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Abstract

We observed how combined mechanical stimuli affect 
the proliferation and differentiation of pre-osteoblasts. 
For this research, a bioreactor system was developed 
that can simultaneously stimulate cells with cyclic 
strain and ultrasound, each of which is known to effec-
tively stimulate bone tissue regeneration. MC3T3-E1  
pre-osteoblasts were chosen for bone tissue engineer-
ing due to their osteoblast-like characteristics. 3-D 
scaffolds were fabricated with polycaprolactone (PCL) 
and poly-L-lactic acid (PLLA) using the salt leaching 
method. The cells were stimulated by the bioreactor 
with cyclic strain and ultrasound. The bioreactor was 
set at a frequency of 1.0 Hz and 10 % strain for cyclic 
strain and 1.0 MHz and 30 mW/cm

2
 for ultrasound. 

Three experimental groups (ultrasound, cyclic strain, 
and combined stimulation) and a control group were 
examined. Each group was stimulated for 20 min/day. 
Mechanical stimuli did not affect MC3T3-E1 cell pro-
liferation significantly up to 10 days when measured 

with the cell counting kit-8. However, gene expression 
analysis of collagen type-I (COL-I), osteocalcin (OC), 
RUNX2, and osterix (OSX) revealed that the combined 
mechanical stimulation accelerated the matrix matura-
tion of MC3T3-E1 cells. These results indicate that the 
combined mechanical stimulation can enhance the dif-
ferentiation of pre-osteoblasts more efficiently than 
simple stimuli, in spite of no effect on cell proliferation.

Keywords: bioreactors; cell differentiation; cyclic 
strain; physical stimulation; tissue engineering; ultra-
sound

Introduction

Tissue engineering, which is a combined techno-
logy from cell biology to mechanical engineering 
and materials science, exploits living cells in a 
variety of ways to restore, maintain, or enhance 
tissues and organs (Langer and Vacanti, 1993; 
Griffith and Naughton, 2002). To engineer living 
tissues in vitro, cultured cells need to grow on a 
biodegradable scaffold because this scaffold is able 
to guide cells into forming functional engineered 
tissues in a three-dimensional (3-D) culture environ-
ment (Lan et al., 2009). Technologies to fabricate 
optimal scaffolds have been developed in various 
ways, including solid free-form fabrication using 
computer-aided design (Lee et al., 2008; Park et 
al., 2010).
    Another rising issue in the field of tissue engi-
neering is the construction of in vitro environments 
comparable to native tissue for growing cells or 
tissues. Because living tissues are exposed to a 
multiplicity of internal and external environments, 
these environments are believed to be capable of 
influencing the regeneration of tissues or organs 
(Mauney et al., 2004). Such environments involve 
biochemical, biophysical (e.g., pH, gas exchange, 
humidity, and temperature), and mechanical stimuli 
inside as well as outside the body. While bioche-
mical stimuli have been researched extensively, 
mechanical stimuli have not, although mechanical 
environments generated by ultrasound or cyclic 
strain have been studied by many researchers, as 
these stimuli were found help bone wound healing 
(Rubin et al., 2001; Davisson et al., 2002; Yang et 
al., 2005; Meyer et al., 2006).
    Cyclic strain includes repeatable tensile strain as 
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Figure 1. Fabricated PCL/PLLA scaffold. (A) SEM image magnified 
×30; (B) whole image of the disk-shaped scaffold.

