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Abstract

The intercellular signaling mechanisms among a transplanted cell population are largely
determined by the cell population itself as well as the surrounding environment. Changes in cell-
to-cell paracrine signaling distance can be obtained by altering cell density, and signal expression
of growth factors can be enhanced by auto/paracrine signal transduction. To examine these
relationships, we investigated the effect of cell seeding density on viability, proliferation,
differentiation, and the endogenous osteogenic signal expression among rat bone marrow stromal
cells (BMSCs) cultured on a 2D disk. Rat BMSCs were isolated from rats and then cultured for 8
days on biodegradable poly(propylene fumarate) disks with three different seeding densities (0.06,
0.15, and 0.30 million cells/disk). At day 1, 4, and 8, viability by Live/Dead fluorescent staining,
DNA amount, osteogenic differentiation by alkaline phosphatase and osteocalcin mMRNA
expression, calcium deposition, and osteogenic growth factor mRNA expression were assayed.
Osteogenic signal expression was evaluated using quantitative reverse transcriptase-polymerase
chain reaction, and signals of interest include bone morphogenetic protein-2, transforming growth
factor-B4, fibroblast growth factor-2, and platelet-derived growth factor-A. The results from this
study demonstrate that rat BMSCs were viable over 8 days without being affected by cell density
as well as cell proliferation rate and early osteogenic differentiation were stimulated by lower cell
seeding density. Most importantly, this study has demonstrated for the first time that the temporal
gene expression profiles of endogenous growth factors can be controlled by altering the initial cell
seeding density on poly(propylene fumarate) disks. Therefore, our result suggest that changes in
the paracrine signal distance by altering cell seeding density may be a useful strategy to optimize
the cell-biomaterial construct microenvironments to enhance the osteogenic signal expression.
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Introduction

Functional engineering of natural bone tissues involves three fundamental components: (1)
parenchymal or progenitor cells which enable lineage-specific differentiation and
subsequently express tissue matrix, (2) scaffolds as temporary frameworks to support bone
growth, and (3) osteogenic signals such as growth factors to induce bone-forming cell
regeneration. The successful conjugation of these principal components is the most critical
and challenging problem to develop functional bone replacements.

As a cell source in the tissue engineering field, bone marrow stromal cells (BMSCs) have
been extensively investigated since this heterogeneous cell source contains mesenchymal
stem cells. These progenitor cells have distinctive characteristics that allow them to be (1)
expanded cell numbers by replication /n vitro and (2) differentiated into a variety of cell
types such as osteoblasts, chondrocytes, and adipocytes 174, Since these differentiated cell
types can be developed into various tissues and organs, including bone, cartilage, adipose,
tendon and ligament, BMSCs are considered as an excellent source for autologous cell
therapy and regenerative strategy in tissue engineering research >~/. Therefore, BMSC-
seeded polymeric scaffolds have been widely utilized to create successful in vitro models for
bone tissue repair.

As a potential scaffold material, poly(propylene fumarate) (PPF) is known to be injectable,
in situ polymerizable, and a biocompatible linear polyester 8. This polymer contains carbon-
carbon double bonds that allow constructs of cross-linked networks, and ester linkages that
allow for hydrolytic degradation °. PPF degradation products, including propylene glycol,
poly(acrylic acid-co-fumaric acid), and fumaric acid, do not shift pH to a level that is
hazardous to natural tissues, and can be metabolized as a constituent of the Krebs cycle °.
PPF can be crosslinked by ultraviolet (UV) radiation with the aid of a photoinitiator such as
bis(2,4,6-trimethylbenzoyl) phenylphosphine oxide 19. PPF also possesses sufficient
mechanical strength for use as a bone substitute at load bearing sites 11. A series of studies
have revealed that PPF is a promising biomaterial for bone tissue engineering. It has been
used for fabrication of composite materials 1216, rapid prototyping using laser-
stereolithography to create controllable microarchitecture for patient-specific bone

implants 17-19 and growth factor delivery vehicles 20 21,

Lineage-specific differentiation of BMSCs on polymeric scaffolds is correlated with the
activation of inductive signaling molecules such as various cytokines, hormones, and growth
factors. In order to establish the optimal fabrication parameters necessary for successful
bone tissue engineering scaffolds, we propose that it is critical to understand the intercellular
signaling mechanisms among the transplanted cell population. Our overall hypothesis is that
the proper microenvironment could facilitate osteogenic signals among a transplanted cell
population, and paracrine cell-to-cell distance is one of the critical parameter which is
determined by initial cell seeding density.

