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ABSTRACT

Aim: To examine the effects of Biodentine, TheraCal LC, nano-hydroxyapatite (NHA), and mineral trioxide
aggregate (MTA) on proliferation and odontogenic differentiation of human dental pulp mesenchymal stem cells
(hDP-MSCs). Materials and Method: Twelve-well plates containing hDP-MSCs were prepared and coated with
each test material, and other 12 wells served as control. Cell viability was assessed. Odontogenic differentiation of
hDP-MSCs was evaluated by analyzing mRNA expression of dentin sialophosphoprotein (DSPP) and collagen type |
gene expression, alkaline phosphatase (ALP) activity, and calcium deposits on von Kossa staining. Results:
Biodentine showed significantly higher cell viability (41.33%) than the control (35.00%), NHA (29.50%), MTA
(29.00%), or TheraCal LC (20.83%) groups. There were significant differences in percentage expression of genes
encoding DSPP and collagen type | (P<0.001); the mean rank of hDP-MSCDSPP and collagen type | gene
expression was significantly higher in the Biodentine group. There were significant differences in ALP activity
between the groups treated with Biodentine (43.58%), NHA (37.33%), MTA (32.25%), and TheraCal LC (25.83%).
Biodentine showed the greatest amount of calcified mineralization and TheraCal LC showed the least. Conclusions:
Biodentine had better effects on the proliferation and odontogenic differentiation of hDP-MSCs than TheraCal LC,
NHA, or MTA.

Keywords: Biodentine, Theracal LC, Nano-Hydroxyapatite, Mineral Trioxide Aggregate, Dental Pulp Capping,
Dental

INTRODUCTION

Direct pulp capping (DPC) has been the preferred treatment for an exposed vital dental pulp after physical or
mechanical trauma to developing or mature teeth [1]. The success of a DPC procedure requires the successful
removal of irritation and control of infection, and depends on the biocompatibility and bioactivity of the capping
material [2]. Moreover, the dental pulp capping material used should be able to stimulate and modulate the healing
process and regeneration of the dentine-pulp complex. Several materials have been commonly used for this purpose,
including calcium hydroxide-based materials and mineral trioxide aggregate (MTA) [3, 4].

MTA has become the preferred dental pulp capping material because of its sealing properties, biocompatibility, and
antimicrobial effects [5]. MTA does not cause inflammation of the pulp, and is conducive to the growth of dentine.
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It promotes pulp healing and regeneration of dentin by promoting the release of cytokines and interleukins from
white blood cells. However, the major drawbacks of MTA are its handling properties, long setting time, and
discoloration of the remaining tooth structure. Calcium silicate-based materials, such as Biodentine and TheraCal
LC, have been introduced in the dental field to overcome some of these drawbacks [6, 7].

Biodentine is a relatively new calcium silicate-based material that combines good mechanical properties with
excellent biocompatibility and bioactive behavior [8]. Biodentine has been shown to induce proliferation and
differentiation of dental pulp stem cells (DPSCs), and initiate early mineralization by releasing transforming growth
factor-beta from pulpal cells to encourage pulp healing [9, 10]. In addition, Biodentine has a short setting time, high
compressive strength, and excellent sealing ability, and is also easy to handle. Moreover, it has excellent
antimicrobial properties because of its high pH of 12 [11, 12]. Therefore, Biodentine can be used safely and
effectively as a pulp capping material.

TheraCal LC is a light-cured, resin-modified calcium silicate-filled liner designed to be used in direct and indirect
pulp capping as a protective base/liner under other base materials. TheraCal LC gained attention when it was
reported to be less cytotoxic than other resin-based light-cured liners, and to release more calcium ions than other
dental cements [13, 14]. TheraCal LC was found to be conducive to formation of both apatite and a secondary
dentine bridge [15]. The only known disadvantages of TheraCal LC are cosmetic. [16] compared the
physicochemical properties of TheraCal LC, ProRoot MTA, and Dycal, and concluded that TheraCal had a higher
calcium-releasing ability, and lower solubility than either ProRoot MTA or Dycal. TheraCal LC can be cured to a
depth of 1.7 mm, so the risk of untimely dissolution maybe avoided. These properties offer major advantages in
DPC treatment.

Nano-hydroxyapatite (NHA) was developed as a synthetic alternative to hydroxyapatite, a mineral that occurs
naturally in human bones and teeth, and is currently widely used in dental implants and prosthetic hip joints [17].
NHA is superior to naturally occurring hydroxyapatite because it is more cyto compatible, in that the osteoblasts in
tissues treated with NHA both adhere and proliferate better than those in tissues treated with conventional
hydroxyapatite [18]. When used in DPC, NHA is effective in preserving an environment conducive to the formation
of odontoblasts that promote formation of dentine bridges. A study by [19] showed that NHA was a viable
alternative to calcium hydroxide, because both materials can be applied to the dental pulp without provoking an
inflammatory response. The disadvantages of NHA include its tendency to cause inflammation and pulp necrosis.
Furthermore, NHA is not able to prevent infection as effectively as MTA.

DPSCs play an important role in the healing process via odontoblast-like cell differentiation [20, 21]. DPSCs are
clonogenic and capable of self-renewal and multi-lineage differentiation [22, 23]. The ability of a material to aid or
induce this differentiation and maturation affects its bioactivity and biocompatibility. Tricalcium silicate-based
cements have been shown to induce proliferation and differentiation of DPSCs [24, 25].

When used in the clinical setting, pulp capping materials are in direct contact with pulp tissue. The interaction of
human dental pulp stem cells (hDPSCs) and pulp capping materials during a DPC procedure with exposed vital pulp
affects the differentiation and proliferation of pulp cells [26].

It remains unclear which of the available DPC materials (Biodentine, TheraCal LC, NHC, and MTA) are the most
conducive to the proliferation and odontogenic differentiation of dental mesenchymal stem cells (MSCs). Therefore,
it is important to determine which of the capping materials in use today are best able to harness growth and
proliferation of hDP-MSCs.

The aim of this study was to examine the effects of Biodentine, TheraCal LC, NHC, and MTA on the proliferation
and odontogenic differentiation of hDP-MSCs. Two null hypotheses were tested: (1) there is no difference in the
viability of undifferentiated hDP-MSCs after their exposure to Biodentine, TheraCal LC, NHC, or MTA; (2)
Biodentine, TheraCal LC, NHC, and MTA are equally adept at augmenting the odontogenic potential of the hDP-
MSCs after the cements are rendered to non-cytotoxic via elution of their cytotoxic components.

