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Abstract

Incorporation of hydroxyapatite (HA) within a degradable polymeric scaffold may provide a
favorable synthetic microenvironment that more closely mimics natural bone tissue physiology.
Both incorporation of HA nanoparticles and alteration of paracrine cell-cell signaling distances
may affect the intercellular signaling mechanism and facilitate the enhanced osteogenic signal
expressions among the implanted cell population. In this study, we investigate the effect of the
incorporation of HA nanoparticles into poly(propylene fumarate) (PPF) scaffolds on the surface
properties of composite scaffolds and early osteogenic growth factor gene expression in relation to
initial cell seeding density. The result of surface characterization indicated that HA addition
improved surface properties of PPF/HA composite scaffolds by showing increased roughness,
hydrophilicity, protein adsorption, and initial cell attachment. Rat bone marrow stromal cells
(BMSCs), which were CD34(—), CD45(—), CD29(+), and CD90(+), were cultured on 3D
macroporous PPF/HA scaffolds with two different initial cell seeding densities (0.33 and 1.00
million cells per scaffold) for 8 days. Results demonstrated that endogenous osteogenic signal
expression profiles, including bone morphogenetic protein-2, fibroblast growth factor-2, and
transforming growth factor-B1, as well as the transcriptional factor Runx2 were affected by both
HA amount and initial cell seeding density. Upregulated expression of osteogenic growth factor
genes was related to subsequent osteoblastic differentiation of rat BMSCs on 3D scaffolds, as
characterized by alkaline phosphatase activity, osteocalcin mMRNA expression, and calcium
deposition. Thus PPF/HA composite scaffold construction parameters, including incorporated HA
amount and initial cell seeding density, may be utilized to induce the osteoblastic differentiation of
transplanted rat BMSCs.
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Introduction

Calcium phosphate bioceramics, such as hydroxyapatite (HA) and tricalcium phosphate
(TCP), are promising materials for bone tissue engineered composites due to their mineral
composition reflecting native bone tissue both chemically and structurally, with the latter
being in regards to their nano-scale features. HA is especially known to possess
biocompatibility and it induces an in vitro osteoblastic differentiation of precursor cells as
well as enhances in vivo bone formation [1,2]. However, 3D scaffolds fabricated with only
HA or other ceramic materials often exhibit brittleness, difficult manufacturing, and slow
degradation rates. Therefore, incorporation of HA within a degradable polymeric network
may provide a more favorable synthetic microenvironment to more closely mimic natural
tissue physiology with the additional properties of a higher mechanical strength. Since
fabrication of HA/biopolymer composites could take advantages of the properties of both
the components, there have been many studies utilizing the incorporation of HA with
various synthetic polymers including poly(D,L-lactic acid-co-glycolic acid) (PLGA) [3-5],
poly(L-lactic acid) (PLLA) [6], poly(propylene fumarate) (PPF) [7,8], poly(caprolactone)
(PCL) [9], a copolymer [10], and a cyclic acetal hydrogel [11,12].

Nanoscale features of HA particles exhibit more advantageous cellular responses when
compared to microsized HA particles. For example, HA nanoparticles coated on glasses
demonstrated higher MG-63 cell attachment and proliferation than microsized HA particles
due to higher surface area for cell adhesion and lower crystalinity [13]. Similarly, HA
nanoparticles embedded in 3D PCL scaffolds have shown enhanced levels of attachment,
proliferation, alkaline phosphatase activity, and calcium deposition (i.e., mineralization) of
mesenchymal stem cells (MSC) [9]. Therefore, the size of HA particles can affect cell
response, particularly attachment, proliferation, and maturation. If nanocomposite materials
produced favorable conditions for tissue formation, they could be a candidate material to
improve the surface properties of bone tissue substitutes.

Poly(propylene fumarate) (PPF) offers a variety of advantageous properties as a bone
substitute material including degradability in physiological environments and suitable
mechanical strength. Crosslinked PPF networks can be fabricated via ultraviolet (UV)
radiation with the aid of a photoinitiator such as bis(2,4,6-trimethylbenzoyl)
phenylphosphine oxide (BAPO) [14]. This photoinitiation technique for crosslinking allows
PPF to be used as a resin material for stereolithography, other additive manufacturing
strategies, or even as a translucent mold [15-17]. PPF composite scaffolds incorporating
nanosized materials such as alumoxane [18-21], carbon nanotubes [22], and B-TCP [23,24]
have exhibited improved mechanical properties, enhanced cell attachment, and increased
osteoconductivity in an in vivo model. Moreover, PPF/HA composite materials have also
shown the superior cell/tissue responses. Specifically, HA incorporation has been observed
to improve MC3TC cell proliferation on 2D PPF composite disks over a 7 day period of in
vitro culture [7]. In an in vivo study using rat tibia metaphysic implantation, 3D composite
scaffolds with PPF and HA particles with 40 nm in diameter showed a faster rate of new
bone formation in tibial defect sites than PPF/microsized HA scaffolds, resulting in superior
osseointegration [8]. It has been shown that HA would enhance the osteogenic gene
expression when it was incorporated with another polymeric scaffold [25]. Therefore, the
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present study focused on the effect of HA in PPF composite scaffolds on the endogenous
gene expression as well as the subsequent differentiation of a seeded cell population.

Heterogeneous bone marrow stromal cell (BMSC) populations may contain mesenchymal
stem cells. Lineage specific differentiation of BMSCs on synthetic scaffolds depends upon
effective induction of particular signal molecules such as growth factors, hormones, and
cytokines, associated with the desired lineage. One of the crucial factors facilitating
osteogenic signal expressions may be cell-to-cell distance, which potentially alters paracrine
signaling mechanisms. Another factor may be scaffold construction parameters such as 3D
geometry or surface properties. In our previous study, the initial cell seeding density of 2D
PPF disks was found to be a factor contributing to the enhancement of requisite osteogenic
signal expression of implanted heterogeneous cell populations [14]. In addition to the
surface modification of 3D PPF scaffolds through the addition of HA nanoparticles,
changing the cell-cell signaling distance by varying the cell seeding density may similarly
affect the cellular responses within 3D porous environments. There have been many studies
describing the effects of cell seeding density on osteoblastic differentiation in 3D scaffolds,
and it has been observed that an optimal cell seeding density in a 3D environment may
enhance this response and thus promote tissue regeneration [26-29].