The artificial microenvironment of a cell population seeded on a synthesized polymeric
material may facilitate osteogenic signals. A strong understanding of these signaling profiles
may be critical to the successful development of a functional cell/scaffold construct. There
have been several recent studies to investigate the effect of cell seeding density on cellular
activities. Rat bone marrow stromal cells (BMSCs) on three dimensional (3D) poly(DL-
lactic-co-glycolic acid) scaffolds showed rapid proliferation at a lower seeding density over
the first 7 days, but no changes in osteoblastic functions such as alkaline phosphatase (ALP)
activity and mineralization after 56 days in culture 22. However, increasing the seeding
density of rat BMSCs in titanium fiber mesh had a positive effect on osteogenic

expression 23 and a higher seeding density on polystyrene well plate led to higher ALP
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activity and more mineralization 24, In addition, an optimal seeding density was determined
to best promote intracellular signals, such as Runx2, in MG-63 cells cultured within dense
3D collagen gels 2°. Similarly, a recent study also demonstrated the existence of the
minimum and optimum cell seeding density in 3D hydroxyapatite/tricalcium phosphate
(TCP) scaffolds for bone yield (i.e., bone contact and bone area) in a goat /n7 vivo model 25.
However, another study reporting a contrary result, found that a lower seeding density of
human alveolar osteoblasts on 3D polycaprolactone/TCP was associated with higher ALP
activity and osteocalcin (OC) secretion 27. Despite of the fact that there have been many
studies about the effect of adding growth factors (i.e., exogenous signals) on the osteogenic
differentiation of BMSCs 28-31 changes in endogenous gene expression of signaling growth
factors caused by altering the intercellular paracrine communication distance have not been
extensively studied. Therefore, the objectives of the present study were to determine the
effect of initial seeding density of rat BMSCs onto two dimensional (2D) PPF disks on cell
viability, proliferation, and differentiation, as well as to describe the effect of cell seeding
density on osteogenic signal expression profiles. Most critically, this study demonstrates for
the first time that the expression profiles of endogenous osteogenic growth factors can be
controlled by the initial cell seeding density on PPF disks.

Experimental Section

Materials

Diethyl fumarate, propylene glycol, zinc chloride, hydroquinone, ascorbic acid, p-
mercaptoethanol, and Alizarin Red S were obtained from Sigma-Aldrich (St. Louis, MO).
Analytical reagent grade methylene chloride was purchased from Fisher Scientific
(Pittsburgh, PA). Polystyrene standards were received from Polymer Laboratories (Amherst,
MA). Bis(2,4,6-trimethylbenzoyl) phenylphosphine oxide (BAPO) was obtained from Ciba
Specialty Chemicals (Tarrytown, NY). Alpha-minimum essential medium (a-MEM),
penicillin/streptomycin antibiotics, fetal bovine serum (FBS), and trypsin/EDTA were
purchased from Invitrogen (Carlsbad, CA). PicoGreen assay kit was obtained from
Molecular Probes. Collagenase-P was purchased from Roche (Indianapolis, IN). RNeasy
Mini plus kit was received from Qiagen (Valencia, CA). High Capacity cDNA Archive Kkit,
Universal PCR Master mix (2x), and Tagman® Gene Expression Assay for growth factors
and osteogenic differentiation marker were purchased from Applied Biosystems (Foster
City, CA).

PPF Synthesis and PPF Disk Fabrication

PPF was synthesized with diethyl fumarate and propylene glycol following a two step
procedure 8:10, Briefly, 1 mol of diethyl fumarate and 3 mol of propylene glycol were
reacted with 0.01 mol of zinc chloride as a catalyst and 0.002 mol of hydroquinone as a
crosslinking inhibitor with nitrogen gas purge, heat supply, and mechanical stirring. The
resulting diester intermediate, bis(2—hydroxypropyl) fumarate, underwent transesterification
with vacuum, heat supply, and mechanical stirring until the desired molecular weight was
obtained. The final PPF polymer was dissolved in methylene chloride for further
purification. The PPF/solvent mixture was purified during serial washing steps with 5 v/v%
HCI solution, water, and brine. Residual methylene chloride was evaporated using a rotor-
evaporator and vacuum pump. Then, hydroguinone was removed by ethyl-ether
precipitation on ice, and excess ethyl ether was completely evaporated again using a rotor-
evaporator and vacuum pump. Gel permeation chromatography (GPC) was used to measure
the molecular weight and polydispersity index (PDI) of purified PPF. Polystyrene standards
with a peak molecular weight of 580, 1180, 2360, and 4490 g mol~1 were used to create a
calibration curve. The resulting number average molecular weight (Mn) was 2100 g mol~1
and PDI was 2.4. For the photocrosslinked disk fabrication, the photoinitiator BAPO was
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employed (0.5 g BAPO/g PPF) for photocrosslinked disk fabrication. A homogeneous 1.5
mm thick PPF/BAPO mixture was placed between the glass plates. After 2 hr of ultraviolet
(UV) radiation exposure (intensity of 2.68 mW/cm?), a crosslinked sheet of PPF was
retrieved and cut into disks that were 18 mm in diameter and 1.5 mm thick.

