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Abstract. When bone is loaded, substrate strain is gen-
erated by the external force and this strain induces fluid
flow that creates fluid shear stress on bone cells. Our
current understanding of load-driven gene regulation of
osteoblasts is based primarily on in vitro studies on
planer two-dimensional tissue culture substrates. How-
ever, differences between a flat layer of cells and cells in
3-dimensional (3D) ECM are being recognized for signal
transduction. Proliferation and differentiation of osteo-
blasts are affected by substrate geometry. Here we
developed a novel 3D culture system that would mimic
physiologically relevant substrate strain as well as strain-
induced fluid flow in a 3D porous collagen matrix. The
system allowed us to evaluate the responses of osteo-
blasts in a 3D stress-strain environment similar to a
mechanical field to which bone is exposed. Using
MC3T3-E1 osteoblasts grown in the 3D collagen matrix
with and without hydroxyapatite deposition, we tested
the role of strain and the strain-induced fluid flow in the
expression of the load-responsive genes such as c-fos,
egr1, cox2, osteopontin, and mmp1B involved in tran-
scriptional regulation, osteogenesis, and rearrangement
of ECM. Strain-induced fluid flow was visualized with a
microspheres �3 lm in diameter in real time, and three
viscoelastic parameters were determined. The results
obtained by semi-quantitative PCR, immunoblot assay,
enzymatic activity assays for collagenase and gelatinase,
and mechanical characterization of collagen matrices
supported the dominant role of strain-induced fluid flow
in expression of the selected genes one hour after the
mechanical treatment.
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Connective tissue cells such as chondrocytes, osteoblasts,
and osteocytes alter gene expression in response to

mechanical loads [1–3], but alteration of mRNA and
protein levels as well as enzyme activities differs
depending on loading conditions such as stress elements
(tensile/compressive vs. fluid shear), intensity and dura-
tion [4]. In order to understand the role of mechanical
stimuli in cellular proliferation and differentiation or to
engineer functional scaffolds under mechanical loading,
simulating a 3D in vivo stress-strain environment with a
physiologically relevant extracellular matrix (ECM)
substrate is important [5]. For instance, it is reported that
3D-matrix adhesions differ from focal and fibrillar
adhesions characterized on 2D substrates [6], and the
expression of matrix metalloproteinases (MMPs) is af-
fected by the dimensionality of ECM [7].
Osteoblasts in bone are exposed to a complex stress-

strain field in calcium-deposited ECM [8]. In response to
mechanical loading, a highly networked collagen sub-
strate receives not only normal (tensile/compressive)
stress and strain but also fluid shear stress and strain in a
porous matrix [9, 10]. Although the effects of substrate
strain, fluid shear stress, or dissipation energy have been
examined separately mostly using 2D substrates [4], it is
difficult to evaluate the contribution of each mechanical
input with mechanical loaders that are unable to induce
substrate strain and fluid shear simultaneously. In this
study, a novel 3D culture system utilizing a mechanical
loader driven by piezoelectric actuators [11] was devel-
oped to simulate the 3D mechanical stress-strain envi-
ronment in bone.
A specific question addressed here was whether

MC3T3-E1 osteoblasts in a 3D collagen matrix would
be most sensitive to substrate strain, strain-induced fluid
flow, or viscoelastic energy dissipated in the ECM sub-
strates. No studies have examined the effects of sub-
strate stress/strain together with fluid-induced sheaf
stress/strain in any 3D loading system. In our 3D
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loading system, tubular collagen pores in the substrate
mimic the networked microstructures in bone, and
oscillatory strain induces dynamic fluid flow along the
tubular pores. Coating a surface of porous matrices with
a solidified collagen gel enabled us to simulate applica-
tion of substrate stress/strain alone without inducing
fluid flow across the matrix surface. An eddy-current
displacement sensor allowed us to determine dissipation
energy in the substrate in the presence and absence of
fluid flow. It is therefore possible to differentiate the
contribution of the ECM substrates to dissipation en-
ergy from the contribution of load-induced fluid flow. In
order to evaluate the effects of calcium-deposited ECM
in bone, hydroxyapatite (HA) was deposited to collagen
matrices [12]. Based on the strain waveforms measured
in dogs during walking [13, 14], an oscillatory com-
pressive loading at 1 Hz with a peak-to-peak magnitude
of 3000 lstrain was chosen as an input.
To address the question of responsiveness to varying

