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Abstract: Three-dimensionally (3D) cultured dental pulp stem cells (DPSCs) reportedly exhibit
superior multi-lineage differentiation capacities and have a higher expression in regeneration-related
gene categories compared to conventionally cultured DPSCs. This study aimed to evaluate the
effects of various mineral trioxide aggregates (MTAs) on DPSCs cultured in 3D, assessing their cell
viability and tissue mineralization properties. We examined the morphology, cell viability, alkaline
phosphate (ALP) activity and qualitative alizarin red S staining assay of the DPSCs that reacted with
various MTAs, which included ProRoot (PRM), Biodentine (BIO), and Well-Root PT (WRP), in two
different culture plates, an ultra-low attachment plate (ULA) and a conventional monolayer plate
(2D). As a control, MTA-free and IRM samples were prepared. None of the MTA groups affected the
microsphere-forming characteristics of DPSCs that had been cultured in ULA. The DPSCs that were
cultured in ULA showed high cell viability in all MTA groups compared to IRM. The mineralization
potential was favorable in all MTA groups, with a significantly higher ALP activity among the DPSCs
that were cultured in ULA. Among MTAs, the PRM group showed substantially higher ALP activity
than the other MTA groups. In conclusion, our results indicate that 3D-cultured DPSCs with various
MTAs showed comparable viability and mineralization capacity similar to those cultured without
reacting with MTA cement.

Keywords: mineral trioxide aggregates; dental pulp; restorative dentistry; culture method

1. Introduction

Mineral trioxide aggregates (MTAs) are biocompatible endodontic cements that are
mainly composed of calcium and silicate elements [1]. MTAs were first developed and
introduced as a root-end filling and perforation repair material [2,3], and they might also be
useful for pulp capping, pulpotomy, apexification, apexogenesis, and root canal filling [4].
MTAs are a biocompatible material that are less cytotoxic than conventional endodontic
materials, and they have the advantages of promoting the formation of mineralized tissue
and preventing microleakage [5,6].

ProRoot MTA (PRM; Dentsply Sirona, Tulsa, OK, USA) is the first commercially avail-
able MTA for clinical use and is applied by mixing calcium silicate-based powder with
distilled water [7]. However, PRM has several drawbacks, including a prolonged setting
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time, difficulty in handling, and discoloration. To overcome these disadvantages, various
types of improved MTA products have been developed. Biodentine (BIO; Septodont, Saint
Maur des Faussés, France) has a short setting time and improved handling properties be-
cause of the incorporation of a hydrosoluble polymer and calcium chloride in the liquid [8].
Well-Root PT (WRP; Vericom, Chuncheon, Korea) is a recently introduced MTA that is a
ready-to-use, premixed, bioceramic paste that contains polyethylene glycol and polypropy-
lene glycol. These different options for MTAs were evaluated in the present study to
understand their strengths and limitations as options for clinical endodontic procedures.

Regenerative endodontics is defined as a biologically based procedure that is designed
to replace damaged structures, such as dentin, root structures, and cells of the pulp-dentin
complex [9]. The development of regenerative endodontics requires research on the correct
spatial assembly of stem cells, growth factors, and tissue engineering scaffolds [10]. Various
dental stem cells, including stem cells from exfoliated deciduous teeth (SHEDs), stem cells
from apical papilla (SCAPs), and periodontal ligament stem cells (PDLSCs), which are
situated around the dental tissues, have been used for regenerative endodontics [11]. Dental
pulp stem cells (DPSCs) are thought to be a superior source of multipotent mesenchymal
stem cells (MSCs) [12]. DPSCs have attracted considerable interest because of their potential
for use in regenerative endodontics and their easy availability in vital pulp tissues [13].