Rat Bone Marrow Stromal Cell Isolation and Culture

Cell Seeding

Cell Viability

Rat BMSCs were isolated from femora and tibiae of young male Wistar Hanover rats (101-
125g, Taconic, Hudson, NY) following a University of Maryland approved IACUC animal
protocol (R-07-94). Following euthanasia by carbon dioxide gas, the femora and tibiae were
excised and all soft tissues were removed. The explanted bones were incubated in 10 ml of
cell culture medium for 10 min three times. The culture medium contained a-MEM
supplemented with 10 % (v/v) penicillin/streptomycin antibiotics, 10 % (v/v) FBS, 0.2 mM
of ascorbic acid. Both ends of each bone were clipped off and bone marrow was flushed out
with 10 ml of culture media using a syringe and 18-gauge needle under sterile conditions.
The collected marrow was homogenized by mixing with a syringe, passed through a 70 pm
cell strainer, and centrifuged at 500 g for 5 min. The resulting cell pellets were resuspended
with 5 ml of culture media and plated in T-25 cell culture flasks. The media was first
changed to remove non-adherent cells after 48 hrs, and changed every 2-3 days over the
course of each subculture periods. When 80 % confluency of the cells was reached, cells
were enzymatically lifted using trypsin/EDTA. The cells were passaged every 5-7 days until
the proper cell number was obtained for further cell seeding. All flasks were incubated under
standard cell culture conditions (37°C and 5% CO, gas).

The PPF disks were prewashed before cell seeding in the following manner: All disks were
soaked first in phosphate buffered saline (PBS) for 15 min to eliminate surface debris,
second in acetone for 3 min to remove any unreacted monomers, and, third in PBS again for
30 min. After these washing steps, the samples were sterilized with UV radiation in a
biosafety laminar flow hood overnight. Each disk was placed in a 12 well tissue culture
polystyrene (TCPS) plate. Next, autoclaved stainless steel rings (outer diameter: 19 mm,
inner diameter: 16 mm, height: 15mm) were placed onto each disk to confine the cell
seeding area, to prevent the disk from floating, and to inhibit the loss of cells at the
periphery between the disk and the well. Second passage rat BMSCs were trypsinized from
culture flasks and the total cell number was counted using a hemacytometer to calculate the
required volume of media for resuspension. After centrifugation, the cell pellet was
resuspended with osteogenic media (control media supplemented with 10 mM Na-f-
glycerophosphate and 10~8 M dexamethasone) to create a series of cell density (0.06, 0.15,
0.30 million cells/200 ul suspension). All of the experimental groups are listed in Table 1.
Next, 200 pl of suspension was dropped onto the center of the PPF disks in the stainless
steel ring, and 1800 pl of osteogenic media was added to the outer region between the ring
and the well (Day 0). The same volume of cell suspension with 0.06 and 0.30 million cells
was dropped into a TCPS well plate without a PPF disk as a positive control sample. The
cell/disk constructs were incubated for 24 hrs to allow complete cellattachment. The steel
rings were removed and the osteogenic media was changed every 2-3 days during the
experimental time periods. All the assays except the cell viability test were performed at day
1,4, and 8.

Cell viability was examined using a Live/Dead viability/cytotoxicity assay kit to evaluate
the initial cell attachment to PPF disks and the viability at day 1 and 8. Osteogenic media
was removed from the well and the cell/disk constructs were rinsed with PBS two times to
remove unattached cells. Each construct was labeled with 700 pl of calcein AM (2 pM) and
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ethidium homodimer-1 (4 uM) fluorescent dye/PBS solution per well. After 30 min
incubation at room temperature, images were taken to observe the cell attachment,
localization, and viability over the culture periods under a fluorescence microscope
(Axiovert 40 CFL with filter set 23, Zeiss, Gottingen, Germany) equipped with a digital
camera (Diagnostic instruments 11.2 Color Mosaic, Sterling Heights, Ml).

DNA Quantification

To assess cellular proliferation, DNA was isolated and the double-strand DNA amount was
quantified using a PicoGreen assay kit. After removing the culture media from the well, the
cell/disk constructs were washed with PBS two times. Cell layers on the disks were lifted
with 600 pl of trypsin/EDTA, and 600 pl of collagenase-P was added to disrupt the
extracellular collagen matrix. After transferring 1200 pl of cell suspension to a new sterile
tube, each disk was rinsed with 600 pl of culture media and then transferred to the same
tube. Calcein AM staining, and specifically the lack of any stain, was utilized to confirm that
all cells had been removed from the disk. A 1,800 pl suspension was centrifuged down
(1,000 g, 5 min) to form a cell pellet. After aspirating the supernatant, 1 ml of autoclaved
distilled water was placed in each tube and the pellet was homogeneously resuspended.
DNA was extracted from the suspension by 3 cycles of freeze (30 min at —80°C), thaw (30
min at 37°C), and sonication in a bath sonicator (30min). After cell-lysis, the cell debris was
pelleted by centrifugation at 12,000 g for 10 min and 900 pl of supernatant was transferred
to a new sterile tube. Next, 100 pl of supernatant containing DNA was mixed with 100 pl of
diluted PicoGreen fluorescent dye in a 96 well plate. The samples in the well plate were
incubated for 10 min at room temperature. Fluorescent intensity was recorded at 490 nm of
excitation and 520 nm of emission using a M5 SpectraMax microplate reader (Molecular
Devices, Sunnyvale, CA). The final double strand DNA amount was calculated based on an
A-DNA standard curve with known DNA concentrations.