Moreover, controlling construction parameters to optimize engineered bone substitutes
could affect various cellular functions such as attachment, migration, proliferation and
differentiation. In order to achieve the optimized properties of 3D scaffolds inducing host
cell integration, we fabricated 3D macroporous composite scaffolds with PPF/HA
nanoparticles by porogen leaching techniques and a photocrosslinking reaction. Using these
scaffolds, we investigated how both the surface properties altered by HA nanoparticle
incorporation and the intercellular signaling distance changed in relation to cell seeding
density. The global hypothesis in this study is that optimizing the construct parameters of 3D
composite scaffold may facilitate enhanced expression of osteogenic growth factor genes
among the seeded population, where both incorporation of HA nanoparticle and alteration of
paracrine cell-cell signaling distance could be controlling factors. The specific objectives of
this study were: (1) fabricate and characterize the physical properties of the 3D macroporous
PPF/HA scaffolds, (2) to investigate the effect of HA content and initial cell seeding
densities on the stimulated endogenous expression of osteogenic growth factor genes, and
(3) to determine the downstream osteoblastic differentiation of rat BMSCs influenced by the
enhanced gene expression levels in 3D macroporous PPF/HA scaffolds.

Materials and Methods

PPF/HA composite scaffold fabrication

PPF was synthesized as described previously [14,30]. PPF with number average molecular
weight (Mn) of 1300 g/mol and PDI of 3.7 was used throughout this study. Purified PPF was
heated to reduce the viscosity and first mixed with 0.5 wt% of BAPO (Ciba Specialty
Chemicals Corp., Tarrytown, NY). For composite disks and scaffold fabrication, HA
nanoparticles of average grain size 100 nm with crystal structures (BABI-HAP-N100,
Berkeley Advanced Biomaterials, Berkeley, CA) [31] with the ratio of 0, 10, and 20% of
PPF:HA were incorporated into the PPF/BAPO mixture. For 2D solid disks, the PPF/BAPO/
HA mixture without any porogen was uniformly placed between the glass plate and
crosslinked in an ultraviolet (UV) light box (intensity of 2.68 mW/cm?) for 2 hrs.
Crosslinked composite sheets were cut into the disks with 18 mm in diameter and 1.5 mm
thickness. For 3D macroporous scaffolds, the PPF/BAPO mixture was homogeneously
mixed with a NaCl porogen (180-300 um, 75 wt %) and HA nanoparticles, respectively.
The total mixture was then packed into a glass mold. After 2 hr of UV radiation, the
crosslinked PPF/HA cylinders were retrieved by breaking the glass molds and cut into small
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disks (6.5 mm in diameter and 3 mm in thickness). The disks were then placed in the water
for 72 hr to leach out the NaCl porogen. After salt leaching, the resulting macroporous
scaffolds were dried and post-cured in the same UV light box for 2 hr. Both 2D disks and
3D scaffolds were washed in acetone for 3 min to dissolve any unreacted components such
as residual DEF or short chains of PPF, and air trapped in the inner pores of the scaffold
were removed by creating a vacuum by drawing air from a tube with a syringe. The
scaffolds were then washed twice with PBS to remove the residual acetone. Finally, the
samples were then either characterized after complete drying or sterilized in 70 % EtOH for
cell seeding in subsequent in vitro experiments.

Surface morphology, particle distribution, and atomic compaosition

A scanning electron microscope (SEM) (SU-70, Hitachi, Tokyo, Japan) was used to
examine the morphology of the top surface of the composite substrates and the surface
distribution of HA particles on the 2D composite disks after washing steps. SEM images
were obtained after precoating of carbon adhesive in secondary electron detection mode at
10 kV acceleration voltage and x1500 magnification. Concurrently, the presence of the HA
nanoparticles onto the composite surfaces and their atomic composition were assessed by
energy dispersive spectroscopy (EDS) at 10 kV and x800 magnification.

Surface roughness and topography

The surface roughness and topography of the 2D disks was examined by an atomic force
microscope (AFM) (Asylum Research, Santa Barbara, CA). The topography of the surface
(i.e., a height image) was captured in a tapping mode with 20 x 20 um? scan size and 1 Hz
scan rate. A silicon tip with a spring constant of 48 N/m was used for all scans. The height
images were flattened with a zero order polynomial function and converted to 3D images.
The root mean square (RMS) roughness was calculated from processed images. This test
was completed with four replicates in each experimental group (n=4).

3D PPF/HA composite scaffold characterization

For 3D porous scaffolds, weight % porosity was determined based on leached porogen
amount. Volume% porosity was evaluated by void volume percent per total volume of a
scaffold. It was assumed that this void volume was same as the porogen volume in a
scaffold. The porogen volume was calculated from the weight of leached salt porogen and
the density of salt. The matrix volume was calculated from the dried scaffold weight after
leaching and the density of each formulation of PPF/HA composite. Therefore, the total
volume was a sum of porogen volume and matrix volume in this evaluation. Top surface,
cross-section, and particle distribution onto the surface were observed by SEM. HA
distribution over the 3D macroporous scaffold was qualitatively determined by the simple
trypan blue staining as previously described [32,33]. Briefly, scaffolds were soaked in a 0.4
(w/v) trypan blue for 10 sec with vigorous shaking. After washing the samples twice with
diH»0, each scaffold was placed in 100% EtOH for 1 min and sonicated for 5 sec to remove
any unbound dye. A top surface image of uniformly stained scaffolds depicting the
distribution of HA within each composite scaffold was acquired. The level of adsorbed
protein onto the scaffold surface was measured by a previously described method [34].
Briefly, the scaffolds were first completely wetted by a series of pre-soaking: 1hr in ethanol,
2 x 30 min in PBS, and overnight incubation in PBS. Samples were then placed in culture
media with 10% FBS for 4 hr at 37°C on a shaker table (25 rpm). After incubation, samples
were washed with PBS three times, and adsorbed proteins were extracted during two cycles
of 1 hr incubation in 250 ul of 1% sodium dodecyl sulfate solution. A BCA protein assay kit
(Pierce, Rockford, IL) was used to determine protein concentration. This test was completed
with triplicate samples and triplicate measurements.
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Mechanical testing

Compressive mechanical testing was conducted according to the American Society of
Testing Materials Standard D695-2a using an Instron mechanical tester (Instron 5565,
Norwood, MA). Scaffolds with the PPF:HA ratios of 0, 5, 10, 15, and 20% were prepared as
cylinders with 13 mm in height and 6.5 mm in diameter. Samples were compressed along
their vertical axis at a speed of 1.3 mm/min until the compressive strain reached 0.5 mm/
mm. The Young’s modulus and yield compressive stress at 1% offset were calculated using
Bluehill 2.16 software (Instron). This test was completed with five replicates in each
experimental group.