From the perspective of tissue engineering, data on stem cells have mostly been
gathered through the study of cells that have been cultured as a two-dimensional (2D)
monolayer on a dish surface [14]. DPSCs have also been cultured on 2D monolayers in
previous in vitro studies [15]. However, 2D cultures may not reflect the in vivo microenvi-
ronment of stem cells, and this may lead to the loss of some of their stemness properties [16].
In regenerative endodontics, DPSCs come into contact with biocompatible materials, such
as MTAs, in a three-dimensional (3D) pulp space. Recently, various 3D culture methods,
including the use of microspheres, have been developed to overcome the limitations of
monolayer cultures. DPSCs that have been cultured in microsphere-forming plates have
presented superior multilineage differentiation capacities and have demonstrated a higher
expression of regeneration-related genes compared to those cultured in a conventional
monolayer plate [12,16].

The aim of this study was to evaluate the effects of various MTAs on DPSCs that have
been cultured in 3D, assessing their cell viability and tissue mineralization properties. We
examined the morphology, viability, and alkaline phosphate (ALP) activity of DPSCs that
reacted with various MTAs in vitro.

2. Materials and Methods
2.1. Cell Culture

The primary cultures of DPSCs that were isolated from extracted human teeth at
passage three (Cefobio, Seoul, Korea) were cultured in a basal medium that contained alpha
minimum essential medium (α-MEM; GIBCO, Carlsbad, CA, USA), 10% fetal bovine serum
(FBS; Corning, New York, NY, USA), and 100 U/mL penicillin/streptomycin (GIBCO) in a
95% humidified atmosphere with 5% CO2 at 37 ◦C, and the medium was changed every
two days. A subculture of the cells was created when they reached confluence.

For the 2D monolayer culture (2D group), a subculture of DPSCs was developed in a
100 mm culture dish (2D plate; Corning, NY, USA). For this, DPSCs were treated with 0.25%
trypsin-EDTA (GIBCO, NY, USA) for 3 min, collected, centrifuged at 1500 rpm for 3 min,
and seeded in a 24-well cell culture plate (SPL Life Science, Seongnam, Korea) at a density
of 1.0 × 104 cells/well. For the 3D microsphere culture (ULA group), a subculture of DPSCs
was developed in Corning® Ultra-Low Attachment 96-well plate (Corning) following the
same protocol as for the 2D group, but seeded at a density of 2.0 × 104 cells/well.

2.2. Preparation of MTA Specimens and MTA Cement Eluates

The MTAs that were used in this study were PRM, BIO, and WRP; their compositions
are listed in Table 1. The cements were prepared using sterile instruments following the
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manufacturers’ recommendations. Different samples of PRM, BIO, and WRP were shaped
into 2 mm thick disks with a diameter of 7 mm using rubber molds. As a negative control,
Intermediate Restorative Material (IRM; Dentsply Sirona) was prepared in the same manner.
After preparation, the samples were placed in 2D plates and hydrated with humidified
gauze at 37 ◦C for 5 days to allow for complete setting. Before extracting the cement eluate,
the materials were sterilized through exposure to ultraviolet light for 30 min, and then
each specimen was separately soaked for 5 d in 20 mL of α-MEM without FBS at 37 ◦C and
5% CO2 under 95% humidity. After 5 d, the media were collected, filtered through sterile
0.22 µm filters, and diluted at a 1:1 ratio before testing on the cells was conducted.

Table 1. Materials used in this study.

Group Product Name Manufacturer Chemical Composition

IRM Intermediate
Restorative Material

Dentsply Sirona,
Tulsa, OK, USA

Powder: zinc oxide (75%),
polymethacrylate (20%)

Liquid: eugenol (99%), acetic acid
(less than 1%)

PRM ProRoot MTA Dentsply Sirona,
Tulsa, OK, USA

Powder: tricalcium silicate,
dicalcium silicate, bismuth oxide,

calcium sulfate, gypsum
Liquid: distilled water

BIO Biodentine
Septodont, Saint

Maur des Faussés,
France

Powder: tricalcium silicate,
dicalcium silicate, zirconium oxide,
calcium carbonate, calcium oxide,

dihydrate or gypsum
Liquid: distilled water, hydrosoluble

polymer, calcium chloride

WRP Well-Root PT Vericom, Chuncheon,
Korea

Tricalcium silicate, dicalcium silicate,
zirconium oxide, polyethylene
glycol, polypropylene glycol,

