGCCTTTGTGTCCAAGCAGGA CCGTAGAAGCGCCGATAGGCC
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Fig. 1 - SEM images and mechanical properties of ceria nanoparticle (CNP)-incorporated mineral trioxide aggregates (MTA).
Different weights of CNP were incorporated into the MTA powder at up to 4%. The surface was rough in all groups after
setting and CNP 2% and 4% seemed to have more aggregates than others. The setting time (ST) increased approximately
22 min for CNP 4% compared to that for the MTA control. Compressive strength was maintained regardless of CNP

incorporation.

sialophosphoprotein (DSPP) and osteocalcin (OCN)) was ana-
lysed and normalized to that of B-actin. The primer sequences
used are listed in Table 1. After confirming the qPCR effi-
ciency (90-110%) of each gene using ten-fold serial dilutions
of cDNA, the positive controls, no-amplification controls and
no-template controls were used to confirm the reliability of
gPCR without any contamination according to the literature.
The relative fold-change in expression was automatically cal-
culated using the 2-22Ct value relative to that of unstimulated
hDPSCs (with OM) using StepOne software v2.3. The represen-
tative means (n=4) were recorded for each sample, and the
means with standard deviations (SDs) were calculated (n=23)
for independent triplicate experiments.

2.6.  Released ions and pH change

Representative CNP 0% (MTA) and CNP 4% specimens were
chosen for investigating possible factors that affect odon-
toblastic differentiation. Each specimen was incubated in
alpha-minimum essential medium (1 specimen/1256 pL, 25%

condition). The release of calcium (Ca), silicate (SiOs3), and bis-
muth (Bi) ions from the extract was measured at a ratio of
3cm?/mL with inductively coupled plasma atomic emission
spectrometry (ICP-AES) (n=3, Optima 4300DV, PerkinElmer,
Waltham, MA, USA) according to a previous procedure [35].
The detection limit was 0.1 ppm. After filtering the eluent, 1%
nitric acid (15pL) was added to 1,5mL extract media before
measurement. The changes in pH during culture were mea-
sured with a digital pH meter (n=3, Orion 4 Star, Thermo
Scientific Pierce, IL, USA) at each time point up to 21 days with
media change every 2-3 days. After calibration, the pH of the
media was measured as a vehicle control (7.6 £0.1) according
to the manufacturer’s protocol [33]. To confirm reproducibility,
all measurements were independently performed in triplicate.
The representative means (n=3)+ SDs are shown.

2.7. Inhibited ROS

The generation of intracellular ROS was detected using
the CellROX™ Orange reagent (1987206, Invitrogen, Thermo
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Fig. 2 - Cytocompatibility of CNP-incorporated MTA. Increased CNP incorporation into MTA alleviated the low survivability
of human dental pulp stem cells (hDPSCs, P <0.05) caused by a toxic extract (diluted two times (50%) from the ISO standard
extract condition) from the original MTA when MTA was co-cultured with hDPSCs for 24 h, as confirmed by the live (green)
and dead (red) images. The significant decrease in hDPSC survivability from the as-received MTA was recovered by the
CNP-incorporated MTA. The different letters indicate statistically significant differences between their corresponding values
(P <0.05). The scale bar is 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Fisher Scientific, USA). Briefly, the cells (600 pL of 10°/mL)
were cultured for 24h with MM until adherence in 24-well
plates and were challenged with hydrogen peroxide (0.5 mM)
for 30 min under MM or OM along with the CNP 0% or 4% speci-
men; 5 pM of the CellROX™ Oxidative Stress Reagent working
solution was further incubated for 1h in the dark in a 37°C
incubator. The fluorescence of intracellular ROS was captured
by a digital imaging system and quantified by ImageJ (NIH,
USA, ver. 1.52a). NAC (5mM, Sigma) treatment was used for
the antioxidant positive group.

2.8. Statistical analysis

The data are expressed as the mean + SD of at least three inde-
pendent experiments. Statistical significance at a value of 0.05
was evaluated via one-way analysis of variance with a Tukey
post hoc test using SPSS (Version 21.0; SPSS, Chicago, IL).