Rat bone marrow stromal cell isolation

Rat BMSCs were isolated from the femurs and tibias of young male Wistar Hanover rats
(101-125 g, Taconic) following a University of Maryland approved IACUC animal protocol
(R-07-94) according to methods previously described [14].

2D attachment of rat BMSCs

2D PPF/HA composite disks were pre-washed after acetone etching prior to cell seeding in
the following manner. Each disk was sterilized with 70% EtOH for 30 min and washed
twice with PBS buffer. Then, the disks were soaked in FBS overnight to increase the level of
adsorbed serum protein on the composite surfaces. Each disk was then placed in a 12 well
plate and an autoclaved stainless steel ring (inner diameter: 16 mm) was also placed onto
each disk to confine the seeding area as well as prevent floating of disks [14]. Rat BMSCs in
culture flasks that had undergone 3 passages were trypsinized, resuspended in osteogenic
(OS) media (Control media contained a-MEM, 10% penicillin/streptomycin antibiotics, and
0.2 mM of ascorbic acid while OS media was made of control media supplemented with 10
mM Na-B-glycerophophate and 108 M dexamethasone) with 10% FBS, and seeded onto
composite disks (60,000 cells per disk, 30,000 cells/cm?2). After 24 hr incubation, the cells
on the disks were washed with PBS and stained with 2 uM calcein acetoxymethylester
(Calcein AM, Invitrogen) for 30 min at room temperature. Images were obtained using a
fluorescence microscope (Axiovert 40 CFL with filter set 23, Zeiss, Thornwood, Swiss)
equipped with a digital camera (Diagnostic instruments 11.2 Color Mosaic, Sterling Heights,
MI) from five spots (i.e., one in the center and four along each major axis) to quantify the
total number of attached cells. A total of 20 images (four biological replicates) were
acquired and transferred to Matlab software (The MathWorks, Natick, MA) and converted
to black and white binary images. The total number of attached cells in each group was
determined.

3D cell culture

3D PPF/HA composite scaffolds were also pre-washed, as described above, before cell
seeding. PPF/HA scaffolds were sterilized in 70 % EtOH and soaked in FBS, and then the
cells were seeded onto the scaffold. One million cells per scaffold were seeded for the
visualization assays while scaffolds with two different cell densities (0.33 million and 1
million cells in 25 pl of cell suspension per scaffold) were tested for alkaline phosphatase
(ALP) expression, mineralization, and quantitative real time polymerase chain reaction
(gRT-PCR) experiments (see the experimental groups in Table 1). The OS media was
changed every 2 days until day 8 and samples were cultured in a static condition.

Visualization of cells on 3D scaffolds

Cell viability was assessed up to day 8 following cell seeding on 3D PPF/HA scaffolds by
using Calcein AM fluorescent staining. The cell culture media was removed and the cell/
scaffold constructs were rinsed twice with PBS. Staining and microscopic procedures were
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performed as described previously. Cell spreading on composite scaffolds was indirectly
determined by F-actin staining. After the aspiration of media from each well, each scaffold
was washed with PBS, fixed with 500 ul of 4% paraformaldehyde for 30 min, washed three
times with PBS, and then incubated in 500ul of 0.2% Triton X-100 in PBS for 2 min.
Samples were then washed twice with PBS again, and incubated in 700 pl of diluted (1:40)
phalloidin (Alexa Fluor 488, Invitrogen) for 1 hr at room temperature. Stained cytoskeletons
were observed under a fluorescence microscope. Cell morphology on the composite surfaces
was also examined by SEM. After cell culture media removal, each scaffold was washed
with PBS, fixed with 500 pl of 4% paraformaldehyde for 30 minutes, and washed again with
PBS three times. Samples were air-dried over night, coated using a gold sputter, and
observed via SEM. All three assays were performed on day 1 and 8.

Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA was isolated from cell/scaffold constructs using Trizol (Sigma-Aldrich)
according to the manufacturer’s protocol. cDNA was prepared from the isolated RNA using
a High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). Pre-
amplification of cDNA was performed by the manufacturer’s protocol. Briefly, the cDNA
sample was mixed with 0.2X pooled Tagman Gene Expression assay mixture (Applied
Biosystems) of genes of interest, and a PreAmp Master Mix (Applied Biosystems). The
genes of interest included three growth factors (bone morphogenetic protein-2 (BMP-2,
Tagman Assay ID: Rn00567818 m1), fibroblast growth factors-2 (FGF-2,
Rn00570809_m1), and transforming growth factor-p1 (TGF-B1, Rn00572010_m1)), one
transcriptional factor of Runx2 (Rn01512296_m1), and one osteoblastic differentiation
marker of osteocalcin (OC, Rn00566386_g1). The thermal condition for the pre-
amplification reaction was 10 min at 95°C, and 10 cycles of 15 sec at 95°C and 4 min at
60°C. This pre-amplified cDNA sample was diluted with 1x TE buffer (1:5) and then was
utilized to investigate the relative gene expression level of target genes. A house-keeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Rn99999916 s1) was used as
an endogenous control gene. qRT-PCR was conducted on an ABI Prism 7000 sequence
detector (Applied Biosystems), using a thermal condition of 2 min at 50°C, 10 min at 95°C,
and 50 cycles of 15 sec at 95°C and 1 min at 60°C. The relative gene expression level of the
genes of interest was normalized using the GAPDH control gene. The mean of fold changes
compared to the calibrator group (0 Low Group at day 1) was analyzed using a AACt
method and its standard deviation is reported (n=3).