calcium sulfate dihydrate

2.3. Cell Viability

The morphology of DPSCs was examined using a conventional optical microscope
(LX-51, Olympus, Tokyo, Japan), and the viability of the DPSCs from each culture group
was evaluated on days 1, 3, and 7. For the 2D groups, the subculture of DPSCs that were on
a 2D 24-well plate were cultured with different cement eluates. The cement eluate medium
was refreshed every two days. The viability of the DPSCs was measured using the Cell
Counting kit-8 (CCK-8, Dojindo, Tokyo, Japan) assay on days 1, 3, and 7. For this, 2.2 mL
of CCK-8 solution was diluted at a 1:10 ratio with a basal medium and allowed to rest for
4 h. Next, 10 µL of the diluted solution was added to each well of a 2D 96-well plate. Each
eluate was assessed in triplicate. The plate was wrapped in aluminum foil to prevent light
exposure, and the absorbance was measured at 450 nm using a SpectraMax ELISA reader
(Molecular Devices, Sunnyvale, CA, USA). The average absorbance of each set of three
wells was considered for the statistical calculations. For the ULA groups, the subculture
of DPSCs that were on a ULA 96-well plate were cultured with each cement eluate. The
cement eluate medium was refreshed once every two days. The viability of the DPSCs was
measured using the CellTiter-Glo (Promega, Madison, WI, USA) assay on days 1, 3, and 7.
For this, 100 µL of CellTiter-Glo reagent was added to each of the 96 wells. Each eluate was
assessed in triplicate. The plate was shaken at a constant speed for 30 min to induce cell
lysis. After this, the contents of the wells were transferred to a 96-well white plate and the
luminescence was measured using a SpectraMax ELISA reader (Molecular Devices). The
average absorbance of each set of wells was considered for the statistical calculations.
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2.4. Alkaline Phosphate Activity Test

To induce osteogenic differentiation, cement eluates were cultured with an osteogenic
medium that contained α-MEM with 10% FBS, gentamycin, dexamethasone (10 nM), L-
ascorbic acid (100 µM), and β-glycerophosphate (10 mM). The negative control group was
cultured in a basal medium, and the positive control group was cultured in an osteogenic
medium. Cells were incubated for 1 week, with their respective media being replaced
every 2–3 d. After 1 week, the cells were washed by diluting the medium. The alkaline
phosphate (ALP) activity of DPSCs was measured using an alkaline phosphate assay kit
(ab83369; Abcam, Cambridge, MA, USA). For this, 50 µL of a p-nitrophenyl phosphate
(p-NPP) solution was added to 80 µL of each cement eluate. After 1 h at 25 ◦C in the dark,
20 µL of stop solution was added to each sample to stop the color reaction with p-NPP. The
samples were then transferred to a new 96-well plate, and absorbance was measured at
405 nm using a SpectraMax ELISA reader (Molecular Devices), followed by its conversion
into enzyme activity units. The protein value was then determined using the Bradford
method. ALP activity was expressed as U/L protein.

2.5. Alizarin Red S Staining

DPSCs were seeded in a 24-well cell culture plate (SPL Life Science, Seongnam, Korea)
at a density of 1.0 × 104 cells/well for the 2D group, and a Corning® Ultra-Low Attachment
96-well plate (Corning) at a density of 2.0 × 104 cells/well for the ULA group. DPSCs
were cultured with an osteogenic medium containing α-MEM with 10% FBS, gentamycin,
dexamethasone (10 nM), L-ascorbic acid (100 µM), and β-glycerophosphate (10 mM). The
negative control group was cultured in a growth medium (control_GM), and the positive
control group was cultured in an osteogenic medium (control_OM). Cells were incubated
for 3 weeks, with their respective media being freshly replaced every 2–3 d. After 21 days,
the medium was removed, and the cells were washed with PBS. DPSCs were fixed in 70%
ethanol and stained with 300 µL of 2% alizarin red S staining reagent (LIFELINE Cell Tech,
Frederick, MD, USA). After removing the staining reagent, a photograph was taken as it
was before and qualitatively examined.