Figure 2. Proliferation of MC3T3-E1 cells on PCL/PLLA scaffolds ac-
cording to various mechanical stimuli determined using CCK-8 assays. 
Results are presented as average ± standard deviation (n = 3). U, ultra-
sound; U + C, combined stimulation; C, cyclic strain; CN, control. Double 
asterisks (**) represent statistically significant differences at P ＜ 0.01.

well as cyclic compressive strain. It was induced 
from a bio-mimicking concept for the regeneration 
of cartilage and bone because these tissues are 
constantly exposed to cyclic strain when bodies 
are moving. Pre-osteoblast MC3T3-E1 cells express 
specific bone-related genes, such as bone morpho-
genic protein-2 (BMP-2), runt-related transcription 
factor-2 (RUNX2), and MAD homolog 5 (SMAD5), 
when strain is applied (Rath et al., 2008). More-
over, cyclic strain can make bone marrow stromal 
cells differentiate to osteoblasts with a higher level 
of alkaline phosphatase and osteopontin (Mauney 
et al., 2004).
    Ultrasound is cyclic sound pressure with a 
frequency greater than 20 kHz, which is the upper 
limit of human hearing. Since it was first demon-
strated that continuous-wave ultrasound could 
stimulate the formation of bone callus in rabbits 
(Corradi and Cozzolino, 1952), ultrasound has been 
applied to various fields for treatment and dia-
gnosis. Especially low intensity ultrasound stimulation, 
typically delivered at the diagnostic intensity level 
of less than 50 mW/cm2, accelerates the healing of 
neural tissue, cartilage, tendon, and bone (Reher 
et al., 1998; Rubin et al., 2001). Moreover, low- 
intensity (30 mW/cm2) ultrasound has been shown 
to increase prostaglandin-E2 production through 
the induction of cyclo-oxygenase-2 mRNA in mouse 
(Kokubu et al., 1999). Additionally, low-intensity 
ultrasound can improve ECM synthesis (Saito et 
al., 2004).
    However, most researchers are still investigating 
the effects of single mechanical stimuli, such as 
compression, shear stress, and ultrasound, even 
though native cells or tissues are inherently exposed 
simultaneously to multiple stimuli. No studies could 
be found on how cells can be affected when two or 
more stimuli are applied simultaneously. Therefore, 
we set out to develop a novel bioreactor system 
that allows controlled mechanical cyclic strain with 
simultaneous ultrasound treatment to cells on a 
scaffold. In this study, we further characterized the 
effects of combined stimulation, specifically ultra-
sound and cyclic strain, on pre-osteoblast MC3T3- 
E1 cells in 3-D environments in vitro using the 
developed bioreactor system. To provide a 3-D 
environment for the cells, a scaffold was fabricated 
by salt leaching, which provides a porous structure 
consisting of a mixture of polycaprolactone (PCL) 
and poly-L-lactic acid (PLLA). This PCL/ PLLA 
mixture was chosen because it was considered to 
give the cells moderately elastic 3-D surroundings, 
such that mechanical stimuli were transferred 
directly.

Results

The PCL/PLLA scaffolds were well fabricated, as 
illustrated in Figure 1. The average pore size 
measured from SEM images was in the range of 
300-350 μm. Mechanical testing confirmed that the 
scaffolds deformed elastically up to 0.58 mm 
(approximately 19.3% of the original thickness of 
the scaffold, 3 mm) of compressive displacement.
    The effect of mechanical stimuli on the prolife-
rative activity of MC3T3-E1 cells was assessed by 
CCK-8 assay. After seeding the cells on the 
scaffolds, they were exposed to various mechanical 
stimuli for 20 min/day. Cells were analyzed at 1, 4, 
7, and 10 days after seeding. As depicted in Figure 
2, the mechanical stimuli did not affect cell prolife-
ration significantly. 
    In the presence of ascorbic acid and β-glycero-
phosphate, pre-osteoblasts undergo a process of 
differentiation to osteoblasts marked by a decline 
in proliferation and the expression of osteogenic 
genes (Kreke et al., 2005). 
    To further investigate the effect on differentiation 
of pre-osteoblasts of various mechanical stimuli, 
the expression of osteogenic mRNA (COL-I, OC) 
was assessed by RT-PCR. As shown in Figure 3, 
the expression levels of these genes in the mecha-
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Figure 3. Gene expression of MC3T3-E1 cells on PCL/PLLA scaffolds 
according to various mechanical stimuli as analyzed by RT-PCR at days 
7 and 14. OC, osteocalcin (58oC); COL-I, collagen type I (65oC); GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase (65oC).

