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Pre-osteoblast MC3T3-E1 cells were cultured in hyaluronic
acid-modified chitosan/collagen/nano-hydroxyapatite
(HA-CS/Col/nHAP) composite scaffolds and treated with
phytoestrogen «-zearalanol (a-ZAL) to improve bone
tissue formation for bone tissue engineering. Perfusion and
dynamic strain were applied to three-dimensional (3D) cul-
tured cells, which simulates mechanical microenvironment
in bone tissue and solves mass transfer issues. The morph-
ology of cell-scaffold constructs in vitro was then examined
and markers of osteogenesis were assessed by immunohis-
tochemistry staining and western blotting. The results
showed that cells expanded their pseudopodia in an irregu-
lar manner and dispersed along the walls in 3D-dynamic
culture. Osteogenic phenotype was increased or main-
tained by enhanced collagen I (COLI) levels, decreased
osteopontin expression and having little effect on osteocal-
cin expression during the 12 days of in vitro culture. In
response to o-ZAL, the cell-scaffold constructs showed
inhibited cellular proliferation, enhanced the alkaline
phosphatase (ALP) activity and increased ratio of osteo-
protegerin to receptor activator of nuclear factor kappa B
(NF-kB) ligand (RANKL). Application of perfusion and
dynamic strain to cells-scaffold constructs treated with
a-ZAL represents a promising approach in the studies of
osteogenesis stimulation of bone tissue engineering.
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Introduction
In vitro bone tissue engineering using biological materials

often leads to poorly constructed extracellular matrix
(ECM), unstable osteoblast adhesion and thus poor cell

survival [1]. The quality of cell/material interactions affects
the capacity of cell proliferation and differentiation [2].
Inadequate nutrient transmission also contributes to the
failure of in vitro constructs [3]. Engineered bone does not
have its own blood supply system, so the absorption of nu-
trient substances, transmission, and the excretion of wastes
happen primarily through diffusion and penetration.

To overcome these difficulties, we modified biomater-
ials’ surfaces to increase cellular adhesion and proliferation,
and developed a bioreactor to imitate the living environ-
ment of osteoblasts. We have already described an
organic—inorganic composite (hyaluronic acid-modified
chitosan/collagen/nano-hydroxyapatite, HA-CS/Col/nHAP)
made with amphiphilic materials, synthesized in our
laboratory, and concluded that the composite is suitable for
the growth of osteoblasts [4]. Chitosan (CS), a natural bio-
degradable polysaccharide with good biocompatibility and
molding characteristics, has been widely used in the field
of bone tissue engineering [5,6]. However, this polysac-
charide’s practical application is limited due to its poor
hydrophilia. HA-modified CS can enhance surface invasion
and increase cellular adhesion. nHAP, apart from the
normal characteristics of HAP, forms very small particles,
which not only enlarges the specific surface area but also
increases surface roughness [7,8]. We have developed soft-
ware and hardware for piezoelectric ceramic cell-loading
device and built a new dynamic strain and circulating per-
fusion bioreactor system (Fig. 1 ) [9]. This device works
well under appropriate 3D perfusion culture conditions and
delivers an accurate compressive stimulus, which provides
a reliable research platform for bone tissue engineering.

Cytokines, particularly growth factors, are important for
tissue engineering. Growth factors, such as transforming
growth factor beta (TGF-B) and bone morphogenetic
protein-2 (BMP-2), improve bone formation in vitro [10].
However, estrogen is a promising candidate for bone
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engineering. Estrogens increase osteoblast proliferation [11]
and the production of many osteoblast proteins (e.g.,
insulin-like growth factor 1, type I procollagen, TGF-8, and
BMP-6). Estrogens also suppress osteoclast activity via
increased apoptosis and reduce osteoblast/stromal cell
content of RANKL by the increased production of osteopro-
tegerin (OPG) [12]. Hong et al. [13] found that 17-beta
estradiol improves osteogenic differentiation in 3D culture
of human mesenchymal stromal cells. However, a wider
practical application of 17-beta estradiol is limited because
of its adverse clinical side effects. Here, we examined the
effect of phytoestrogen a-ZAL on the growth of engineered
bone tissue. a-ZAL, oomycetes phytoestrogen [chemical
structure shown in Fig. 2(A)], is used in animal feed as a
growth promoter, anabolic agent, and an estrogenic agent.
Dai et al. [14] found that it has an anti-atherosclerotic effect
similar to that of the endogenous estrogen 17-beta estradiol,
whereas a-ZAL’s effect on uterus and mammary gland pro-
liferation is significantly lower. Previously, we determined
the a-ZAL doses and regimens for the improvement of
osteogenesis in 2D culture of pre-osteoblast MC3T3-El

