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1 Introduction

In the tissue engineering, scaffolds influence the
space of cells by functioning as an extracellular
matrix (ECM), supplying the surface contact for
cells and surrounding parts, mechanical stimulation
for cells [1]. The ideal scaffolds are biodegradable
with adjustable degradation rate that fits in the rate
of tissue regeneration [2]. Moreover, the scaffolds
should have high mechanical strength to protect the
defect part from surrounding tissues and also highly
porous structure to provide enough space for cell
proliferation and ECM formation [3].

Porous structures of natural polymer such as
collagen have widely been used as scaffolds in tissue
engineering.  Collagen = guarantees  excellent
biological conditions, for example, it stimulates
generation and differentiation of cells as
extracellular matrix [4]. Collagen scaffolds usually
have high porosity [5,6] and interconnected porous
structures for cell proliferation [7]. On the other
hand, bioactive ceramics such as p-tricalcium
phosphate (B-TCP) and hydroxyapatite has also
widely been used in bone tissue engineering because
of excellent oseteoconductivity, cellular adhesion,
accelerated differentiation and mechanical property.
It is also noted that B-TCP has faster degradation
rate than crystalline hydroxyapatite [8].

Recently, in the field of bone tissue engineering,
regenerated bone graft has been one of the primary
concerns instead of autografts and allografts. A
regenerated graft may be developed by culturing and
differentiating mesenchymal stem cells in porous
scaffold [9]. In this case, the biochemical and
biomechanical culture conditions and the structures
and compositions of the scaffold are important

factors controlling the quality of the regenerated
bone graft.

In this study, porous collagen and collagen/p-
TCP composite scaffolds were fabricated by the
freeze-drying  method. Rat bone  marrow
mesenchymal stem cells (rtMSC) were then cultured
in these scaffolds up to 28 days in order to assess the
effect of cell growth on the mechanical behavior of
the scaffolds.

2 Experimental
2.1 Preparation of collagen/B-TCP scaffold

Type 1 collagen solution (Nippon Meat Packers
Inc.) was used to fabricate pure collagen and
collagen/p-TCP scaffolds by the freeze drying
method. The collagen solution and B-TCP powder
(weight ratio 90:10) were mixed by using a magnetic
stirrer. The mixed solution was poured into silicon
rubber molds, and then frozen at -80°C in a freezer
and freeze-dried using a vacuum pump. The freeze-
dried scaffolds were cross linked by glutaraldehyde
vapor at 37°C for 4 hours. After cross-linking, the
scaffolds were treated with 0.1M glycine water
solution to block unreacted aldehyde, afterwards,
they were washed by deionized water and
lyophilized [10].The porous microstructures were
observed by a field emission electron microscope
(FE-SEM).

2.2 Cell culture

rMSC (DS Pharma Biomedical Co.) were
cultured in cell growth medium consisting of alpha-
minimal essential medium (a-MEM) supplemented



with 10% fetal bovine serum and 1% penicillin-
streptomycin. 100,000 cells suspended in 10ul of a-
MEM were seeded in each of the scaffolds and then
they were incubated for 1 hour to make cells adhered.
After 1 hour incubation, these scaffolds were
transferred to a 12-well plate containing 2 ml of
differentiation medium per well. The differentiation
medium was composed of cell growth medium and
the supplement of osteoblast differentiation (KE-200,
DS Pharma Biomedical Co.) including MEM, B-
glycerophosphate, L-ascorbic acid and
dexamethasone. The plate was then incubated at 37
°C in a humidified atmosphere of 5% CO,. The o-
MEM was changed twice per week.

2.2 Experimental methods

Compression tests of the scaffolds with
proliferated cells were conducted periodically by
using a conventional testing machine at a loading-
rate of 1 mm/min to evaluate compressive
mechanical properties such as the stress-strain
relation and the elastic modulus. Three specimens
were tested after they were removed from the media
periodically. As the control group, scaffolds without
cells seeded were tested as well as the scaffolds
with cells.

The surface of the specimen was observed using
FE-SEM in order to characterize the proliferation
behavior of the cells.