mechanical stimuli, semi-quantitative PCR was con-
ducted and the mRNA levels of stress-responsive genes
such as c-fos, egr1, cox2, osteopontin, and mmp1B were
evaluated. C-fos and egr1 are transcription factors
responsive to varying chemical and biophysical stimuli,
and they are involved in transcriptional regulation of
manymatrix proteins andMMPs [15]. Expression of cox2
and release of prostaglandinE2 are linked tomechanically
induced bone formation, and osteopontin (bone sialo-
protein) is shown to be responsive to fluid shear in 2D cell
cultures [4, 16]. Mmp1B is a collagenase involved in
rearrangement of ECM and its expression is sensitive to
mechanical strain and fluid flow [17, 18]. Mechanical
characterization of the collagen matrices was also per-
formed and three viscoelastic parameters — apparent
elasticmodulus, phase shift angles, anddissipation energy
— were determined [19]. Scanning electron microscopy
(SEM) and X-ray diffraction (XRD) revealed porous
crystalline microstructures of the HA-deposited matrix.
In response to sinusoidal strain at 1 Hz, strain-induced
fluid flow was visualized in real-time. The results of PCR,
immunoblot assay, protein activity assays and mechani-
cal characterization of the collagen matrices supported
the fact that substrate strain-induced fluid flow was more
effective in the observed alteration in the mRNA and
protein levels than substrate stress and strain or visco-
elastic energy dissipated in collagen matrices.

Materials and Methods

Matrix Preparation and Cell Culture

3D porous collagen matrices (CollaCote, Centerpulse Dental,
CA, USA) with coarse pores (mean ± SD; 89 ± 28 lm) and
fine pores (22 + 7 lm) were used in the study. These matrices
were cut in a dimension of 20 mm (width) · 16 mm (length) · 2
mm (thickness). Approximately 1 · 106 of MC3T3-E1 osteo-

blast cells at a passage number of � 18 were seeded in the 3D
matrix with 3 ml a-MEM culture medium (Sigma, MO, USA)
consisting of 10% FBS and antibiotics (0.05 U/ml penicillin
and 0.05 lg/ml streptomycin). Prior to application of
mechanical stimuli, cells were incubated in the matrix for 3
hours at 37�C.

Deposition of Hydroxyapatite (HA) for Porous Collagen
Matrix

The microstructure of porous collagen matrices with coarse
pores was modulated by deposition of a varying amount of
HA. The matrix was soaked in a 500-mM CaCl2 solution
followed by a 500-mM Na2HPO4 solution for 15 min each.
The matrix was thoroughly rinsed in sterile water between
immersions, and alternate immersion in CaCl2 and Na2HPO4
solutions was repeated twice (2-cycle deposition) or four times
(4-cycle deposition). After this HA deposition, the matrices
were rinsed in sterile water five times and then rinsed in the
medium five times. By rising, pH of the medium in the matrix
was maintained at � pH 7.4. The HA-treated matrix was used
immediately after the rising for the loading experiment. To
evaluate the amount of HA deposition, a dry weight of
matrices was measured and the change in matrix mineraliza-
tion was identified by von Kossa staining.

SEM

Matrix morphology was analyzed using a scanning electron
microscope (Amray 1000 A, KLA-Tencor, MA, USA), oper-
ated at 20 kV. The matrix sample was fixed with 1% osmium
tetroxide, and dehydrated in a series of graded alcohols. The
sample was then dried using a critical point dryer (Samdri-780,
Tousimis Research Corp., MD, USA), and coated with gold
palladium using sputter deposition (Hummer V, Anatech
LTD., VA, USA). The pore sizes were determined from the
SEM images.

XRD

In order to identify crystalline phases, the surface of dried
collagen matrices was analyzed by x-ray diffraction (X1, Ad-
vanced Diffraction System, Scintag, Inc., USA) using Cu Ka
radiation generated at 45 kV and 40 mA. Specimens were
examined over 10–60� two theta with a step size of 0.02� and
step time of 1.0 sec. Diffraction peaks were identified relative
to known standards.

Histology

Osteoblasts in the porous collagen matrix were fixed in a 100-
mM cacodylate buffer containing 2% paraformaldehyde and
2% glutaraldehyde, and the fixed sample was dehydrated in a
series of graded alcohols. The sample was then embedded in
paraffin and cut into 5-lm sections. The section of the control
matrix and the HA-deposited matrix was strained with a
Hematoxylin-Eosin (H+E) or MacNeal�s tetrachrome,
respectively, for analyzing the distribution of osteoblasts and
the calcified regions, respectively.