Figure 1 Structure diagram of dynamic strain and circulating
perfusion bioreactor (A) Three-dimensional circulating perfusion
system. (B) Piezoelectric ceramic loading device. (C) Loading power
control systems. 1, host computer; 2, piezoelectric ceramic server; 3; data
lines; 4, micro-displacement sensing signal line of; 5, piezoelectric
ceramic element; 6, rigid frame; 7, sliding sleeve; 8, lifting screw;
9, fastening screw; 10, loading platform; 11, culture tanks; 12, peristaltic
pump; 13, medium output pipe; 14, medium input pipe; 15, air filter;
16, medium tanks.

Figure 2 Chemical structure of a-ZAL (A) and external appearance
of HA-CS/Col/nHAP composite scaffolds (B)
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cells. It was found that a-ZAL inhibits osteoblast prolifer-
ation at the concentration of 10 °~10"'" M but can induce
osteogenic differentiation by increasing alkaline phosphat-
ase (ALP) activity in vitro (data not shown).

In this study, a 3D cell culture was used, employing
HA-CS/Col/nHAP composite scaffold, dynamic strain, and
circulating perfusion bioreactor. Scanning electron micros-
copy (SEM) was employed to evaluate cell phenotype. The
differentiation markers of collagen I (COLI), osteopontin
(OPN), and osteocalcin (OCN) were examined by immuno-
histochemistry and western blotting. Taking into account
the results obtained for 2D cell culture with a-ZAL (the
rangel0 °~10"'" M), we investigated a-ZAL’s effect on the
cell proliferation, osteogenic differentiation and on the ex-
pression of OPG and RANKL in static and dynamic cultures.

Materials and Methods

Porous HA-CS/Col/nHAP composite scaffolds

The porous HA-CS/Col/nHAP blocks used in this study
were made in our laboratory. This kind of scaffold is com-
posed of modified CS, Col and nHAP [Fig. 2(B)]. The por-
osity of scaffold is 51% with a pore size ranging from 50 to
250 pm. The Young’s modulus is 29.31 kPa. The scaffolds
were molded into small cylindrical shapes with a radius of
5mm and a thickness of 2—3 mm, and then sterilized by
gamma irradiation at a dose of 25 kGy before cell seeding.

Cell culture and seeding of HA-CS/Col/nHAP
composite scaffolds

The pre-osteoblast MC3T3-E1 cells (provided by Institute
of Basic Medicine of Peking Union Medical College,
Beijing, China) were seeded at a density of 10* cells/cm?
in culture flasks with «a-minimal essential medium
(12571-048; Invitrogen, Carlsbad, USA) supplemented
with 10% FBS (LCO002; Sijiqing, Hangzhou, China) and
1% penicillin—streptomycin (SV30010; Hyclone, Logan,
USA). The cells were cultured at 37°C in a humidified at-
mosphere of 95% air/5% CO,. When cells reached 80%
confluence, they were trypsinized and seeded on HA-CS/
Col/nHAP scaffolds at a density of 10° cells/cm®.

Application of dynamic strain and circulating perfusion
to cell-scaffold constructs

Fluid shear stress and compressive stress was generated in
the circulating perfusion and dynamic strain bioreactor [9].
Cell-scaffold constructs were placed in culture chambers,
and subjected to fluid shear stress at flow rates of 5, 10, or
20 mI/min and compression strain of 3500 e, 1 Hz,
2 h/day. Unstrained (control) cultures were incubated under
the same conditions. The cells were cultured for a required
time, and then processed for SEM, histological, biochem-
ical, or molecular analysis.