The cell number and alkaline phosphatase (ALP)
activity  were  also  evaluated using a
spectrophotometric plate reader. Cell Counting Kit
(DOJINDO) was used by following the instruction
provided by the supplier. After the specimen soaked
in PBS was placed into the centrifuging tube, the test
reagent was added and reacted for 2 hours at 37°C in
a humidified atmosphere of 5% CO,. The light
absorption of the reaction solution was then
measured by a plate reader at a wavelength of 450
nm. ALP was measured to evaluate the
differentiation behavior quantitatively. Specimens
for the assay of ALP were prepared by means of
Fujita’s protocol [11]. Briefly, the scaffolds with
cultured cells were washed by PBS, and then frozen
at -30°C. After repeating the freezing and thawing
process three times, the specimens were used for the
assay. The LabassayTM ALP kit was used by
following the instruction. After the specimen was
placed in the centrifuging tube, the buffered
substrate  (p-nitrophenylphosphate disodium 6.7

mmol/l, pH 9.8) was added and reacted for 15
minutes at 37°C in a humidified atmosphere of 5%
CO,. The reaction solution was stopped with
aqueous sodium hydroxide (0.2 mol/l) and the
production of p-nitrophenol was measured by a plate
reader at a wavelength of 405 nm.

3 Results and discussion

FE-SEM micrographs of the cross-sections of
the scaffolds are shown in Fig.1. It is seen that
continuous porous structure was well constructed.
The ranges of pore diameter in the collagen scaffold
and the collagen/B-TCP scaffold are from 50 to
200um and from 50 to 150um, respectively. It has
been reported that the minimal pore size is from 100
to 150pum required for tissue ingrowth and cell
adhesion [12].

FE-SEM micrographs of the surface regions of
the scaffolds with the proliferated cells after 7 and
14 days are shown in Figs.2 and 3. By comparing
Figs.2 and 3 with Fig.1, it is clearly understood that
the surface was totally covered by the proliferated
cells and ECM such as collagen and mineralized

(b) Collagen/B-TCP scaffold.
Fig.1. Micro structure of the scaffolds.



"~ (b) 14 days.
Fig.3 Cell growth behavior in B-TCP/collagen
scaffold.

behavior of B-TCP/collagen

Fig.4 Cell growﬂhl.
scaffold.

nodules produced by the cells after 7 and 14 days. It
was also observed that the morphology has been
changed such that the tissue-like structure became
thick as culture period increased. A magnified view
of the surface of the collagen/B-TCP scaffold is
shown in Fig.4. It is noted that the cells grew
proliferously and attached to the inside of the
scaffold.

The variation of cell number is shown in Fig.5.
In the case of the pure collagen scaffold, the cell
number tended to increase up to 14 days and then,
slightly decreased or almost kept constant up to 28
days. On the other hand, in the collagen/p-TCP
scaffold, the cell number tended to increase
gradually up to 28 days.

The variation of ALP activity is shown in Fig.6.
The ALP of the pure collagen scaffold reached 2.5
times larger than the initial value in 14 days of
culture. It is also seen that the ALP increased up to
14 days and afterwards, decreased up to 28 days.
Such increase of ALP activity up to 14 days is likely
due to the differentiation of rMSC to osteoblasts
with increase of the cell number. The decreasing
behaviors of ALP activity and cell number from 14
to 28 days are thought to be strongly related to the
differentiation and the mineralization. In the case of
collagen/B-TCP  scaffolds, the ALP activity
dramatically increased from 14 to 21 days and
became twice of the initial value in 21 days of
culture. It is also found that the maximum value of
ALP activity of the collagen/p-TCP scaffold was
about twice as large as that of the pure collagen
scaffold, indicating that the distributed B-TCP
particles are very effective for differentiation of the
rMSCs into osteoblasts.
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Fig.5 Variation of the number of stem cells.

The variation of the compressive modulus is
shown in Fig.7. In the collagen/B-TCP scaffolds, the
modulus tended to increase with increase of culture
period, while the modulus of the pure collagen
scaffold did not show such change. Actually, the
modulus of the pure collagen scaffold tended to
decrease up to 14 days and then recovered to the
almost same value with the initial modulus at 28
days. These changes of the macroscopic modulus of
the scaffolds with cells are thought to be strongly
related to the degradation of collagen, the
differentiation of rMSC to osteoblasts and therefore,
formation of collagen and calcification.

4 Conclusions

Effects of rIMSC culture in two different types of
collagen scaffolds were examined in this study. The
macroscopic mechanical property such as the
compressive modulus was correlated with the
microscopic cell growth behavior within the porous
structures of the scaffolds. The conclusions are
summarized as follows:

(1) The compressive elastic moduli of the
collagen/B-TCP scaffold tended to increase with
increase of culture period and this is mainly due to
the cell proliferation, differentiation and subsequent
ECM formation and calcification. The modulus of
the pure collagen scaffold tended to decrease up to
14 days due to the degradation of the scaffold and
then increase up to 28 days because of the
proliferation .