MATERIALS AND METHOD

Materials

The materials used in this study were hDP-MSCs and four types of dental pulp capping materials, i.e., Biodentine
(Septodont, Saint-Maur-des-Fossés, France), TheraCal LC (Bisco Inc., Schaumburg, IL), NHA (Nano Tech, Giza,
Egypt), and ProRootMTA (Dentsply Sirona Endodontics, Tulsa, OK).

Methods
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The laboratory work was implemented in seven phases according to a protocol approved by the Research Ethics
Committee of the Faculty of Dentistry, King Abdulaziz University (approval number061-16).

Isolation and Culture of hDP-MSCs

After obtaining informed consent, hDP-MSCs were isolated from the permanent teeth that had been freshly
extracted from healthy patients for orthodontic reasons. The following steps were carried out in the manner
described by [22]. The isolated pulp tissues of each tooth were washed three times in phosphate-buffered saline
(PBS). The specimens were placed on a small plate and cut into 1-mm 3 pieces using sterile scissors, and surgical
blades. The cut pieces were digested in a solution of type | collagenase 3 mg/mL containing dispase4 mg/mL
(Sigma-Aldrich, St. Louis, MO) for 2 hours at 37°C.The solution was then passed through a 70-mm cell strainer to
obtain single-cell suspensions (BD Biosciences, Franklin Lakes, NJ), which were seeded in culture dishes with
culture medium consisting of Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS; Gibco, Grand Island, NY), 2 mmol/L of L-glutamine (Gibco), antibiotics (penicillin 100 U/mL and
streptomycin 100 ug/mL), and an antimycotic agent (Fungizone[PSF], Life Technologies Corporation, Carlsbad,
CA) at 0.25 pg/mL in a humidified atmosphere of 5% CO2at 37°C. The medium was changed every 3 days.
Subculturing of hDP-MSCs

Passaging was performed when the primary culture of adherent cells reached 80% confluence. The primary culture
of adherent cells was detached by treatment with a sterile solution of trypsin/ethylenediaminetetra acetic acid for 5-
10 min at 37°C in the incubator with intermittent shaking. The primary cell culture was then propagated and
expanded in repeated cell cultures. The cells were subcultured every other week, and the culture medium was
replaced every 3 days over a 21-day period. All these procedures were conducted under aseptic conditions in an air-
filtered laminar flow safety cabinet using sterile instruments.

Characterization of Isolated hDP-MSCs

The isolated hDP-MSCs were characterized as MSCs on the basis of their fusiform-shaped morphology according to
the guidelines proposed by the International Society for Cellular Therapy [27]. The immunophenotypic
characteristics of the hDP-MSCs were investigated using flow cytometric analysis. The expression of hDP-MSC
markers was quantified. Adherent cells (at the end of the third passage) were treated with trypsin solution and
adjusted to 1x105cells.The cells were incubated in PBS and 2% FBS with 10 pL of conjugated monoclonal
antibodies against CD90 (cat#SC-53456), CD73 (cat#SC-550256), and CD34 (cat# SC- 51540; Beckman Coulter,
Brea, CA) for 45 min at 4°C in the dark. The same isotopic species served as the negative control. After 20 min of
incubation, 2 mL of PBS containing 2% FBS solution were added to each tube containing treated monoclonal cells.
The mixtures were then centrifuged for 5 min at 2500 rpm. Next, the supernatant was discarded, and the cells were
re-suspended in 500 puL of PBS containing 2% FBS. The cell analysis was performed using a Cytomics FC 500 flow
cytometer (Beckman Coulter), and analyzed using CXP software version 2.2.

Preparation of Materials and Cell Seeding

TheraCal LC, Biodentine, NHA, and MTA specimens were prepared according to the manufacturers’ instructions.
To standardize the material volumes, a sterile Teflon mold with standard holes (5 mm diameter, 4 mm depth) with
sterile Mylar cover sheets was used, into which the freshly prepared materials were introduced under sterile
conditions (Figure 1). Biodentine and MTA were allowed to set in a humidified 5% CO2 incubator at 37°C for 48
hours. No preparation was required for TheraCal LC because it was supplied in pre-mixed syringes. TheraCal LC
was applied in increments into the Teflon mold and polymerized with a light-emitting, diode-type light-curing unit
for 20s per increment. Next, it was covered with a pre-sterilized Mylar sheet before light-curing to prevent formation
of an oxygen inhibition layer. NHA was formed by the wet chemical reaction of calcium nitrate with ammonium
hydroxide ((NH4)2HPO4). The grain size was controlled by changing the time and temperature used for
precipitation of NHA, keeping the pH values between 10 and 12, and allowing the reaction to proceed at room
temperature according to the manufacturers’ instructions. The materials were then applied to the bottom of a pre-
sterilized multi-well plate (Nunc; Thermo Fisher Scientific, Waltham, MA), with 12 wells used for each material.
The set materials were subjected to sterilization under ultraviolet light for 3 hours. Third passage DP-MSCs were
seeded onto the tested materials at 3000 cells/well and incubated in a 5% CO2 atmosphere at 37°C for 48 hours.
Twelve wells that were incubated with hDP-MSCs in tissue culture medium that was not treated with the capping
materials, served as a negative control group (Figure 2).
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Figure 1. (a) Teflon mold with standard holes (5 x 4 mm). (b) Freshly prepared dental pulp capping materials with a
standardized volume.

Figure 2. Seeding of human dental pulp mesenchymal stem cellson pulp capping materials in a 24-well plate at
3000 cells/well.

Evaluation of Cell Viability

After the hDP-MSCs had been incubated with the dental materials, cell proliferation was assessed using a TACS®
MTT Cell Proliferation Assay kit (Trevigen, Gaithersburg, MD) according to the manufacturer’s instructions. The
MTT test is a standard colorimetric assay that evaluates cell viability by detecting the activity of mitochondrial
enzymes (dehydrogenases) present in metabolically active cells. These enzymes reduce MTT to formazan, giving a
purple-colored substance. Cells from the different groups were re-suspended in PBS at 1x106 per mL and diluted
tolx104cells/mL. One hundred microliters of the dilutions were distributed per well. The cells were incubated at
37°C in 5% CO2for 24 h. Ten microliters of MTT Reagent (cat#4890-25-01; Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) were added to each well, and then returned to the cell culture incubator for 2—4 h until a
purple precipitate was clearly visible under the microscope; 100 pL of Detergent Reagent (cat#4890-25-02; Sigma-
Aldrich Chemie GmbH) was then added to all the wells. The plate was covered and incubated in the dark overnight
at room temperature. The plate cover was then removed, and the absorbance of the converted dye in each well was
read at a wavelength of 570 nm by a microplate reader (Bio-Rad Laboratories, Hercules, CA). The results were
documented as percentage cell viability in relation to the untreated hDP-MSCs (negative control group) set at 100%.
Odontogenic Differentiation of hDP-MSCs

The confluent monolayers were incubated with odontogenic induction medium containing Dulbecco's Modification
of Eagle's Medium (Cellgro, Manassas, VA) supplemented with 10% FBS, PSF, 2 mmol/L L-glutamine, 50
mg/mLascorbic acid (Sigma), and 2 mmol/L 2-glycerolphosphate(Sigma) for 21 days, with a medium change every
other day.