9T0Z ‘G Jequieidas uo 1sanb Aq /Bio'sfeulnolpiojxosqae//:dny wody papeojumoq


http://abbs.oxfordjournals.org/

3D dynamic culture of MC3T3-E1 and treated with a-ZAL

Treatment of 3D cultured cells with a-ZAL

MC3T3-Elcells were seeded on HA-CS/Col/nHAP scaf-
fold at a density of 10° cells/cm® in 10 cm petri dishes.
After 4 h, culture medium supplemented with 107°, 105,
or 107'°M of «a-ZAL (26538-44-3; Sigma, St Louis,
USA) was added onto cells. The cells without a-ZAL treat-
ment served as controls. After 24 h of incubation, the
cell-scaffold constructs were transferred to culture cham-
bers for dynamic culture at a flow rate of 10 ml/min and
compression strain of 3500 pe, 1 Hz, 2 h/day.

Scanning electronic microscopy

Samples of cell-scaffold constructs and of simple scaffold
were fixed in 3% glutaraldehyde (24 h), 1% OsO4 (1 h)
and 2% tannic acid. They were then dehydrated in graded
ethanol solutions, sputter-coated with gold/palladium.
Images were examined and captured using a scanning elec-
tronic microscope (S-3400N; Hitachi, Ibaraki, Japan).

Hematoxylin and eosin staining

Samples of cell-scaffold constructs on days 1, 7, and 14 of
incubation in vitro were fixed in 10% formaldehyde. After
dehydration, the scaffolds were embedded in paraffin and
sliced. Serial sections (5 wm) were cut and stained with
hematoxylin and eosin (HE). Cell morphology and distri-
bution were examined under a light microscope (Olympus,
Tokyo, Japan).

Immunohistochemistry staining

Following deparaffinization, the sections were treated with
3% H,0, and rinsed with deionized water. Next, the sec-
tions were incubated overnight with rabbit anti-COLI
(BA0325, 1:200; Boster, Wuhan, China), rabbit anti-OPN
(SC21742, 1:200; Santa Cruz, Santa Cruz, USA) and goat
anti-OCN (SC23790, 1:200; Santa Cruz) antibodies at
4°C, and then rinsed three times with PBS. After incuba-
tion with biotin-conjugated anti-IgG (1:100; Santa Cruz),
the sections were incubated with streptavidin-conjugated
horseradish peroxidase, followed by incubation with diami-
nobenzidine (DAB) solution. Nuclei were counterstained
with hematoxylin solution. Images were examined and cap-
tured using a light microscope (Olympus).

Western blot analysis

On days 3, 7, and 12, cell-scaffold constructs were solubi-
lized in a modified radioimmunoprecipitation (RIPA)
buffer (1% NP-40, 0.25% sodium deoxycholate, 150 mM
NaCl, I mM EGTA, 1 mM phenylmethyl-sulfonyl fluoride,
1 mg/ml aprotinin, leupeptin, pepstatin, and 1 mM sodium
orthovanadate in 50 mM Tris-HCI, pH 7.4). Protein
samples (30 pg for COLI and OPN antibodies, or 60 g
for OCN antibody) were subjected to sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

and then transferred onto nitrocellulose membranes. The
mambranes were blocked by incubation in Tris-buffered
saline with Tween-20 (TBS-T) with 5% milk for 1 h and
probed overnight at 4°C with rabbit anti-COLI (1:300),
rabbit anti-OPN (1:500) and goat anti-OCN (1:500) anti-
bodies. After washing, the membranes were incubated with
secondary antibody conjugated with horseradish peroxid-
ase. The immunoreactive bands were visualized using
enhanced chemiluminescence detection kit (SC2048; Santa
Cruz). Optical density of the protein bands was determined
with Gel Doc 2000 (Bio-Rad, Hercules, USA). The expres-
sion of GAPDH was used as a loading control and data
were normalized to the corresponding GAPDH values.

Proliferation of 3D dynamically cultured MC3T3-E1
cells at different flow rates or with different
concentrations of a-ZAL

We maintained the 3D dynamic cultures at different flow
rates for 1, 3, 5, or 7 days or with different a-ZAL concen-
trations for 3 days. Then, the cell-scaffold constructs were
placed in 24-well plates. Serum-free medium (600 wl) and
cell counting kit-8 reagent (CCK-8) (CKO04, 60 pl;
Dojindo, Kumamoto, Japan) were added per well and incu-
bated for 4 h at 37°C. Aliquots (150 1) were transferred
from 24-well plates to 96-well plates, and the absorbance
was measured at 450 nm using a microplate reader
(TECAN, Salzburg, Austria).

