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Abstract 

Background:  Direct pulp capping is a vital pulp therapy for a pin-point dental pulp exposure. Applying a pulp cap‑
ping material leads to the formation of a dentin bridge and protects pulp vitality. The aim of this study was to com‑
pare the effects of four dental materials, DyCal®, ProRoot® MTA, Biodentine™, and TheraCal™ LC in vitro.

Methods:  Human dental pulp stem cells (hDPs) were isolated and characterized. Extraction medium was prepared 
from the different pulp capping materials. The hDP cytotoxicity, proliferation, and migration were examined. The 
odonto/osteogenic differentiation was determined by alkaline phosphatase, Von Kossa, and alizarin red s staining. 
Osteogenic marker gene expression was evaluated using real-time polymerase chain reaction.

Results:  ProRoot® MTA and Biodentine™ generated less cytotoxicity than DyCal® and TheraCal™ LC, which were 
highly toxic. The hDPs proliferated when cultured with the ProRoot® MTA and Biodentine™ extraction media. The 
ProRoot® MTA and Biodentine™ extraction medium induced greater cell attachment and spreading. Moreover, the 
hDPs cultured in the ProRoot® MTA or Biodentine™ extraction medium migrated in a similar manner to those in 
serum-free medium, while a marked reduction in cell migration was observed in the cells cultured in DyCal® and The‑
raCal™ LC extraction media. Improved mineralization was detected in hDPs maintained in ProRoot® MTA or Bioden‑
tine™ extraction medium compared with those in serum-free medium.

Conclusion:  This study demonstrates the favorable in vitro biocompatibility and bioactive properties of ProRoot® 
MTA and Biodentine™ on hDPs, suggesting their superior regenerative potential compared with DyCal® and 
TheraCal™.
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hydroxide

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
The ultimate aim of restorative dentistry is to preserve 
dental pulp tissue vitality. Various therapeutic appli-
cations have been introduced to maintain dental pulp 
function. Direct pulp capping is performed to treat a 
pin-point dental pulp tissue exposure when there is no 
inflammation. In this method, a bioactive material is 

placed directly over the exposed dental pulp tissue. Pulp 
capping materials function as a physical barrier to seal 
and prevent a connection between the dental pulp and 
oral cavity, reducing potential irritation and infection. 
The material simultaneously promotes dental pulp heal-
ing by inducing reparative dentin. Moreover, the direct 
pulp capping method is more cost-effective compared 
with traditional root canal treatment [1].

For pulp wound healing process, dental pulp cells gen-
erally proliferate and also migrate to the injured site. Sub-
sequently, these cells differentiate into odontoblast-like 
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cells that form tertiary dentin [2]. The cells participating 
in this regeneration and repair processes originate from 
several locations in the pulp tissue, including the perivas-
cular area [3]. In response to a deep dental cavity, the 
cells in the perivascular area proliferate, then migrate to 
an area adjacent to the injury site after 4–6  weeks, and 
form reactionary dentin [3]. Human dental pulp stem 
cells (hDPs) have been reported as a critical key for repar-
ative dentin formation. STRO1-positive hDPs express 
pericyte-associated antigen, confirming the perivascu-
lar niche of hDPs [4]. These cells exhibit a fibroblast-like 
morphology with superior proliferative ability compared 
with human bone marrow-derived mesenchymal stem 
cells [5]. hDPs express mesenchymal stem cell markers 
and have multipotential differentiation ability [5]. It has 
been shown that hDPs can differentiate into ectodermal, 
mesodermal, and endodermal-derived cells [6–8]. Hence, 
these cells are proposed as an alternative cell source for 
various regenerative applications [9].

An ideal pulp capping material should prevent bacterial 
infiltration, trigger minimal inflammation, and induce 
dentin bridge formation. Current materials clinically 
used for pulp capping can be generally divided into cal-
cium hydroxide (Ca(OH)2)-, mineral trioxide aggregate 
(MTA)-, calcium silicate-, and adhesive-based materi-
als. A systematic review and meta-analysis demonstrated 
that MTA-treated teeth have a higher clinical success 
rate (including inflammatory response and dentin bridge 
formation) than those treated with Ca(OH)2 [10]. How-
ever, Ca(OH)2 treatment results in more dentin bridge 
formation and less inflammation compared with adhesive 
system treatment [10]. Interestingly, MTA- and calcium 
silicate-based materials have a comparable effect on den-
tin bridge formation, inflammatory response, and success 
rate [10]. Apart from these clinical observations, direct 
comparison of the effects of these materials on hDPs 
in  vitro is limited. Thus, the aim of the present study 
was to compare the response of hDPs to four commer-
cially available materials for vital pup therapy, DyCal® 
(Ca(OH)2-based material), ProRoot® MTA (MTA-based 
materials), Biodentine™ (calcium silicate-based material), 
and TheraCal™ LC (resin modified calcium silicate-based 
material). The effects of these materials on cytotoxicity, 
cell proliferation, cell migration, and odonto/osteogenic 
differentiation were examined.