Figure 5. (A) ALP activity and (B) calcium concentration. Double aster-
isks (**) indicate statistically significant differences relative to the control, 
P ＜ 0.01.

Figure 4. The levels of gene expression measured at day 0, 7, and 14 
using real-time PCR. (A) RUNX2; (B) OSX; (C) COL-I; (D) OC. Single as-
terisks (*) denote statistically significant differences relative to the control 
at P ＜ 0.05; double asterisks (**) indicate statistically significant differ-
ences relative to the control at P ＜ 0.01.

nically stimulated groups were generally higher 
than in the control group at both day 7 and day 14. 
Higher expression levels of COL-I was observed in 
the mechanically stimulated groups. In particular, 
the expression levels of OC in the cells treated 
concurrently with ultrasound and cyclic strain were 
the highest among all experimental groups tested. 
These results are also shown quantitatively in real 
time PCR data. Figure 4 indicates ultrasound and 
cyclic strain can enhance the expression level of 
osteogenic markers. COL-I, OC, RUNX2, and OSX 
were highly expressed at day 7 and 14 when cells 
were mechanically stimulated. Moreover, the stimulated 
group using cyclic strain and ultrasound simul-
taneously (U + C) shows the highest gene expre-

ssion in all cases. The U and C groups had similar 
levels. 
    The ALP activity of each group was measured at 
day 7. Figure 5A shows that U + C can increase 
ALP activity compared with U, C, and CN. In Figure 
5B, U + C also induced the highest calcium con-
centration among all groups at day 10. These data 
support mechanical stimuli accelerate osteogenic 
differentiation. Additionally, cyclic strain and ultrasound 
have synergistic effects on osteogenic differen-
tiation of pre-osteoblasts. 

Discussion

In this study, we hypothesized that combined stimuli 
can have stronger effects on both cell proliferation 
and differentiation than a simple mechanical sti-
mulus. To demonstrate this, a novel bioreactor sys-
tem was developed for stimulating cells on 3-D 
PCL/PLLA scaffolds by generating cyclic strain and 
ultrasonic waves. The properties of the ultrasonic 
transducers were measured with a hydrophone, so 
they could be located such that the transferred 
intensity was easy to predict. The designed bio-
reactor contained a commercially available well 
plate for convenient use. Additionally, the bioreactor 
was so compact that it could be placed in a typical 
incubator or on a clean bench. To provide a 3-D 
environment for cells during the experiments, a salt 
leaching method was used to fabricate of PCL/ 
PLLA scaffolds. 
    We hypothesized that combined stimuli could 
increase cell proliferation because several studies 
had reported that each stimulus has a positive 
effect to enhance cell proliferation in the specific 
range of intensity or strain (Rubin et al., 2001; 
Davisson et al., 2002; Yang et al., 2005; Meyer et 
al., 2006). The CCK-8 results, however, indicated 
no significant differences among groups when cells 
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on 3-D PCL/PLLA scaffolds were exposed to cyclic 
strain, ultrasound, or both simultaneously in our 
system. However, we found that cells in all groups 
proliferated as time went by. Therefore, we think 
that mechanical stimuli did not affect the prolife-
ration of pre-osteoblasts.
    Many genes are related to bone formation. We 
chose COL-I, OC, RUNX2, and OSX among the 
various genes available. OC, known as bone 
gamma-carboxyglutamate (gla) protein, is a marker 
of bone formation and a vitamin K- and vitamin 
D-dependent protein produced by osteoblasts and 
the most abundant and widely studied of the 
non-collagenous proteins in bone (Lee et al., 
2000). The other gene we examined was COL-I, 
which represents by far the most predominant 
collagen in the ECM of bone.
    Together, the expression levels of these genes 
can reflect three stages of differentiation to oste-
oblasts (Owen et al., 1990). Pre-osteoblasts secrete 
ECM components and reach the calcification stage 
after the proliferation stage. ALP can be highly 
expressed during the period, such that the cell 
status changes from the proliferation stage to ECM 
secretion stage. OC and osteopontin are expressed 
thereafter when the cell status reaches the calci-
fication step; both are involved in binding calcium 
ions and hydroxyapatite during the mineralization 
processes. Additionally, the osteogenic regulators 
RUNX2 and OSX are indispensable for osteoblast- 
specific genes including the osteocalcin gene (Ali 
et al., 2007; Lee et al., 2010).
    Results in Figure 4 indicate that mechanical stimuli 
can enhance gene expression, when we compare 
the levels of day 0 with those of day 7 and 14. 
Even though levels of CN were increased due to 
the treatment of the osteogenic medium, levels of 
mechanically stimulated groups were higher than 
those of CN. Simple stimuli (U and C) or combined 
stimulation (U + C) could enhance pre-osteoblast 
differentiation to osteoblasts according to gene 
expression levels related to bone formation. The 
higher level of COL-I and OC (U + C) at 7 and 14 
days after cell seeding compared to either single 
stimuli or no stimulation indicate that the cells were 
in the early stage of calcification. Even single me-
chanical stimulation up-regulated osteogenic trans-
cription factors, such as RUNX2 and OSX, in the 
real time PCR. In particular, combined stimulation 
(U + C) caused the highest increase in RUNX2 and 
OSX. This over-expression of transcription factors 
in mechanically stimulated groups provides evidence 
that stimulation by ultrasound or cyclic strain pro-
moted MC3T3-E1 differentiation. In particular, the 
combination of ultrasound and cyclic strain was the 
most effective. 