Mechanical Loading

Cells grown in the 3D porous collagen matrix were subjected
to oscillatory strain for 3 min with a piezoelectric mechanical
loader [9]. The strain wave was sinusoidal at 1-Hz with a
magnitude of 0–3,000 lstrain (0.3% compressive deformation).
The applied strain generated oscillatory fluid flow at 1 Hz in
the porous collagen matrix. To evaluate the effects of strain
alone without induction of fluid flow (strain control), a surface
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of matrices was covered with a collagen gel that prevented fluid
flow across the matrix surface. A collagen solution at a con-
centration of 1 mg/ml (BD Biosciences, NJ, USA) in a-MEM
(Sigma, MO, USA) was warmed up to 22�C and put on a
matrix, making all surfaces of the matrix wrapped by the
solution except two surfaces loaded by the loading device.
After incubation at 37�C for 30 min, the surfaces of matrix
were covered by collagen gel like a sheet (� 0.5 mm thick). In
the gel-covered matrix, no detectable internal pressure change
in response to mechanical strain was observed at a resolution
of 0.5 mmHg using a fiber-optic pressure transducer (FOP-
MIV, Fiso Technologies Inc., Quebec, Canada).

Visualization of Strain-induced Fluid Flow

Strain-induced fluid flow was visualized through the motion of
polystyrene microspheres, approximately 3 lm in diameter
(Polysciences, Inc., PA, USA). Time-elapsed images were ta-
ken at 250-msec intervals using a Nikon E600 microscope with
a 10· objective lens. Four images per cycle (1 Hz) were cap-
tured and analyzed using MetaMorph software (version 3.6,
Universal Imaging Co., PA, USA) (Fig. 1).

Measurement of Viscoelastic Properties

To determine the viscoelastic properties such as apparent
elastic modulus, phase shift angle, and dissipation energy, a
force-sensing module was attached to the piezoelectric loader.
The module measured the force applied to the matrix at a
resolution of 50 lN by detecting deflection of the cantilever
connected to the matrix. In response to a compressive sinu-

soidal strain at 1 Hz with a magnitude of 3000 lstrain, stress in
the matrix was estimated from the measured force and a cross-
sectional area of the matrix. Apparent elastic modulus was
determined as an average slope in the strain-stress relationship.
A phase shift angle, an indicator of viscosity, was calculated as
a phase difference between the measured force and the applied
strain using a Fourier analysis. Dissipation energy was deter-
mined numerically by integrating an area inside a hysteresis
loop in the stress-strain relationship.

Semi-Quantitative RT-PCR

The mRNA level of the selected genes such as c-fos, egr1, cox2,
osteopontin (opn), and matrix metalloproteinase-1B (mmp1B)
was determined by semi-quantitative RT-PCR using a pair of
specific PCR primers (Table 1). The selected genes are known
as load-sensitive genes in several types of cells [20–23]. C-fos
and egr1 are transcription factors, cox2 and opn are upregu-
lated in load-driven bone adaptation. Mmp1B is a collagenase
that plays the role in growth and rearrangement of extracel-
lular matrix. One hour after mechanical stimuli, the matrices
were removed from the loading chamber and homogenized
immediately in a lysis buffer. Total RNA was extracted using
RNaeasy minikits (Qiagen Inc., CA, USA), and the isolated
RNA was reverse-transcribed as described previously [24]. The
reverse-transcribed cDNA was amplified using a thermal cy-
cler (Gene-Amp PCR system 2400, Perkin Elmer, CT, USA)
for 30 cycles (94�C for 1 min, 54–58�C for 30 sec, and 72�C for
30 sec). By adjusting the amount of total RNA before PCR, all
PCR-products were amplified linearly around 30 cycles. PCR
products were electrophoresed on 1.2% agarose gel, and
visualized by ethidium bromide. The intensity of electropho-
retic bands was quantified using PhotoShop (Adobe Systems
Inc., CA, USA). Glyceraldehyde-3-phosphate dehydrogenase
(gapdh) was used as RT-PCR control, and RT-PCR was
conducted three times.

Immunoblot Assay

An immunoblot assay was performed by using antibody spe-
cific for Cox-2 (Santa CruzBiotechnology, NY, USA). One
hour after mechanical stimuli, culture cells were harvested in
the cell lysis buffer containing 20 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM beta-glycereolphosphate, 1 mM
Na3VO4, 1 lg/ml leupeptin and 1 mM PMSF. Approximately
10 mg of the extracted proteins were separated by electro-
phoresis (SDS-PAGE) in a polyacrylamide gel, and the sepa-
rated proteins were transferred to nitrocellulose membranes
(Hybond, Amersham, NJ, USA). Membrane was incubated
with primary antibodies followed by incubation with second-
ary antibodies conjugated to horseradish peroxidase (ECL
Western Blotting analysis system, Amersham, NJ, USA). The
expected molecular size for Cox-2 is 72 kDa. A mouse anti-
body specific for b-actin (42 kDa, Sigma, MO, USA) was used
as loading control.