Methods
Cell culture
The hDP isolation protocol was approved by the Human 
Research Ethics Committee, Faculty of Dentistry, Chula-
longkorn University (No. 020/2018). Healthy permanent 
teeth extracted according to the dental treatment plan 
(impacted teeth) were collected from healthy donors 

[11–13]. Dental pulp tissues were separated from the 
teeth and cell isolation was performed by tissue explana-
tion. The cells were maintained in Dulbecco’s Modified 
Eagle Medium (DMEM Gibco BRL, CA, USA) supple-
mented with 10% fetal bovine serum (FBS) (Gibco), 1% 
l-glutamine, 100 U/ml penicillin, and 100  μg/ml strep-
tomycin (Gibco). The cells were incubated at 37  °C in a 
5% CO2 humidified atmosphere. Cells obtained between 
passages 4‒6 were used in this study. To characterize the 
cells, the surface protein expression of hematopoietic and 
mesenchymal stem cell markers was examined using flow 
cytometry. In vitro mineralization by the cells was evalu-
ated using alizarin red s and Von Kossa staining.

Flow cytometry analysis
Cells were harvested using trypsin/EDTA solution to 
obtain a single cell suspension. The cells were immu-
nostained in 1% horse serum (Gibco) in sterile phosphate 
buffered saline (PBS) with primary antibodies conju-
gated with fluorescent dye. The antibodies were PerCP-
conjugated anti-CD45 (Immuno Tools, Friesoythe, 
Germany), FITC conjugated anti-human CD44 (BD 
Bioscience Pharmingen, NJ, USA), PE-conjugated anti-
human CD105 (Immuno Tools), and APC-conjugated 
anti-human CD90 (Immuno Tools). Flow cytometry 
analysis was performed using a FACSCalibur Flow cytom-
eter (BD Bioscience, CA, USA).

Materials and extraction medium preparation
DyCal® and ProRoot® MTA were purchased from Dent-
sply International Inc., DE, USA. Biodentine™ was pur-
chased from Septodont, CO, USA. TheraCal™ LC was 
purchased from Bisco Inc., IL, USA. All materials were 
prepared following the manufacturers’ instructions into a 
cylindrical mold (5 mm high and 2.5 mm radius: 1.18 cm2 
surface area). The mixtures were prepared in sterile 
condition and left for 24  h at room temperature before 
removing the mold. Culture medium (1 ml, following ISO 
10993 part 12) was added to each material and incubated 
for 24 h at 37 °C in a 5% CO2 atmosphere. The extraction 
medium from each material was filtered (0.1  µm) and 
kept at − 20 °C until use. Each experiment employed the 
same batch of extraction medium.

In the odontogenic induction assay, the pulp capping 
materials were immersed in odontogenic medium. The 
odontogenic medium was prepared by adding 50  μg/
ml ascorbic acid, 100  nM dexamethasone, and 5  mM 
β-glycerophosphate into the growth medium [11, 14]. 
The extraction medium in odontogenic medium was pre-
pared the same as the growth medium. In the migration 
assay, serum-free culture medium was used to extract the 
materials.
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Cytotoxicity assay
An indirect cytotoxicity assay was performed using 
serially diluted extraction medium, according to the 
International Standard ISO (10993). Cells were plated 
into 96-well plate at 1 × 104 cells per well and main-
tained in growth medium for 24  h. Serial dilutions of 
the extraction medium were prepared at 100, 50, 25, 
and 10% [15]. After 24  h exposure to the extraction 
medium, an MTT assay was performed and the per-
centage of cell number was calculated. Cells maintained 
in growth medium were used as control.

Cell proliferation assay
Cells (1 × 104 cells) were seeded in 24-well plates and 
maintained in growth medium for 24  h. Subsequently, 
the cells were exposed to each material’s extraction 
medium at 100, 50, 25, and 10% concentrations. At day 
1, 4, and 7, cell viability was evaluated using an MTT 
assay. The percentage of cell number was calculated. 
The control condition was cells maintained in normal 
growth medium. The doubling time was calculated as 
previously described [16].