Alkaline phosphatase assay

ALP activity was determined using p-nitrophenyl phosphate (pNPP) enzymatic assay
(Sigma-Aldrich, St. Louis, MO) based on the hydrolysis of pNPP to para-nitrophenol, where
spectroscopic data of the final yellow product indicates ALP activity. The cell/scaffold
constructs were washed with PBS and placed in 600 ul of autoclaved distilled water. Protein
and DNA were extracted through three cycles of cell-lysis: freeze (30 min at —80°C), thaw
(30 min at 37°C), and sonication (30min, 40 kHz) based on the previous protocol [35]. The
resulting debris was centrifuged at 12,000 g for 10 min and the supernatant was transferred
to a new sterile tube. The supernatant was mixed with a pNPP liquid substrate and after 1 hr
incubation at 37°C in the dark, 2 M NaOH solution was added to stop the reaction. The
absorbance was recorded at 405 nm using a M5 SpectraMax microplate reader (Molecular
Devices, Sunnyvale, CA). The DNA amount was also quantified using a PicoGreen assay kit
(Invitrogen) and the ALP activity level was normalized to the DNA amount and the mM
ALP/ug DNA was reported. Each experimental group was analyzed in triplicate.
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Mineralization assay

Calcium mineralization was measured by selective binding of alizarin Red S (ARS, Sigma-
Aldrich) to calcium salts. On day 8 and 15, cell/scaffold constructs were washed with PBS,
fixed with 4% paraformaldehyde for 30 min at room temperature, and then stained with 40
mM ARS/PBS solution (pH 4.1) on the shaker (150 rpm) for 30 min at room temperature.
After washing five times with dH,O to remove any unbound ARS, 10 v/v% acetic acid was
applied to each sample to dissolve the crystals. Optical density was recorded at 405 nm
using a microplate reader and the background intensity of a control scaffold (i.e., a scaffold
without cells) was subtracted from each sample. The calcium amount was normalized to the
DNA amount and mM ARS/ug DNA was reported. Each experimental group was analyzed
in triplicate.

Statistical analysis

The data from all studies were analyzed by an analysis of variance (ANOVA) and Tukey’s
multiple-comparison test. A p value < 0.05 was utilized to demonstrate significant difference
between the experimental groups. The means and the standard deviations were reported in
each figure.

Results

2D surface characterization

The PPF/HA composite material was fabricated through a simple physical mixing technique
and a crosslinked PPF network was obtained by UV light photoinitiation. The surface
morphology was observed by SEM imaging and the atomic composition as well as calcium
(Ca)/phosphate (P) ratio of the composite was analyzed by EDS analysis (Point of interest).
In addition, the surface topography and RMS roughness were assessed by AFM. Increasing
the amount of HA nanoparticles incorporated within a PPF polymer network resulted in
more particles being exposed on the composites material’s surface (Figure 1A, 1C, and 1E).
Based on the EDS analysis data, it should be noted that Ca/P ratio of exposed HA particles
on the composite surface was consistent regardless of incorporated HA amount. The Ca/P
ratio was 1.92 + 0.21 in PPF/HA 10% group and 1.98 £ 0.12 in PPF/HA 20% group (Table
2). This ratio is similar to that of initial HA particles without any processing (i.e., 67.2:32.7)
[12]. This observation confirms the stoichiometry of HA was consistent during the
fabrication steps presented in this study. HA incorporation also resulted in increasing surface
roughness (Figure 1B, 1D, and 1F). 3D height images using AFM also qualitatively
demonstrated that a rougher surface was obtained by mixing larger amounts of HA particles
into the PPF. RMS roughness data in Figure 1G shows a significant increase in roughness
after acetone etching in the PPF/HA 10% and 20% groups compared to the PPF control
group (p = 2.96x107%). Moreover, these two groups also shows a significant increase in
roughness when simply etched by acetone compared with non-etched samples (p =
4.79x10™* and 3.18x107°, respectively) implying that some portion of the embedded HA
particles in PPF were exposed by acetone washing and resulted in a rougher surface than in
either the PPF control or the non-treated PPF/HA samples. Therefore, the PPF/HA
composite fabrication techniques by physical mixing, photocrosslinking reaction, and
acetone etching are suitable to create higher surface roughness with a different chemical
composition. This observation in 2D PPF/HA disks could be contributed to the
characteristics of a surface of 3D porous PPF/HA scaffolds.

3D scaffold characterization

SEM analysis was also performed on the structure of 3D macroporous PPF/HA scaffolds
(Figure 2). Top surface (Figure 2A) and cross-section (Figure 2B) images demonstrated
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highly interconnected 3D porous structures. The weight % porosity measured by the amount
of salt leached demonstrated that all three experimental groups showed over 75 wt% of
leaching (n=6), implying that the pores in the scaffold are interconnected which would allow
water to flow through the inner structure while calculated volume % porosity was slightly
increased as HA amount increased. For the higher magnification of the surface of 3D PPF/
HA scaffolds, the same trends associated with HA particle distribution were observed, as
were seen on the 2D disks (Figure 2C). This suggests that a simple porogen leaching
technique could be applied to fabricate well-interconnected 3D PPF/HA scaffolds with high
porosity. For the mechanical testing, the PPF/HA 20% group showed a significantly higher
modulus than either the PPF control or the PPF/HA 10% group (p = 1.05x1072) (Figure
3A). The offset yield strength in PPF/HA 20% was also higher than in the other groups
(Figure 3B). In addition, the adsorption of hydrophilic trypan blue dye to the composite
scaffolds qualitatively demonstrated the uniform distribution of the HA particles onto the
surfaces, increasing hydrophilic nature of the composite surfaces, and subsequently
increasing potential to adsorb dye by increasing the amount of incorporated HA (Figure 4)
although the aggregation of HA particles was somehow observed. The hydrophobic PPF
control (Figure 4A) did not adsorb trypan blue while more dye was adsorbed in the PPF/HA
10% and 20% groups (Figure 4B and 4C). Similarly, the amount of protein adsorbed to the
surface of the 3D scaffolds increased with the addition of more HA particles (Figure 4D).
The PPF/HA 20% group showed a significantly higher protein adsorption compared to the
PPF control group (p = 3.76x1073). This result suggests that a higher level of HA
incorporation resulted in increasing surface roughness and that a higher concentration of HA
exposed on the surface might elevate the hydrophilicity and subsequent protein adsorption
level. Along with the improved physical characteristics with increasing the amount of HA,
the mechanical properties such as Young’s modulus and yield strength of the 3D structures
were also increased.