ALP activity assay

The 3D dynamic cultures were kept in different a-ZAL
concentrations for 3 days. Then, cell-scaffold constructs
were lysed in 500 pl/block of lysis buffer (10 mM Tris, pH
8.0, 1 mM MgCl,, 0.5% Triton X-100), sonicated, and cen-
trifuged to remove the cell debris and the scaffolds. ALP
activity in the cellular fraction was measured by a spectro-
photometric detection kit (A069-2; Jiancheng, Nanjing,
China). ALP activity of each sample was normalized to
protein concentration.

Expression of OPG and RANKL in 3D static

and dynamic cultures of MC3T3-E1 cells

with or without a-ZAL

Cell-scaffold constructs treated with 10”° M «a-ZAL were
placed into culture chambers for dynamic culture for 7
days. Statically cultured constructs treated with 10 °® M of
a-ZAL were used as controls. For dynamic cultures
without a-ZAL constructs, a static culture without a-ZAL
was used as a control. After 7 days, the constructs were
solubilized in a modified RIPA buffer. Western blot ana-
lysis was used to measure the expression of OPG and
RANKL (antibodies were rabbit anti-OPG and rabbit
anti-RANKL, respectively, 30 g of protein).
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Statistical analysis

All experiments were performed in triplicate and repeated
at least three times. Data were presented as the mean + SD
and analyzed with one-way analysis of variance to deter-
mine the significance between groups. Statistical analysis
was performed using SPSS13.0 software (SPSS, Chicago,
USA). P < 0.05 was considered statistically significant.

Results

Morphology of cell-scaffold constructs

The scaffold is a white, light, porous, sponge-like substance,
as shown in Fig. 2(B). SEM images demonstrate its internal
structure [Fig. 3(A,B)]. The walls show layered distribution

AN

in the cross-section and pore-like in the longitudinal section;
they are interconnected. The pore size in the scaffold is
between 50 and 250 pm. The hydroxyapatite particles are
well distributed and attached to the walls. Macropores help
accommodate more cells and promote cell migration.
Figure 3(C) shows cell morphology on the outer wall of the
scaffold. Cells are of fusiform or irregular shape having
extended pseudopodia, and secrete small amounts of fuzz or
ECM, while cells inside the scaffolds tightly adhere to the
walls or extend pseudopodia to connect across the pore’s gap
[Fig. 3(D)]. Figure 3(E—G) shows HE staining results. At
the beginning of 3D dynamic culture, osteoblasts adhere to
the pore walls [Fig. 3(E)]. They are round, without pseudopo-
dia. As the culture continues, cells expand their pseudopodia

BT
Rt}

Tt

Figure 3 Morphology of MC3T3-E1 in 3D culture in HA-CS/Col/nHAP composite scaffolds (A) and (B) SEM of simple scaffold. (C) and (D)
SEM of cell-scaffold constructs (5d). (E)—(G) HE staining of cell-scaffold constructs. Multiporous shapes can be seen on the simple scaffold in

longitudinal section (A). Layered structure is visible in cross-section and nHAP disperses evenly on the pore wall (B). Cells adhere on the surface of

scaffolds in fusiform or irregular shapes after 5 days of culture (C), have extended pseudopodia, and secrete small amounts of fuzz or ECM. Inside
scaffold, cells adhere to the pore wall or extend pseudopodia connecting pore gaps (D). HE staining of cell-scaffold constructs is shown after 1 day (E), 7
days (F), and 14 days (G). At the beginning of in vitro culture, the cells were round, without pseudopodia (E). After 7 days of culture, the cells have
irregular spindle shape and dispersed distribution (F). On day 14, cells grow in a colony-like manner (G). Bar = 100 pm.
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in an irregular spindle manner and disperse along the walls.
Nuclei and cytoplasm are clearly visible [Fig. 3(F)]. On day
14, cells grow in a colony-like manner [Fig. 3(G)].