Cell morphology evaluation
The effect of direct cell contact with the materials was 
evaluated. hDPs were directly seeded on the materi-
als and maintained in normal growth medium. At 3, 6, 
24, and 48  h, the cells were fixed with 3% glutaralde-
hyde (Sigma-Aldrich, MO, USA) in PBS for 30 min. The 
specimens were then dehydrated using a graded etha-
nol series, followed by hexamethyldisilazane (Sigma-
Aldrich, MO, USA) treatment for 5  min. The samples 
were gold sputter-coated and observed using a Scan-
ning Electron Microscope (SEM) (Quanta 250, FEI, 
Hillsboro, OR, USA).

Migration assay
Cell migration was performed using an in vitro scratch 
assay. hDPs at a concentration of 2 × 105 cells/well were 
seeded into 24-well plates and maintained in normal 
growth medium for 24  h. The culture medium was 
then replaced with serum-free culture medium and 
cultured for 24 h. A scratch was created using a steri-
lized-pipette tip and the cells were exposed to 25% of 
each material’s extracted medium. Images were cap-
tured using an inverted phase contrast microscope at 
the initial time and 24 h at the same location. Migrated 
cells were counted from at least 3 images from the same 
frame as the initial time image.

ALP and in vitro mineralization assay
Cells were seeded into 24-well plates at a concentra-
tion of 5 × 104 cells/well. After 24  h, the media were 
replaced with 25% of the different extracted osteogenic 
mediums and cultured for 14  days. Alkaline phos-
phatase staining (ALP) was performed at day 10, and 
Von Kossa and alizarin red s staining were performed 
at day 14 [11, 14]. For ALP staining, the cells were 
fixed and stained with TRACP & ALP double-stain 
kit (Takara Bio USA Inc., CA, USA). For alizarin red 
s staining, the cells were fixed with cold methanol and 
washed with deionized water. Alizarin red s solution 
(1% w/v) was incubated with the samples for 3  min, 
removed, and washed with DI water 3 times. The stain-
ing was solubilized with 10% cetylpyridinium chloride 
monohydrate (Sigma-Aldrich, MO, USA) solution and 
the absorbance was measured at 570 nm using a spec-
trophotometer. For Von Kossa staining, the cells were 
fixed with 4% paraformaldehyde (Sigma-Aldrich, MO, 
USA) in PBS for 10  min. After rinsing with deionized 
water, 5% silver nitrate (Sigma-Aldrich, MO, USA) 
was added and the samples were exposed to UV light 
for 60 min. The cells were washed and rinsed with 5% 
sodium thiosulfate (JT Baker) 3 times before counter-
staining with methyl-green (Takara Bio USA Inc., CA, 
USA).

Real‑time polymerase chain reaction assay
Cells were seeded at concentration of 5 ×  105 cells per 
well in 24-well plated and maintained in growth medium 
for 24  h. The culture medium was then replaced with 
25% of the different extracted medium and cultured for 4 
and 10 days. For this experiment, the extraction medium 
from Biodentine™ and ProRoot® MTA was prepared 
using growth medium (GM) or osteogenic induction 
medium (OM). Fresh growth medium was used as the 
control condition. To determine the mRNA expression 
of odonto/osteogenic differentiation markers, total RNA 
was extracted using Trizol reagent (RiboEx™, GeneAll® 
Seoul, Korea) [17]. The RNA samples were converted to 
cDNA using a reverse transcriptase (Promega, WI, USA). 
FastStart® Essential DNA Green Master was used to 
evaluate the expression level of osteogenic-related genes. 
The amplification profile was: 95  °C/20  s, 60  °C/20  s, 
and 72  °C/20 s for 45 cycles. The expression levels were 
normalized to 18S expression levels and subsequently 
normalized to the control condition. Melting curve 
analysis was performed to determine product specificity. 
The oligonucleotide sequences used were RUNX2 for-
ward: 5′-ATG​ATG​ACA​CTG​CCA​CCT​CTG-3′, RUNX2 
Reverse: 5′-GGC​TGG​ATA​GTG​CAT​TCG​TG-3′, DMP1 
forward: 5′-CAG​GAG​CAC​AGG​AAA​AGG​AG-3′, DMP1 
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reverse: 5′-CTG​GTG​GTA​TCT​TGG​GCA​CT-3′, DSPP 
forward: 5′-ATA​TTG​AGG​GCT​GGA​ATG​GGGA-3′, 
DSPP reverse: 5′-TTT​GTG​GCT​CCA​GCA​TTG​TCA-3′, 
OCN forward: 5′-CTT​TGT​GTC​CAA​GCA​GGA​GG-3′, 
OCN reverse: 5′-CTG​AAA​GCC​GAT​GTG​GTC​AG-3′, 
and 18S forward: 5′-GGC​GTC​CCC​CAA​CTT​CTT​A-3′, 
reverse: 5′-GGG​CAT​CAC​AGA​CCT​GTT​ATT-3′.