Assessment of Effect of Capping Materials on Odontogenic Differentiation of hDP-MSCs
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On day 21, the odontogenic differentiation of hDP-MSCs was assessed by detection of mRNA expression of
odontoblastic markers, including dentin sialophosphoprotein (DSPP), collagen type 1, intracellular alkaline
phosphatase (ALP) activity, and extracellular calcified nodule structures.

Detection of DSPP and Collagen Type | Gene Expression

Quantitative real-time polymerase chain reaction (QRT-PCR) was used to detect the relative expression of
odontogenic markers, such as DSPP and collagen type I, in the tested capping materials.

Extraction of RNA

Total RNA was isolated from the collected cultured cells using a cell/tissue extraction kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. RNA lysis buffer (175 pL) was added to the washed cells, and the
pellet was dispersed and mixed by pipetting. Next, 350 puL. of RNA dilution buffer was added to 175 uL of lysate
and mixed. The mixture was placed in a water bath at 70°C for 3 min, and then centrifuged at 12,000-14,000 rpm
for 10 min at 20°C-25°C. Two hundred microliters of 95% ethanol were added to the cleared lysate, and mixed by
pipetting 3—4 times. This mixture was transferred to the spin column assembly, and centrifuged at 12,000-14,000
rpm for 1 min. RNA wash solution (600 pL) containing ethanol was added and centrifuged at 12,000-14,000 rpm
for 1 min. The collection tube was emptied, and 250 pL. of RNA wash solution containing ethanol was added and
centrifuged at a high speed for 2 min. The spin basket was transferred from the collection tube to the elution tube,
and 100 puL of nuclease-free water was added to the membrane. Finally, the sample was centrifuged at 12,000-
14,000 rpm for 1 min. The spin basket was discarded, and the elution tube containing the purified RNA was stored
at -70°C.

cDNA Synthesis

Total RNA was used for synthesis of cDNA using a high capacity cDNA reverse transcription kit (#K1621, Ferment
as, Vilnius, Lithuania). First, 3 uL of random primers was added to 10 uL. of RNA, and denatured for 5 min at 65°C
in the thermal cycler. The cDNA master mix was prepared according to the kit instructions, and added to the test
samples (19 pL each). This mixture was added to the 31-pL RNA-primer mixture resulting in 50 uL. of cDNA. The
final mixture was incubated in the programmed rmo-cycler for 1 h at 37°C followed by inactivation of enzymes at
95°C for 10 min, and finally cooling at 4°C. The RNA was converted into cDNA. The converted cDNA was stored
at -20°C.

Quantitative Real-time Polymerase Chain Reaction

TheqRT-PCR amplification and analysis were performed using Step One™ version 3.1 software (Applied
Biosystems, Foster City, CA). Relative expression of DSPP and collagen type | mRNAs was analyzed using the
SYBR Green reverse transcriptase PCR method. Table 1 shows the sequence of the PCR primers. The g-PCR

reaction master mix component was prepared by adding the reagents (1 pL of forward primer, 1 pL of reverse

primer, 12.5 pL of Syber Green mix, SpLof cDNA template, 5.5 uL. of RNAse-free water) in a final volume of 20
uL for each sample. The GAPDH gene was used as the reference housekeeping gene for normalization of the data.
The well plate was loaded in the thermo cycler and run in regular cycles. Each cycle consisted of hold at 50°C for 2
min, one cycle of denaturation 95°C for 15 min, annealing at 60°C for 1min, and extension at 72°C for 40 1-min
cycles. Final relative quantitation was calculated according to the Applied Biosystems software analysis using the
delta CT (cycle threshold) method.

Table 1. Sequence of polymerase chain reaction primers
Gene Primer Sequence

F 5'-TAT CGTGGAAGGACTCA-3'

R 5'-GCAGGGATGATGTTCTGGA-3'

F 5'-GACATCGCCTACCAGCTCAT-3'
R 5-TCACGTTGTTCCTGTTCAGC-3'

F 5'-BCAGTCGATTCACCTACAGCACG-3'
R 5'-GGGATGGAGGGAGTTTACACG-3'

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DSPP, dentin sialophosphoprotein

GAPDH

DSPP

Collagen type |

Intracellular ALP Enzyme Activity

After 21 days, 25 pL of hDP-MSC lys ate was mixed with 75 pL. An ALP commercial reagent (Randox
Laboratories, Crumlin, UK) was added to the well plates followed by incubation for 1 h. ALP activity was examined
by measuring absorbance at 15-min intervals using a plate reader (Bio-Tek Instruments, Winooski, VT).
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Detection of Extracellular Mineralization

A Von Kossa staining kit (Bio-optica, Milano, Italy) was used for histologic visualization of extracellular calcium
deposits in differentiated hDP-MSCs in each group. After 21 days of incubation with odontogenic differentiation
medium, the cells were fixed with 2% paraformaldehyde at 4°C for 30 min. Silver nitrate solution (5%) was added
to cell sections and incubated for 1 hour with exposure to ultraviolet light. The sections were rinsed in distilled water
3 times. Each cell section was covered with 5% sodium thiosulphate, and incubated for 5 min, then rinsed for 2 min
in running tap water, followed by 2 changes of distilled water. The cell sections were then counter-stained with
Nuclear Fast Red and incubated for 5 min, followed by rinsing for 2 min in running tap water, and 2 changes of
distilled water. Cell sections were dehydrated in three changes of fresh absolute alcohol, after which they were
cleared, and a coverslip was added. Images of the specimens were taken for qualitative evaluation of calcified
mineralization, and observed using a phase-contrast light microscope (Nikon TS100, Tokyo, Japan).