Collagenase and Gelatinase Activity Assay

The total enzyme activities of collagenases including the
activities of MMP1, MMP8 and MMP13, and the total en-
zyme activities of gelatinases including the activities of MMP2
and MMP9 were determined by fibril degradation assay using
Enzcheck Collagenase/Gelatinases Assay Kit (Molecular
Probes, OR, USA). The proteins isolated from the culture
media one hour after mechanical stimuli were incubated with
fluorescent substrates in a reaction buffer consisting of 50 mM
Tris-HCl (pH 7.6), 150 mM NaCl, 5 mM CaCl2, and 0.2 mM
sodium azide at room temperature for 2 hours. Fluorescent
intensity, a measure of enzyme activity, was determined by a
FluroMax-2 spectroflurometer (Instruments S.A., Inc., CA,

Fig. 1. Visualization of strain-induced fluid flow. Polystyrene
microspheres (3 lm in diameter) were seeded with the culture
medium into a porous collagen matrix placed in the mechan-
ical loader on the stage of an inverted microscope (for the gel-
covered matrix, the matrix was covered by a collagen gel after
the seeding of the microspheres). Sinusoidal compressive strain
at 1-Hz with a magnitude of 0–3,000 lstrain was applied to the
matrix and induced fluid flow in the matrix. The motion of
microsphears representing the motion of strain-induced fluid
flow was captured through a 10· objective lens at 250 msec
interval by a time-lapsed video system.
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USA). An absorption/emission wavelength was set to 495/515
nm. The culture medium itself exhibited basal collagenase
activity and gelatinase activity that was �5% of that in the
medium incubated with control cells.

Statistical Methods

Analysis of variance was conducted to examine statistical
significance in alteration of the viscoelastic properties of the
matrix and the mRNA level of the load-sensitive genes. Fish-
er�s PLSD (Protected Least Significant Difference) tests were
performed to evaluate differences among pairs of samples
(Starview, SAS Institute, NC, USA). P-values less than 0.05
were considered statistically significant.

Results

Deposition of Hydroxyapatite (HA) to Collagen Matrix

In the current studies, the molecular responses to
mechanical loading were investigated using MC3T3-E1
osteoblasts grown in 3D collagenmatrixwith andwithout
HA deposition. The microstructure of porous collagen
matrices with coarse pores was modulated by alternate
immersion in CaCl2 and Na2HPO4 solutions. SEM pho-
tomicrographs clearly showed that soaking in these
solutions altered porosity of the matrices and reduced the
pore size (Fig. 2A). Themean diameter (±SD) of tubular
pores, measured from the SEM images, was 89 ± 28 lm
(noHAdeposition), 56±12 lm (2-cycle HAdeposition),
and 25± 10 lm (4-cycle HA deposition). A dry weight of
matrices was increased by 0.44 mg and 1.79 mg by 2-cycle
and 4-cycle deposition, respectively. In concert with the
dry weight measurement, the intensity of von Kossa
staining was elevated by HA deposition (Fig. 2B). X-ray
diffraction of HA deposited matrices revealed character-
istic peaks corresponding to HA (Fig. 2C) ([12], Powder
Diffraction File 05-0418, ‘‘Ca5(PO4)3(OH),’’ JCPDS-
ICDD, 1997.). The broad diffraction peaks for HA were
indicative of nano-sized crystallites, similar to that mea-
sured for human bone mineral. The control matrix (no
HA deposition) displayed no diffraction peaks charac-
teristic to crystalline phases.

Cellular Morphology in Collagen Matrix

Osteoblasts were grown in the collagen matrix with and
without HA deposition. In a control matrix without HA
deposition, H+E staining showed that osteoblasts were

apparently able to anchor and extend their fibrous
microstructure in the 3D porousmatrix 24 hours after the
seeding (Fig. 3A). In the HA-deposited matrix, MacNeal
staining revealed that many cells were positioned in the
vicinity of the calcified regions (Fig. 3B). The image was
taken from the center section, 1 mm in depth from a
surface of the collagenmatrix. Although cells were spread
in the matrix, �30%more cells were located on the outer
half sections of the matrix than the inner half sections.