In vitro release of calcium ions
The in  vitro release of calcium ions from the materials 
was investigated using a calcium detection kit (Calcium 
Colorimetric Assay, Sigma-Aldrich, MO, USA). The 
eluted medium samples were collected at 6 h, 1, 3, 5, and 
7 days. The samples were placed in microtubes contain-
ing 100 µl of DMEM, and DMEM without materials was 
used as control [18]. The collected supernatants were 
stored at − 20 °C until analyzed.

Statistical analysis
Each experiment performed at least three times. The 
results are presented as mean ± standard error of mean 
(SEM). Statistical analysis was performed using the 

Mann Whitney U test for two group comparison. Kruskal 
Wallis test followed by pairwise comparison was applied 
to those experiment comparing more than 3 groups. All 
statistical analyses and graphical illustration was per-
formed using Prism 8 (GraphPad Software, CA, USA). 
Significance was considered at p < 0.05. All raw data was 
provided in the Additional file 1.

Results
Isolated cell characterization
Cells isolated from human dental pulp tissues (hDPs) 
exhibited a spindle shape and fibroblast-like morphology 
(Fig. 1a). These cells did not express CD45, a hematopoi-
etic stem cell marker, but did express the mesenchymal 
stem cell markers CD44, CD90, and CD105 (Fig. 1b, c). 
To determine their differentiation ability, the cells were 
maintained in osteogenic medium for 14  days. Cells in 
normal growth medium were used as control. The results 
demonstrated that these cells deposited mineral crystals 
in vitro after induction, confirming their osteogenic dif-
ferentiation potency (Fig. 1d).

Fig. 1  Characterization of the cells isolated from human dental pulp tissue. a Cell morphology was observed under an inverted phase contrast 
microscope. b Surface marker expression was investigated by flow cytometry analysis. c The percentage of cells expressing surface markers. d 
Alizarin red s staining was performed to identify mineral deposition after maintaining the cells in odontogenic medium for 14 days. Scale bars 
indicate 200 μm
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Cytotoxicity and proliferation assay
Cells were exposed to a range of concentrations of the 
extraction medium from DyCal®, ProRoot® MTA, Bio-
dentine™, and TheraCal™ LC for 24 h. Cell morphology 
was observed under an inverted phase contrast micro-
scope (Fig. 2a) and cell viability was determined using an 
MTT assay (Fig. 2b). Cells maintained in normal growth 

medium were used as controls. The hDPs were round 
and partial cell detachment was observed after expo-
sure to the DyCal® extraction medium. A significant 
decrease in cell viability was observed in the cells treated 
with all DyCal® extraction medium concentrations. 
Similarly, cells exposed to the TheraCal™ LC extraction 
medium were round in the 100% concentration and some 

Fig. 2  In vitro cytotoxicity of hDPs after exposure to extracted medium prepared from DyCal®, ProRoot® MTA, Biodentine™ and TheraCal™ LC for 
1 day. Cell cultured in normal growth medium was employed as the control. a Cell morphology was observed under an inverted phase contrast 
microscope 1 day after exposure. The hDPs were round and partial cell detachment was observed after exposure to the DyCal® or TheraCal™ 
LC extraction medium. While fibroblast-like morphology shape was noted on those cells culture with ProRoot® MTA or Biodentine™ extraction 
medium. b Cell viability was examined using MTT assay. The percentage of cell number. Dashed line indicates the reference value of the control 
condition. Asterisk designates significant differences compared with the control (Kruskal Wallis test followed by pairwise comparison, p < 0.05)
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detachment was noted at all concentrations. This obser-
vation corresponded with reduced cell viability. How-
ever, there was no significant difference in cell viability 
in the 10% TheraCal™ LC condition compared control. 
ProRoot® MTA extraction medium at 10% and 25% 
caused the decrease of cell viability compared with the 
control. However, the cell viability was higher than 85% 
in those cells treated with 10% and 25% ProRoot® MTA 
extraction medium. Biodentine™ extraction medium 
treatment resulted in a similar cytotoxicity to that of the 
controls.

