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Abstract

The formation of bone and repair of bone defect requires a source of pluripotential mesenchymal stem cells. However, the

capacity of the human body to generate bone components is limited. In this report, we show that the highly purified myogenic cells

by the preplate technique have the capacity to differentiate into osteogenic lineage in vitro.

The recombinant human bone morphogenic protein (rh-BMP-2) was immobilized on the molded gelatin composite. Primary

muscle cells were isolated from newborn Wistar-rats calf muscle. The cells were then preplated in collagen-coated flasks. After six

serial platings, the culture was enriched with small, round cells [pp6]. The effects of immobilized rhBMP-2 on the gelatin scaffold

were evaluated by the analysis of alkaline phosphatase (ALP) and osteocalcin in culture medium after seedings of muscle-derived

cells [pp6].

The results showed that the cells isolated from pp6 slow adhering cells possessed round mononuclear phenotype, marked ALP

stain and matrix mineralization. The synthesis and secretion of ALP from pp6 muscle-derived cells were persistent higher than that

of pp1–pp5 groups. The efficacy of rhBMP-2 immobilization on the gelatin scaffolds as manifested as the synthesis and secretion of

ALP and osteocalcin from muscle-derived cells was always significantly higher than that of the control samples.

In summary, our results suggest that the muscle-derived pp6 cells were capable of inducing and participating in bone formation.

These results suggest that muscle tissue is a valuable resource for osteoprogenitor cells to be used in clinical practice to improve bone

healing.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It has been established that mesenchymal stem cells
derived from bone marrow [1,2] and other connective
tissues [3–5] have the potential to differentiate into
different lineage upon changes in external stimuli.
Skeletal muscle tissue has been extensively investigated
as a potential source for isolation of pluripotent stem
cells [6–10]. In particular, a myogenic cell line from
e front matter r 2004 Elsevier Ltd. All rights reserved.
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mouse skeletal muscle has been shown to differentiate
into osteoblastic lineage in vitro upon stimulation with
bone morphogenetic protein [6]. This means that at least
one subpopulation of cells within skeletal muscle can
differentiate into multiple lineages.
A recent report has suggested that only a discrete

minority of myoblasts can survive after implantation
and thus may represent a population of myogenic stem
cells [11]. This results suggest that satellite cells are
highly heterogeneous in nature. Our attempt is to
investigate whether highly purified muscle-derived cells
(by preplate technique) will express markers of stem cells
and differentiate into osteogenic lineage. In this report,
we show that the highly purified muscle-derived cells
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express behaviors indicative of stem cells. More
importantly, when the cells implanted on a porous
gelatin biodegradable scaffold with rhBMP-2 immobi-
lized on the surface have the capacity to differentiate
into osteogenic lineage in vitro. Thus, our results suggest
that a subpopulation of muscle-derived cells can
differentiate into osteogenic lineages and have a
potential in bone tissue engineering.
2. Materials and methods

2.1. Preparation of gelatin composites scaffold

The gelatin powder (G-2500; Sigma, St. Louis, MO,
USA) was extracted and purified from the porcine skin
with the average molecular weight of about
60,000–100,000Da. In the present study, the gelatin
powder was weighted and dissolved in the deionized
water until a homogeneous 10.0% gelatin solution was
attained. The dissolution was kept at 65 1C using a water
bath. A 0.1% glutaraldehyde (Sigma, St. Louis, MO,
USA) solution was added to the gelatin solution for
matrix cross-linking at 35 1C. After the matrix was
cross-linked, the cylinder composite was molded and
dried in �4 1C, then concentrated in �20 1C with
vacuum evaporation for 24–48 h. The molded gelatin
composite was further cross-linked with 0.1% glutar-
aldehyde solution for another 8 h, thoroughly washed
with PBS solution, soaking with 0.1 M glycine (G-8898;
Sigma, St. Louis, MO, USA) solution for 24 h and
sterilized with 75% ethyl alcohol for 2 h, then the
residual ethanol were removed with PBS solution. The
sterile cross-linked gelatin composites were kept sterile
for further study.

2.2. Purified Isolation of muscle-derived cells

Primary muscle cells were isolated from newborn
Wistar-rats calf muscle using a technique previously
described [12]. The cells were then preplated in collagen-
coated flasks [12]. After 1 h, the supernatant was
withdrawn from the flask and replated in a fresh
collagen-coated flask. The cells that adhered rapidly
within this 1-h incubation were mostly fibroblasts [12].
The serial replating of the supernatant was repeated
when 30–40% of the cells had adhered to each flask.
After six serial platings (24 h for each following plating),
the culture was enriched with small, round cells [pp6].
The cells of pp1–pp6 were seeded in 12-well plates at a
density of 50–60 cells/well. The cultures were kept in a
humidified atmosphere with 5% CO2 and 95% air at
37 1C. The culture media used were a-MEM supple-
mented with penicillin (100U/ml), streptomycin
(100mg/ml), and 20% FBS, ascorbic acid (50 mg/ml),
and b-glycerophosphoric acid disodium salt (5mM);
fresh medium was replaced every 3 days. The cells of
pp1, pp2y and pp6 were analyzed at 7, 14, 21, 28 days
of culture for alkaline phosphatase (ALP) and von-
Kossa stain as described below. This study received
prior approval of the National Taiwan University
Medical College’s Animal Research Committee.