Table 1. Primers for semi-quantitative PCR

Gene Sense primer Antisense primer Size (bp)

c-fos 5¢-CGTTGCAGACTGAGATTGCC-3¢ 5¢-GCTCCAGCTCTGTGACCATG-3¢ 432
egr1 5¢-GCCTAGTCAGTGGCCTCGTG-3¢ 5¢-ACTGCAAGGCTGTGCCTGCC-3¢ 374
cox2 5¢-ATGACATCGATGCCATGGAA-3¢ 5¢-TCAGTAGACTCTTACAGCT-3¢ 382
opn 5¢-CCAACGGCCGACCTGATAG-3¢ 5¢-CACTACCTTATTGCCCTCCTGC-3¢ 343
mmp1B 5¢-GTGATTCAGGATGGACTCCAG-3¢ 5¢-TCGCGATGGCATCTTCCACAA-3¢ 240
gapdh 5¢-GCCACCCAGAAGACTGTGGAT-3¢ 5¢-TGGTCCAGCCTTTCTTACTCC-3¢ 477

Fig. 2. Deposition of hydroxyapatite (HA) in a porous colla-
gen matrix. (A) SEM photomicrographs of the matrices. (a)
Control collagen matrix without HA deposition; (b) HA-
deposited collagen matrix (2 cycles of deposition); and (c) HA-
deposited collagen matrix (4 cycles of deposition). The white
bar represents 100 lm. (B) von Kossa staining of the matrices.
The black bar indicates 5 mm: (a) no HA deposition; (b) HA
deposition (2 cycles); and (c) HA deposition (4 cycles). (C) X-
ray diffraction patterns for the control matrix (no HA depo-
sition) and the HA-deposited matrices (2 and 4 cycles of
deposition). The spectral peak at 32� is characteristic of HA.
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Modulation of Strain-Induced Fluid Flow

In the current study, fluid flow was induced by con-
trolled deformation of 3D substrates (Fig. 4A). In the
porous 3D collagen matrix, position (travel amplitude)
and velocity of strain-induced fluid flow were deter-
mined with the microspheres. In response to sinusoidal
strain at 1 Hz (3000 lstrain) in the matrix with fine
pores, the motion of fluid flow was correlated to the
distance from the neutral plane of the matrix (matrix
center) (Fig. 4B). The best-fit regression line for ampli-
tude, y (lm), was

y ¼ 18xþ 54 with r2 ¼ 0:89;

where x (lm) represented distance from the matrix
center along the x-axis.
Compared to fluid flow in the matrix with coarse

pores, the flow amplitude and velocity were elevated in
the matrix with fine pores as well as in the matrix with
HA deposition (Fig. 5). In all matrices, a flow direction
was aligned to the local tubular pores. A majority of
cylindrical pores ran parallel to the x-axis, and strain-

induced fluid flow was organized as shown in Figure 4A.
The amplitude and the maximum velocity were 15.6 lm
and 98 lm/sec (coarse-pored matrix), 76.9 lm and 483
lm/sec (fine-pored matrix), and 138 lm and 867 lm/sec
(HA-deposited matrix; 4-cycle deposition) (Fig. 5B). No
motion of the microspheres was observed in the matrix
covered with collagen gel (strain control).

Viscoelastic Properties of the Matrix

In response to sinusoidal loading at 1 Hz, three visco-
elastic parameters – apparent elastic modulus, a phase
shift angle, and dissipation energy – were measured for
the three different matrices in the presence and absence
of gel covering. Apparent elastic modulus was increased
60-fold by HA deposition, and covering a matrix with

Fig. 3. MC3T3-E1 cells cultured in the porous collagen ma-
trix. Cells were grown in the matrices for 24 hours after
seeding. The bar is 100 lm. (A) Hematoxylin-eosin stained
cells in a control collagen matrix. (B) MacNeal-stained cells in
a HA-deposited (4 cycles) collagen matrix. The HA-deposited
matrix and cells were stained black and blue by MacNeal
staining, and marked with ‘‘M’’ and ‘‘C,’’ respectively.