In the proliferation assay, the hDPs were maintained in 
a range of concentration of extraction medium and cell 
viability was assessed at day 1, 4, and 7. Cells cultured 
in normal growth medium were employed as control 
(Fig.  3a). A significant increase in cell number percent-
age was observed at day 3 and 7 compared with day 1 
in the control condition. At high percentages of DyCal® 
and TheraCal™ LC extraction medium treatment, there 
was no marked increase in cell number percentage at 
later time points compared with day 1 (Fig. 3b, e). How-
ever, a significant increase in cell number percentage was 
observed at day 7 in the cells exposed to 10% DyCal® and 
TheraCal™ LC extraction medium. When treated with 
ProRoot® MTA or Biodentine™ extraction medium, the 
cells proliferated as determined by a significant increase 

in cell number percentage at later time points (Fig. 3c, d). 
These observations corresponded with the doubling time 
results (Fig. 3f ). Treatment with 10% extraction medium 
from all four materials resulted in a comparable doubling 
time to that of the control. However, when treated with 
100% extraction medium, the cells in the DyCal® and 
TheraCal™ LC medium exhibited an increased doubling 
time compared with those in the ProRoot® MTA or Bio-
dentine™ medium and the control.

Cell morphology observation
Cells were directly seeded on DyCal®, ProRoot® MTA, 
Biodentine™, and TheraCal™ LC and maintained in nor-
mal culture medium. Glass cover slips were employed 
in the control condition. At 3, 6, 24, and 48 h, cell mor-
phology was observed using SEM (Fig.  4). The cells 
attached and filopodia and lamellopodia were observed 
in the control condition at 3 h. Marked cell spreading was 
observed at 6 h and a completely flattened cell morphol-
ogy was noted at 24 and 48 h. In the DyCal® group, cell 
attachment was seen at 3  h. However, membrane bleb-
bing and rupture were observed. The cells were not com-
pletely spread at 48  h. Cells seeded on ProRoot® MTA 
or Biodentine™ demonstrated similar responses. The 
cells attached and spread on those materials. Complete 
cell spreading was noted at 24 and 48  h, comparable to 

Fig. 3  Cell proliferation after exposure to extracted medium. MTT assay was utilized to determine cell viability at day 1, 4 and 7. a The control 
condition was cells maintained in normal growth medium. The percentage of cell number at different time points after the hDPs were exposed to 
extraction medium from b DyCal®, c ProRoot® MTA, d Biodentine™, and e TheraCal™ LC. f Doubling time was calculated using formula previously 
described. Bars indicate a significant difference (Kruskal Wallis test followed by pairwise comparison, p < 0.05)
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the control condition. Lastly, the cells on TheraCal™ LC 
exhibited membrane porosity. However, some filopodia 
were observed. The cells were not completely spread on 
the material at 48 h.

Cell migration assay
An in vitro scratch assay was performed to evaluate cell 
migration. The hDPs were exposed to 25% serum-free 
extraction medium. Cells maintained in serum-free 
medium were employed as the control. At 24 h after cre-
ating the wound, cell migration was present in the con-
trol condition and in the ProRoot® MTA or Biodentine™ 
extraction medium treated cells (Fig. 5a, b). However, cell 
migration was compromised in those cells exposed to 
DyCal® or TheraCal™ LC medium.

Odonto/osteogenic differentiation assay
Due to the in  vitro toxicity of DyCal® or TheraCal™, 
these materials were not employed in the differentiation 

study. Hence, only ProRoot® MTA and Biodentine™ 
were investigated in this experiment. Extraction medium 
was prepared in both normal growth medium (GM) and 
osteogenic medium (OM). The cells were exposed to 
25% extraction medium. ALP activity was determined at 
day 10 (Fig. 6a). There was no marked difference in ALP 
staining between these conditions. However, increased 
Von Kossa and alizarin red s staining at day 14 was 
observed in the cells cultured with ProRoot® MTA and 
Biodentine™ extraction medium (Fig.  6a). The alizarin 
red s staining was solubilized and the quantitative anal-
ysis was performed by measuring the optical density of 
dissoluted solution. The quantitative values were plotted 
in Fig. 6b.

The mRNA expression of odonto/osteogenic mark-
ers was evaluated at day 4 and 10 after induction. The 
expression pattern of the cells treated with Biodentine™ 
extraction medium was similar to the control. RUNX2 
expression levels were increased at day 4 in osteogenic 

Fig. 4  Representative SEM micrographs illustrate the morphology of hDPs directly seeded on DyCal®, ProRoot® MTA, Biodentine™, and TheraCal™ 
LC at 3, 6, 24, and 48 h. Membrane blebbing and rupture were observed in DyCal® group. Cells seeded on ProRoot® MTA or Biodentine™ were able 
to attach and to spread on those materials. Cells on TheraCal™ LC exhibited membrane porosity
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medium compared with the control and subsequently 
decreased at day 10 (Fig. 6c). The upregulation of DMP1, 
DSPP, and OCN expression was observed at day 4 and day 
10 in the control and Biodentine™ condition. However, 
the cells in the control condition exhibited a significant 
increase in DMP1 and DSPP expression at day 10, while 
those in Biodentine™ extraction medium demonstrated 
a significant increase in DMP1, DSPP, and OCN mRNA 
expression at all time points. The ProRoot® MTA treat-
ment resulted in a significant upregulation in RUNX2 
expression at day 10. Interestingly, the OCN mRNA 
expression was not significantly different in osteogenic 
medium compared with the growth medium control at 
day 4, however, a marked decrease was noted at day 10.