Cell attachment

As measured by fluorescently stained cell-area, the qualitative images of Calcein AM
staining in Figure 5A reveals that more cells are attached to the composite scaffolds as HA
concentration increases. For quantification, the total cell-attached area in each group was
normalized by that of the TCPS control. The percent attachment in the PPF/HA 20% group
was significantly higher than the other groups (p = 2.05x10™4). Rat BMSC attachment was
increased with increasing surface roughness which in turn depended on HA particle
concentration in these composite scaffolds. These results demonstrated that increased HA
particle incorporation in PPF scaffolds increased surface roughness, subsequent protein
adsorption from the media to the surface of the composite, and resulted in more cells
favorably attaching to the composite scaffold surface.

Viability, cell spreading, and cellular morphology

To characterize rat BMSC viability on 3D porous PPF/HA scaffolds, Calcein AM staining
was performed (Figure 6A). The cytoskeleton development of cells was examined by F-actin
staining (Figure 6B) while cellular morphology was observed by SEM (Figure 6C). Calcein
AM staining data demonstrated that the cells in all experimental groups were viable for up to
8 days of in vitro culture in OS-conditioned media. Along with 2D attachment data on day 1
(Figure 5A), PPF and PPF/HA composite materials supported a suitable environment for rat
BMSCs in the 3D scaffolds. Images of F-actin staining qualitatively demonstrated that more
cells spread in PPF/HA 20% groups than the PPF control group on day 1, however all
groups showed similar levels of cell spreading on day 8 (Figure 6B). This result is also
correlated with the change of cellular morphology observed by SEM on day 1, where
observable cell flattening was seen on the surface of the PPF/HA 20% groups, while some
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of cells on control PPF retained a rounded shape (Figure 6C). On day 8, the cells on PPF/HA
composite scaffolds were highly flattened and covered the surface of these scaffolds.

Osteogenic signal expression profiles

Quantitative RT-PCR was performed to investigate the effect of HA nanoparticle
incorporation with various seeding densities on osteogenic signal expression. For higher
seeding density groups, BMP-2 gene expression generally decreased or was stagnant for all
HA amount groups (Figure 7A). However, the addition of HA along with high cell seeding
density increased BMP-2 expression compared to the PPF control on day 8 (p = 9.83x1075).
This observation was similar to the low cell seeding groups: PPF control group with low cell
seeding showed decreasing BMP-2 expression over 8 days while 10 Low and 20 Low
groups exhibited significantly higher expression level than PPF control on day 8 (p =
2.96x1078), and this level was also significantly higher than 10 High and 20 High groups (p
=4.38x107° and p = 1.46x107°, respectively). Increased HA incorporation in the low cell
seeding density groups (10 Low and 20 Low) was also observed to be correlated with
increased BMP-2 expression after 8 days of culture over the initial expression level on day
1.

FGF-2 expression represents a similar pattern to the TGF-p1 expression profile (Figure 7B
and 7C). Among high cell seeding density groups, 20 High exhibited 3 fold up-regulation of
FGF-2 on day 4 and kept this level until day 8 (p = 3.81x10~%4). Moreover, 10 High also
showed a 2.95 fold up-regulated FGF-2 expression on day 8 and both 10 High and 20 High
exhibited significantly higher FGF-2 expression than the PPF control group on day 8 (p =
6.94x1073). A similar up-regulation pattern was also observed in the low cell seeding
density groups on day 8: FGF-2 expressions of both 10 Low and 20 Low were significantly
higher than 0 Low on day 8 (p = 1.03x1078) and this level was also up-regulated over the
day 1 expression level. Specifically, 20 Low exhibited more than a 4.7 fold change
compared to the calibrator group. A general decreasing trend of TGF-B1 expression was also
observed in the PPF control groups for both cell seeding density groups over 8 days. For the
higher cell seeding density groups, HA addition induced more TGF-B1 expression than in
the PPF control, but this level was below than the expression of the calibrator group on day
1. A significant increase of TGF-B1 was found in 20 Low group on day 8 versus 0 Low and
10 Low groups (p = 1.48x1072), and this up-regulation was more than a 2 fold increase
compared to the calibrator group.

The Runx2 transcription factor expression in the high cell seeding density groups showed a
decreasing pattern over 8 days except 20 High group, which showed a peak on day 4 (Figure
7D). All groups with low cell seeding density exhibited down-regulation of Runx2
expression on day 4 and an increased expression by day 8.

Osteoblastic differentiation

In order to investigate whether the cell population would differentiate into an osteoblastic
lineage by changing the HA amount in the scaffolds, and/or the initial cell seeding density,
ALP protein activity was assessed (Figure 8). A correspondence between ALP activity and
the HA particle amount was only observed in lower cell seeding density groups on day 1 and
a higher cell seeding group (20 High) on day 4, compared to the PPF control group. During
the later time points, 0 Low group on day 4 (p = 8.01x10™4) and both 0 Low and 10 Low
groups on day 8 (p = 1.01x1072 and 4.31x1073, respectively) exhibited significantly higher
ALP activity compared to higher cell seeding density groups. Late osteoblastic
differentiation was assessed by calcium deposition (Figure 9) and the OC mRNA expression
(Figure 10). Increasing HA content in both cell seeding density groups resulted in higher
mineralization. On day 8, 20 High group showed significantly higher calcium deposition
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than the PPF control group and both 10 and 20 Low groups also showed significantly higher
mineral contents (p = 6.62x1075). On day 15, 20 High group at both cell seeding densities
showed significantly increased calcium deposition over the PPF control group (p =
4.53x10™4). Moreover, 10 and 20 Low groups presented a significant increase in
mineralization versus the high cell density groups on day 8 while mineralization on day 15
was statistically unchanged when cell seeding density was varied. In Figure 10, it can be
seen that the OC mRNA expression in all groups exhibited an increasing trend over 8 days.
By day 4, 20 High group exhibited a significantly higher OC expression level than did the
other groups. On day 8, the expression level of HA incorporated PPF groups was higher than
the PPF control group for both cell seeding densities (p = 3.08x1072). Although the effect of
cell seeding density on OC expression was not observed on day 8, the effect of HA amount
on the expression (i.e., increased osteoblastic differentiation with higher HA concentration)
was related with calcium deposition, as seen in Figure 9.