(2) FE-SEM studies showed that the cells were
well penetrated into the porous structure of the
collagen/B-TCP scaffold, on the other hand, for the
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Fig.6 Variation of ALP activity.
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Fig.7 Variation of compressive modulus.

pure collagen scaffold, the cell proliferation was
observed mainly on the seeding surface.

(3) The cell number and ALP activity of the
collagen/B-TCP scaffold increased gradually. On the
contrary, in the case of pure collagen scaffold, cell
number and ALP activity increased up to 14 days,
afterwards, decreased up to 28 days.

References

[1] Arpornmaeklong, P.,  Pripatnanont, N.,
Suwatwirote, N., “Properties of chitosan-
collagen sponges and osteogenic differentiation
of rat-bone-marrow stromal cells”. International
Journal of Oral & Maxillofacial Surgery, Vol.37,
pp-357-366, 2008.

[2] Correlo, V. M., Boesel, L. F., Pinho, E., Costa-
Pinto, A. R., Alves da Silva, M. L., Bhattachrya,
M., Mano, J. F., Neves, N. M., Reis, R. L.,
“Melt-based compression-molded scaffolds from
chitosan-polyester blends and composites
Morphology and mechanical properties”.



Journal of Biomedical Materials Research Part
A, Vol.91, pp.489-504, 2008.

[3] He, X., Lu, H., Kawazoe, N., Tateishi, T., Chen,
G., “A Novel Cylinder-Type Poly(L-Lactic
Acid)-Collagen Hybrid Sponge for Cartilage
Tissue Engineering”. Tissue Engineering: Part
C, Vol.16, pp.329-338, 2010.

[4] T. Arahira, M. Todo “Effects of osteoblast-like
cell seeding on mechanical properties of porous
composite scaffolds”. Proceedings of 6th World
Congress of Biomechanics, Vol.31 IFMBE,
pp-1234-1237, 2010.

[5] Keogh, M.B., O'Brien, F.J., Daly, J.S,,
“Substrate stiffness and contractile behaviour
modulate the functional maturation of
osteoblasts on a collagen-GAG scaffold”. Acta
Biomaterialia, Vol.6, No.ll, pp.4305-4313,
2010.

[6] Liang, W.-H., Kienitz, B.L., Penick, K.J., Welter,
JF., Zawodzinski, T.A., Baskaran, H.,
“Concentrated  collagen-chondroitin  sulfate
scaffolds for tissue engineering applications”.
Journal of Biomedical Materials Research —
Part A, Vol.94, No.4, pp.2743-2753, 2010.

[7]1 Ma, L., Gao, C., Mao, Z., Zhou, J., Shen, J., Hu,
X., Han, C., “Collagen/chitosan porous scaffolds
with improved biostability for skin tissue
engineering”. Biomateirals, Vol.24, pp.4833-
4841,2003.

[8] Cao, H., Kuboyama, N., “A biodegradable
porous composite scaffold of PGA/B-TCP for
bone tissue engineering”. Bone, Vol.46, pp.386-
395, 2010.

[9]1 J.M. Oliveira, N. Kotobuki, M. Tadokoro, M.
Hirose, J.F. Mano, R.L. Reis, H. Ohgushi “Ex
vivo culturing of stromal cells with
dexamethasone-loaded
carboxymethylchitosan/poly(amidoamine)
dendrimer nanoparticles promotes ectopic bone
formation”. Bone, Vol.46, pp.1424-1435, 2010.

[10]G. Chen, T. Ushida, T. Tateishi “A
biodegradable hybrid sponge nested with
collagen microsponges”. Journal of Biomedical
Materials Research, Vol.51, No.2, pp.273-279,
2000.

[11]Fujita, M., Kinoshita, Y., Sato, E., Maeda, H.,
Ozono, S., Negishi, H., Kawase, T., Hiraoka, Y.,
Takamoto, T., Tabata, Y., Kameyama, Y.,
“Proliferation and differentiation of rat bone

marrow stromal cells on poly(glycolic acid)-
collagen sponge”. Tissue Engineering Vol.11,
pp-1346-1355, 2005.

[12]Ryu, Y.-M., Hah, Y.-S., Park, B.-W., Kim, D.R.,
Roh, G.S., Kim, J.-R., Kim, U.-K., Rho, G.-J.,
Maeng, G.-H, Byun, J.-H., “Osteogenic
differentiation of human periosteal-derived cells
in a three-dimensional collagen scaffold”.
Molecular Biology Reports, 2010, article in
press.