    The ALP activity result supports the data in the 
mRNA level. The ALP activity detected at day 7 
after seeding indicates combined mechanical stimu-
lation composed of cyclic strain and ultrasound 
enhances osteogenic differentiation. The calcium 
content result also supports this data. The calcium 
content was higher in U + C than in U and C. This 
higher function of differentiated pre-osteoblasts in 
U + C shows that cyclic strain and ultrasound have 
synergistic effects on osteogenic differentiation.
    In conclusion, we showed that combined stimu-
lation composed of cyclic strain and ultrasound can 
enhance MC3T3-E1 differentiation to osteoblasts 
in three-dimensional culture, whereas cell prolife-
ration is not affected significantly. We demonstrated 
for the first time that combined stimulation can 
significantly up-regulate COL-I, OC, RUNX2, and 
OSX, thereby stimulating the differentiation of 
osteoblasts and bone formation. Our study will 
expand in the future to evaluate more complex 
stimuli to mimic the real environments of living 
organisms. Primary stem cells are considered to 
be more suitable for this investigation instead of a 
cell line, so they will be investigated in future 
research. In addition, although mechanical stress 
has been well established to induce osteoblast 
differentiation and osteogenesis both in vivo and in 
vitro, the mechanism by which mechanical stress 
induces these effects remains largely unknown. 
We plan to elucidate this mechanism.