RNA Extraction

Total RNA was isolated from each cell/disk construct with a RNeasy Mini plus kit following
the protocol provided by the manufacturer. First, cells were lifted and collected in the same
manner described above. Once the cell pellet was obtained, 350 ul of RLT lysis buffer with
3.5 pl of B-mercaptoethanol was added. Cells were homogenized by mixing withina 1 ml
syringe using a 22 gauge needle. Genomic DNA was removed by passing the lysate through
a genomic DNA elimination membrane column. After several washings in a spin column,
total RNA was captured by a RNeasy mini-column membrane and eluted with 33 pl of
Rnase-free water. RNA concentration and purity were assessed using Nanodrop UV/Vis
spectrophotometry (Nanodrop Technologies, Wilmington, DE) with absorbance at 260 and
280 nm.

Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR

Isolated total RNA was reverse transcribed to complementary DNA (cDNA) using the High
Capacity cDNA Archive kit. The cDNA sample was subsequently mixed with Universal
PCR Master mix (2x) and Tagman® Gene Expression Assays. Four target growth factor
genes including bone morphogenic protein-2 (BMP-2, Tagman Assay ID:
Rn00567818_m1), transforming growth factor-B1 (TGF-p1, Rn00572010_m1), platelet-
derived growth factor-A (PDGF-A, Rn00709363_m1), and fibroblast growth factor-1
(FGF-1, Rn00563362_m1), as well as two osteogenic differentiation marker genes,
including ALP (Rn00564931_m1) and osteocalcin (OC), were assessed for relative gene
expression level profiles. Pre-developed 18s ribosomal RNA was used as an endogenous
control gene. The oligonucleotide primer and Tagman probe sequences for OC were 5’
GGCTTCCAGGACGCCTACA 3’ (forward primer), 5° GGGCAACACATGCCCTAAAC
3’ (reverse primer), and 5’ CGCATCTATGGCACCAC 3’ (probe). Real time quantitative
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polymerase chain reaction (QRT-PCR) was performed on an ABI Prism 7000 sequence
detector (Applied Biosystems). The thermal conditions for the PCR were 2 min at 50°C, 10
min at 95°C, and 50 cycles of 15 s at 95°C and 1 min at 60°C. The relative gene expression
level of genes of interest (fold change) was first normalized to the mean of 18s control gene
data in each group. The TCPS Min group was chosen as a calibrator and fold change was
calculated by A ACt method using the mean of the calibrator data. Mean of fold changes
compared to the calibrator group (The TCPS Min group) and standard deviations are
reported (n=3).

Mineralization Assay

Calcium mineralization was first qualitatively measured by Alizarin Red S staining and light
microscopic images. Generally, Alizarin Red S stains calcium deposition orange-red and
indicates mineralization of tissues or cells. At day 8, the cell layer on the PPF disk was
washed with PBS two times and fixed with 4% paraformaldehyde for 10 min at 4 °C. The
fixed cells were stained with 700 pl of 0.5 % Alizarin Red S/PBS solution (pH 4.2) for 10
min at room temperature, washed with PBS 5 times, and observed under an inverted light
microscope to verify the presence of a red-colored calcium deposit. Images with x100
magnification were taken from three different spots on each construct (i.e., one in the center
and two at the corners, which were 5.66 mm away from the center along a diagonal axis) to
quantitatively assess the images. A total of 9 images were obtained from each PPF group
(six from the TCPS group). Each image (1.5 x 1.1 mm? dimension at a resolution of 1600
%1200 pixels) was exported to the ImageJ program. After the subtraction of the background
image, all images were converted to black and white binary images. The total black area was
automatically calculated. The result was normalized with the DNA amount and presented as
total mineralized area per DNA amount.

Statistical Analysis

Results

Attachment,

In order to demonstrate the reproducibility of the data, all experimental groups were
analyzed with biological triplicates, and all control groups were analyzed with biological
duplicates. In addition, all measurements were collected in triplicate (technical triplicates).
The data from all experiments were analyzed by one-way analysis of variance (ANOVA)
and Tukey’s multiple-comparison test was performed to verify the statistical difference
between the experimental groups with 95% confidence (p < 0.05). The means and the
standard deviations are reported in each figure.