Statistical Analysis

The data analysis was performed using SPSS version 20.0 (IBM Corp., Armonk, NY). The data were ranked and
analyzed using a rank-based nonparametric (Kruskal-Wallis) test. Post-hoc pairwise comparisons using the Dunn-
Bonferroni approach were produced for dependent variables for which the Kruskal-Wallis test was significant. A P-
value <0.05 was considered statistically significant.

RESULTS

Characterization of Isolated hDP-MSCs

Cell Morphology Characteristics

Cells were identified as MSCs based on their morphology. Isolated hDP-MSCs had a spindle (fusiform)-shaped
morphology after the third passage.

Immunophenotypic Characteristics

Flow cytometric analysis of the immunophenotypic characteristics of the hDP-MSCs revealed that the isolated cells
were positive for cell surface antigens CD90 and CD73, and negative for CD34, which confirmed the mesenchymal
origin of the pulp stem cells (Figure3).
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Figure 3. Immunophenotypic characteristics of human dental pulp mesenchymal stem cells.

Effect of Tested Dental Capping Materials on Cell Viability

After 48 hours of direct contact between the hDP-MSCs and the tested capping materials, the viability of the hDP-
MSCs was evaluated using the MTT cell proliferation assay. The analysis showed that the number of attached cells
varied in the wells containing the different capping materials. The Kruskal-Wallis test revealed statistically
significant differences in cell viability between the groups (32 (4) = 9.950, P = 0.041). The Biodentine group showed
the highest mean rank percentage of viable cells (41.33), followed by the negative control (35.00), NHA (29.50),
ProRoot MTA (29.00), and TheraCal LC (20.83) groups (Table 2). Pairwise comparison revealed a statistically
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significant difference in viability of the hDP-MSCs between the TheraCal LC and Biodentine groups (P= 0.037;
Table 3, Figure 4).

Table 2. Comparison of the effect of the different capping materials on viability of human dental pulp mesenchymal

stem cells
Dental Capping Material n Mean Rank, % Chi-square P-value
TheraCal LC 12 20.83
Biodentine 12 41.33
NHA 12 29.50 9.950 0.041*
ProRoot MTA 12 29.00
Negative Control 12 35.00

+Kruskal-Wallis test*Significant at P <0.05.

Table 3. Post-hoc pairwise comparison of the effect of the different capping materials on viability of human
dental pulp mesenchymal stem cells

Dental Capping Materials P-value
TheraCal LC — Biodentine 0.037*
TheraCal LC - NHA 1.000
TheraCal LC - MTA 1.000
TheraCal LC — Negative Control 0.443
Biodentine — NHA 0.374
Biodentine - MTA 0.835
Biodentine — Negative Control 1.000

+Dunn-Bonferroni test. *Significant at P <0.05.

MTA
29.00

anghydroxyapatitite

Figure 4. Pairwise comparisons of the viability of human dental pulp mesenchymal stem cells between the tested
capping materials using the Dunn-Bonferroni test. Each node shows the average rank of the tested material sample.

Expression of Odontogenic Target Genes

The effects of the cements on the mineralization potential of hDP-MSCs were investigated at the mRNA level,
enzymatic level (ALP only), and the extracellular matrix mineralization level. After incubation of hDP-MSCs with
the tested capping materials in odontogenic differentiation medium for 21 days, qRT-PCR for DSPP, collagen type 1
gene expression, and ALP enzyme production produced the following results:

Relative Expression of the DSPP GeneinhDP-MSCs

There were statistically significant differences in relative levels of DSPP gene expression by the hDP-MSCs
between the tested materials (¥2(4) = 39.091, P<0.001, Table 4). The mean rank of DSPP gene expression by hDP-
MSCs was significantly higher in the Biodentine group (44.50), followed by the NHA and MTA groups (42.75 and
36.75; respectively). The TheraCal LC group showed the lowest gene expression (20.50, Table 4). Post-hoc pairwise
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comparisons using the Dunn-Bonferroni approach revealed a statistically significant difference in the relative level
of DSPP gene expression by hDP-MSCs between the TheraCal LC, Biodentine, and NHA groups. Significant
differences were also found between the negative control, Biodentine, NHA, and MTA groups but not between the

TheraCal LC and negative control groups (Table 5, Figure 5).

Table 4. Comparison of the effects of the different capping materials on relative levels of DSPP gene expression in

human dental pulp mesenchymal stem cells

Dental Capping Materials n Mean Rank,% Chi-square | P-value
TheraCal LC 12 20.50
Biodentine 12 44.50

NHA 12 42.75 39.091 <0.001*
ProRoot MTA 12 36.75
Negative Control 12 8.00

+Kruskal-Wallis test. *Significant at P <0.05.

Table 5. Post-hoc pairwise comparison of the effect of the different capping materials on relative levels of DSPP
gene expression in human dental pulp mesenchymal stem cells

+Dunn-Bonferroni test. *Significant at P <0.05.

Dental Capping Materials P-value
TheraCal LC - Biodentine 0.008*
TheraCal LC - NHA 0.018*
TheraCal LC - MTA 0.225
TheraCal LC — Negative Control 0.792
Biodentine - NHA 1.000
Biodentine- MTA 1.000
Biodentine — Negative Control <0.001*
NHA - MTA 1.000
NHA — Negative Control <0.001*
MTA — Negative Control <0.001*
MTA
e _ 36.75
43?ghydroxvapatltlle
-ve contro
3.00

Figure 5. Pairwise comparisons of DSPP gene expression in human dental pulp mesenchymal stem cells between
the tested capping materials using the Dunn-Bonferroni test. Each node shows the average rank of the tested

material sample.

Relative Levels of Collagen Type | Gene Expression in hDP-MSCs

Collagen type | gene expression by hDP-MSCs after direct contact with the tested capping materials was evaluated

using the Kruskal-Wallis test.

There were statistically significant differences in hDP-MSC expression of the
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collagen type I gene between the tested materials (x2(4) = 28.049, P<0.001). The mean rank of collagen type I gene
expression in the hDP-MSCs was significantly higher in the Biodentine group (39.67), followed by the NHA and
TheraCal LC groups (38.83 and 33.50, respectively). The MTA group showed the lowest gene expression (33.25,
Table 6). Post-hoc pairwise comparisons using the Dunn-Bonferroni approach revealed a statistically significant
difference in relative expression of the collagen type | gene by hDP-MSCs between the negative control group and
the respective TheraCal LC, Biodentine, NHA, and MTA groups (Table 7, Figure 6).

