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Abstract

Chen CC, Shie MY, Ding SJ. Human dental pulp cell

responses to new calcium silicate-based endodontic materials.

International Endodontic Journal, 44, 836–842, 2011.

Aim To evaluate human dental pulp cell responses to

radiopaque dicalcium silicate cement and white-col-

oured mineral trioxide aggregate (WMTA).

Methodology Flow cytometry was employed to

quantify the phase percentage of pulp cell cycle.

Alamar Blue was used for real-time and repeated

monitoring of cell proliferation. Reverse transcription-

polymerase chain reaction was performed to determine

gene expression in pulp cells cultured on the cements.

Results The cells cultured on the radiopaque dical-

cium silicate cement had similar S and G2 phases in the

cell cycle and proliferation to WMTA at all culture

times. In addition, the two materials presented the

same evolution with similar values in interleukin-1,

inducible nitric oxide synthase, alkaline phosphatase,

osteocalcin and bone sialoprotein gene expression at all

culture times.

Conclusions The dental pulp cell responses to

radiopaque dicalcium silicate cement were similar to

those reported for WMTA in terms of cell cycle,

proliferation, immunocompatibility and osteogenic dif-

ferentiation.
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gene expression, mineral trioxide aggregate, root-end
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Introduction

A variety of calcium silicate-based materials such as

Portland cement (Ribeiro et al. 2005, Islam et al. 2006,

Shahi et al. 2010, Zhang et al. 2010) and mineral

trioxide aggregate (MTA) (Camilleri & Pitt Ford 2006,

Islam et al. 2006, Gomes-Filho et al. 2009, Ding et al.

2010a, Shahi et al. 2010) have been developed for use

in dentistry. MTA has positive characteristics such as

favourable tissue reactions and the induction of min-

eralized repair tissue (Gomes-Filho et al. 2009). Hence,

it has been recommended for pulp capping (Aeinehchi

et al. 2003), pulpotomy (Moretti et al. 2007), apical

barrier formation in teeth with open apexes (Felippe

et al. 2006), repair of root perforations (Bargholz

2005), root canal filling (Torabinejad & White 1995)

and root-end filling (Chiang & Ding 2010).

In previous studies (Chen et al. 2009a,b), a quick-

setting, aluminium-free, dicalcium silicate cement was

successfully prepared using a sol–gel method. The

cement could quickly form ‘bone-like’ apatite spheru-

lites after immersion in a simulated body fluid (Chen

et al. 2009b). After the addition of Bi2O3, the radi-

opaque dicalcium silicate cement sets within 24 min

when mixed with water, which was significantly lower

than that of white-coloured mineral trioxide aggregate

(WMTA) (168 min) (Chiang & Ding 2010). Addition-

ally, MG63 cell viability cultured on radiopaque dical-

cium silicate cement was higher than that cultured on

WMTA at all culture times (Chiang & Ding 2010),

suggesting that the cement could be applied in

endodontic treatments. The further investigation of

osteogenecity is necessary because the responses of
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various cell types to a material are different in various

cell culture environments. Human dental pulp cells

have the ability to differentiate along the osteoblast

lineage and contribute to the dentinal regeneration

process (Gronthos et al. 2000). According to the

literature (Moghaddame-Jafari et al. 2005), MTA

induces a slight increase in the proliferation of odon-

toblast-like cells and undifferentiated pulp cells.

Further, they are more suitable than MG63 cells for

evaluating the bone tissue response to cement

materials.

Following previous studies (Chen et al. 2009a,b,

Chiang & Ding 2010), the purpose of this study was

to examine the responses, including cell cycle, immune

response and osteogenic differentiation of human

dental pulp cells to radiopaque dicalcium silicate

cement in comparison with those to WMTA.

Materials and methods

Specimen preparation

Reagent-grade tetraethyl orthosilicate (Si(OC2H5)4;

Sigma-Aldrich, St. Louis, MO, USA) and calcium

nitrate (Ca(NO3)2Æ4H2O, Showa, Tokyo, Japan) were

used as precursors for SiO2 and CaO, respectively. The

catalyst was 2 mol L)1 nitric acid, and absolute

ethanol was used as the solvent. The molar ratio of

Ca(NO3)2Æ4H2O to Si(OC2H5)4 was 3:2. General sol–

gel procedures, such as hydrolysis and ageing, were

adopted. A detailed description of the powder’s

fabrication has been reported (Chiang & Ding

2010). After sintering at 800 �C for 2 h with a

high-temperature furnace, the sintered granules were

then ball-milled for 12 h in ethyl alcohol using a

centrifugal ball mill (Retsch S 100, Hann, Germany)

and then dried in an oven at 60 �C. Bi2O3 (Sigma-

Aldrich) was added to the ground powder at 20 wt%,

as described by Torabinejad & White (1995), using a

conditioning mixer (ARE-250, Thinky, Tokyo, Japan).