Viability, and Differentiation of rat BMSCs

The initial cell attachment, cell distribution, and viability of the rat BMSCs over 8 days were
demonstrated by Live/Dead fluorescent staining (Figure 1). Compared to the TCPS positive
control, rat BMSCs showed the same initial attachment pattern and distribution throughout
the seeding area (Figure 1A). Cells were spread and exhibited cuboidal morphological
changes (Figure 1B); few non-viable cells were found in any of the experimental groups at
any time points. It was qualitatively demonstrated that as the culture period (i.e., 8 days)
progressed, the cells proliferated to cover more surface area of the PPF disks, eventually
initiating direct contact between adjacent cells. In addition, rat BMSCs were viable for 8
days in all density groups, implying that the PPF biomaterial provided a suitable 2D
substrate.

As measured by DNA content, rat BMSCs proliferated on the surface of PPF disks over the
8 day period in all cell density groups (Figure 2). Except for the PPF Max group, all groups
on days 4 and 8 contained a significantly higher DNA amount than at previous time points.
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The rate of proliferation in the PPF Min group was highest among the three different density
groups, and this observation was in agreement with the qualitative fluorescent images in
Figure 1. On the other hand, the PPF Max group displayed minimal proliferation during the
first 4 days of culture. These results demonstrated that the lower cell seeding density
stimulated more rapid proliferation and that PPF disks can support the rat BMSCs
proliferation as a 2D monolayer substrate.

ALP mRNA expression (Figure 3) in the PPF groups showed no significant differences on
either day 1 or day 4. ALP expression in the TCPS groups peaked on day 4 and was
downregulated on day 8. The lower cell seeding density group (TCPS Min) exhibited higher
ALP expression than the higher cell seeding density group (TCPS Max) on day 4. On day 8,
the PPF Med group showed statistically higher ALP expression than the Min or Max PPF
groups (p=1.75 x 10710). This ALP mRNA expression pattern at the last time point of day 8
was recorded in all four growth factors. PPF Min and PPF Med groups showed an increase
from the initial level of expression by day 4 and this level remained constant until day 8,
while ALP expression of PPF Max peaked on day 4 and was more than one-fourth down-
regulated on day 8.

In Figure 4, all three PPF density groups had similarly low levels of OC expression on day
1. By day 4, the PPF Max group exhibited a higher expression level than all of the other
groups. On day 8, there was no significant difference in OC expression between different
cell densities on PPF, while TCPS Max showed higher OC expression than TCPS Min and
all three PPF groups. All three PPF groups showed an initially constant level of OC
expression level that increased when next observed on day 8 (i.e., approximately a two-fold
increase compared with day 1). This trend was also observed for the two TCPS groups,
where the OC expression level in the TCPS Max group on day 8 was more than nine times
that of day 1.

Calcium deposition was assessed by (1) qualitative microscopic images of Alizarin Red S
stained specimens, and (2) subsequent quantitative image analysis (Figure 5). The images of
stained calcium deposition indicate that all density groups cultured in osteogenic-
supplemented media for 8 days demonstrated mineralization, with higher cell density groups
of both the PPF and TCPS substrates showing more extensive mineralization (Figure 5A).
Data in Figure 5B confirmed the qualitative assessment of the images shown in Figure 5A
by showing that the PPF Med and Max groups had significantly larger mineralized areas
than were seen in the PPF Min group specimens. Similarly, TCPS Max was found to have a
significantly larger area of calcium deposition than was seen in the TCPS Min group.

Osteogenic Signal Expression

The BMP-2 expression of the PPF Min and Med groups were statistically higher than both
the PPF Max and TCPS groups on day 1 (p = 1.60 x 10~7) . The PPF Min and Med groups
showed a 4-fold downregulation in BMP-2 expression from day 1 to day 4 (Figure 6A). On
day 8, the BMP-2 results demonstrated that both the PPF Min and Med groups exhibited
significantly higher BMP-2 expression than did the PPF Max samples (p = 1.60 x 107°), a
result that was similar to what was seen on day 1. BMP-2 expression by rat BMSCs on PPF
disks was seen to decrease between days 1 and 4 and then, except for PPF Max, to increase
by day 8. Consistent BMP-2 expression over 8 days was observed in All TCPS groups.

Figure 6B represents rat BMSC expression of FGF-2. The PPF Max group exhibited a
statistically higher level of FGF-2 expression on day 4 versus the PPF Min and Med groups
(p = 3.46 x 1074). The TCPS Min group showed a higher level of FGF-2 expression than all
of the other groups at the day 1 and 4 time points. On day 8, all three PPF groups exhibited
higher FGF-2 levels of expression than both TCPS groups. The levels of FGF-2 expression
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in the PPF Med group were higher than that seen in all of other experimental groups (p =
3.35 x 1078).