Fig. 4. (A) A schematic diagram of strain-induced fluid flow in
the porous collagen matrix. (a) compressed porous matrix
(represented by the shaded rectangles) with a fluid flow moving
outwards; and (b) stretched matrix with a fluid flow moving
towards a neutral plane (matrix center indicated by a vertical
dashed line). (B) Distribution of amplitudes and maximum
velocities of the microspheres in the fluid flow induced by
sinusoidal strain at 1 Hz with 3000 lstrain (peak-to-peak). The
matrix was deposited with HA (4 cycles). The bar represents
the mean ± SE of five measurements. The maximum velocity
(Vmax) was estimated from the measured amplitude using the
following formula: Vmax = 2pf · (peak-to-peak amplitude)/
2, where f is the frequency.
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gel elevated the modulus 1.8-fold (nondeposition) and
1.4-fold (HA deposition) (Fig. 6A). A phase shift angle
was decreased 0.4 fold by HA deposition, but increased
1.3-fold (no deposition) and 1.5 fold (HA deposition) by
gel covering (Fig. 6B). Dissipation energy was increased
20 fold by HA deposition, and gel covering increased the
energy 2.4 fold (no deposition) and 2.1 fold (HA depo-
sition) (Fig. 6C). To summarize, (i) no significant dif-
ferences were observed between the coarse-pored and
the fine-pored matrices; (ii) the matrix with HA depo-
sition showed higher elastic modulus and dissipation
energy, and a lower phase shift angle than the matrix
without HA deposition; and (iii) gel covering increased
the three parameters in all matrices.

Alteration in mRNA Expression

Focusing on the mRNA expression of the selected load-
responsive genes, the responses of MC3T3-E1 osteo-
blasts to sinusoidal strain, and strain plus strain-induced
fluid flow, were examined in the matrix with coarse
pores, fine pores, or HA deposition (4 cycles). The semi-
quantitative PCR results showed that strain-induced
fluid flow was a stronger stimulus than strain or dissi-
pation energy in substrates to alter the mRNA expres-
sion level regardless of HA deposition (Fig. 7).
In the matrices without HA deposition, strain-in-

duced fluid flow up-regulated the mRNA level of all five
genes including c-fos, egr1, cox2, osteopontin, and
mmp1B, and elevation was higher in the matrix with fine
pores than that with coarse pores. Application of strain
alone, on the other hand, elevated the level of c-fos
mRNA and osteopontin mRNA but did not elevate the
mRNA level of egr1, cox2, or mmp1B (Fig. 7A).
In the HA-deposited matrix (4 cycles), the basal

mRNA expression of cox2 and mmp1B were detected.
The expression of these two genes was significantly
lower in the matrix without HA deposition in our PCR
condition. As in the matrix without HA, the effects of
strain-induced fluid flow on gene expression were
stronger than strain alone (Fig. 7B). Fluid flow elevated
the mRNA level of the five genes 2-fold or more com-
pared to the no-loading control and the strain control.
For strain alone in the HA constructs, stimulation of
egr1 and opn were undetectable in our PCR conditions.

Alteration in Protein Expression and Activity

The protein production and activities from MC3T3-E1
osteoblasts after exposure to sinusoidal strain and strain
plus strain-induced fluid flow were examined in the
matrix with fine pores. Alteration of cox2-protein
expression by the immunoblot assay showed that strain-
induced fluid flow was a stronger stimulus than strain or
dissipation energy in substrates. Cox2 protein was ex-
pressed more intensively by strain plus strain-induced
fluid flow than by strain alone (Fig. 8A). Similarly, both
collagenase and gelatinase activities were increased
about 1.4-fold more with strain plus strain-induced fluid
flow compared to strain alone (Fig. 8B).

Discussion

Many lines of evidence support the fact that bone for-
mation is stimulated in vivo by strain [25–27] and strain-
induced fluid flow [10, 28]. However, most in vitro
studies so far have been directed to evaluating the effects
of either strain of 2D substrates [29–31] or fluid flow
that was not induced by deformation of ECM substrates
[32, 35–35]. In this study, induction of fluid flow by well-