2.6. Scanning Electronic Microscope (SEM)

Samples of PRM, BIO, and WRP were shaped into four disks with a 2.5 mm thickness
and with a 7 mm diameter using rubber molds. The DPSCs were directly seeded onto each
disk at a density of 5 × 104 cells/mL. After 5 d of culturing, the disks with DPSCs were
fixed in 3% glutaraldehyde for 4 h, dehydrated in a graded series of ethanol up to 100%,
immersed in 100% hexamethyldisilazane, air dried, mounted on aluminum stubs, and
sputter coated with gold/palladium (Polaron e5400 SEM Sputter Coating System; Bio-Rad,
Kennett Square, PA, USA), before being visualized using SEM at magnifications of ×100,
×400, and ×1000.

2.7. Statistical Analysis

Cell viability values were statistically analyzed using a two-way ANOVA and Tukey’s
honest significant difference (HSD) post hoc test. A two-way ANOVA was performed to
determine the interaction between ‘material type’ and ‘culturing time’. The results of the
ALP activity test were statistically analyzed using a one-way ANOVA and Tukey’s HSD
post hoc test. The statistical significance was set at a confidence level of 95%. Differences
were considered statistically significant at p < 0.05.

3. Results
3.1. Morphology

Figure 1 shows the morphology of 2D and ULA-cultured DPSCs with different cement
eluates. The DPSCs exhibited fibroblastic morphology in the control, IRM, PRM, BIO, and
WRP groups (Figure 1A–E). The DPSCs in the IRM group were not attached to the dish, but
were floating in the medium (Figure 1B). The DPSCs that were cultured in 2D showed that
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the number of cells increased with time. Figure 1F–J shows the morphology of the DPSCs
that were cultured in ULA plates with each cement eluate. The DPSCs in the control, PRM,
BIO, and WRP groups formed microspheres. These microspheres became smaller with
increasing aggregation over time. In contrast, DPSCs in the IRM group had floating cells
that did not form microspheres well (Figure 1G).
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3.2. Cell Viability

The results of the cell viability test of the 2D and ULA groups are presented in Tables 2
and 3. In both the 2D and ULA groups, PRM, BIO, and WRP exhibited significantly higher
cell viability compared to IRM at all of the indicated time points, except for the ULA group
on day 1 (p < 0.05). In the 2D group, cell viability in BIO was significantly lower than that
in PRM and WRP on day 1 (p < 0.05). In the ULA group, BIO exhibited significantly higher
cell viability than PRM and WRP throughout the study period (p < 0.05).

Table 2. Cell viability in 2D groups.

(Percentage of Control, %)

Group 1 Day 3 Day 7 Day

IRM 2.56 (±0.51) A 1.59 (±0.46) A 5.78 (±0.16) A

PRM 63.92 (±12.56) Ca 82.48 (±6.07) Bb 90.74 (±6.07) Cb

BIO 25.79 (±8.39) Ba 56.26 (±3.07) Bb 79.90 (±2.11) Bb

WRP 87.91 (±8.56) Db 55.49 (±18.68) Ba 87.68 (±4.21) BCb

Values are written as means (±standard deviation). Values with different capital and lowercase letters within
each column and row represent statistically significant differences (p < 0.05).
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Table 3. Cell viability in ULA groups.

(Percentage of Control, %)

Group 1 Day 3 Day 7 Day

IRM 106.09 (±12.01) A - -
PRM 107.46 (±4.39) ABa 130.04 (±9.06) Ab 184.75 (±4.48) Bc

BIO 135.59 (±17.75) Ba 181.62 (±15.05) Bb 228.81 (±6.78) Cc

WRP 91.31 (±10.40) Aa 144.09 (±13.34) Ab 127.83 (±17.87) Ab

Values are written as means (± standard deviation). Values with different capital and lowercase letters within
each column and row represent statistically significant differences (p < 0.05).