TGF-B expression exhibited a similar pattern to PDGF-A (Figures 6C and 6D). The
expression of both TGF-B1 and PDGF-A in both TCPS groups peaked on day 4, followed by
a more than one-fifth fold decrease between day 4 and day 8. The PPF Med and PPF Max
groups showed higher TGF-p1 expression on day 1 than the PPF Min group, while the PPF
Max group showed higher TGF-f1 expression than the other two PPF groups on day 4. The
PPF Med group had significantly higher TGF-B4 expression than all other groups on day 8
(p=3.85 x 1079). Overall, rat BMSCs on PPF disks showed decreasing TGF-B1 expression
over 8 days, with a lower expression level than the TCPS groups by day 4. The data in
Figure 6D indicates that the PDGF-A levels presented an expression profile similar to the
TGF-B; expression profile. While the TCPS Min group exhibited a higher PDGF-A
expression level than the TCPS Max group at all time points, both the PPF Min and PPF
Med groups showed significantly higher levels of expression than the PPF Max group on
day 1 only (p=1.03 x 1073). By day 4, there was no significant difference in PDGF-A
expression between all three PPF groups, but the PPF Med group showed a higher level of
PDGF-A expression on day 8 than the other two PPF groups (p=3.99 x 1075). Sustained
expression levels were observed in all three PPF groups over the 8 days; however PDGF-A
expression levels of rat BMSCs on the TCPS substrate peaked on day 4 and then decreased
on day 8.

Discussion

Intercellular signaling via endogenous signal molecules among a transplanted cell
population may be determined as much by the cell population itself as by the surrounding
environment. To mimic a natural bone healing environment, and to optimize the components
for an engineered bone substitute, it is of particular importance to characterize the
endogenous signaling profiles of that cell population. Cell seeding density, which can alter
cell-cell distance, may be a critical parameter controlling subsequent cell proliferation and/
or osteogenic signal expression due to changes in paracrine signaling distance among the
cells. Furthermore, to determine the optimum seeding density for a specific type of scaffold
(i.e., material substrate and surface geometry), it is imperative to stimulate sustained
expression of some signals and not others. To this end, we aimed to investigate the effect of
initial cell seeding density on the osteogenic gene expression of BMSCs on two dimensional
crosslinked PPF disks. Two objectives were addressed in this study: (1) the effect of cell
density on rat BMSC viability, proliferation, and osteogenic differentiation and (2) the effect
of cell density on signalling profiles of osteogenic growth factors.

We first demonstrated the effect of cell seeding density on the attachment and viability of rat
BMSCs (Figure 1). Although it is not possible to conclude there is a direct correlation
between cell seeding density and the quality of attachment (or cell viability) from Figure 1,
the extent of cellular attachment depends on surface properties of the substrate material. As
cell attachment can be affected more by surface wettability and hydrophilicity rather than by
surface topology 14, we observed that our PPF disk post-fabrication methods resulted in a
suitable environment for the attachment of anchorage-dependent cells such as bone marrow
stromal cells and osteoblasts.

Our next goal was to demonstrate the effect of cell seeding density on cell proliferation. As
shown in recent literature, cell proliferation is strongly regulated by (1) surface area to allow
attachment and (2) contact-inhibition between adjacent cells 222532, Although a highly
interconnected porous scaffold is recommended to mimic the native bone, there remains a
problem of achieving sufficient seeding efficiency. Alternatively, over-loaded cell numbers
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may result in limiting nutrient transport, hypoxia of interior cells, and insufficient waste
removal from the internal structures. Surface area dependence was also observed in our 2D
study, as indicated by a proliferation rate that was lowest in the PPF Max groups (Figure 2).
Distribution of rat BMSCs on PPF disks in Figure 1 indicates that lower cell seeding density
resulted in a rapid proliferation rate over 8 days. Despite of the fact that high cellularity
enhances cell-cell contact, contact-inhibition by gap junctional intercellular communication
may suppress cell proliferation 33: 34, As seen in a previously reported study 32, Figure 2
indicates that contact inhibition reduces cellular proliferation. As a result, we observed that
0.30 million cells per 18 mm diameter PPF disk was sufficient to induce contact inhibition
and reduce rat BMSC proliferation rate.

Next, the effect of cell seeding density on the osteogenic differentiation of rat BMSCs was
investigated. As a transient early osteogenic differentiation marker, ALP mRNA expression
was measured (Figure 3). These data indicate that the PPF Med group exhibited statistically
higher ALP expression on day 8 (p = 1.75 x 10710) and that the PPF Max group showed the
lowest expression level. It is known that ALP expression generally peaks prior to
mineralization 3°. Since the ALP expression level in all groups peaked or started to plateau
in the middle of the culture period, on day 4, it could be concluded that lower cell density
induced early osteogenic differentiation of rat BMSCs after only 8 days. Therefore, it
appears to be necessary to optimize rat BMSC cell density in order to stimulate the ALP
expression on PPF disks.