Osteoblasts maintain osteogenesis in 3D dynamically
cultured cell-scaffold constructs

Immunohistochemistry staining, spectrophotometric detec-
tion, and western blot analyses were performed to
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determine the expression of osteogenesis markers. The
immunohistochemistry staining for three antibodies
(anti-COLI, anti-OPN, and anti-OCN) was all positive. At
the beginning of culture (day 1), both COLI and OPN
display high expression levels [Fig. 4(A,C)] while OCN’s
expression is very low [Fig. 4(E)]. Up to day 7, brown
areas appear in clusters around cellular nuclei for all the
three antibodies [Fig. 4(B,D,F)]. Some appear beyond

s
)
{

=
-
R

3d 7d 12d

Figure 4 Immunohistochemistry staining and western blot analysis of cell-scaffold constructs in vitro On the first day of culturing, both COLI (A)
and OPN (C) have high expression levels while expression of OCN is very low (E). Up to day 7, staining for all three antibodies were seen in clusters
around cellular nuclei or near cellular membrane (B, D, F, brown area). Bar = 100 wm. Expression of COL 1 was up-regulated on day 7 (G), while
expression of OPN was significantly down-regulated on day 12 (H). Expression of OCN did not change during the 12 days of in vitro culture (I). Results

are shown as mean + SD from three independent experiments. *P < 0.05.
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Figure 5 The effect of dynamic culture with different flow rates on
proliferation of MC3T3-E1 cells Perfusion at 10 ml/min flow rate
increases proliferation of MC3T3-El cells, while perfusion at 20 ml/min
flow rate decreases cell proliferation. Data are presented as mean + SD
(n=4) *P < 0.05 versus control.

cellular membrane, suggesting that osteoblasts cultured for
7 days in vitro begin to form ECM. COLI was significantly
up-regulated on day 7 of culture compared with that on day
3. However, OPN expression significantly decreased over
the observation period. The expression of OCN did not
change during the 12 days of in vitro culture.

Dynamic culture at 10 ml/min flow rate promotes
proliferation of MC3T3-E1 cells

Flow rate is a very important factor affecting dynamic
culture. To determine the best culture conditions, we
employed three flow speeds of 5, 10, and 20 ml/min with
addition of compression strain of 3500 e to observe their
effect on cell proliferation. After dynamic culturing for 1,
3, 5, and 7 days, cell-scaffold constructs were taken out of
culture chambers and submitted to CCK-8 kit detection. As
shown in Fig. 5, no differences were found for the first 3
days. By day 7, the number of cells in 10 ml/min flow rate
group significantly increased (P << 0.05). The second best
was 5 ml/min flow rate group. However, in 20 ml/min flow
rate group significant decrease was observed (P < 0.05)
and cell proliferation, indicating that shear stress at that
flow rate is high enough to damage the cells.

High concentrations of a-ZAL inhibits cellular
proliferation, but promotes ALP activity, of 3D
dynamically cultured MC3T3-E1 cells

After we established 3D-culture model, we supplemented
the cultures with «-ZAL to stimulate the growth of engi-
neered bone tissue. We first determined the effect of
a-ZAL on proliferation of MC3T3-El cells by CCK-8
assay. It was found that a-ZAL inhibits cell proliferation
after 72 h of treatment at high concentrations (10~ °® and
1078 M), and 10~ '* M of a-ZAL does not have significant
effect on cell growth, as shown in Fig. 6. Next, we deter-
mined ALP activity by a fluorometric detection kit. ALP
is an early differentiation marker for osteoblasts. As shown
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Figure 6 The effect of o-ZAL on proliferation of MC3T3-El
cells «-ZAL at the concentration of 10™° and 10~ %M inhibits cell
proliferation. Data are presented as mean + SD (n =4) *P < 0.05 versus
control.
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Figure 7 The auxoaction of a-ZAL on ALP activity of 3D-cultured
MC3T3-E1 cells «-ZAL, at the concentration of 10°® and 1073 M,
promotes ALP activity. Data are presented as mean + SD (n=3)
*P < 0.05 versus control.

in Fig. 7, a-ZAL increased ALP activity in a dose-
dependent manner.