Calcium release assay
All materials contained calcium as a component (data 
not shown) and released calcium ions (Fig. 7). At 6 h, the 
calcium ions released from Biodentine™ was the highest. 

In all materials, the amount of released calcium at 5 and 
7 days was similar for each material when distinctly eval-
uated. Moreover, the released calcium ions increased in a 
time-dependent manner in the DyCal®, ProRoot® MTA, 
and TheraCal™ LC groups. However, the level of calcium 
ions released from Biodentine™ was comparable between 
all time-points. At day 7, ProRoot® MTA released the 
highest amount of calcium ions compared with other 
materials.

Discussion
In the past decade, many commercial products have 
become available as direct pulp capping materials. Apart 
from clinical success reports, the biological mechanism 
by which these materials stimulate tertiary dentin for-
mation remains unclear. Many quantitative and qualita-
tive assessments of in vitro and in vivo toxicity show the 
effectiveness of pulp capping materials. The investiga-
tions were usually carried out to gain increased under-
standing of the biological mechanisms of tertiary dentin 

Fig. 5  Cell migration was evaluated using a scratch assay. Cells were maintained in 25% extraction medium from the different materials. The 
control condition was cells maintained in normal growth medium. a Representative images of the scratch areas. The red dot line represented the 
initial border of the edge of scratched wound. At day 1, cell migration beyond the reference line was observed in the control, ProRoot® MTA, and 
Biodentine™. b Graph illustrated the number of cells migrating from the edge at day 1. Asterisk designates significant differences compared with 
the control (Mann Whitney U test, p < 0.05)
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formation. However, the limitations of those reports were 
the types of tested cells, exposure duration and formula-
tion of the materials. Studies directly comparing the dif-
ferent materials are limited. The present study employed 
DyCal®, ProRoot® MTA, Biodentine™, and TheraCal™ 
LC as representatives of the current clinically used 
materials.

The present study demonstrated that DyCal® and The-
raCal™ LC were cytotoxic in vitro while ProRoot® MTA 
and Biodentine™ demonstrated the better biocompat-
ibility to hDPs. These findings are comparable to previ-
ous studies in stem cells isolated from human exfoliated 
deciduous teeth (SHEDs), periodontal ligament cells 
(PDLs), and a mouse dental pulp cell line (MDPC-23) 
[14, 19–25]. However, the present study illustrated that 
treatment with 10% extracted medium from each mate-
rial resulted in the 70% or above of cytotoxicity lev-
els compared with the control. In addition, the cells 

Fig. 6  Effect of ProRoot® MTA and Biodentine™ on odonto/osteogenic differentiation was evaluated. a ALP activity at day 10 after osteogenic 
induction and mineralization was examined using Von Kossa staining and alizarin red s staining at day 14. Scale bars indicate 40 μm. b The relative 
absorbance of the eluted alizarin red s dye. c The mRNA expression of odonto/osteogenic differentiation markers (RUNX2, DMP1, DSPP, and OCN) 
was examined using real-time polymerase chain reaction at day 4 and 10. Bars indicate a significant difference (Mann Whitney U test, p < 0.05)

Fig. 7  The release of calcium ions from DyCal®, ProRoot® MTA, 
Biodentine™, and TheraCal™ LC was quantified at 6 h, 1, 3, 5, and 
7 days. Letters indicated the statistically significant difference (Kruskal 
Wallis test followed by pairwise comparison, p < 0.05)
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proliferated in the 10% concentrations. These outcomes 
were comparable to previous reports demonstrating 
that ProRoot® MTA, Biodentine™, and TheraCal™ LC 
were not cytotoxic or genotoxic to human dental pulp 
cells at concentrations of 0‒1000  μg/ml [22]. Recently, 
report demonstrated that nonresident bone marrow 
derived cells participate in reparative dentin formation 
after treating with ProRoot® MTA and Biodentine™ [26]. 
In this regard, the nonresident bone marrow derived 
cells were found in associate with reparative dentin and 
these cells expressed dentin sialoprotein, implicating the 
involvement of nonresident bone marrow derived cells in 
tertiary dentin formation [26].