Methods

Bioreactor

The bioreactor system has two main abilities: stimulating 
cells by cyclic strain and ultrasound (Supplemental Data  
Figure S1). The overall system consisted of a function 
generator, stage controller, power amplifier, and oscillo-
scope (Supplemental Data  Figure S2A). The bioreactor 
containing samples is shown in the left side of the clean 
bench (Supplemental Data  Figure S2B and C). 
    Cyclic strain was performed using a 1-axis motorized 
stage (AM1-0620-3S; Micro Motion Technology, Incheon, 
Korea) for precise control of the applied strain field. The 
stage had 0.002 mm/pulse (full step) resolution and could 
be operated by computer to control conditions such as 
cycles, velocity, acceleration, delay time, and displacement. 
A commercial well plate was used for cell cultures for 
convenience; Several samples could be individually treated 
by replacing the well plate in one bioreactor. Moreover, 
polytetrafluoroethylene (PTFE, TeflonⓇ) strain bars were 
used, to stimulate cells directly on the scaffolds. These 
were cylinders with a diameter slightly smaller than that of 
a well of the well plate. These strain bars were directly 
connected to the motorized stage. Thus, their motion could 
be controlled by the computer. When the strain bars 
traveled along the z-axis over the cells on the scaffold with 
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the preset parameters, the cyclic strain was applied directly 
to the cells.
    Ultrasound stimulus was applied using transducers fed 
the signal from the function generator after power amplifi-
cation. Three ultrasonic piezoelectric transducers (Fuji Cera-
mics Corp., Tokyo, Japan), which have a frequency of 1.0 
MHz, were located at the bottom of the water tank (138 ×
95 × 75 mm, l × w × h) used for the ultrasound stimu-
lation of cells. A distilled water medium in the tank allowed 
efficient transmission of acoustic power. In the design 
process, the distance between the transducer and well 
plate was determined according to the ultrasonic beam 
profile, as detailed below. The power amplifier was used to 
increase the intensity because the function generator alone 
could not generate power in the range of 30-100 mW/cm2. 

Acoustic analysis

We measured the axial beam profile of the transducers to 
set the distance from the scaffolds to the transducers and 
to predict the intensity of ultrasound that the cells would 
receive. It is important that the cells be positioned in the far 
field to provide them with a predictable and stable ultra-
sonic wave because a nonuniform beam intensity exists in 
the near field (area of nondivergence) and a uniform beam 
is present in the far field (area of divergence) (Hedrick et 
al., 1995). A hydrophone was used to measure the acoustic 
wave pressure generated by ultrasonic transducers, as 
described in Supplemental Data Figure S3A and sche-
matically in Supplemental Data Figure S3B. Here, the 
width of the wave is measured radially, and the length is 
the distance it travels axially. We used the spatial average 
temporal average (SATA) intensity, which is the total power 
of the beam divided by the beam area and averaged over 
the repetition periods. The axial beam profile of intensity 
measured by the hydrophone is shown in Supplemental 
Data  Figure S4. The intensity values at the center of the 
transducer are plotted in Supplemental Data Figure S5. 
This data indicates the far field begins at approximately 45 
mm from the transducer, where the peak point occurs just 
prior to the intensity decreasing gradually. Thus, the 
bioreactor was designed so that the transducers were at 
least 45 mm from the samples. 

Scaffold fabrication

Poly (L-lactic acid) (PLLA) was supplied by Lakeshore 
Biomaterials (Birmingham, AL). The weight average 
molecular weight (MW) of PLLA was 236 kDa (inherent 
viscosity, 1.9 dl/g), and the Mw of poly(caprolactone) (PCL; 
Sigma-Aldrich, St. Louis, MO) was 65 kDa. The 3-D 
polymer scaffolds were prepared using a particulate 
leaching technique (Lu et al., 2000). PLLA polymer (1 g) 
and PCL polymer (3 g) were dissolved in chloroform at 
room temperature (5-7%, w/v) with magnetic stirring, and 
sieved NaCl (300 μm particle size) was added to the 
polymer solution (weight ratio of NaCl to total polymer was 
10:1). The dispersion was cast in a mold made of TeflonⓇ 
(30 mm diameter, 3 mm thick) and the polymer/salt/solvent 
mixture was air-dried for 24 h under atmospheric pressure 
to remove solvent. After wetting the solidified mixture with 
cold ethanol, the resultant polymer/salt composite was 

immersed in excess distilled water for 48 h (water was 
changed every 4-6 h) to leach out the salt, and finally air- 
and freeze-dried. The pore size of the fabricated scaffolds 
was measured by scanning electron microscope (SEM: 
JSM-6390, JEOL, Tokyo, Japan). Mechanical testing was 
performed using a universal testing machine (3345, 
Instron, Canton, MA).