Fig. 5. (A) Time-elapsed image of the microspheres in strain-
induced flow. Sinusoidal compressive strain with a magnitude
of 0–3,000 lstrain was applied at 1 Hz. The black arrows point
to a moving microsphere, approximately 3 lm in diameter,
which was located at �5 mm from the neutral plane of the
matrix (x = 5 mm). The scale bars are 100 lm. (a) Flow in the
matrix with coarse pores; (b) flow in the matrix with fine pores;
and (c) flow in the HA-deposited matrix (4 cycles). (B) Position
and estimated velocity of the microspheres: (a) position of the
microspheres. The symbols (triangles, square, and circles)
represent the images in Figs. 4A-(a), 4A-(b), and 4A-(c),
respectively. Three regression curves in lm are 15.6 sin2pt (4A-
(a)), 76.9 sin2pt (4A-(b)), and 138 sin2pt (4A-(c)); and (b)
estimated velocity of the microspheres by differentiating the
position with respect to time.
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regulated deformation of 3D porous matrices was
achieved for the first time with the newly developed
mechanical loader. Its motion was feedback-controlled
at �50 nm resolution with the piezoelectric actuator and
the eddy-current displacement sensor. Sinusoidal com-
pressive loads at 1 Hz with a magnitude of 0–3,000
lstrain, used in this study, were based on the strain
magnitude measured in dogs during walking [13, 14].
Using MC3T3-E1 osteoblast cells grown in the collagen
matrix with and without HA deposition, we showed that
strain-induced fluid flow was a more potent activator of
expression and product of the load-responsive genes
than substrate strain alone or dissipation energy in
ECM substrates. This result implies the critical role of
fluid-shear in mechanotransduction of osteoblasts. As
candidates for potential shear-sensing mediators, Ca2+

channels [36] and membrane-bound receptors such as G-
protein-linked receptors [37] have been suggested.
In the early responses of osteoblasts to strain-induced

fluid flow, the altered expression of the selected five
genes in the 3D matrix indicates involvement of multiple
signal transduction pathways. In cultured osteoblasts
grown on a flat substrate, extracellular-signal regulated
kinase and p38 mitogen-activated protein kinase are
reported to mediate induction of osteopontin in re-

sponse to fluid shear [4]. Elevation of cox2 expression is
dependent on the protein kinase A signaling pathway
[16], but inhibition of cox2, does not affect load-driven
activation of egr1 [38]. Fibronectin-induced formation
of focal adhesions is shown to promote upregulation of
cox2 in MC3T3-E1 cells grown on a 2D substrate. In 3D
cell cultures, however, interactions between integrin and
fibronectin are changed with a reduced level of tyrosine
phosphorylation of focal adhesion kinases [39]. Fur-
thermore, the basal expression level and the activation
level of MMPs in 3D matrix are different from those in
2D culture [40]. A further study is needed to identify a
complex network of mechanotransduction pathways
and any effects of the dimensionality of substrates.
Although our results, obtained in the 3D porous

matrix, support the previous findings in 2D substrates
that osteoblasts are sensitive to fluid flow [20], we also
expected to find a positive correlation between dissipa-
tion energy and osteoblastic response. In contrast to our
expectation, covering the matrix with gel significantly
increased the total amount of dissipation energy, but
decreased osteoblastic response. Since the gel-covering
decreased fluid flow, we conclude that the major con-
tributor to dissipation energy in this in vitro system was
not fluid flow. This observation was consistent in the

Fig. 6. Viscoelastic properties
of the porous and gel-covered
matrices in response to
sinusoidal loading at 1 Hz. (A)
Apparent elastic modulus, (B)
phase shift angle, (C) dissipation
energy. Three matrices with
coarse pores (coarse), fine pores
(fine), and 4-cycle HA
deposition (HA) were
characterized in the presence
and absence of gel covering. The
gel-covered matrices were used
to remove the effects of strain-
induced fluid flow. The
measurements were performed
on three samples. The bar
represents the mean ± SE of
three measurements. The
symbols indicate statistical
significance at alP< 0.05, a2P<
0.001, and a3P < 0.0001 versus
the matrix without gel-covering,
and at blP < 0.05 and b2P <
0.0001 versus the matrix without
HA deposition.
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three different matrices we used, i.e., coarse pores, fine
pores, and HA deposition. Our results suggest that the
observed increase in dissipation energy was due to vis-
coelastic deformation of the matrices and that dissipa-
tion energy is not associated with changes in mRNA
levels of the selected load-sensitive genes.
Load-induced fluid shear in bone is estimated on the

order of 1–10 dyn/cm2 [41], although precise prediction
varies depending on anatomical parameters as well as
mathematical models. Monitoring the motion of the
microspheres allowed us to estimate the velocity of fluid
flow and flow-driven shear stress in matrices. In re-
sponse to 3000-lstrain sinusoidal loads at 1 Hz, the flow
speed of the microspheres was 867 lm/sec in the matrix
with the HA-deposited matrix (4 cycles). In a simplified
Poisseuille flow model for a cylindrical tube, shear
stress, s, on a pore surface can be estimated:

s ¼ 4lQ=ðpr3Þ;

where l = viscosity (0.012 g/cm sec), Q = flow rate,
and r = pore radius. Using r = 12.5 lm and assuming