Discussion

The main objective of this study was to determine which 3D PPF/HA nanoparticle
composite scaffold parameters facilitate endogenous gene expression of osteogenic growth
factors contributing osteoblastic differentiation. In order to optimize the construct properties
that mimic the native bone healing process, controlling parameters that enhance the
expression of signaling molecules such as the physical properties of the scaffold and
intercellular signaling distance were characterized. It appears that the incorporation of HA
nanoparticles into PPF resulted in an alteration of surface properties of these composite
materials including topography, roughness, calcium and phosphate atomic ratio, and ability
to absorb proteins. In addition, changing initial cell seeding density altered cell-cell
paracrine signaling distance among the transplanted cell population. Therefore, it is of
importance to characterize the proper conditions of those parameters that control or at least
facilitate the stimulation of specific osteogenic growth factor expression. To this end, we
aim to investigate both the effect of the amount of HA incorporated in PPF scaffolds and the
initial cell seeding density on endogenous osteogenic growth factor gene expression profiles
and osteoblastic differentiation.

We fabricated well-interconnected 3D macroporous PPF/HA scaffolds via simple techniques
using porogen leaching and photocrosslinking. The characterization data in Figure 1
demonstrates that HA nanoparticle incorporation resulted in uniform distribution of HA and
higher level of calcium and phosphate on the surface of composites. Moreover, HA
incorporated composite scaffolds exhibited rougher surface topography as confirmed by
RMS roughness data. Subsequently, surface properties modified by HA nanoparticle
incorporation also resulted in higher levels of passive protein adsorption onto the scaffold
surface perhaps due to increasing higher hydrophilicity (i.e., wettability) of scaffolds
qualitatively measured by hydrophilic dye adsorption (Figure 4). Both of these factors may
improve initial cell attachment since higher roughness provides more surface area with more
complex geometry for cells to attach to, and increasing hydrophilicity is directly related with
the adsorption of proteins existing in the aqueous media [9]. This present study also verified
this relation by showing that higher rat BMSC attachment was observed in PPF/HA 20%
composite than in control PPF samples in a 2D environment (Figure 6). In addition,
qualitative visualization of cells on 3D PPF/HA composite scaffolds also demonstrated more
cytoskeleton development on PPF/HA 20% scaffolds than on PPF control scaffolds on day 1
as assessed by F-actin staining (Figure 7(B)). The SEM images also qualitatively
demonstrated morphological changes in cell flattening with more cell flattening observed as
HA incorporation in composite scaffolds was increased (Figure 7(C)). This result may be
explained by HA nanoparticles potentially playing a functional role in the integrin-mediated
cell adhesion. Generally, initial cell adhesion to extracellular matrix (ECM) is mediated by
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an integrin transmembrane receptor [36]. Integrin binding to ECM proteins physically
connects the cell’s cytoskeleton and the surrounding ECM. This initiates the intracellular
signaling pathway to nucleate the signaling proteins such as focal adhesion kinase. For
example, controlled HA deposition has been observed to induce MC3T3-E1 cell adhesion,
integrin presentation and clustering, and focal adhesion complex mediation[37]. Since the
integrin binding and initial cell attachment play a critical role in downstream signaling
cascades such as the interaction of cytoskeleton protein/cellular membrane protein/ECM
proteins, induction of signal transduction, stimulation of transcription factors, and
consequent gene expression [38,39], HA nanoparticle incorporation may stimulate not only
initial cell adhesion but also osteogenic growth factor gene expressions during osteoblastic
differentiation.

The compressive Young’s modulus and off-set yield strength of PPF/HA composite
scaffolds were determined in order to investigate scaffold’s load-bearing capacity and its
potential as a bone substitute (Figure 3). The compressive modulus of the 3D PPF/HA
composite scaffolds exhibited similar levels to that of native human cancellous bone (i.e., 2
to 10 MPa) [40]. The PPF/HA 20% group exhibited significantly higher Young’s modulus
than the PPF control and PPF/HA 10% groups. Composite scaffolds presented a trend of
increasing Young’s modulus relative to HA nanoparticle reinforcement, and this has been
observed in other studies. For example, polycarbonate/HA nanoparticle composite scaffolds
exhibited an increase of Young’s modulus from 0.6 GPa to 4.5 GPa when the amount of HA
was increased from 10% to 30% [41]. Similarly, PLG/HA composite also showed an
increase in Young’s modulus when the ratio of PLG:HA was increased up to 1:5 [32]. One
possible explanation of observed mechanical enhancement could be the intrinsic
contribution of HA as well as an increase in surface to volume ratio with HA nanoparticle
addition, which also found in PCL/HA composites [42,43]. Therefore, the mechanical
properties of photocrosslinked porous PPF/HA nanocomposite scaffolds observed in this
study demonstrated that these properties can be controlled during fabrication, a possibly
useful fact for manufacturing bone tissue engineering scaffolds.

The effect of HA amount on endogenous osteogenic gene expression in composite scaffolds
with varying cell seeding density was investigated. There have been many studies about the
effect of exogenous growth factors on osteoblastic differentiation; however, the present
research has shown for the first time the effect of HA presence on endogenous osteogenic
gene expression including BMP-2, FGF-2, TGF-B1, and Runx2. BMP-2 is known to
participate in the regulation of cell growth and differentiation along with the induction of
osteogenic progenitor cells in bone defect sites during the healing process. Although there
have been many studies on exogenous BMP-2 administration to culture media as well as
delivery of this growth factor to the healing defect site, the present study demonstrated that
endogenous osteogenic signal expressions could be facilitated by altering scaffold
construction properties of cell/scaffold integration through the incorporation of HA
nanoparticles and changing the initial cell seeding density. Despite of the fact that BMP-2
gene expression level was decreased or was unchanging for PPF control scaffolds, the HA
incorporated composite scaffolds induced significantly higher BMP-2 expression than the
control on day 8 (p = 9.83x107% in high cell seeding and 2.96x1078 in low cell seeding).
This HA-induced BMP-2 upregulation was observed for both cell seeding densities (Figure
8(A)). The upregulated level of BMP-2 expression was higher in the lower cell seeding
density on day 8. Therefore, it seems that PPF/HA composite scaffolds may stimulate higher
endogenous BMP-2 expression and its expression level may be also be responsive to the
initial cell seeding density.