3.3. ALP Activity and Qualitative Alizarin Red S Staining Assay

The results of the ALP activity test using the ab83369 ALP assay kit and statistical
one-way ANOVA are shown in Table 4. In both the 2D and ULA groups, the ALP activity
of PRM was significantly higher than that of BIO and WRP (p < 0.05). Figure 2 presents the
results of the alizarin red staining assay. Its application in the PRM and BIO groups resulted
in intense staining, which was similar to the control OM group. WRP had some more
mineralized nodules than the control GM. However, the generalized staining was much
less than with other MTA groups. The ULA groups had stained microspheres, regardless of
the experimental groups. However, the staining made it harder to examine the odontogenic
and/or osteogenic differentiation, due to its morphological, three-dimensional, sphere-
forming characteristics.

Table 4. Alkaline phosphate activity in the experimental groups.

(U/L Protein)

Group 2D ULA

Basal media 1.68 (±0.02) A 1.42 (±0.02) A

Osteogenic media 3.21 (±0.78) C 2.75 (±0.04) BC

PRM 3.01 (±2.78) C 3.25 (±0.15) C

BIO 2.03 (±0.14) AB 2.63 (±0.44) B

WRP 2.69 (±0.52) BC 2.54 (±0.01) B

Values are written as means (± standard deviation). Values with different capital and lowercase letters within
each column and row represent statistically significant differences (p < 0.05).
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3.4. Scanning Electron Microscopy

Figure 3 shows the scanning electron microscopy (SEM) images of the morphology
of the DPSCs on the surfaces of the different materials after 120 h of culture. These
images revealed that the DPSCs were able to attach to each material. They covered the
surface of PRM, BIO, and WRP with spindle-shaped, flattened fibroblastic morphologies
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(red asterisks in Figure 3). However, in contrast to PRM and BIO, on the WRP surface,
fibroblastic morphology was barely visible, and cloud-like clustering of dead DPSCs was
observed extensively under low magnification (red arrow in Figure 3). The DPSCs on PRM
appeared flatter and broader in shape than the other groups.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 12 
 

 

 
Figure 3. Scanning electron microscopic images of the DPSCs that were on the surface of different 
MTA materials. 

4. Discussion 
In regenerative endodontics, biocompatible materials come into direct contact with 

blood clots, which act as natural scaffolds that contain DPSCs, and they regenerate dentin-
pulp complexes through an appropriate biological response. Thus, the requisites for 
biocompatible materials in regenerative endodontics are that they be non-toxic to dental 
pulp tissues and capable of inducing dentin repair or regeneration. MTAs are commonly 
used as biocompatible materials. In this study, DPSCs were exposed to the eluates of MTA 
cements to simulate the conditions of regenerative endodontics, and cell viability was 
measured using the CCK-8 assay for the 2D group and the CellTiter-Glo assay for the ULA 
group with observations of the morphology of the attached DPSCs or DPSC microspheres. 
Almost all of the groups of cells exhibited normal morphology and structure (Figure 1). 
In the 2D culture, the DPSCs exhibited a fibroblastic morphology, as has been observed in 
a previous study [12]. In contrast, when DPSCs were cultured in ULA, one large spheroid 
was observed. The diameter of this spheroid of DPSCs showed a tendency to decrease 
because the cells clustered together over time. In the IRM group, DPSCs were not attached, 
but remained suspended when cultured in 2D; when cultured in ULA, they did not 
aggregate with each other and instead spread apart. This is consistent with the low cell 
viability observed in the treatment with the IRM eluate. 

The CCK-8 assay measures the reduction of tetrazolium, and the change from WST-
8 to formazan, which occurs through enzyme activity in viable cells and has a specific 
color [17]. However, in the ULA group, where cells are organized as microspheres, it is 
difficult to accurately measure the change in color when conducting tetrazolium reduction 
analysis. This is because the tight cell–cell interactions in compact spheroids hamper the 
subsequent reduction to formazan, leading to an under-representation of the actual 
number of healthy cells [18]. CellTiter-Glo is a luminescence assay that determines the 
number of viable cells in culture by quantifying the total ATP content. In the results of our 
study, cells treated with IRM eluate exhibited significantly lower absorbance in CCK-8 
and CellTiter-Glo assays; the CCK-8 assay showed moderate absorbance values in the 
presence of all other MTA test groups. This difference was probably a result of the 
differences in the composition of the materials. A previous study reported that zinc oxide 
eugenol, a major component of IRM, has lower biocompatibility than calcium silicate, a 
major component of MTAs [19]. We performed the cell viability test, taking measurements 

Figure 3. Scanning electron microscopic images of the DPSCs that were on the surface of different
MTA materials.