3. Results

3.1. Physico-mechanical characterization of
commercially available MTA (CMTA)

Along with previous literatures, CNP was successfully sol-gel
processed with typical morphology, visualized by TEM, and
antioxidant (catalytic) effects (Supplementary Fig. 1). Then,
up to 4wt% sol-gel processed CNP were evenly incorporated
into the MTA powder using a rolling machine and mixed
with DW at a ratio of 1:1 (powder (g): liquid (mL)) for setting.
The surface morphology of the set CMTA was visualized by
SEM. A rough surface appeared with a wide range of granule
sizes from all groups. CNP 2% and 4% seemed to have higher
amounts of ‘aggregates’ on the surface compared to others
(Fig. 1). Compressive strength was tested to analyse whether
CNP mitigate the mechanical strength of set MTA, revealing
no significant decrease in compressive strength up to 4 wt%
incorporation. Lastly, the setting time was measured accord-
ing to ISO 6876, showing a slight increase (approximately 6%)

in setting time from 351 +8.5min (CNP 0%) to 373 +7.63min
(CNP 4%, P<0.05).

3.2. Cytocompatibility test

The viability of the hDPSCs was investigated using biomimetic
experimental conditions in which CMTA, placed on an insert
with a 3 um pore size to mimic the size of dentinal tubules,
was co-cultured with the hDPSCs, and the extract from CMTA
could interact with adherent hDPSCs via pores in the insert.
At 100% extract culture conditions, the specimen was not
fully immersed under the media for 24h. Thus, 50% extract
culture conditions were initially chosen for checking cytocom-
patibility. The MTA revealed a 40% reduction in cell viability
(approximately 60%) compared to that of the control, while
CNP 2% and 4% showed an increase in viability up to 70-90%
(P<0.05, Fig. 2A). The live and dead images of CNP 0% con-
firmed the decrease in cell viability, as measured by the above
CCK assay, resulting in fewer live (green) and few dead (red)
cells than for the control (Fig. 2B). According to the increase
in CNP incorporation, more live cells appeared. Under 25%
extract culture conditions, cell viability was above 80-90% in
all groups under growth condition and differentiated con-
dition (Supplementary Fig. 2), which condition (25% extract
culture condition) was further used for odontoblastic differ-
entiation test.

3.3. Odontoblastic differentiation

Odontoblastic differentiation with CMTA was investigated
under differentiation media using ALP & ARS staining (Fig. 3)
and real-time gPCR assay (Fig. 4). ALP staining after 7 and 14
days of co-culturing revealed an elevation in ALP staining in
CMTA, consistent with the increase in CNP incorporation. ARS
staining after 21 days indicated a large amount of calcium
deposition in the CNP 4% samples. The gPCR results at 7 days
indicated an increased expression of odontoblastic markers
such as DMP1, DSPP and OCN in CNP 2%, 4% and 0% with NAC
(positive control as an antioxidant treatment group) (P <0.05).
Odontogenic gene expression was downregulated in cells cul-
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Fig. 3 - Increased odontoblastic differentiation in cells cultured with CNP-MTA. Increase in alkaline phosphatase (ALP)
activity (7 and 14 days) and calcium deposition (21 days) evaluated by Alizarin Red S (ARS) staining when MTA was
incorporated with CNP. Gradual alleviation of the staining was observed. The scale bar is 300 pm.
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Fig. 4 - Upregulation of odontoblastic
differentiation-related gene expression from CNP-MTA.
Increased dentin matrix acidic phosphoprotein 1 (DMP1),
dentin sialophosphoprotein (DSPP) and osteocalcin (OCN)
gene expression levels in cells co-cultured with CNP-MTA
(especially CNP 2 and 4%) for 7 days. When hydrogen
peroxide was supplemented with CNP 4%, odontogenic
gene expression was upregulated. When the antioxidant
(NAC) was added with CNP 0%, odontogenic gene
expression was enhanced, similar to CNP 4%. The different
letters indicate statistically significant differences between
their corresponding values (P <0.05).

tured on CNP 4% with hydrogen peroxide compared to that of
cells culture on CNP 4% (P <0.05).