The cell death that occurred from the DyCal® treat-
ment may be due to increased pH. This increase was 
observed from the color change of the pH indicator in 
the culture medium. Correspondingly, DyCal® produced 
pH 10.15 at 3 h and pH increased to 10.88 at 24 h after 
setting [27]. The high release of hydroxyl ions leads to 
cell death because disrupted membrane morphology was 
observed on the SEM micrographs [23, 25]. The cytotox-
icity of TheraCal™ LC may be due to remaining unpo-
lymerized resin monomers. However, when using the 
appropriate curing technique, there should be no unpo-
lymerized monomers. Further, the cured TheraCal™ LC 
exhibited very low pore volume percentage per total vol-
ume (0.19 ± 0.09%) [28]. Hence, the effect of unpolymer-
ized resin monomers on cell death activation is unlikely. 
However, previous studies demonstrated that cured 
TheraCal™ LC released specific additives, camphoroqui-
none and ethyl-4-(dimethylamino)benzoate [28]. Human 
dental pulp fibroblasts treated with camphoroquinone 
demonstrated increased reactive oxygen species produc-
tion [29, 30]. Taken together, the light curing additives 
released from TheraCal™ LC might induce cell death by 
increasing the production of reactive oxygen species; 
while the high pH produced by DyCal® provides a high 
concentration of hydroxyl ions and subsequently causes 
cell death.

The present study demonstrated that ProRoot® MTA 
and Biodentine™ at 100% extraction medium was not 
toxic to hDPs. Sequeira et  al. reported that ProRoot® 
MTA did not affect apical papilla cell viability at all 
extraction medium concentrations, while 100% Bioden-
tine™ extraction medium induced cell death [31]. Unlike 
DyCal®, ProRoot® MTA does not increase the produc-
tion of reactive oxygen species, nitric oxide, or prosta-
glandin E2 in immortalized human dental pulp cells [32]. 
TheraCal™ LC but not Biodentine™ induced IL-8 release 
from dental pulp cells [33]. TheraCal™ LC also induced 
cell apoptosis higher than MTA and Biodentine™ [34]. 
Another hypothesis is that TheraCal™ LC decreased cel-
lular metabolic activity [35]. These mechanisms could 

partly explain the different cytotoxic effect among the 
tested materials.

The present study demonstrated that ProRoot® MTA 
slightly reduced cell viability at 10% and 25% extraction 
medium while hDPs exposed to higher concentration 
of ProRoot® MTA extraction medium did not exhibit 
the marked difference of cell viability compared with 
the control. Another study demonstrated that ProRoot® 
MTA was cytotoxic to human dental pulp fibroblasts at 
all extraction medium concentration at 24, 48, and 72 h 
[36]. These disparate results might be due to different cell 
types and extraction methods. The present study used 
the ISO 10993 protocol. Thus, standardized methods for 
extraction medium preparation were employed. There-
fore, the in vitro evaluation of the cell responses to these 
materials could be compared between studies.

It has been reported that pulp capping materials solu-
bilize dentin, leading to the release of various growth 
factors that promote several biological events [37], 
particularly cell migration, that enhance pulp healing. 
In the present study, serum-free culture medium was 
used for extracting the materials in the in vitro scratch 
wound assay. Thus, the influence of serum proteins 
and released factors from dentin were excluded. We 
found that ProRoot® MTA and Biodentine™ extrac-
tion medium promoted cell migration at 24  h, similar 
to the controls. Similarly, a study evaluating cell migra-
tion in serum-free medium using a transwell migra-
tion assay demonstrated that ProRoot® MTA and 
Biodentine™ promoted the migration of human bone 
marrow-derived mesenchymal stem cells and hDPs, 
respectively [38, 39]. The ProRoot® MTA and Bioden-
tine™ extraction medium in DMEM supplemented with 
20% fetal bovine serum promoted a similar rate of cell 
migration at 24 h compared with the control [31]. How-
ever, at 48  h, complete scratch wound healing in  vitro 
was observed in the control, but not in the ProRoot® 
MTA and Biodentine™ treated groups [31]. The marked 
decrease in cell migration in the DyCal® or TheraCal™ 
LC treated groups could be due to the effect of these 
materials on cell viability. Our cell migration results 
correspond with our cell attachment and spreading 
results. In general, cells have to attach and spread on a 
surface and subsequently migrate. Cell attachment and 
spreading were compromised in the DyCal® or The-
raCal™ LC treated groups as observed by SEM. Hence, 
their migration would also be affected.