Mineralization occurs late during the transition from cellular to osteoid tissue, following a
sequential cascade of cell proliferation, ALP expression, and osteoblast phenotypic
commitment (i.e., maturation) 36. As a late marker of osteoid commitment, OC mRNA
expression was assessed and calcium deposition was also measured (Figures 4 and 5). OC
expression was seen to increase over 8 days and the PPF groups with higher seeding density
(i.e., PPF Med and PPF Max) exhibited higher levels of OC expression; OC expression
increased significantly in the TCPS Max also by day 8. OC expression, as seen in Figure 4,
was consistent with the calcium deposition profile in Figure 5. Thus, the groups with higher
cell seeding density presented higher levels of mineralization. Therefore, it would seem that
late stage osteogenic differentiation was enhanced by higher cell seeding density, while cell
proliferation and early osteogenic differentiation were stimulated by lower cell seeding
density.

Our results indicate that three distinct periods in osteoblastic phenotype development may
be sensitive to implant cell seeding density. According to the study by Lian and Stein 37, the
first period of osteogenic progenitor cell growth exhibits strong proliferation with the
formation of extracellular matrix. The second period shows matrix maturation with
decreased cell proliferation, and upregulated ALP expression, a sequence of events also seen
in our study. At these two stages, lower cell seeding density might enhance cellular
proliferation and ALP expression due to reduced contact inhibition. In contrast, higher cell
seeding density may stimulate mineralization, as is expected during the last period of
osteoblast formation, along with downregulation of ALP activity and synthesis of
osteopontin and bone proteoglycans such as decorin and biglycan. As described earlier, the
rat BMSCs temporal growth pattern observed in this study agreed well with the expected
cascade of bone formation events. Our observation also suggests that it may be possible to
use cell seeding density to promote osteogenic differentiation in a 2D environment.
However, optimization of cell seeding density needs to be tested in a 3D scaffold in order to
confirm our hypothesis of the consistency between 2D and 3D microenvironments and the
possibility of promoting the healing of bone wounds through the use of a tissue engineered
implant.
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Finally, gRT-PCR was performed to investigate the gene expression profile of endogenous
growth factors relevant to bone formation, including BMP-2, FGF-2, TGF-B4, and PDGF-
Al. Natural bone matrix contains a number of growth factors and these growth factors play
a critical role in proliferation, differentiation, and other cellular activities that are associated
with these signaling molecules 38. BMP-2 is one of the most investigated signaling
molecules in the field of bone biology due to the following hypothesized roles: (1)
regulation of cell growth, differentiation, apoptosis, and organ development, and (2)
induction of osteoprogenitor cells found in bone fracture sites that are healing 3. As shown
in Figure 6A, the two lower density PPF groups had significantly higher BMP-2 expression
than did the PPF Max group on day 1 (p = 1.60 x 10~7). The general trend of BMP-2
expression level over culture periods showed a decline on day 4 and then increased again by
day 8. This expression pattern is the opposite of the ALP mRNA expression profile (i.e.,
peaked on day 4 and downregulated again by day 8), and this may be due to the opposing
signal transduction for BMP-2 and ALP during early osteogenic differentiation. BMP-2 is
thought to induce ALP production through Wnt expression and the Wnt/LRP5 signaling
cascade 40. Early expression of BMP-2 on day 1 might result in a BMP-2-rich extracellular
environment. Subsequently, perhaps through the Wnt autocrine loop, ALP expression was
observed to be downregulated by day 4 in our study. This expression profile can be found in
other studies with 3D titanium scaffolds seeded with rat BMSCs ! and 3D coralline
hydroxyapatite scaffolds seeded with human mesenchymal stem cells (h(MSC-TERT4) 35,
Interestingly, the PPF Med group showed higher expression of BMP-2 than the other two
PPF groups on day 8, indicating that cell seeding density might be useful as a means to alter
or optimize the BMP-2 expression of rat BMSCs.

It has been suggested that FGF-2 is associated with (1) regulation of skeletal growth and
development including the balance between bone forming cells and bone resorbing cells,
and (2) stimulation of osteoblasts by activating the Cbfa-1/Runx2 transcription factor 42: 43,
FGF-2 expression in Figure 6B was initially sustained on the PPF disks by day 4, but
increased at day 8, showing significantly higher expression levels than in the TCPS groups.
An increasing trend of FGF-2 expression at later time points may be due to Runx2-mediated
signal transduction. FGF-2 expression is thought to activate Runx2 upregulation via the
mitogen-activated protein kinase (MAPK) pathway, but Runx2 upregulation can also be
induced by BMP-2 or TGF-B4 stimulation via Smad and the MAPK intracellular signaling
pathway 42 44, We also speculate that an early decline of BMP-2 expression may deactivate
Runx2, and subsequently enhance FGF-2 expression in order to restore Runx2 activation via
the MAPK pathway.