Table 6. Comparison of the effect of the different capping materials on relative levels of collagen type | gene
expression in human dental pulp mesenchymal stem cells

Dental Capping Material n Mean Rank, % Chi-square P-value
TheraCal LC 12 33.50
Biodentine 12 39.67

NHA 12 38.83 28.049 <0.001*
ProRoot MTA 12 33.25
Negative Control 12 7.25

+Kruskal-Wallis test. *Significant at <0.05 level.

Table 7. Post-hoc pairwise comparison of the effect of the different capping materials on relative levels of collagen
type | gene expression in human dental pulp mesenchymal stem cells

Dental Capping Materials P-value
TheraCal LC — Biodentine 1.000
TheraCal LC - NHA 1.000
TheraCal LC - MTA 1.000
TheraCal LC — Negative Control 0.002*
Biodentine — NHA 1.000
Biodentine—- MTA 1.000

Biodentine — Negative Control <0.001*
NHA -MTA 1.000

NHA — Negative Control <0.001*
MTA — Negative Control 0.003*

+Dunn-Bonferroni test. *Significant at <0.05 level.

MTA
33.25

anohydroxyap atitite
83

Theracal
32.50

Figure 6. Pairwise comparison of collagen type | gene expression in human dental pulp mesenchymal stem cells
between the tested capping materials using Dunn-Bonferroni test. Each node shows the sample average rank of the
tested material.

Level of ALP Activity in hDP-MSCs

There was a statistically significant difference in the cell ALP activity level between the tested materials (x2 (4) =
20.979, P<0.001). The mean rank of ALP activity in the hDP-MSCs was significantly higher in the Biodentine
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group (43.58), followed by the NHA and MTA groups (37.33 and 32.25; respectively). TheTheraCal LC group
showed the lowest ALP activity (25.83; Table 8). Post-hoc pairwise comparisons using the Dunn-Bonferroni
approach revealed a statistically significant difference in ALP activity between the negative control group, and the
respective Biodentine and NHA groups (Table 9, Figure 7).

Table 8. Comparison of the effect of the different capping materials on alkaline phosphatase activity in human
dental pulp mesenchymal stem cells

Dental Capping Material n Mean Rank, % Chi-square P-value
TheraCal LC 12 25.83
Biodentine 12 43.58

NHA 12 37.33 20.979 <0.001*
ProRoot MTA 12 32.25
Negative Control 12 13.50

+Kruskal-Wallis test, *Significant at <0.05 level.

Table 9. Post-hoc pairwise comparison of the effect of the different capping materials on alkaline phosphatase
activity in human dental pulp mesenchymal stem cells

Dental Capping Materials P-value
TheraCal LC - Biodentine 0.127
TheraCal LC - NHA 1.000
TheraCal LC - MTA 1.000
TheraCal LC — Negative Control 0.832
Biodentine — NHA 1.000
Biodentine-MTA 1.000

Biodentine — Negative Control <0.001*
NHA -MTA 1.000

NHA —Negative Control 0.008*
MTA — Negative Control 0.085

+Dunn-Bonferroni test. *Significant at <0.05 level.

MTA
32.25

agghydroxyap atitite

Figure 7. Pairwise comparison of alkaline phosphatase activity in human dental pulp mesenchymal stem cells
between the tested capping materials using Dunn-Bonferroni test. Each node shows the sample average rank of the
tested material.

Extracellular Remineralization of hDP-MSCs Coated with Different Capping Materials
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A phase-contrast light microscope was used to observe the von Kossa staining of extracellular calcium deposits in
the test groups after odontogenic differentiation of hDP-MSCs. The calcified mineralization effect was the highest in
the Biodentine group, and the lowest in the TheraCal LC group (Figure 8).

EI b | 2P {

Figure 8. Mineralization effect of the tested dental capping materials using von Kossa staining. (a) TheraCal LC. (b)
Biodentine. (c) NHA. (d) MTA. (e) Negative control. Images were captured at 10x magnification using an inverted
electronic microscope.

DISCUSSION

The current study was performed in vitro, because dental pulp stem cells are easy to handle, and they grow rapidly,
which increases the reproducibility of the results, and the need for animal testing can be avoided. The cell line used
has been recommended by the International Organization for Standardization to assess biological responses to dental
materials [28]. hDP-MSCs were also used because of their many clinical applications, and the feasibility of placing
different dental capping materials in direct contact with these cells, such as during DPC.

Dental pulp stem cells can differentiate into odontoblast-like cells, which play an important role in the healing
process and formation of reparative dentin [29]. Hence, the bioactivity and biocompatibility of the capping materials
depend on their ability to induce proliferation and odontogenic differentiation of hDP-MSCs. Therefore, the aim of
this in vitro study was to evaluate and compare the effects of commercially available pulp-capping materials
(Biodentine, TheraCal LC, NHA, and MTA) on the proliferation and odontogenic differentiation of hDP-MSCs
following the direct contact between the tested materials and pulp cells. All the materials selected for the present
study had passed appropriate safety tests.

The effects of dental pulp-capping materials on hDP-MSCs were assessed using cell viability and proliferation tests
and detecting the expression of odontogenic differentiation gene markers encoding DSPP and collagen type |, the
intracellular ALP activity level, and extracellular calcified mineralization.

Dental pulp stem cells were withdrawn from extracted human teeth and maintained in tissue culture medium. The
hDP-MSCs was confirmed to have a spindle-shaped morphology. Flow cytometric analysis established that
membrane protein markers (CD90+, CD73+, and CD34-) were expressed, confirming the mesenchymal origin of the
isolated cells [30]. After the hDP-MSCs were characterized, they were cultured directly on prepared Biodentine,
TheraCal LC, NHA, and ProRoot MTA, with untreated hDP-MSCs cultured as a negative control group.
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After the hDP-MSCs had been incubated with the test pulp capping materials for 48 hours, the effect of the test
materials on cell viability was assessed using the MTT cell proliferation assay. This assay was based on the ability
of mitochondrial (dehydrogenase) enzymes in metabolically active cells to reduce tetrazolium to formazan, which
resulted in a blue/purple color. This method was straightforward; the relevant enzymes were inactivated shortly after
the cell death, so the formation of a highly colored formazan dye was indicative of a metabolically active cell
population. The assay could also reveal the number of live cells [31].