Despite these negative in  vitro effects, the success-
ful application of DyCal® and TheraCal™ LC in direct 
pulp capping treatment has been reported. The clinical 
success rate at a 6 month follow-up of DyCal® and The-
raCal™ LC was approximately 73% and 66%, respectively, 
which were not significantly different [40]. Increased 
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dentin bridge formation was observed in direct pulp cap-
ping with TheraCal™ LC compared with DyCal®, how-
ever, the difference was not significant [41, 42]. Due to 
the complex cell responses, an in vivo study is required to 
confirm the effect of these pulp capping materials on ter-
tiary dentin formation. However, an in vitro investigation 
could allow for in-depth evaluation of the mechanism(s) 
of the cell responses to these materials.

A systematic review and meta-analysis indicated that 
MTA and calcium silicate materials exhibited a simi-
lar clinical success rate, dentin bridge formation, and 
inflammatory response [10]. The present study demon-
strated that ProRoot® MTA and Biodentine™ treatment 
slightly enhanced in  vitro mineralization and osteo-
genic marker gene expression compared with normal 
osteogenic medium. In parallel with previous reports, 
ProRoot® MTA enhanced mineral deposition compared 
with control in immortalized human dental pulp cells, 
and human mandibular derived MSCs and stem cells 
isolated from apical papilla (SCAPs) [32, 43, 44]. Bioden-
tine™ treatment also resulted in increased mineralization 
by SCAPs and human mandibular derived MSCs [43, 44]. 
The different cell types and more importantly, extraction 
medium preparation methods could influence differ-
ent cell responses. Hence, standardized methods should 
be used for extraction medium preparation to allow for 
direct comparison between studies.

It is hypothesized that the tricalcium and dicalcium 
silicate in ProRoot® MTA and Biodentine™ are key fac-
tors in generating cell responses [45]. Calcium ions are 
considered as a bioactive ingredient in pulp capping 
materials. In mouse bone marrow mesenchymal stem 
cells, elevated extracellular calcium ions promoted cell 
proliferation and Fgf2, Tgfb1, and Opn mRNA expres-
sion [46]. The elevated Opn level influenced cell migra-
tion, but not cell proliferation or mineralization [46]. In 
hDPs, increased extracellular calcium ions resulted in 
cell apoptosis and increased mineralization [47, 48]. It 
was hypothesized that the increase in cell apoptosis at 
early calcium ion treatment time points in hDPs may be 
associated with the early onset of mineral deposition by 
these cells [47]. It has been reported in vascular smooth 
muscle cells that apoptotic bodies may involve in cal-
cium ions concentration and subsequently promoted 
the onset of calcification [49]. In other words, apoptotic 
bodies function as nucleator for calcium and phosphate 
precipitation [50]. However, calcium ions did not mark-
edly influence hDP cell proliferation in  vitro [47, 48]. 
Similar to mesenchymal stem cells, calcium ions pro-
moted OPN mRNA expression in hDPs at early time 
points [47]. However, the long-term supplementation 
of calcium ions in osteogenic medium (14–21  days) 
resulted in significantly decreased OPN mRNA levels, 

despite increased mineral deposition [48]. The link 
between OPN expression in calcium ions-treated 
hDPs and other biological functions, such as those in 
mesenchymal stem cells, has not yet been established. 
Further, reduced RUNX2 and COL1A2 mRNA levels, 
but increased OCN expression, was observed in the 
elevated extracellular calcium ion condition compared 
with the control [48]. The present study illustrated 
that RUNX2 and OCN mRNA levels were increased 
in the Biodentine™ treated groups, while only RUNX2 
expression was increased in the ProRoot® MTA treated 
group. These observations suggest that calcium ions are 
not solely responsible in the biological effects of these 
materials. Thus, the bioactive components of these pulp 
capping materials should be further evaluated to bet-
ter understand the basic mechanism(s) of dental pulp 
responses.

Conclusions
The present study described the biological responses 
of hDPs to various direct pulp capping materials 
in  vitro. DyCal® and TheraCal™ LC were found to be 
toxic to the cells. Cell attachment, spreading, prolifera-
tion, and migration were compromised when the cells 
were exposed to DyCal® or TheraCal™ LC. In contrast, 
ProRoot® MTA and Biodentine™ exhibited biocompat-
ibility and supported cell activities toward regeneration 
potency. We show here that, despite their clinical suc-
cess, the in vitro biological effects and molecular mech-
anisms should be further investigated to clarify the 
contribution of these bioactive materials to reparative 
dentin formation and dental pulp vitality protection. 
Further study is needed.
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