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ABSTRACT 
 

Background: Numerous studies have demonstrated the effect of mechanical stress on mesenchymal stem 
cells differentiation, but few have reported the effect of compressive stimulation on dental pulp stem cells 
(DPSCs). In this study, we focused on the effect of mechanical compression on stimulating the odontogenic 
differentiation of dental pulp stem cells. Materials and methods: Cells isolated from human third molar teeth 
indicated for extraction were seeded on a custom made plasma coated silicon membrane and incubated in static 
culture for 16 hours before mechanical stimulation. Membranes were then cultured in a custom bioreactor and 
subjected to cyclic compression stress. Different stimulation times, cell numbers and stress magnitudes were 
evaluated to determine the optimal mechanical conditions for odontogenesis. Cell seeded membranes with and 
without exposure to compressive stress were evaluated by confocal microscopy and real time PCR. Results: The 
expression of both enamelysin and dentin sialophosphoprotein genes was significantly enhanced by compressive 
stress and confocal microscopy showed the successful penetration of the mechanically stimulated cells into the 
silicon membrane pores.  
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Introduction 
 

From the time of development and throughout the life of an organism, cells of the body are constantly 
exposed to a variety of mechanical stimuli through the actions of muscle forces, gravity, blood flow, and other 
physical processes (Guilak et al., 2009), for example mesenchymal cells can differentiate to vascular endothelial 
cells by shear stress of blood flow (Depaola, 1994), vascular endothelial cells by hydrostatic pressure of blood 
pressure, cardiomyocytes by extension force and periodontal ligament cells by occlusal force or orthodontic force 
(Poiate et al., 2009). Several studies have shown that mechanical stimuli induce differentiation of mesenchymal 
stem/progenitor cells into osteoblasts (Sharp et al., 2009; Holtorf et al., 2005; Yang et al., 2010), chondrocytes 
(Terraciano V et al., 2007, McMahon et al., 2008) and ligament cells (Altman et al., 2001). It was suggested that 
mechanical stimulation of mesenchymal stem cells (MSCs) might be a better choice compared to chemical 
stimulation for engineered tissue transplantation, which has potential side-effects (Sittichokechaiwut et al., 2010). 
Mechanical stimuli are also suggested to promote differentiation of dental pulp cells (DPCs) into odontoblasts 
(Lee et al., 2010). However, the Odontoblastic gene markers used in that study were osteopontin (OPN), bone 
sialoprotein (BSP), dentin sialophosphoprotein (DSPP) and dentin matrix-protein-1 (DMP-1) which are not 
specific for odontoblasts as they are also expressed in osteoblasts. Enamelysin, an odontoblast-specific gene, was 
better to be used for molecular evaluation (Bègue-Kirn et al., 1998). There are two morphological features are 
specific for odontoblasts; they normally are aligned and polarized along the dentinal wall, and have long processes 
into the dentinal tubules (Ruch, 1995). Therefore, morphological evaluation should also be performed in addition 
to molecular evaluation of odontoblastic differentiation by mechanical stimuli. Therefore, in this study, a silicone 
scaffold membrane was manufactured to be similar to dentinal tubules in pore size and pitch. 
Polydimethylsiloxane (PDMS) which is an easily shaped, inexpensive and highly biocompatible material was 
used for this purpose. We optimized the conditions of mechanical stimulation to induce differentiation of human 
DPSCs after plating on this scaffold into odontoblasts with parallel alignment in a short period of time in vitro. 
The evaluation has been confirmed by measuring the mRNA expression of odontoblastic markers, DSPP and 
Enamelysin. Morphological evaluation was also performed by confocal laser scanning microscope 
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Materials and Methods 
 

Isolation of total human dental pulp cells: 
 