This hypothesis about the intracellular signaling pattern that is associated with growth factor
signaling found during bone formation may also be applied to TGF-B4 expression in Figure
6C. The decease in TGF-f4 expression over time was similar to the BMP-2 expression
profile, and it may also contribute to Runx2 deactivation and subsequent FGF-2 expression.
This is consistent with the PPF Med groups on day 8 that presented statistically higher
FGF-2 (p = 3.35 x 1078) and TGF-B1 (p = 3.85 x 1079) expression levels. This result may
suggest that over a period of 8 days rat BMSC cultures on PPF disks require an optimized
cell density of approximately 75,000 cells per cm? (0.15 million cells/disk) to induce an
optimal FGF-2 and TGF-B1 expression profile that is compatible with bone formation. This
may also suggest that there is an optimal cell seeding density for 3D scaffolds that is
necessary to induce and/or promote the osteogenic differentiation and bone healing cascade.

Finally, it is also been observed that PDGF-A may stimulate DNA synthesis during in vitro
bone formation 4°. In the present study, sustained PDGF-A mRNA expression was not
correlated with DNA content (Figures 2 and 6D). However, the difference of PDGF-A
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expression patterns over 8 days between the PPF and TCPS groups might indicate a
substrate dependence in the expression of this growth factor.

Conclusions

The optimum level of bone progenitor cell seeding density for many different implant
engraftment strategies is a critical issue for the clinical application of bone tissue
engineering. The present study indicates that varying cell seeding density on PPF disks may
be utilized to enhance the proliferation and differentiation of rat BMSCs. This study
demonstrated (1) the effect of cell seeding density on viability, proliferation, and
differentiation of rat BMSCs, and (2) the endogenous growth factor mRNA expression
profiles of rat BMSCs on 2D PPF disks. The results of this study revealed that: (1) cell
proliferation rate and early osteogenic differentiation were stimulated by a lower cell
seeding density, (2) later differentiation, as indicated by mineralization, was enhanced by
increasing cell seeding density, and (3) the temporal gene expression profiles of endogenous
growth factors can be altered by initial cell seeding density.
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Qualitative Live/Dead fluorescent staining images with a 2.5x magnification in (A) and 10x
magnification in (B) of PPF disks and TCPS well plates (positive control). The result
demonstrated that rat BMSCs are viable over an 8 day culture period in all experimental
groups. The fluorescent images also qualitatively demonstrated a similar attachment pattern
and viability of rat BMSCs on PPF disks compared with the control groups. The scale bar
shown in 1A represents 2000 pum and applies to all images. The scale bar in 1B represents

300 um and applies to all images.
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Figure2.

The quantitative DNA amount represents levels of cellular proliferation on the 2D PPF disks
and TCPS groups over the course of 8 days (n=3 per group). The DNA amount per
experimental group is shown in g per disk and as average + standard deviation. * indicates
a statistical difference compared to data on day 1 while t indicates a statistical difference
compared to data on day 4 in each experimental group (p<0.05).
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Figure 3.

Quantitative RT-PCR analysis of gene expression profiles of ALP osteogenic differentiation
markers for 1, 4, and 8 days. The fold changes in gene expression level are reported as
average + standard deviation (n=3) and the calibrator for all experimental groups is
indicated by a o marker.
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Figure4.

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) and the calibrator for all experimental groups is
indicated by a co marker.
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Figure5.

Mineralization assay by Alizarin Red S staining at Day 8. (A) Qualitative light microscopy
images of calcium deposits in rat BMSCs. The scale bar represents 300 um and applies to all
images. (B) Normalized calcium deposition. s indicates a statistical difference between
groups (p<0.05).
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Day 8

Quantitative RT-PCR analysis of gene expression profiles of growth factors (A: BMP-2, B:
FGF-2, C: TFG-B4, and D: PDGF-A) for 1, 4, and 8 days. The fold changes in gene
expression level are reported as average + standard deviation (n=3) and the calibrator for all

experimental groups is indicated by a co marker.
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Table 1

Experimental and Control Groups

Groups Description Cell Density
(cells'cm?)
PPF Min 60,000 cells on PPF disk 30,000
PPF Med 150,000 cells on PPF disk 75,000
PPF Max 300,000 cells on PPF disk 149,000
TCPS Min 60,000 cells per well of tissue culture polystyrene 12 well plate 30,000
TCPS Max 300,000 cells per well of tissue culture polystyrene 12 well plate 149,000
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