a-ZAL increases OPG/RANKL ratio in 3D dynamic
cultures of MC3T3-E1 cells

As shown in Fig. 8, both OPG and RANKL expression
were significantly higher in the 3D static culture treated
with a-ZAL than those without a-ZAL. OPG expression
increased nearly 1.9-fold (P < 0.05), and RANKL also
increased 1.9-fold (P < 0.05); the OPG/RANKL ratio did
not change. In dynamic culture, OPG expression increased
1.3-fold (P < 0.05) in comparison with the control, and
RANKL expression was slightly lower (OPG/RANKL ratio
increased), suggesting that the dynamic culture of osteo-
blasts with a-ZAL favors osteogenesis, while 3D static
culture does not. Next, we compared with static control
and dynamic control to investigate the effect of mechanical
strain alone on OPG and RANKL expression. Dynamic
culture can significantly increase OPG and RANKL ex-
pression in osteoblasts when compared with static control.
OPG expression increased 1.7-fold and RANKL expression
increased 3.2-fold, so the OPG/RANKL ratio decreased.

Discussion
In this study, we used pre-osteoblast MC3T3-E1 cells in

conjunction with HA-CS/Col/nHAP composite scaffolds,
two different culture systems (static culture and dynamic
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Figure 8 Expression of OPG and RANKL in MC3T3-E1 cells dynamically cultured for 7 days versus static culture with or without a-ZAL
(107°M) «-ZAL promotes expression of both OPG and RANKL in comparison with static control. The increase in the expression of OPG was even
more pronounced than that of RANKL. In the dynamic culture, a-ZAL promoted expression of OPG, but inhibited expression of RANKL in comparison
with control. Flow rate was 10 ml/min, compression strain 3500 pe, 1 Hz, 2 h/day. Results are presented as mean + SD (n = 3). *P < 0.05 versus

controls (static control or dynamic control).

culture), and phytoestrogen a-ZAL to study bone forma-
tion. The cell-scaffold and the bioreactor system which
mimics some aspects of the physiological environment can
be adopted in tissue development or control studies.
HA-CS/Col/nHAP composite scaffold imitates natural
bone with good porosity and water absorption capacity. It
can absorb cell suspension fast and thoroughly without
being pre-soaked with PBS, thus promoting cell adhesion
in the early culture period. The scaffold regulates cell
phenotype which is rather different from the phenotype in
2D culture of pre-osteoblast MC3T3-El. Cells tightly
adhere to the wall of the scaffold, either on its outer wall
or inside it. The immunohistochemistry staining also
demonstrated that the osteoblasts maintain osteogenesis in
HA-CS/Col/mnHAP composite scaffolds. With the aid of
bioreactor, cells enter the scaffold without cavitation.
Dynamic culture, replacing the traditional static culture,
has become a new trend in bone tissue engineering [15].
However, the existing bioreactors for tissue engineering
applications still have some problems. For example,
spinner flasks or microcarrier reactors produce large shear
forces and the fluid shear stress is difficult to control.
Nutrient exchange varies widely between the culture
surface and the internal scaffold [16]. In this study, we
used dynamic strain and circulating perfusion bioreactor
which had been designed for an effective simulation of
bone microenvironment in vivo. Medium was delivered
slowly through the pores in the scaffold by peristaltic
pump, which not only improved mass transfer, but also
supplied a certain amount of fluid shear stress. Fluid shear
stress seems to have a dual effect: a high level of shear
stress damages cells while a low stress improves cell
growth and function [17,18]. Botchwey et al. [16] found
that the cells seeded onto a microcarrier easily adhered to
the scaffold at 3.9 dyne/cm® of shear stress, increased ex-
pression of ALP and maintained osteoblast phenotype.
Goldstein et al. [19] reported that the exerted shear stress

depends on many different factors, including porosity, pore
size, and diameter of the scaffold, diameter of culture
chamber, viscosity of culture medium, and flow rate. For a
given scaffold and culture conditions, the fluid shear stress
is directly proportional to flow rate. We could not calculate
the exact value of fluid shear stress, and had to observe its
effects through experiment. The optimal results were
obtained for the flow rate of 10 ml/min; higher flow rate
inhibits cell proliferation.