4. Discussion

In regenerative endodontics, biocompatible materials come into direct contact with
blood clots, which act as natural scaffolds that contain DPSCs, and they regenerate dentin-
pulp complexes through an appropriate biological response. Thus, the requisites for
biocompatible materials in regenerative endodontics are that they be non-toxic to dental
pulp tissues and capable of inducing dentin repair or regeneration. MTAs are commonly
used as biocompatible materials. In this study, DPSCs were exposed to the eluates of
MTA cements to simulate the conditions of regenerative endodontics, and cell viability
was measured using the CCK-8 assay for the 2D group and the CellTiter-Glo assay for
the ULA group with observations of the morphology of the attached DPSCs or DPSC
microspheres. Almost all of the groups of cells exhibited normal morphology and structure
(Figure 1). In the 2D culture, the DPSCs exhibited a fibroblastic morphology, as has been
observed in a previous study [12]. In contrast, when DPSCs were cultured in ULA, one
large spheroid was observed. The diameter of this spheroid of DPSCs showed a tendency
to decrease because the cells clustered together over time. In the IRM group, DPSCs were
not attached, but remained suspended when cultured in 2D; when cultured in ULA, they
did not aggregate with each other and instead spread apart. This is consistent with the low
cell viability observed in the treatment with the IRM eluate.

The CCK-8 assay measures the reduction of tetrazolium, and the change from WST-8 to
formazan, which occurs through enzyme activity in viable cells and has a specific color [17].
However, in the ULA group, where cells are organized as microspheres, it is difficult to
accurately measure the change in color when conducting tetrazolium reduction analysis.
This is because the tight cell–cell interactions in compact spheroids hamper the subsequent
reduction to formazan, leading to an under-representation of the actual number of healthy
cells [18]. CellTiter-Glo is a luminescence assay that determines the number of viable cells
in culture by quantifying the total ATP content. In the results of our study, cells treated with
IRM eluate exhibited significantly lower absorbance in CCK-8 and CellTiter-Glo assays;
the CCK-8 assay showed moderate absorbance values in the presence of all other MTA
test groups. This difference was probably a result of the differences in the composition of
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the materials. A previous study reported that zinc oxide eugenol, a major component of
IRM, has lower biocompatibility than calcium silicate, a major component of MTAs [19].
We performed the cell viability test, taking measurements on days 1, 3 and 7. According to
the previous investigation of ours [12] and the preliminary pilot study, day 3 and day 5
showed a similar level of cell viability regardless of the experimental groups. Thus, we
decided to investigate the immediate, early (day 1 and 3), and mature (day 7) stages of cell
viability without providing the day 5 information.

In this study, the odontoblastic differentiation and mineralization effect of the ex-
perimental groups were investigated using ALP activity test and qualitative alizarin red
staining assay. ALP activity is a biochemical marker for osteoblasts and the formation of
new bone. In regenerative endodontic procedures, DPSCs differentiate into osteoblasts and
form mineralized tissues. ALP releases free phosphate ions, which react with calcium ions
to form a calcium phosphate precipitate, the molecular unit of hydroxyapatite. A previous
study reported that ALP exhibited a pronounced expression one week after its induction,
and it can be considered to be an early marker of osteo/odontogenic differentiation [20].
In this study, IRM was excluded because it had little cell viability, and basal media and
osteogenic media were set as negative and positive control groups, respectively. There
were no differences between the 2D and ULA groups, and the ALP activity in the cells
that were grown with all types of MTA was comparable to that of the control group. In
particular, PRM stimulated the highest levels of ALP in DPSCs, which was consistent with
a previous report that found that PRM exhibited a high level of ALP activity [21].