3.4.  Downregulation of intracellular ROS as a key
biological effect

To reveal the underlying mechanism of upregulation of odon-
toblastic differentiation from CMTA, the amount of ion release,
release profiles and pH change were investigated (Fig. 5). Two
major therapeutic ions of calcium and silicate were similarly
released up to 21 days with similar profile patterns between

CNP 0% and 4%, while another ion of bismuth from bismuth
oxide, incorporated in MTA as a radiograph enhancer, was also
comparatively leached out. Cerium ions were not detected,
and Al ions were detected at less than 1ppm for up to 21
days in both groups (not shown). The pH change over 21 days
was also similar between CNP 0% and CNP 4% (continuously
dropping from pH 12 to 9).

Finally, intracellular ROS levels were investigated after
30min of hydrogen peroxide challenge, followed by 1h of
incubation with CMTA under differentiation media (Fig. 6).
The differentiation media induced high intracellular ROS lev-
els (red colour) compared to the growth media (P<0.05), and
this high ROS upregulation (approximately 17 a.u.) was signif-
icantly mitigated by approximately 30% with CNP 4% and NAC
(approximately 5 a.u., P<0.05).

4, Discussion

In the present study, the successful incorporation of ther-
apeutic nano-additive CNP as an antioxidant in MTA was
reported for use in pulp-dentin regeneration. Odontoblas-
tic differentiation from hDPSCs is essential for endowing
the dentin-pulp complex with regenerative potential when
injured and maintaining haemostasis of the pulp-dentin com-
plex. MTA has been successfully applied in clinical settings
for regenerating the pulp-dentin complex, but the biological
performance of MTA, such as its odontoblastic differentiation
ability, is still suboptimal, resulting in failure of pulp-dentin
regeneration or repair. One of the promising strategies to
enhance the odontoblastic differentiation of MTA is to incor-
porate functional biomolecules or therapeutic nano-additives.
Antioxidants have been highlighted as a promising additive
due to their enhanced odontoblastic differentiation ability
[36]. During differentiation into odontoblasts from hDPSCs,
intracellular ROS are upregulated, alleviating the differenti-
ation capacity. Thus, antioxidants are essential ingredients
in odontoblast differentiation media, and further adding
antioxidants or preconditioning stem cells with antioxidants
synergistically enhances odontoblastic or osteoblastic differ-
entiation [37].
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Fig. 5 - Ion release and pH change from CNP-MTA. Comparison of the release of ions (calcium, silicate, and bismuth) in the
culture media for up to 21 days between the CNP 0% (MTA) and CNP 4% groups. Cerium ions were not detected in CNP 4%.

The pH change over time was similarly detected in the media.

Antioxidants such as vitamin C and NAC were added to the
biomaterial-stem cell co-culture system, including the MTA-
hDPSC co-culture system, to detoxify the microenvironment
via ROS downregulation and accelerate differentiation [13,14].
However, application of the above antioxidant biomolecules
in the MTA system in clinical settings is limited due to the
burst release of antioxidants in dynamic microenvironments.
Thus, insoluble antioxidants with high biocompatibility have
been a promising alternative additive. Recently, inorganic CNP
has been utilized as an insoluble biocompatible antioxidant

DM+CNP 4%

in a myriad of medical devices for hard- or neuro-tissue
regeneration [19-21]. Here, CNP in MTA was mixed to achieve
antioxidant ability during odontoblastic differentiation.
Adding up to 4 wt% CNP into commercially available MTA
powder did not mitigate compressive strength, a key test
parameter for resisting biting force, and the outer appear-
ance after setting, which can further influence the ion release
profile to affect the biological effects of hDPSCs. Interest-
ingly, a therapeutic role of CMTA was observed in the indirect
co-culture system for 1 day using the insert, increasing the via-