Human third molar teeth indicated for extraction were collected. The extracted teeth were kept in Dulbecco 

modified Eagle’s media (DMEM) (Biowhittaker, GIBCO, Sigma, USA) to which penicillin/streptomycin 
(Invitrogen Co., USA) and 10% Fetal bovine serum (GIBCO, Invitrogen, USA) were added. The teeth were 
split open and the pulp was gently removed using sterile dental probe. All cell culture procedures were done in a 
sterile environment, in a biological safety cabinet (Bio Clean Bench, MCV-B131F, Sanyo Electric Co., Ltd, 
Japan) and the surfaces were continuously sanitized using 70% ethyl alcohol. Collected pulp tissue was washed 
in phosphate buffered solution (PBS) (GIBCO, Invitrogen, USA) two times to ensure removal of any exogenous 
debris. Tissue was then carefully dissected into small pieces using sterile scissors. 0.2% collagenase type two 
(Worthington biochemical corporation, Lakwood, USA) solution was then added to the dissected pulp tissue and 
shook in a water bath shaker at 37ºC for 30 minutes. The isolated dental pulp cells were then cultured in fresh 
DMEM media supplemented with 10% FBS and incubated at 37ºC and 5% CO2 (Thermo Scientific Forma® 
Steri-Cycle®, Japan) CO2 Incubator. Cells were selected on the basis of their ability to adhere to the tissue 
culture plastic; nonadherent hematopoietic cells were removed during medium replacement after approximately 
5 days in culture. Medium was changed twice per week thereafter. Dental pulp cells were subsequently detached 
using 0.25% trypsin/1 mM ethylene diamine tetraacetic acid (EDTA) replated at 5 · 103 cells/cm2, and cultured 
as first passage cells (P1) until confluency. First passage (P1) were trypsinized and replated at 5 · 103 cells/cm2 
to yield second passage cells (P2), which were trypsinized near confluency and subsequently used for membrane 
seeding 
 
Membrane preparation and cell seeding: 

 
Silicon plasma coated membranes with pore depth of 10 µm were kindly provided by Toray Company, 

Japan. Membranes were placed in 70% ethanol in Petri dishes for 30 min, after which most of the ethanol was 
removed, followed by evaporation for 20 min. the membranes were then packed in sterile packs and sterilized. 
The membranes were then coated using collagen type I-A (Cell matrix, Nittazeration). 2nd passage culture of 
the human dental pulp cells (P2) cultured in 10 cm diameter Petri dishes using DMEM and supplemented with 
10% FBS, 100IU/ml of penicillin/streptomycin grown to 80% confluence. At 80% confluence, the culture 
medium was carefully decanted and the cells monolayer was washed with PBS. Cells were then detached from 
dish and resuspended in culture medium, adjusted to 7.5x105, 4x105 or 2 x105 cells. Different cell numbers were 
evaluated to determine the most suitable cell number for mechanical differentiation. Cells were seeded onto 
each sterile membrane and placed in the steel base ring. Cell seeded membranes were then incubated at 37ºC 
and 5%Co2 for 16 hours to allow the cells to attach to the membranes. After 16 hours odontogenic 
differentiation was induced by incubating the membranes with DMEM supplemented with 10% FBS and 2 
μg/ml of L-ascorbic acid 2-phosphate (Wako Pure Chemical Industries, Ltd, Osaka, Japan) with the phosphate 
concentration increased to 1μg /ml.  
 
Application of mechanical compressive pressure: 

 
A custom-built bioreactor system was designed to apply cyclic compressive strain to cell-seeded 

membranes (Figure 1).  Each chamber of the bioreactor houses one membrane. The metal chambers and all 
circuit components were sterilized by autoclave. The bioreactor was maintained in a humified incubator at 37ºC 
and 5% CO2. The peak pressure and frequency of pressurization were automatically recorded by using custom 
software (Picoscope). The cell-seeded membranes were subjected to different magnitudes of compressive 
pressure 17 kPa, 20 kPa and 22 kPa at frequency of 0.1Hz for 6, 9 and 12 hours to determine the optimal 
mechanical conditions for odontogenesis. After exposure to compressive stress the cell seeded membranes were 
maintained under static conditions for 6 days. As control cell seeded membranes subjected to no pressure were 
cultured under static conditions.   

 
 
 
 
 
 
 



3052 
J. Appl. Sci. Res., 9(4): 3050-3057, 2013 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: (A) Bioreactor placed in the humidified incubator. (B) Compression stainless steel rods and metal housing 
of the stimulation chambers. (C) Control box regulates magnitude and frequency of pressure. 
(D)Stimulation chamber: (1) Stainless steel base ring, (2) Stainless steel cover frame, (3) Stainless steel 
screws, (4) Rubber ring, (5) Plastic base. (E) Assembled stimulation chamber. 