We have previously speculated on the interaction of endogenous signal expression with
other signaling factors of rat BMSCs cultured on 2D PPF disks previously [14]. BMP-2
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signaling is dependent on the expression of Runx2 transcription factor through the Smad and
MAPK intracellular signaling pathways [44,45], and our comparison with BMP-2 and
Runx2 expression profiles in this study might confirm this interaction. Early decline of
BMP-2 in all groups except the 20 High group in a 3D scaffold by day 4 was also associated
with Runx2 deactivation as seen in Figure 8(D). Specifically, an increase in BMP-2
expression in the 20 High group by day 4 might be related to increasing Runx2 expression
by day 4. For later time points, from day 4 to 8, the high cell seeding density groups
exhibited a general decline of BMP-2 expression although HA incorporation resulted in
different levels of expression on day 8 and Runx2 expression profile in high cell seeding
groups showed the same decreasing pattern by day 8. During this period, low cell seeding
groups exhibited increasing BMP-2 expression that might be also related to an increase in
Runx2 expression in all HA incorporated groups. In addition, FGF-2 expression (Figure
8(B)) was also exhibited Runx2-mediated endogenous gene expression. FGF-2 expression
could be stimulated by Runx2 induction via MAPK pathway [46]. The result in low cell
seeding density (0.33 million cells/scaffold in this study) showed a decreased FGF-2
expression by day 4 and an increased level by day 8. This expression profile might be
related to BMP-2 and Runx2 expression pattern described early. However, a discrepancy in
the high cell seeding density groups (1 million cells/scaffold) was observed, which is that
up-regulation of FGF-2 expression in 10 and 20 High groups during the later time points
was not related to the down-regulation of Runx2 in the same groups. This might be
explained by the possibility that Runx2 stimulation was more affected by BMP-2
stimulation via both the Smad and MAPK pathways, rather than FGF-2 expression through
the MAPK pathway only. Therefore, the decline of BMP-2 in high cell seeding groups on
day 8 might relate with Runx2 down-regulation, even in the presence of FGF-2 up-
regulation. Moreover, since the expression levels of BMP-2, FGF-2, and TGF-B1 in lower
cell seeding density on day 8 were higher than those in lower cell seeding density, it is also
suggested that 0.33 million cells/scaffold in this study might be a more favorable condition
to facilitate the osteogenic gene expressions in PPF/HA composite scaffolds.

FGF-2 is associated with the stimulation of osteoblasts through the Cbfa-1/Runx2
transcription factor activation [47] as well as angiogenic development [48]. Therefore it is
imperative to investigate its signaling profiles to promote the integration of implanted
scaffolds with surrounding host tissues for bone tissue regeneration. In the FGF-2 expression
profile in Figure 8(B), it was observed that its expression increased at a later time point of
day 8 and that the HA addition in composite scaffolds may have facilitated statistically
higher FGF-2 expression that was not observed in the PPF control group. The PPF/HA 10%
and 20% groups exhibited higher FGF-2 expression level than did the PPF control on day 8
for both cell seeding densities. In particular, 20% HA nanoparticle addition to composite
with 0.33 million cell seeding showed up to a 5 fold change by day 8. This observation of
upregulated osteogenic signal expression with HA nanoparticle incorporation was related to
BMP-2 expression and could be evidence of an effect on osteogenic signal expression by
altering scaffold construction properties. The results in Figure 8(C) also demonstrated that
HA incorporation into composite scaffolds at both cell seeding densities enhanced the TGF-
B1 expression on day 8 from both cell seeding densities, as was the case with FGF-2
expression. Our previous study demonstrated that the existence of optimal cell seeding
density of transplanted rat BMSC populations on 2D PPF disks appeared to facilitate
BMP-2, FGF-2, and TGF-B1 expression [14]. This present study using 3D PPF/HA porous
scaffolds also demonstrated that the optimum condition to induce more osteogenic signal
expression was the PPF/HA 20% group with 0.33 million cells.

The effect of HA nanoparticle contents on the osteoblastic differentiation of rat BMSCs was
investigated with two different cell seeding densities. ALP protein expression was examined
as a transient early osteoblastic differentiation marker, while calcium deposition and OC
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MRNA expression was assessed as an indicator of a later stage of differentiation. The ALP
expression level depended on the amount of HA nanoparticles incorporated into the
scaffolds. This was a statistically significant parameter in lower cell seeding density groups
on day 8 (Figure 9). In addition, the results also demonstrated that mineralization and OC
MRNA expression also depended on HA addition to the scaffolds (Figure 10 and 11). Both
HA incorporated composite scaffolds exhibited significantly higher calcium deposition with
both cell seeding densities on day 8 (p = 6.50x10~* in high cell seeding and 1.48x1073 in
low cell seeding) and the effect of HA amount on mineralization was greater in the lower
cell seeding density groups. The PPF/HA 20% groups showed higher levels of
mineralization for both cell seeding densities on day 15. Similarly, the OC mRNA
expression data also showed the dependence of late osteoblastic differentiation of BMSCs
on the amount of HA present. Significantly higher OC expression was observed when HA
concentration increased on day 8 even though an effect of cell seeding densities was not
observed. The potential dependence of osteoblastic differentiation on incorporated HA
amount is in agreement with several other studies. One of these recent studies showed that
the incorporation of 50 ng of HA nanoparticles into cyclic acetal hydrogels stimulated more
endogenous ALP mRNA expression of encapsulated rat BMSCs than 5 ng and control
hydrogel groups on day 8 [12]. In the same study, OC mRNA expression in 5 and 50 ng of
HA groups was significantly higher than the control (without HA) on day 1, 4, and 8.
Therefore, increasing amount of incorporated HA particle might enhance the osteoblastic
differentiation. OC and osteopontin (OP) mRNA expression of rabbit BMSCs in a 2D
monolayer has also been observed to be dependent on HA nanoparticle concentration [49].
Moreover, osteoblastic differentiation with HA dependence has also been observed in
human MCSCs on PLG/HA composite scaffolds and both ALP and OP protein expression
levels were higher by increasing the HA:PLG ratio for up to 28 days [32]. Therefore, our
PPF/HA composite scaffold may also facilitate osteoblastic differentiation of transplanted
rat BMSCs by increasing the amount of incorporated HA amount and by varying the initial
cell seeding density.