The Biodentine group showed a significantly high percentage of viable cells, followed by the negative control,
NHA, MTA, and TheraCal LC groups. This result was in agreement with the findings of two in vitro studies by [14,
32] who compared the biocompatibility of seven different types of pulp-capping materials (Dycal, Calcicur,
Calcimol LC, TheraCal LC, ProRoot MTA, MTA-Angelus, and Biodentine) on murine odontoblasts. These studies
found that Biodentine and MTA-based products had low cytotoxicity. In contrast, TheraCalLC decreased the
percentage of viable cells in 72 hours. The findings of this study were also supported by two further studies that
showed Biodentine and ProRoot MTA to have similar biocompatibility [33, 34].

Based on the results for the cell viability evaluation, the first null hypothesis that there was no difference in the
viability of undifferentiated hDP-MSCs after their exposure to Biodentine, TheraCal LC, NHC, orProRoot MTA
was rejected.

Differentiation of hDPSCsinto odontoblasts is essential for the success of a pulp capping procedure. Odontoblasts
are capable of depositing secondary/reparative dentine, secreting and mineralizing the fibrillar extracellular matrix
of dentine, and expressing proteins such as DSPP and collagen type I. These proteins play a regulatory role during
the mineralization of reparative dentine, so are considered to be specific markers for the odontoblast phenotype.
Odon oblasts also had ALP activity [35, 36].

In this study, to examine the effects of Biodentine, TheraCal LC, NHC, and ProRoot MTA on the odontogenic
differentiation of hDP-MSCs; the relative expression of target gene markers, DSPP and collagen type 1, in the test
groups were detected by a reverse-transcription reaction to the complementary DNA template, and then quantified
by qRT-PCR [37]. Statistically significant differences were detected between the tested groups. Biodentine was the
most efficient in increasing the relative expression of mMRNA for the odontogenic markers (DSPP and collagen type
1), followed by NHA, MTA, and TheraCal LC. The relative expression of the mRNA for these markers in
Biodentine, NHA, and MTA groups differed significantly from that in the negative control group; in contrast, there
was no significant difference in this respect between the negative control group and the TheraCal LC group. This
demonstrated that TheraCal LC was the least efficient in increasing the relative expression of mRNA for the
odontogenic markers, and in subsequent odontogenic differentiation.

Intracellular ALP activity is another marker of odontogenic differentiation of hDP-MSCs following direct contact
with tested capping materials. In the present study, all the test groups stained positive for ALP, with maximal
staining for the Biodentine group, followed by the NHA group. Although, there were significant differences in ALP
activity between the test groups, only the ALP activity levels of hDP-MSCs in the Biodentine and NHA groups were
significantly higher than the level in the untreated negative control group.

The current study’s findings were consistent with those of [38] who showed that the cell viability was the highest for
Biodentine followed by MTA. Viability on glass ionomer cement and dentin disks was significantly lower. ALP
activity was lower in cells in contact with Biodentine compared to those in contact with MTA, but the expression
patterns for the marker genes were similar.

Extracellular matrix mineralization has been another indicator of odontogenic differentiation of hDP-MSCs.
Following von Kossa staining, the extracellular calcium deposits in the tested groups were observed by phase-
contrast light microscopy. The data obtained indicated that culturing of hDP-MSCs cells on the tested capping
materials enhances their differentiation and mineralization ability. Of these materials, Biodentine showed the
greatest induction, and TheraCal LC showed the least.

According to the results of this study, the second null hypothesis that Biodentine, TheraCal LC, NHC, andProRoot
MTA had an equal ability to enhance the induction of the odontogenic potential of hDP-MSCs after the direct
contact was also rejected.

The results of this study were in agreement with those of [39] and [9] who showed an ex vivo whole human tooth
culture models in that the application of Biodentine directly onto the pulp induced the early formation of reparative
dentine. Furthermore, [10] investigated the response of hDPSCs to the direct contact with Biodentine, and showed
that Biodentine is a bioactive and biocompatible capping material.
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[40] compared the effects of Biodentine and TheraCal LC on the viability and osteogenic differentiation of hDPSCs
with those of MTA-Angelus. TheraCal LC was found to be the most cytotoxic of the three calcium silicate cements
tested. Moreover, Biodentine and MTA-Angelus produced better osteogenic gene expression and ALP enzyme
activity than TheraCalLC. The authors stated that although, MTA and Biodentine had better results, the three freshly
set tested capping materials showed some degrees of initial cytotoxicity, which might be explained by their high pH
values. Moreover, the pH of these pulp capping materials is time-dependent [41], so, these results might reflect the
fact that the cell viability was examined over a short period of time. TheraCal LC consists of a neutral or mild acidic
hydrophilic resin monomer component, and a hydrophobic resin monomer component. Incompletely polymerized
resin monomers may leach and accumulate to an overall toxic level with an irreversible effect on the detoxifying
glutathione metabolism and other defense mechanisms of the cell, resulting in apoptosis [42]. Cells may adversely
be affected by methacrylate resin components by alteration of the lipid layers in the cell membrane, leading to an
increase in its permeability. Hence, the direct contact of Theracal LC with the pulp cells result in decreased cell
metabolism and protein expression. [40] provided a foundation for further investigations using in vivo animal
models to validate the potentially adverse biological effects of TheraCal LC on hDPSCs.

Biodentine did not show cytotoxicity or genotoxicity. Biodentine has been reported to be a suitable alternative to
ProRoot MTA for DPC because of its short setting time, [43] which was supported by the findings of this study that
Biodentine has high odontogenic ability with low toxicity in comparison with TheraCal LC, NHC, and ProRoot
MTA.

CONCLUSIONS

In this study, Biodentine had better effects on the proliferation and odontogenic differentiation of hDP-MSCs than
TheraCal LC, NHA, or MTA. The findings of this study supported the use of Biodentine as a pulp capping material
to increase therapeutic efficiency. Further in vitro studies are needed to examine the viability of these capping
materials over a longer period of time.

Conflict of Interest

The authors did not have any conflict of interest related to this study.

ACKNOWLEDGEMENTS

This project was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz University, Jeddah,
Kingdom of Saudi Arabia under grant no. G-44-165-38. The authors, therefore, would like to acknowledge thanks to
DSR for their technical and financial support. The researchers would also like to thank Editage (www.editage.com)
for English language editing.

REFERENCES

1. Abu-Tahun I, Torabinejad M. Management of teeth with vital pulps and open apices. Endodontic Topics
23:79-104, 2012.

2. Dominguez MS, Witherspoon DE, Gutmann JL, Opperman LA. Histological and scanning electron
microscopy assessment of various vital pulp-therapy materials. J Endod 29:324-333, 2003.