 
Total RNA isolation and reverse-transcriptase polymerase chain reaction (PCR): 

 
Total RNA was isolated from mechanically induced and non induced cells scraped from membranes by first 

homogenizing samples in 1 mL,of Trizol reagent (Invitrogen, USA) and then incubated for 2 minutes at room 
temprature. 200μl chloroform (Knto Chemical CO., Inc, Tokyo, Japan) was added and centrifuged at 11,000rpm 
for 20 minutes at 4˚c. The mixture was separated into a lower phenol-chloroform phase and an upper aqueous 
phase. After the aqueous phase was transferred into a fresh tube, the RNA was precipitated by adding 500 μl 
Iso-propanol (Isopropyl alcohol) (Wako pure chemical industries, ltd) then centrifuged at 11,000 rpm for 20 
minutes at 4˚c. The Isopropanol was then discarded and the mRNA pellet was then washed in an equal amount 
of cold 75% ethyl alcohol. The RNA pellet was then dissolved in suitable amount of Rnase free water (DEPC 
water). First strand cDNA was synthesized from 2 μg of RNA. The samples were digested with DNase I to 
remove contaminating genomic DNA. DNase I was dissolved in 10 x reaction buffer with magnesium chloride 
(MgCl2), and 1 u/μl of DNase I was added per 2 μg of RNA and incubated for 30 minutes at 37ºC. DNase I 
activity was arrested following addition of 1μl of 25mM EDTA and incubated at 65ºC for 10 minutes. Standard 
Reverse transcription was performed using Rever Tra Ace- alpha- kit (Toyobo, Tokyo, Japan). According to 
manufacturer instructions; 0.5 μg oligo (dt18), 4 μl 5x RT buffer, 2 μl dNTPs, 0.5 μl random primer, 1 μl RNase 
inhibitor and 1μl Rever tra ace enzyme were added. (RT-PCR) analysis of odontogenic-specific protein 
expression for enamelysin, dentin sioalophosphoprotein (DSPP) and the housekeeping gene beta actin was 
carried out using the RT-PCR Light Cycler (Roche, Germany). Primers were designed with Primer Select 
software from genes with the following Genebank Accession numbers: Enamelysin NM004771; DSPP 
NM014208; and Beta Actin, NM001101. Primers were as follows. Enamelysin, forward primer = 
GGTGAGATGGTTGCAAGA, and reverse primer = GGAAGAGGCGATAATTGG. DSPP, forward primer = 
GAAGATGCTGGCCTGGATAA, and reverse primer = TCTTCTTTCCCATGGTCCTG. Beta-actin, forward 
primer = GGACTTCGAGCAAGAGATGG, and reverse primer = AGCACTGTGTTGGCGTACAG. The 
expected product size for each gene was as follows: Enamelysin, 163 bp; DSPP, 164 bp; and Beta-actin, 234 bp 
(Table 1). The expression of odontogenic markers was normalized to Beta- actin. For each PCR reaction, 18µl 
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of the reaction product was combined with 2 µl of loading buffer. The products were electrophoresed in 2% 
agarosegel for 30 minutes in 1X Tris-acetic-EDTA (TAE) buffer. Molecular weight markers consisting of a 
100-bp DNA ladder (Life Technologies) were run concurrently to estimate product length. The gels were then 
stained with ethidium bromide and visualized by using ultraviolet (UV) transilluminator. (AE-6931FXCF 
Printgraph, ATTO cooperation, Japan). Equivalent intensities of Beta-actin between mechanical and control 
samples allowed semiquantitative comparison of the markers of interest expressed as a ratio to the reference 
gene (Beta- actin) for each sample. 

 
Table 1: Human primers used for real-time reverse transcription-polymerase chain reaction. 