We utilized qualitative alizarin red staining to evaluate the mineralization of the
extracellular matrix for the 2D- and ULA-cultured DPSCs (Figure 2). For the 2D groups,
the PRM and BIO groups showed a greater increase in staining compared to control group,
which differed to the WRP group. PRM and BIO are currently referred to as hydraulic
calcium silicate cements (CSCs), and a recently released systematic review reported that
the application of these MTA-type CSCs led to no major differences in biocompatibility and
odontogenic effect when applied to human pulp-derived cells [22,23]. These reports were
coincident with our study regardless of the culture condition, though our study examined
the effect of various CSCs on the two- and three-dimensionally cultured DPSCs. To the
best of our knowledge, the three-dimensionally cultured microsphere-forming DPSCs have
not been investigated very much, so our findings might provide the potential evidence
that supports the utilization of the differently cultured DPSCs in endodontic regenerative
research or their future application in clinical procedures.

Generally, the alizarin red staining assay is used to quantitatively analyze the amount
of odontogenic differentiation. However, due to the different characteristics of the three-
dimensionally cultured microspheres of DPSCs, the quantitative comparison between 2D
and 3D culture methods could not be conducted. To negotiate the effect of the culture
methods and the different type of the MTA materials, RNA- or DNA-level laboratory
examination, such as RNA sequencing, is required due to the methodological differences
in the process of analysing the three-dimensionally cultured cells.

Although our study did not analyze the degree of the quantitative mineralization
staining, WRP exhibited much less mineralization staining after undergoing 21 days
in the odontogenic differentiation-conditioned medium compared to PRM and BIO. As
mentioned previously, WRP is the newly formulated premixed CSC, which is a ready-to-use
bioceramic paste. According to the manufacturer’s information, the materials are composed
of two major groups of chemical components. The first are tricalcium silicate, dicalcium
silicate, and zirconium oxide, which are most similar to that of other traditional MTA-type
CSCs; and the second are polyethylene glycol, polypropylene glycol, and calcium sulfate
dehydrate, which are different from conventional materials. Although our study has not
explored the physicochemical and compositional properties of the experimental materials,
the premixed-type CSCs might not have the chemical composition necessary to induce the
mineralization or odontogenic differentiation.
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The biomaterials that are used in endodontics make direct contact with pulp and
periodontal tissues. Cell attachment to a material surface is a good indication that the
material is biocompatible. Furthermore, if the material stimulates cell proliferation or
mineralization, then it is likely to promote the healing process. Observing the material
surface with SEM (Figure 3) can confirm whether the DPSCs adhere to it. In the PRM and
BIO groups, DPSCs adhered to the surface well, whereas in the WRP group, only a cloud of
dead cells was observed, and almost no cells with fibroblastic morphology were observed.
Further examinations, such as RNA extraction and PCR assay and Western blot analysis
with the specific markers (DSPP, DMP-1, Runx2, FGF-1 and VEGF), scratch wound healing
assay, and RNA sequencing, might provide more detailed scientific evidence, which could
contribute to the utilization of the DPSC microspheres in laboratory and clinical settings.

Within the limitations of this study, our results indicate that the DPSCs that were
cultured in ULA showed a level of viability and mineralization capacity similar to those
cultured in 2D after reacting with some MTAs, including PRM, BIO, and WRP. This suggests
that the biocompatibility of MTAs with 3D-cultured DPSCs is comparable to that of 2D-
cultured DPSCs. Future investigations using supplemental 3D culture methods, such as
hanging drop, magnetic levitation, and gel embedding, are required to understand the
precise interaction between MTAs and DPSCs in a regenerative endodontics environment.

5. Conclusions

None of the MTA groups affected the microsphere-forming characteristics of the
DPSCs that were cultured in ULA. The DPSCs that had been cultured in ULA exhibited
high cell viability in all of the MTA groups. The mineralization potential was found to
be good in all MTA groups, showing both significant osteogenic differentiation and high
ALP activity of the DPSCs that had been cultured in ULA using an osteogenic medium.
In particular, the PRM group showed significantly higher ALP activity than the other
MTA groups.
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