The cement specimens with 20 wt% Bi2O3 were

hand-mixed at a liquid-to-powder (L/P) ratio of

0.4 mL g)1. White-coloured ProRoot MTA (Dentsply

Tulsa Dental, Tulsa, OK, USA) was used as an

experimental group. The liquid phase was water,

and an L/P ratio of 0.3 mL g)1 was used according to

the manufacturer’s instructions. After mixing, the

cement fully covered each well of the 24-well plate to

a thickness of 2 mm; the specimens were stored in an

incubator at 100% relative humidity and 37 �C for

1 day to set.

Cell culture

Human dental pulp cells were freshly derived from a

caries-free, intact premolar that was extracted for

orthodontic treatment purposes as described previously

(Chen et al. 2010). The patient gave informed consent.

Approval from the Ethics Committee of the Chung Shan

Medicine University Hospital was obtained. The tooth

was split sagittally with a chisel, and periodontal

ligament tissue was then immersed in phosphate-

buffered saline (PBS) solution. Pulp tissue was cut into

fragments and immersed in Dulbecco’s Modified Eagle’s

Medium (DMEM; Gibco, Langley, OK, USA) containing

0.1% collagenase (Sigma) and 0.1% dispase (Sigma) for

1 h. The pulp cells were collected from medium at

360 g for 5 min. The cell pellet was resuspended in

DMEM containing 20% foetal bovine serum (Gibco),

100 units mL)1 penicillin G and 100 mg mL)1

streptomycin in 5% CO2 at 37 �C. Cells were subcul-

tured by successive passaging at a 1 : 3 ratio. Cell

cultures between the fourth and eighth passages were

used. Prior to cell incubation, the hardened cement

discs were sterilized by soaking in a 75% ethanol

solution and exposure to ultraviolet (UV) light for 2 h.

Pulp cell suspensions (2 · 104 cells per well) were

directly seeded over each specimen, which was then

placed in a 24-well plate. Cells cultured on the tissue

culture plate without the cement were used as a

control.

Cell cycle

The propidium iodide (PI) flow cytometric assay is

widely used for the analysis of the cell cycle. The DNA

content was quantified to determine the percentage of

cells in each cycle phase of subG1, G1, S and G2. After

culture for various time periods, floating and adhered

cells were collected, centrifuged and fixed with cold

ethyl alcohol at )20 �C over night. Cell samples were

resuspended in 50 lg mL)1 PI (Invitrogen, Grand

Island, NY, USA), 0.1% Triton X-100 and

100 lg mL)1 RNAse A (Sigma-Aldrich) in the dark at

4 �C for 2 h. The resulting nuclei suspension was

analysed with a Calibur (Becton Dickinson, Franklin

Lakes, NJ, USA) fluorescence activated cell sorter at a

488-nm excitation and with a 560-nm band pass filter

for red fluorescence of PI. The phase percentage of pulp

cells in the cell cycle was determined using WinMDI

2.8 software (Scripps Research Institute, La Jolla, CA,

USA). The average from three different assays was

recorded.
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Cell proliferation

The reagent alamar Blue (Invitrogen) was used for real-

time and repeated monitoring of cell proliferation,

which is based on the detection of mitochondrial

activity. Briefly, at the end of the culture period, the

medium was discarded and washed with PBS twice.

Each well was filled with 0.3 mL at a ratio of 1 : 9

alamar Blue/fresh medium and incubated at 37 �C for

3 h. One hundred microlitres of the solution in each

well was transferred to a 96-well tissue culture plate.

Plates were read in a Sunrise Microtiter Reader (Tecan

Austria Gesellschaft, Salzburg, Austria) at 570 nm

with a reference wavelength of 600 nm. The results

were obtained in triplicate from three separate exper-

iments. Cell proliferation was represented in terms of

optical density.

Gene expression analysis

Reverse transcription–polymerase chain reaction (RT-

PCR) was used to determine gene expression in human

dental pulp cells cultured on the various specimens.