3. Asgary S, Shahabi S, Jafarzadeh T, Amini S, Kheirieh S. The properties of a new endodontic material. J
Endod34:990-993, 2008.

4. Camilleri J, Pitt Ford TR. Mineral trioxide aggregate: a review of the constituents and biological properties
of the material. IntEndod J 39:747-754, 2006.

5. Torabinejad M, Hong CU, McDonald F, Pitt Ford TR. Physical and chemical properties of a new root-end
filling material. J Endod 21:349-353, 1995.

6. Gomes-Filho JE, Rodrigues G, Watanabe S, Estrada Bernabe PF, Lodi CS, Gomes AC, Faria MD,
Domingos Dos Santos A, Silos Moraes JC. Evaluation of the tissue reaction to fast endodontic cement
(CER) and Angelus MTA. J Endod35:1377-1380, 20009.

7. Guven EP, Yalvac ME, Sahin F, Yazici MM, Rizvanov AA, Bayirli G. Effect of dental materials calcium
hydroxide-containing cement, mineral trioxide aggregate, and enamel matrix derivative on proliferation and
differentiation of human tooth germ stem cells. J Endod 37:650-656, 2011.

221


https://www.ncbi.nlm.nih.gov/pubmed/?term=Faria%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=19801233
https://www.ncbi.nlm.nih.gov/pubmed/?term=Domingos%20Dos%20Santos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19801233
https://www.ncbi.nlm.nih.gov/pubmed/?term=Silos%20Moraes%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=19801233

Najat M. Farsi et al., Int. J. Pharm. Res. Allied Sci., 2018, 7 (3):209-223

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

Zanini M, Sautier J, Berdal A, Simon S. Biodentine induces immortalized murine pulp cell differentiation
into odontoblast-like cells and stimulates biomineralization. J Endod 38:1220-1226, 2012.

Laurent P, Camps J, About I. Biodentine (TM) induces TGF-betal release from human pulp cells and early
dental pulp mineralization. IntEndod J 45:439-448, 2012.

Luo Z, Li D, Kohli MR, Yu Q, Kim S, He WX. Effect of Biodentine on the proliferation, migration and
adhesion of human dental pulp stem cells. J Dent 42; 490-497, 2014.

Grech L, Mallia B, Camilleri J. Characterization of set intermediate restorative material, Biodentine,
Bioaggregate and a prototype calcium silicate cement for use as root-end filling materials. IntEndod J
46:632-641, 2013.

Arora V, Nikhil V, Sharma N, Arora P. Bioactive dentin replacement. J Dent Med Scil12:51-57, 2013.
Qureshi A, E S, Nandakumar, Pratapkumar, Sambashivarao. Recent advances in pulp capping materials: an
overview. J ClinDiagn Res 8: 316-321, 2014.

14.Poggio C, Arciola CR, Beltrami R, Monaco A, Dagna A, Lombardini M, Visai L. Cytocompatibility and
antibacterial  properties of capping materials.  ScientificWorldJournal2014;2014:  181945.doi:
10.1155/2014/181945.

Griffin J. Review: Bisco’s TheraCal LC will replace current lining, pulp cappingmaterial. Dent Prod Rep
[Internet]. 2013.http://www.dentalproductsreport.com/dental/article/review-biscos-theracal-Ic-will-replace-
current-lining-pulp-capping-material. Accessed 2 March 2016.

Gandolfi MG, Siboni F, Prati C. Chemical-physical properties of TheraCal, a novel light-curable MTA-like
material for pulp capping. IntEndod J 45: 571-579, 2012.

Ritwik P. A review of pulp therapy for primary and immature permanent teeth. J Calif Dent Assoc 41: 585-
595, 2013.

Webster T, Ergun C, Doremus R, Siegel R, Bizios R. Enhanced osteoclast-like cell functions on nanophase
ceramics. Biomaterials 22: 1327-1333, 2001.

Shayegan A, Atash R, Petein M, Abbeele AV. Nanohydroxyapatite used as a pulpotomy and direct pulp
capping agent in primary pig teeth. J Dent Child (Chic) 77: 77-83, 2010.

Potdar PD, Jethmalani YD. Human dental pulp stem cells: applications in future regenerative medicine.
World J Stem Cells7:839-851, 2015.

Nuti N, Corallo C, Chan BM, Ferrari M, Gerami-NainiB.Multipotent differentiation of human dental pulp
stem cells: a literature review. Stem Cell Rev 12: 511-523, 2016.

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem cells (DPSCs) in
vitro and in vivo. Proc Natl AcadSci U S A 97: 13625-13630, 2000.

Tatullo M, Marrelli M, Shakesheff KM, White LJ.Dental pulp stem cells: function, isolation and
applications in regenerative medicine. J Tissue Eng Regen Med 9: 1205-1216, 2015.

Peng W, Liu W, Zhai W, Jiang L, Li L, Chang J, Zhu Y. Effect of tricalcium silicate on the proliferation
and odontogenic differentiation of human dental pulp cells. J Endod 37: 1240-1246, 2011.

Zhao X, He W, Song Z, Tong Z, Li S, Ni L. Mineral trioxide aggregate promotes odontoblastic
differentiation via mitogen-activated protein kinase pathway in human dental pulp stem cells. MolBiol Rep
39: 215-220, 2012.

Hilton TJ. Keys to clinical success with pulp capping: a review of the literature. Oper Dent34:615-625,
20009.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans R, Keating A,
ProckopDj, Horwitz E. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 8: 315-317, 2006.

Dannan A. Dental-derived stem cells and whole tooth regeneration: an overview. J Clin Med Res 1:63-71,
20009.

Farges JC, Alliot-Licht B, Renard E, Ducret M, Gaudin A, Smith AJ, Cooper PR. Dental pulp defence and
repair mechanisms in dental caries. Mediators Inflamm 2015; 2015:230251. doi: 10.1155/2015/230251.
Ajlan SA, Ashri NY, Aldahmash AM, Alnbaheen MS. Erratum to: Osteogenic differentiation of dental
pulp stem cells under the influence of three different materials. BMC Oral Health 2016; 16:41. doi:
10.1186/s12903-016-0193-0.