OM+CNP 0%
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Fig. 6 - Reactive oxygen species (ROS) downregulation of hDPSCs by CNP-MTA. The levels of intracellular ROS (red coloured)
in the odontogenic differentiation media (OM) culture system were high compared to that in the maintaining media (MM).
The increase in intracellular ROS level under OM significantly decreased with CNP 4%, which might induce efficient
odontoblastic differentiation. N-acetyl-L-cysteine (NAC) was used as an antioxidant positive control. The different letters
indicate statistically significant differences between their corresponding values (P < 0.05). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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bility of the hDPSCs from 60% (CNP 0%; MTA) to 90% (CNP 4%).
Upregulation of odontoblastic differentiation was confirmed
by ALP and ARS staining, indicating good deposition of phos-
phate and calcium during odontoblastic differentiation. The
upregulation of odontoblastic gene expression markers, such
as DMP1, DSPP and OCN, in the CNP 4% group compared to that
of the differentiation media control supported the above ALP
and ARS staining results. To determine the therapeutic role
of CNP 4% in ROS modulation, a non-lethal concentration of
hydrogen peroxide was supplemented with CNP 4%, indicat-
ing a reduction in upregulated odontogenic gene expression
to basal levels. Furthermore, when an antioxidant (NAC) was
supplemented with CNP 0%, odontogenic gene expression was
enhanced. Taken together, these results suggest that CMTA
has a therapeutic role during odontogenic differentiation via
ROS modulation (downregulation).

To eliminate the possibility that other factors were
involved, the amount of released ions and pH change were
investigated in detail. Differently released ions from the bio-
materials possibly induced regenerative effects [38-40]. Thus,
the amounts of ions and their release profile were compared
between CNP 0% and 4%, revealing no significant change in
therapeutic (Ca?* and Si032~) and non-therapeutic (Bi** and
Al**) ion release. Cerium ions were not detected in the CNP
4% group, indicating that CNP, an inorganic additive, was
insoluble and that the catalytic effect for ROS modulation
(downregulation) was continuous. The basic pH of the culture
media was also possibly involved in accelerating odontoblas-
tic differentiation [33]. In this system, the pH changes were
similarly for CNP 0% and 4% over 21 days of incubation. Taken
together, the results show that the amount of released ions
and the pH of the media were not factors affecting odon-
toblastic differentiation. To confirm the antioxidant role of
CNP after incorporating MTA, intracellular ROS were visual-
ized. The small increase in the intracellular ROS level of OM
compared to that of GM was not enough to investigate the
alleviation of intracellular ROS from CTMA. Thus, we applied
sublethal concentrations of hydrogen peroxide (0.5 mM) for
30min to accelerate the intracellular ROS levels and further
co-cultured the cells with CMTA. OM increased the ROS levels
up to 17 a.u. compared to that of MM, which was normal-
ized to 0 a.u. When CNP 4% was co-cultured after the medium
was changed to OM, the intracellular ROS level decreased by
approximately 30% to 5 a.u., similar to the antioxidant effect
from NAC. NAC is a well-known antioxidant biomolecule that
accelerates odontoblastic differentiation and is used as an
antioxidant positive control. Together with the ion release pro-
file and in vitro intracellular ROS investigations, these data
suggest that the CNP in MTA indirectly provides a therapeutic
biological response at a distance via downregulation of intra-
cellular ROS during odontoblastic differentiation of hDPSCs
that can improve the state-of-the-art in clinical dentistry for
regenerating dentin-pulp complexes.

5. Conclusions

In conclusion, for the first time, this study demonstrated
the successful synthesis of incorporating insoluble inorganic
CNP into MTA to accelerate odontoblastic differentiation via

ROS downregulation with minimal influence to the physico-
mechanical properties of MTA. CNP-incorporated MTA can
accelerate odontoblastic differentiation without negatively
influencing compressive strength. Thus, CMTA could be useful
as dental materials for regenerating the dentin-pulp com-
plex by instructing pathological intracellular ROS for achieving
beneficial biological functions.
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