The matrices were washed with PBS at days 1, 3, 7 and

15, and the total RNA from the cells was isolated using

Trizol (Invitrogen) according to the manufacturer’s

protocol. The total RNA concentration was quantified

by measuring the OD at 260 nm, as well as the

OD260/OD280 ratio, using a Beckman DU640B spec-

trophotometer (Fullerton, CA, USA). PCR primers were

designed for various bone formation genes: osteocalcin

(OC), collagen type I (COL I), alkaline phosphatase

(ALP), bone sialoprotein (BSP) and actin (AC). The

primers for interleukin (IL)-1 and inducible nitric oxide

synthase (iNOS) were referred to the previous study

(Ding et al. 2010b). These primers were designed on

the basis of published gene sequences (NCBI and

PubMed). The mRNA was converted to cDNA using a

thermal cycler (GeneAmp� PCR System 9700; Applied

Biosystems, Foster City, CA, USA). Each PCR product

was analysed by separation with 2% agarose (in Tris-

acetate-EDTA buffer) gel electrophoresis and visualized

following ethidium bromide staining. The stained bands

were photographed using a Syngene bio-imaging

system (Frederick, MD, USA). For semi-quantitative

analysis of the genes, the photographed bands were

analysed with Scion Image software (Scion Corp.,

Frederick, MD, USA), and the intensity of each band

was normalized to that of AC. Semi-quantitative

analysis was carried out in three separate sets of

experiments.

Statistical analysis

One-way anova statistical analysis was used to eval-

uate the significance of the differences between the

mean values. Scheffé multiple comparison testing was

used to determine the significance of the deviations in

the data for each specimen. In all cases, the results

were considered statistically significant at a P value

<0.05.

Results

Cell cycle

In Fig. 1, the phase percentage of cells in the subG1,

G1, S and G2 is given as a function of culture time.

With increasing culture time, the percentage of cells in

the G1 phase appreciably decreased for all test groups,

along with S and G2 phases increased. The cells

cultured on radiopaque dicalcium silicate cement were

not significantly different (P > 0.05) from those on

WMTA in S and G2 phases at all culture times, but

being significantly (P < 0.05) higher than the control.

Of note, the cell population in the subG1 phase was in

the range of 3.1–3.6% for all test groups. No significant

difference (P > 0.05) in the subG1 phase between

radiopaque dicalcium silicate cement and WMTA was

found.

Cell proliferation

Alamar Blue showed that the number of cells cultured

on either radiopaque dicalcium silicate cement or

WMTA surfaces had a significant (P < 0.05) higher

Figure 1 Phase percentage of pulp cell cycle for the specimens

at various time-points.
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value amount at all culture times when compared to

the control (Fig. 2). However, there were no significant

differences (P > 0.05) between the two cements at all

culture times.

Immune response

No significant differences (P > 0.05) between radi-

opaque dicalcium silicate cement and WMTA were

found in either IL-1 (Fig. 3a) or iNOS (Fig. 3b)

production, but the immune response of cells on

radiopaque dicalcium silicate cement was lower than

those on WMTA at all culture times. However, the cells

on the surfaces of the two cements had a significantly

(P < 0.05) higher immune response than those on the

control at all culture times, with the exception of 7-day

iNOS expression.

Osteogenic differentiation

Changes in the expression of the pulp cell phenotypic

markers AC, COL I, ALP, BSP and OC with varying

culture durations are shown in Fig. 4. AC was used as

an internal control and was produced at a comparable

level in control cells and cells grown on the test

cements. COL I expression was similar in the control

and experimental groups during the culture time

periods (Fig. 4a). ALP expression was higher in cells

on the two cement surfaces at day 7 than in cells at day

3, but it was slightly downregulated after 15 days in

culture (Fig. 4b). No significant differences (P > 0.05)

in ALP mRNA expression were detected between the

two cements for all time-points. BSP (Fig. 4c) and OC

(Fig. 4d) secretions increased in pulp cells cultured on

either radiopaque dicalcium silicate cement or WMTA

with increasing culture time. Similar to ALP, the two

gene expressions in cells were not found to be signif-

icantly different (P > 0.05) between the two cements.

Interestingly, the cells cultured on the two cements

produced a significantly (P < 0.05) higher ALP, BSP

and OC levels than those secreted on the control at all

culture times.

Discussion

An ideal biomaterial for bone repair and replacement

would administer the appropriate signals to direct the

processes of osteogenesis, such as cell proliferation,

differentiation, matrix deposition and, ultimately, min-

eralization of the extracellular matrix, along with the

lack of apoptosis. Additionally, biomaterials are foreign

to the host, and it is thus not surprising that the

immune response is an important determinant of

Figure 2 Alamar Blue assay for pulp cell proliferation cultured

on the specimens at various time-points.

(a) (b)

Figure 3 (a) Interleukin (IL)-1 and (b) inducible nitric oxide synthase (iNOS) responses of pulp cells cultured on the specimens at

various time-points. The mRNA levels of IL-1 and iNOS were determined by Reverse transcription–polymerase chain reaction and

normalized to the corresponding actin mRNA levels.
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biocompatibility (Vosoughhosseini et al. 2008). The

nonspecific (innate) immune system is responsible for

initiating rapid and general responses against invasion

by foreign objects. It is essential to elucidate the effects

of the newly developed radiopaque dicalcium silicate

cement with shortened setting time on the cell cycle,

the immune response and osteogenesis of pulp cells.