Osteogenic differentiation procedurally experienced gene
expression of ALP, OPN, COLI, and OCN in a time-
dependent manner. ALP and OPN are markers of early dif-
ferentiation [20], while OCN is a late marker corresponding
with matrix deposition and mineralization [21]. COLI is the
most abundant protein in bone. Its expression is complexly
regulated by a set of different factors [22]. In this study
OPN showed a decrease expression after day 3 in our study
which might reflect the transition from an early ‘immature’
stage to a more differentiated phenotype, as verified by the
up-regulation of COLI under 3D dynamic condition after
day 3, which is consistent with the common findings [23].
OCN expression did not change (12 days), indicating the
condition of osteogenic differentiation was maintained.
Such regulation illuminates the complex interactions and
time-dependent expression of the 3D culture system.

We also investigated the effect of phytoestrogen a-ZAL
on osteoblast proliferation and osteogenic differentiation.
Phytoestrogens can be divided into five categories: isofla-
vones, lignans, chrysophenine, coumestrol, and those of
fungal origin [24]. a-ZAL has been recently discovered in
a fungus, Gibberella zeae. Researchers reported that phy-
toestrogens display a biphasic effect [25]: at the doses
outside the optimal range (both at lower and higher doses)
their positive effect is diminished, and inhibition of prolif-
eration has been observed at very high doses [26]. In our
study, it was found that a-ZAL, at high concentrations
(107° and 10 ®M), inhibits cell proliferation of 3D
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cultured MC3T3-E1 cells, but does not significantly affect
cell growth at 10 '® M. a-ZAL promotes osteogenic differ-
entiation by enhancing ALP activity at 10~° and 10~ % M.
OPG/RANKL ratio is a marker of bone formation reflect-
ing the regulation of differentiation and activity of osteo-
clasts in the osteoblast lineage [27]. The results we
obtained for the dynamic culture showed that o-ZAL
enhances osteogenesis. This result is consistent with osteo-
blasts’ response to other estrogens, confirming that a-ZAL
can promote osteogenesis in a manner similar to 17-beta
estrogen.

Various studies examining whether and how mechanical
strain is involved in the regulation of OPG and RANKL
expression provided mixed results. For example, Sanchez
et al. [28] found that continuous mechanical loading
decreased OPG expression in osteoblasts. Ludwika Kreja
et al. [29] gave intermittent mechanical strain to human
osteoblasts and found increased mRNA expression of
RANKL. They also found that continuous loading had no
significant effect on RANKL expression. The expression of
OPG was not significantly influenced. Another study was
focused on oscillatory fluid flow, in which Chi-adopted
ST-2 murine bone marrow stromal cells and found a sig-
nificant increase in OPG and decrease in RANKL with in-
creasing load duration of up to 2 h [30]. This suggests that
changes in OPG/RANKL ratio in response to mechanical
forces depend on the context, cell types, mode of stress
load, and magnitude of strain. In our study, mechanical
forces (fluid shear stress and compressive stress) generated
by bioreactor increased both OPG and RANKL expression,
but in favor of RANKL, indicating such mechanical condi-
tion was not conducive to the inhibition of osteoclasts
activity.

However, in our previous work with 2D cultures of
MC3T3-El, we found that a-ZAL inhibits osteoblast pro-
liferation at the concentration of 10 °~107'°M and
enhanced the activity of ALP and raised the ratio of OPG/
RANKL mRNA at high concentrations (10~® and 10~% M)
rather than at the low concentration of 10~ ' M. It seems
that cells grow differently in response to drug stimuli in 3D
and 2D cultures. The reason maybe that cells are living in
3D ECM rather than in glass or plastic surface. This work
has been pursued so as to provide biologically mimetic
model systems. We believe that engineered bone tissue
could be used as an efficient drug-screening platform. The
2D model commonly used for drug screening is only a
poor topological approximation of the more complex 3D
architecture of the ECM. A more realistic engineered tissue
model is essential to reproduce physiological patterns of
cell adherence, cytoskeletal organization, migration, and
signal transduction [31]. Our engineered tissue could be a
useful system to evaluate drugs’ biological properties [32].
Optimizing 3D model to be used for drug screening,
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instead of animal models, will eliminate many practical
problems and provide a bone microenvironment similar to
in vivo conditions.
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