 

Gene 

 

5' DNA sequence 3’ 

 

Product size (base pairs) 

 

Accession Number 

Dentin 

Sialophosphoprotein 

(Human)  

Forward GAAGATGCTGGCCTGGATAA 

Reverse  

TCTTCTTTCCCATGGTCCTG 

164 NM014208 

Enamelysin 

(Human) 

Forward  

GGTGAGATGGTTGCAAGA 

Reverse 

GGAAGAGGCGATAATTGG 

163 NM004771 

Beta Actin 

(Human) 

Forward GGACTTCGAGCAAGAGATGG 

Reverse AGCACTGTGTTGGCGTACAG 

234 NM001101 

 
Confocal laser scanning microscopy: 

 
Cells used for confocal microscopy were stained using 1,1’ dioctadecyl-3,3,3’,3’ tetramrthylindocarbocyle 

(Ivitrogen,) before seeding on membranes. Mechanically induced and non induced cell seeded membranes were 
rinsed twice in PBS and cells were fixed in 4% paraformaldehyde in PBS for 15 minutes. The membranes were 
then transferred to 3.5 cm glass bottom dish (Matsunami, Japan). The samples were observed under Leica TCS 
SP2 confocal laser scanning microscope (Leica Microsystems GmbH, Mannheim, Germany) with an 
63xglycrine objective at 400 MHz speed. Image stacks were acquired using sequential scanning, and a 
standardized 160-nm z-sampling density.  
 
Statistical analysis: 

 
Results from triplicate experiments were expressed as mean ± standard deviation. Statistical analysis was 

performed using SPSS17.0 software. The signals were normalized to the Beta- actin house keeping gene. One 
way ANOVA was used to asses for differences between groups, followed by a Tukey’s post-hoc pair-wise 
comparison. Differences were considered statistically significant if the p-value was less than 0.05. 
 
Results: 
 
Confocal laser microscopy:  

 
Cells attached and proliferated successfully to the plasma coated silicon membrane after 16 hours of seeding 

in all experiments (Figure 2). To investigate odontoblastic differentiation of hDPSCs morphologically, cell seeded 
membranes were examined using confocal laser scanning microscopy. Cell number of 4.0x105 cells/cm2 (Figure 
3A), pressure magnitude of 19.6 kPa (Figure 4A), and stimulation time of 9 hours (Fig. 5A) appeared to be 
optimal for hDPSCs in terms of their odontoblastic differentiation as cell processes were able to penetrate and 
elongate in most of the pores of the membrane. Under the other conditions of cell numbers, pressure magnitudes 
and stimulation times, slight elongation and penetration of cell processes into the pores were observed. While 
none stimulated cells were not able to form cell processes into the membrane pores indicating the importance of 
mechanical stimulation in the odontogenic differentiation of DPSCs. 
 
Real time PCR: 

 
Real-time RT PCR analysis showed that newly formed tissue by hDPSCs expressed odontoblastic markers; 

DSPP and Enamelysin gene. The RNA isolation was successful in all cases; all specimens could be included in the 
data analysis. Generally, the control group exhibited weaker odontogenic gene expression than the mechanically 
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induced groups. Enamelysin and DSPP were detected in human total pulp cells after mechanical strain but with 
different levels. The mRNA expression of DSPP and Enamelysin was significantly high in cell number of 4.0x105 
cells/cm2 (Figure 3B), pressure magnitude of 19.6kPa (Figure 4B), and stimulation time of 9 hours (Figure 5B). In 
the other cell numbers, pressure magnitudes, and stimulation times the mRNA expression of the odontoblastic 
markers were weak, while not expressed at all in none stimulated cells. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Silicon membrane examined by inverted light microscope (original magnification x10) after 16 hours of  
        cells seeding 

      B 

 

Fig. 3: Day 6 after applying pressure on different cell densities: (A) Silicon membrane examined under confocal  
      microscopy (B) The relative gene expression of Enamelysin and DSPP. 
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Fig. 4: Day 6 after applying different pressure magnitudes. (A) Silicon membrane examined under confocal 
microscopy (B) Relative gene expression of Enamelysin and DSPP. 

                                          B 

 

 
Fig. 5: Day 6 after applying pressure for different loading times: (A) Silicon membrane examined under 

confocal microscopy (B) Relative gene expression of Enamelysin and DSPP. 
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Discussion: 
 