The cell cycle is the series of events that takes place

in a eukaryotic cell leading to its division and replica-

tion (Koulaouzidou et al. 2009). Not surprisingly,

deregulation of cell cycle control proteins may lead to

tumour formation. The subG1 phase represents cell

death (Gong et al. 1994). The G1 corresponds to the

interval between mitosis and initiation of DNA synthe-

sis. DNA replication takes places during the S phase

following the G1 phase. The completion of DNA

replication is followed by the G2 phase, during which

cell growth continues and proteins are synthesized in

preparation for mitosis (Cooper 2000). In the current

study, there were no significant differences in the

percentages of cells in the four phases over time

between the two test cement specimens, consistent

with results of cell proliferation. Hernandez et al.

(2005) also found that WMTA did not induce an

increase in the percentage of apoptotic cell when

compared to the control. WMTA induces the prolifer-

ation, and not apoptosis, of pulp cells in vitro (Mog-

haddame-Jafari et al. 2005, Paranjpe et al. 2010).

Immunocompatibility was evaluated by measuring

the expression of IL-1 and iNOS. IL-1 is the first

‘immune’ cytokine positively identified to be involved in

the control of bone turnover. It also provides a typical

example of multifunctional cytokines involved in the

regulation of the immune response, hematopoiesis and

inflammation (Akira et al. 1990). Minamikawa et al.

(2009) found that MTA increased iNOS mRNA expres-

sion via activation of the nuclear factor kappa B

signalling system. iNOS is only expressed in response to

inflammatory stimuli. IL-1 causes activation of the

iNOS pathway in bone cells (van’t Hof & Ralston

2001). It was found that the lowest levels of the pro-

inflammatory cytokine IL-1 and iNOS were expressed

by pulp cells cultured on the control at all time-points.

The higher IL-1 and iNOS levels in cells on the two

(a) (b)

(c) (d)

Figure 4 Osteogenic expression levels of pulp cells cultured on the specimens at various time-points. The intensity of each

amplified cDNA band was semi-quantified and normalized to that of actin. COL I = collagen I, ALP = alkaline phosphatase,

BSP = bone sialoprotein and OC = osteocalcin. (a) COL I, (b) ALP, (c) BSP and (d) OC.
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cements may partially be attributed to the initial high

pH values (Shahi et al. 2010). This is consistent with

the results of previous studies (Rezende et al. 2008,

Vosoughhosseini et al. 2008, Shahi et al. 2010). Nev-

ertheless, both IL-1 and iNOS expressions decreased

with increasing incubation time, approaching the

expression of the control at day 7. Gomes-Filho et al.

(2009) showed that Angelus MTA caused moderate

reactions at day 7, which decreased with time. An

animal study indicated that Angelus MTA upregulated

the adaptive humoural immune responses but had little

or no effect on pro- or anti-inflammatory cytokine

production (Rezende et al. 2008).

Osteoblast differentiation is generally accompanied

by ALP expression as well as OC, BSP and COL I

productions and in vitro mineralization. There were no

significant differences in COL I expression between the

two cements. ALP gene expression is an early marker

of osteoblast differentiation. The secretion of ALP from

pulp cells began earlier during culture on the two

cement surfaces than on the control surface. It is

generally accepted that an increase in the specific

activity of ALP in bone cells reflects a shift to a more

differentiated state (Aubin et al. 1995). Moreover, ALP

appears to play a crucial role in the initiation of

matrix mineralization, and ALP gene expression is

downregulated after the start of mineralization, as

shown in both two cements on day 15. OC is a later

marker of osteoblast differentiation and is the most

abundant noncollagenous bone-matrix protein char-

acteristic of osteoblast synthetic function (Ding et al.

2009). BSP is specific to mineralized tissues and is

expressed at the onset of bone formation during

embryogenesis (Ding et al. 2010b). Pulp cells on the

radiopaque dicalcium silicate cement and WMTA

showed significantly increased BSP and OC expression

levels with increases in the culture time. In this study,

no noticeable differences in the responses of pulp cells

to either WMTA or radiopaque dicalcium silicate

cements were observed. The results may be partially

explained by the fact that a similarity in chemical

composition and biocompatibility occurred (Chiang &

Ding 2010).

Conclusions

The newly developed radiopaque dicalcium silicate

cement with shortened setting time could enhance pulp

cell proliferation, differentiation and immunocompati-

bility. The dental pulp cell responses to radiopaque

dicalcium silicate cement was very similar to that

reported for WMTA, making it suitable for endodontic

use.
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