Cell culture

Murine MC3T3-E1 pre-osteoblasts, purchased from RIKEN 
Cell Bank (Tsukuba, Japan), were maintained in alpha 
minimum essential medium (α-MEM; Gibco, Invitrogen, 
Grand Island, NY) supplemented with 10% (v/v) fetal 
bovine serum (FBS; Gibco, Invitrogen) and 1% (v/v) 
streptomycin at 37oC in an atmosphere of 95% humidified 
air and 5% CO2. The spontaneous differentiation into 
osteoblasts and mineral deposition of MC3T3-E1 cells were 
induced by adding, 10 mM β-glycerophosphate (Sigma- 
Aldrich) and 50 μg/ml ascorbic acid (Sigma-Aldrich) to the 
culture medium. For each subculture, the cells were 
washed with phosphate-buffered saline (PBS; Gibco, In-
vitrogen) and incubated with trypsin-EDTA solution (0.25% 
trypsin, 1 mM EDTA; Gibco, Invitrogen) for 5 min at 37oC to 
detach the cells, and fresh medium was added at room 
temperature to inhibit the effect of the trypsin-EDTA 
solution. The cells were washed with fresh medium using a 
pipette and then isolated by centrifugation. After being 
resuspended in fresh medium, the cells were reseeded on 
culture dishes with 3-times larger area than before. That is, 
each time the cells were detached from a culture dish, we 
reseeded them in three culture dishes. After acquiring 
enough cells, 1 × 106 cells were seeded onto each 
scaffold. The culture medium was changed twice per week.

Exposure of cells to various mechanical stimuli

Experimental design: Three stimulated groups and a 
control group were prepared to determine the effect of 
combined stimulation of cyclic strain and ultrasound. The 
three stimulated groups were ultrasound, combined 
stimulation (ultrasound and cyclic strain simultaneously), 
and cyclic strain (Supplemental Data Table S1). Cell 
proliferation was examined at 1, 4, 7, and 10 days and 
differentiation testing was carried out at 7 and 14 days after 
seeding cells on the scaffolds.

Stimulation: Three ultrasound transducers at the bottom of 
the water tank could generate acoustic waves within the 
intensity range of 30-100 mW/cm2. After warming up the 
ultrasound equipment, cell-seeded scaffolds were placed 
on a 6-well plate located on the plate holder of the water 
tank. Because the well plate was floating directly on the 
water surface, the travel distance of ultrasound equaled 
the height from the transducer to the well plate. This was 
important when we estimated the ultrasonic intensity that 
the cells would receive. Air bubbles were removed 
between the plate and the water surface since they can 
block ultrasonic waves. Ultrasound was used to stimulate 
cells on the scaffold at a frequency of 1.0 MHz and 
intensity of 30 mW/cm2, in a continuous sine wave for 20 
min daily. 
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     Cyclic strain was at a frequency of 1.0 Hz, with 10% 
strain of the thickness of the scaffold. The sterile TeflonⓇ 
stimulators were placed just on the top of the surface of 
each scaffold. Combined stimulation was applied with the 
same frequency and amplitude as described above for 
ultrasound and cyclic strain. The duration of each stimulus 
was 20 min per day. The cells on the scaffolds were 
incubated in a humidified incubator at 37oC under 5% CO2 
atmosphere when they were not being stimulated. 