The primary focus of this work was to study the effects of mechanical compression loading on the expression 

of odontogenic-specific genes in human adult DPSCs. Examining the effect of mechanical stimuli on odontogenic 
differentiation of stem cells is important in the quest to create functional dental tissue and understand stem cell 
biology. Silicon is easily grown as oxides and has semi-conductor properties and superb semi-conductor/dielectric 
interfaces and therefore widely used in microchips. Compared to bioactive glass, silicon dioxides are quite 
tissue-unfriendly, inhibiting their use in devices designed to be integrated with the human body. It was 
hypothesized that cytocompatibility of the silicon-based materials could be enhanced by only partial surface 
micro-texturing with well-known biocompatible materials: cell adhesion and spreading of the cells were improved. 
(Kaivosoja et al., 2010) Various techniques have been proposed and used in vitro by several investigators to study 
mechano-stimulation of stem cells. Such studies have often used systems that included cell culture with controlled 
delivery of a mechanical input like hydrostatic pressure, fluid shear stress, and a substrate strain. (Toworfe et al., 
2010) Several groups have developed apparati for the application of cyclic strain of two-dimensional cell-seeded 
constructs. In other studies, cyclic mechanical strain promoted smooth muscle cell proliferation, organization, and 
extracellular matrix synthesis. Compression improved the structure of cultured cartilage explants. (Altman et al., 
2002) The bioreactor developed in this study provided a simple system to generate hydrostatic cyclic 
displacements of different magnitudes. Since this study was to examine whether compression loading influence 
odontogenesis of DPSCs, only one combination of loading factors (magnitude and duration) was chosen based on 
the protocols used in several mechanical loading studies. (Huang et al., 2004) The response of MSCs to 
mechanical stimulation has been investigated in some previous studies, and their results suggested that 
appropriate mechanical strain will induce osteogenic differentiation of MSCs and matrix mineralization. 
Application of cyclic strain (3%, 0.25 Hz) to human MSCs inhibited proliferation but stimulated a 2.3-fold 
increase in matrix mineralization over unstrained cells. (Qi et al., 2009) 

Transcription of some osteoblastic markers, e.g. osteopontin and ALP, was significantly increased in MSCs 
under cyclic biaxial mechanical strain (1 Hz, 4,000 microstrain). It was also shown that 10% uniaxial cyclic 
tensile strain can increase BMP-2 mRNA levels and induce osteogenic differentiation of MSCs. (Sumanasinghe et 
al., 2006) 

Further studies showed that the effect of a mechanical stimulus on MSCs depends on the type and magnitude 
of the strain. One study examined the effects of various magnitudes of strain on the ST2 stromal cell line The 
results showed that low levels of strain (0.8% and 5%) increased ALP activity and expression of Runx2. In 
contrast, high levels of strain decreased ALP activity (10% and 15% strain) and the expression of osteogenic 
marker genes (15% strain). (Koike et al., 2005) In another related study, some investigators reported that short 
periods of applied physiological mechanical stresses induced immediate early gene expression and growth in 
MC3T3-E1 osteoblasts. (Toworfe et al., 210) In this study, a low level of cyclic mechanical compressive pressure 
(0.1 Hz) was applied to DPSCs, and the results showed that, compared with control cells, the expression of 
odontogenic genes was up-regulated in strained DPSCs more than those of the control group, suggesting that this 
mechanical stimulation promotes odontogenesis of human DPSCs in the absence of cytokines. The Frost 
mechanostatic theory assumed that the application of biophysical forces was supposed to be translated into a 
cellular response, thereby allowing the cellular organism to adapt to its mechanical environment. (Toworfe et al., 
210) In the model of the present study and other models that were developed to mimic the physiological 
environment, the mechanical stimuli were reported to occur in vivo and included fluid shear, hydrostatic 
compression, uniaxial stretch and biaxial stretch. (Toworfe et al., 2010)  
 
Conclusion: 

 
DPSCs were mechanically stimulated by hydrostatic compression pressure with different mechanical 

protocols. Specifically, a stimulation of 9 hours, cell number of 4x105, and pressure magnitude of 20 kPa 
appeared to be optimal for the isolated cells in terms of their odontogenic differentiation, as shown by the increase 
in gene expression and the significant differences between the experimental groups that was detected. There is still 
much to learn of the nature, potentiality and behavior of dental stem/progenitor cells, but the opportunities for 
their exploitation in dental tissue regeneration are immense and may lead to significant benefits for the 
management of the effects of dental disease. The promise of tissue engineering in dentistry is great, but there exist 
major challenges that may meet in the next fifteen to twenty years for this new field to reach its potential 
application. Some of the main challenges lie not in the scientific side, but in the application of the technology. 
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