Conclusions

This investigation of scaffold construction properties for 3D macroporous PPF/HA scaffolds
appears to have found parameters that facilitate osteoblastic differentiation of transplanted
cell populations and evidence of associated osteogenic signal gene expression that suggests
these conditions might induce further bone regeneration as well as facilitate integration of
scaffolds with the surrounding host tissues. This study revealed that altering both the level of
HA nanoparticle incorporation and the initial cell seeding density can effect osteoblastic
differentiation and growth factor gene expression. Our results demonstrated that (1) HA
addition improved surface properties of composite scaffolds by showing increased
roughness, hydrophilicity, protein adsorption, and initial cell attachment, (2) up-regulation
of osteogenic signal expression was also controlled by both HA amount and initial cell
seeding density, and (3) subsequent osteoblastic differentiation of rat BMSCs on 3D
scaffolds was facilitated by the incorporation of HA and lower cell seeding density.
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Surface morphology as observed by scanning electron microscopy (SEM) images of 2D
disks with PPF (A), PPF/HA10% (C), and PPF/HA20% (E). All images were obtained with
600x magnification and the scale bar represents 50 um. These qualitative results
demonstrate that HA nanoparticles were homogeneously distributed over the surface of the
2D disks and more HA content was observed with increasing HA amount. Topographic
images of the surfaces by atomic force microscope (AFM) with PPF (B), PPF/HA10% (D),
and PPF/HA20% (F) demonstrated that rougher surface was obtained by increasing the
amount of HA. Additionally, the root mean square (RMS) roughness after the acetone
washing increased significantly by adding more HA nanoparticles while the values before
the acetone washing were independent of HA particle amount. + indicates a significant
difference between different HA amount groups after washing (p<0.05), and # indicates a
significant difference between before and after washing in scaffolds with the same
composition (p<0.05) (n=4-5).

Acta Biomater. Author manuscript; available in PMC 2012 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kim et al. Page 19

Figure 2.

SEM structural images of the top surface (A), cross sections (B), and particle distribution
(C) of 3D macroporous PPF and PPF/HA scaffolds by SEM. The scale represents 500 um in
(A) and (B), and 30 um in (C). This qualitative result demonstrates that 3D macroporous
scaffolds fabricated by simple salt leaching technique showed interconnective porous
structures and more HA particles were seen on the surface as the HA amount included in
fabrication increased.
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Figure 3.

Compressive properties, including Young’s modulus (A) and off-set yield strength (B), of
3D macroporous PPF and PPF/HA scaffolds (n=5). The result demonstrated that the PPF/
HA 20% group showed significantly higher Young’s modulus than the PPF control and PPF/
HA 10% groups. Off-set yield strength in the PPF/HA 20% group was also higher than in
the other groups. # indicates a significant difference between groups (p<0.05).
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Figure 4.

HA particle distribution over the surface of scaffolds was assessed by trypan blue staining
with PPF (A), PPF/HA10% (B), and PPF/HA20% (C). Protein adsorption on the PPF/HA
composite scaffolds with different concentration of HA nanoparticle is shown in (D) (n=3).
* indicates a significant difference compared to the PPF control group (p<0.05).
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Figure 5.

Fluorescent staining images of initially attached cells on 2D disks (A) and total number of
attached cell on 2D disks (B). The result in (A) qualitatively demonstrated that more viable
rat BMSCs were observed in composite disks with higher amount of HA and the result in
(B) verified that total attached cell number in PPF/HA 10% and 20% group were
significantly higher than in the PPF control groups. Five pictures were obtained from each
biological sample and biological quadruplicates were tested. + indicates a significant
difference compared to PPF control group (p<0.05).
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Figure 6.

Visualization of viability by Calcein AM fluorescent staining (A), F-actin staining (B), and
cellular morphology by SEM (C) onto PPF composite scaffolds with different HA
nanoparticle amount. The scale bar represents 300 um in (A) and 100 um in (B).
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Figure 7.

Quantitative RT-PCR analysis of gene expression profiles of growth factors (A: BMP-2, B:
FGF-2, C: TFG- B1, and D: Runx2) for 1, 4, and 8 days. The fold changes in gene
expression level are reported as average + standard deviation (n=3). The calibrator for all
experimental groups is indicated by a A marker and dashed line indicates the fold change of
the calibrator group. + indicates a statistical difference in HA amount within the same cell
seeding density group as compared to the 0% HA control group while # indicates a
statistical difference in cell seeding density groups within the same HA concentration group
(p<0.05).
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Figure 8.

ALP protein activity of rat BMSCs on PPF composite scaffolds with different HA contents
and cell seeding densities for 1, 4, and 8 days. ALP protein expression level was normalized
by DNA amount and average * standard deviation (n=3 per group) is reported. + indicates a
statistical difference in HA amount within the same cell seeding density group while #
indicates a statistical difference in cell seeding density groups with the same HA
concentration group (p<0.05).
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Figure 9.

Quantitative mineralization assay by alizarin red S staining on day 8 and 15. Calcium
deposition level was normalized by DNA amount and average + standard deviation (n=3 per
group) is reported. + indicates a statistical difference in HA amount within same cell seeding
density group while # indicates a statistical difference in cell seeding density groups with the
same HA concentration group (p<0.05).
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Figure 10.

Quantitative RT-PCR analysis of gene expression profiles of OC osteogenic differentiation
markers for 1, 4, and 8 days. The fold changes in gene expression level are reported as
average * standard deviation (n=3). The calibrator for all experimental groups is indicated
by a A marker and dashed line indicates the fold change of the calibrator group. + indicates a
statistical difference in HA amount within the same cell seeding density group as compared
to the 0% HA control group while # indicates a statistical difference in cell seeding density
groups within the same HA concentration group (p<0.05).
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