CCK-8 assay

Cell proliferation was determined using a Cell Counting 
Kit-8 (CCK-8; Dojindo Laboratory, Kumamoto, Japan). 
CCK-8 can detect cell viability using tetrazolium salt, 
WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,
4-disulfophenyl)-2H-tetrazolium, monosodium salt], which 
produces a water-soluble formazan dye upon bioreduction 
in the presence of an electron carrier. Briefly, CCK-8 
solution was mixed with serum-free α-MEM in a ratio of 
1:10. After cell-seeded PCL/PLLA scaffolds were transferred 
into new well plates, serum-free α-MEM containing CCK-8 
solution was added. After incubation for 3 h in a humidified 
5% CO2 atmosphere, the formazan solution in the cell- 
seeded scaffolds was extracted by pipetting gently several 
times. The absorbance of the colored formazan was 
measured using a microplate reader (FLUOstar OPTIMA, 
BMG Labtechnologies, Offenburg, Germany) at 450 nm. 

RT-PCR

The expression of osteogenic mRNA in pre-osteoblast 
MC3T3-E1 cells was investigated by RT-PCR (reverse 
transcription polymerase chain reaction). Total RNA was 
extracted from cells in the PCL/PLLA scaffolds using 
TrizolTM reagent (Invitrogen, Groningen, Netherlands). 2 μg 
of total RNA was used for cDNA synthesis using the 
SuperscriptTM first-strand synthesis system (Invitrogen) 
according to the manufacturer’s instructions. Next, 2 μl of 
the synthesized cDNA was used for PCR with the primers 
listed in Supplemental Data Table 2. The specificity of the 
primer sequences was verified by BLAST search (National 
Center for Biotechnology Information). PCR was 
conducted at 95oC for 15 s, 60oC for 30 s, and 72oC for 1 
min. The annealing conditions were 58 °C for 1 min (OC), 
65oC for 1 min (COL-I), or 65oC for 1 min (GAPDH). The 
products were separated by 2% agarose gel 
electrophoresis and visualized by ethidium bromide 
staining with UV light using a photo-documentation system 
(ChemiImager 5500; Alpha Innotech, San Leandro, CA).
    Quantitative real-time PCR was performed according to 
the instructions provided for the ABI StepOnePlus system 
(Applied Biosystems, Foster City, CA) with the SYBRⓇ 
Green PCR Mater Mix assay (Applied Biosystems, Foster 
City, CA). The increase in reaction products during 
real-time PCR was monitored by measuring the increase in 
fluorescence caused by the binding of SYBR Green to 
double-stranded DNA directly during PCR cycles. The 
expression values of target genes were standardized 
against those of GAPDH. The annealing condition was 
60oC for 1 min (COL, OC, GAPDH, RUNX2, and OSX).

ALP activity

The MC3T3-E1 cells cultured on the scaffold for 7 days 
were rinsed twice with PBS. Next the cells were lysed in 
1mL lysis buffer (RIPA buffer, upstate, Temesula, CA). 
After centrifugation for 10 min at 12,000 rpm and 4oC to 
remove cell debris, 300 μl of the supernatant was added to 
the pNPP at 37oC for 30 min in a humidified 5% CO2 
atmosphere. The reaction was stopped by the addition of 2 
N NaOH. Absorbance was measured at 405 nm using a 
microplate reader. ALP activity was normalized to the total 
protein content of each scaffold associated with the cell 
surfaces and matrix using a commercially available protein 
assay kit (PierceⓇ BCA Protein Assay Kit; Thermo 
Scientific, Waltham, MA).

Calcium content assay

Cell lysate was extracted in lysis buffer (RIPA, upstate, 
Temecula, CA) and calcium content was measured using 
QuantiChrom Calcium Assay kit (BioAssay Systems) 
according to the manufacturer’s instructions. Briefly, 5 μl of 
lysate was mixed with 200 μl of working solution of kit and 
incubated for 3 min. Absorbance was measured at 612 nm 
using a microplate reader. 

Statistical analysis

Statistical data analysis was performed by one-way 
analysis of variance (ANOVA) on n = 3 experiments. 
Statistical significance was assigned as *P ＜ 0.05, **P ＜
0.01.

Supplemental data

Supplemental data include five figures, two tables and can 
be found with this article online at http://e-emm.or.kr/article/ 
article_files/ SP-43-6-06.pdf.
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