that Q is approximated by ‘‘cross-sectional area’’ times
‘‘flow speed,’’ shear stress is estimated as � 3 dyn/cm2. A
more rigorous model of oscillatory flow in a porous
matrix should consider variations in flow pattern in a
finite matrix [42].
Deposition of hydroxyapatite to porous collagen

matrices did not alter the mechanical responses of os-
teoblasts, in spite of the fact that HA stiffened the col-
lagen matrix and increased energy dissipation in the
calcified ECM. The mRNA expression level of the load-
responsive genes was altered in a similar manner both in
the HA-deposited matrix and the control matrix with
fine pores. These two matrices generated comparable
fluid flow in response to the same sinusoidal load
(Fig. 5A), and the results support the fact that fluid flow
is a critical signal for mechanotransduction.
One significant difference between the cells grown in

the control matrix and the HA-deposited matrix was the
basal expression level of cox2 and mmp1B. Even with-
out exposure to loading, osteoblasts on the HA-depos-
ited matrix exhibited a higher level of cox2 mRNA and

Fig. 7. Messenger RNA levels
of c-fos, egr1, cox2, mmp1B,
and osteopontin in response to
mechanical stimuli in MC3T3-
E1 cells. The gapdh level was
used as control. Three
mechanical conditions are
‘‘control’’ (no mechanical
loading), ‘‘strain alone’’ (no
fluid flow with gel-covered
matrix), and ‘‘strain + flow’’
(strain and strain-induced flow).
(A) Electrophoretic gel for the
matrix with coarse pores
(d = 101 ± 22 lm) and fine
pores (d = 22 ± 7 lm). (B)
Messenger RNA expression
with the HA-deposited matrix (4
cycles), (a) Electrophoretic gel
for the HA-deposited matrix;
and (b) relative mRNA level to
the control without mechanical
stimuli for the HA-deposited
matrix. The bar represents the
mean ± SE of four
measurements, and the symbols
indicate statistical significance at
alP < 0.01, a2P < 0.001, and
a3P < 0.001 versus ‘‘control,’’
and blP < 0.05, b2P < 0.01,
andb3P < 0.0001 versus ‘‘strain
alone.’’
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mmp1B mRNA than those on the control matrix after
four hours in culture. The results suggest that the cal-
cium-deposited microstructure could alter osteoblastic
phenotype in the absence of mechanical stimuli. It is
reported that HA suppresses proliferation [43–46] and
promotes differentiation [43, 45] and calcification of
osteoblasts [47, 48]. However, the incubation time of 4
hours in the current study is not considered long enough
to detect further alteration in gene expression caused by
HA. Subtle differences in a chemical composition or a
surface charge between our 3D system and the in vivo
milieu might influence the effect of HA [49].
Although elevation of the mRNA level of osteopon-

tin, collagen, and actin was reported in osteoblasts in
vitro 1–8 days after intermittent hydrostatic compression
at 13 kPa [47, 48], any increase in hydrostatic pressure or
pressure-related alteration in gene regulation was not
detected in the control cells grown in the gel-covered
matrix. Our pressure measurement using the fiber-optic
transducer with a resolution of 0.07 kPa showed no

apparent pressure increase with or without the
mechanical loading.
One limitation of the in vitro loading system in the

current study is that the fluid channels in the 3D colla-
gen matrix differ in size from channels in bone, i.e., the
lacunocanalicular networks that are 10–100 nm in
diameter. In a hierarchical nanostructure in bone in vivo,
strain induced by external loads can be amplified by
fluid flow in a nanometric scale [52]. In the SEM image,
a collagen pore in our study appeared as a tubular cyl-
inder confined in a thin wall-like column 10–100 lm in
diameter. Although some of the ridges running parallel
to the cylindrical pores were in a submicron scale, no
tubular pores like those in a lacunocanalicular network
were present in the ECM substrates we employed.
Therefore, deviation of our 3D collagen matrices from in
vivo structures must be noted in interpreting the present
results.
The piezoelectric loader, described in this study, can

be used to analyze gene expression in response to ac-
tual strain measured in animals and humans during
daily exercises. Furthermore, the loader will be useful
to grow cell-scaffold complexes and by selecting the
parameters for mechanical loads. In conclusion, the
loading system supported the fact that strain-induced
fluid flow plays the dominant role in regulation of the
selected genes one hour after the mechanical treatment
in MC3T3-E1 osteoblasts compared to substrate stress
and strain or viscoelastic energy dissipated in ECM
substrates.
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