222


http://www.dentalproductsreport.com/dental/article/review-biscos-theracal-lc-will-replace-current-lining-pulp-capping-material
http://www.dentalproductsreport.com/dental/article/review-biscos-theracal-lc-will-replace-current-lining-pulp-capping-material
https://www.ncbi.nlm.nih.gov/pubmed/11336305
https://www.ncbi.nlm.nih.gov/pubmed/?term=Potdar%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=26131314
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jethmalani%20YD%5BAuthor%5D&cauthor=true&cauthor_uid=26131314
https://www.ncbi.nlm.nih.gov/pubmed/26131314
https://www.ncbi.nlm.nih.gov/pubmed/27240827
https://www.ncbi.nlm.nih.gov/pubmed/27240827
https://www.ncbi.nlm.nih.gov/pubmed/24850632
https://www.ncbi.nlm.nih.gov/pubmed/24850632
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hilton%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=19830978
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keys+to+Clinical+Success+with+Pulp+Capping%3A+A+Review+of+the+Literature
https://www.ncbi.nlm.nih.gov/pubmed/?term=Deans%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16923606
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keating%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16923606
https://www.ncbi.nlm.nih.gov/pubmed/?term=Prockop%20Dj%5BAuthor%5D&cauthor=true&cauthor_uid=16923606
https://www.ncbi.nlm.nih.gov/pubmed/?term=Horwitz%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16923606
https://www.ncbi.nlm.nih.gov/pubmed/26538821
https://www.ncbi.nlm.nih.gov/pubmed/26538821

Najat M. Farsi et al., Int. J. Pharm. Res. Allied Sci., 2018, 7 (3):209-223

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Osibote E, Noah N, Sadik O, McGee D, Ogunlesi M. Electrochemical sensors, MTT and
immunofluorescence assays for monitoring the proliferation effects of Cissuspopulnea extracts on
Sertolicells.ReprodBiol and Endocrinol 2011; 9:65. doi:10.1186/1477-7827-9-65.

Poggio C, Ceci M, Dagna A, Beltrami R, Colombo M, Chiesa M. In vitro cytotoxicity evaluation of
different pulp capping materials: a comparative study. ArhHig Rada Toksikol66:181-188, 2015.

Khedmat S, Dehghan S, Hadjati J, Masoumi F, Nekoofar MH, Dummer PM. In vitro cytotoxicity of four
calcium silicate-based endodontic cements on human monocytes, a colorimetric MTT assay. Restor Dent
Endod39:149-154, 2014.

Jung JY, Woo SM, Lee BN, Koh JT, Nér JE, Hwang YC. Effect of Biodentine and bioaggregate on
odontoblastic differentiation via mitogen-activated protein kinase pathway in human dental pulp cells.
IntEndod J 48:177-184, 2015.

Pisciotta A, Carnevale G, Meloni S, Riccio M, De Biasi S, Gibellini L, Ferrari A, Bruzzesi G, De Pol A.
Human dental pulp stem cells (hDPSCs): isolation, enrichment and comparative differentiation of two sub-
populations. BMC Dev Biol. 2015; 15: 14.doi: 10.1186/5s12861-015-0065-x.

Yamamoto R, Oida S, Yamakoshi Y. Dentin sialophosphoprotein-derived proteins in the dental pulp. J
Dent Res 94:1120-1127, 2015.

Overbergh L GA, Valckx D, Decallonne B, Bouillon R, Mathieu C. The use of real-time reverse
transcriptase PCR for the quantification of cytokine gene expression. J Biomol Tech14:33-43, 2016.
Widbiller M, Lindner SR, Buchalla W, Eidt A, Hiller KA, Schmalz G, Galler KM. Three-dimensional
culture of dental pulp stem cells in direct contact to tricalcium silicate cements. Clin Oral Investig20:237-
246, 2016.

Nowicka A, Lipski M, Parafiniuk M, Sporniak-Tutak K, Lichota D, Kosierkiewicz A, Kaczmarek W,
Buczkowska-Radlinska J. Response of human dental pulp capped with biodentine and mineral trioxide
aggregate. J Endod39:743-747, 2013.

Bortoluzzi EA, Niu LN, Palani CD, El-Awady AR, Hammond BD, Pei DD, Tian FC, Cutler CW, Pashley
DH, Tay FR. Cytotoxicity and osteogenic potential of silicate calcium cements as potential protective
materials for pulpal revascularization. Dent Mater 31:1510-1522, 2015.

Yalcin M, Arslan U, Dundar A. Evaluation of antibacterial effects of pulp capping agents with direct
contact test method. Eur J Dent 8:95-99, 2014.

Krifka S, Spagnuolo G, Schmalz G, Schweikl H. A review of adaptive mechanisms in cell responses
towards oxidative stress caused by dental resin monomers. Biomaterials34: 4555-4563, 2013.

Zakerzadeh A, Esnaashari E, Dadfar S. In vitro comparison of cytotoxicity and genotoxicity of three vital
pulp capping materials. Iran Endod J 12: 419-425, 2017.

223


https://www.ncbi.nlm.nih.gov/pubmed/?term=Osibote%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21575213
https://www.ncbi.nlm.nih.gov/pubmed/?term=Noah%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21575213
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sadik%20O%5BAuthor%5D&cauthor=true&cauthor_uid=21575213
https://www.ncbi.nlm.nih.gov/pubmed/?term=McGee%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21575213
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ogunlesi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21575213
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrari%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25879198
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bruzzesi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25879198
https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Pol%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25879198
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaczmarek%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23683272
https://www.ncbi.nlm.nih.gov/pubmed/?term=Buczkowska-Radli%C5%84ska%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23683272
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tian%20FC%5BAuthor%5D&cauthor=true&cauthor_uid=26494267
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cutler%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=26494267
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pashley%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=26494267
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pashley%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=26494267
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tay%20FR%5BAuthor%5D&cauthor=true&cauthor_uid=26494267
https://www.ncbi.nlm.nih.gov/pubmed/?term=Krifka%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23541107
https://www.ncbi.nlm.nih.gov/pubmed/?term=Spagnuolo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23541107
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schmalz%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23541107
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schweikl%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23541107
https://www.ncbi.nlm.nih.gov/pubmed/23541107
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zakerzadeh%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29225635
https://www.ncbi.nlm.nih.gov/pubmed/?term=Esnaashari%20E%5BAuthor%5D&cauthor=true&cauthor_uid=29225635
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dadfar%20S%5BAuthor%5D&cauthor=true&cauthor_uid=29225635
https://www.ncbi.nlm.nih.gov/pubmed/29225635

	ABSTRACT
	Table 1. Sequence of polymerase chain reaction primers
	Table 2. Comparison of the effect of the different capping materials on viability of human dental pulp mesenchymal stem cells