2.3. ALP staining

After fixing the cells, the dishes were incubated for
30min in Tris Buffer (0.2 M, pH 8.3) with AS-MX
phosphate (Sigma, St. Louis, MO, USA) as a substrate
and Fast Blue (Sigma, St. Louis, MO, USA) as a stain.
The ALP positive cells stained blue/purple. For each
experiment, a minimum of three dishes was counted and
the experiments were repeated three times.

2.4. The von-Kossa staining on mineralized nodules

formation

Mineralization of the nodules in the cultures was
assessed by using von-Kossa stain. The matrix was
washed with PBS, and the cultures were treated with 5%
silver nitrate solution 100 ml/well in the dark at 37 1C for
30min. The excess silver nitrate solution was then
completely washed away using double-distilled H2O and
the culture plate was exposed to sodium carbonate/
formaldehyde solution for few minutes to develop color.
Mineralized and unmineralized nodules could be dis-
tinguished separately: mineralized nodules by their von
Kossa-positive staining (dark brown center and light
brown peripheral area), and unmineralized nodules by
their surface layer of cuboidal cells, light brown staining,
and three-dimensional structure. For each experiment, a
minimum of three dishes was counted and the experi-
ments were repeated three times.

2.5. Preparation of rhBMP-2 immobilized gelatin

composites

Gelatin is the denatured collagen fragment with a
serial of amino acids sequence. It provides many
functional groups, –COOH, –NH2, and –OH, those
can be used to cross-link with the other proteins [13]. We
use 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC; Sigma Co., St. Louis, MO, USA) as the cross
linker to link the functional group (–NH2) of recombi-
nant human bone morphogenic protein (rh-BMP-2;
R&D System 355-BM, Minneapolis, MN, USA) and
gelatin by –COOH group. Briefly, 0.5� 0.5� 0.5mm3

cross-linked gelatin scaffold was soaked in 1.0ml of
0.2% EDAC solution at a temperature of 4 1C. After
3min, the excessive EDAC was removed and then the
scaffold was further soaked with 200 ng/ml rh-BMP-2
for 2min. The rhBMP-2 immobilized gelatin composites
were then collected for further analysis.
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The percentage of rhBMP-2 release from gelatin
scaffold immobilization was evaluated by BMP-2
immunoassay quantitative EIA kit (R&D SystemMin-
neapolis, MN, USA). The non-immobilized rhBMP-2
left in the soaking solution was analyzed by ELISA
methods. Briefly, 50 ml of standard rhBMP-2 or sample
was added per well. The tested samples were incubated
on the benchtop for 18 h at room temperature. Then
100 ml of Assay Diluent RD-19 Reagent were added to
each well and incubated for 2 h at room temperature,
washed and then 200 ml BMP-2 Conjugate was
added and incubated for another 2 h. Two hundred
microliters of substrate solution was added for 30min
and the reaction was stopped and read by a Microelisa
reader (Emax Science Corp., Sunnyvale, CA, USA) at
450 nm.
2.6. Evaluation of the efficacy of rhBMP-2 immobilized

gelatin composites

Initially, the cells of pp6 were seeded in 12-well
plates at a density of 50–60 cells/well. After 2–3 weeks
culture, the cells reached confluence; they were har-
vested and seeded into rhBMP-2 immobilized gelatin
scaffold. The scaffolds were kept in a humidified
atmosphere with 5% CO2 and 95% air at 37 1C for
24 h, and then transferred to a custom-made bioreactor
which was equipped with a self-exchange system for
culture medium and air. The culture media used were a-
MEM supplemented with penicillin (100U/ml), strepto-
mycin (100mg/ml), 10% FBS, ascorbic acid (50mg/ml),
and b-glycerophosphoric acid disodium salt (5mM);
fresh medium was replaced every 3 days. For the control
group, the gelatin scaffold without rhBMP-2 immobili-
zation was treated similar to that of the study
sample, except that no rhBMP-2 was added during the
preparation.
Half of the culture media were obtained at 7th, 14th,

21st, 28th day. The media were removed from wells,
divided into section of 500 ml with eppendorf, and then
deeply frozen in �80 1C for further analysis. An equal
amount of medium was added after each sampling of
tested medium.
2.7. Analysis of ALP in culture medium

ALP activity released from the cells into the medium
was measured with a commercially available assay
kit (procedure no. ALP-10, Sigma Co., St. Louis,
MO, USA). Briefly, an aliquot (20 ml) from the media
was mixed with 1ml ALP reagent. The absorbance
at 405 nm caused by p-nitrophenol production
was followed for 5min at 30 1C. The change in rate
of absorbance was directly proportional to ALP
activity.
2.8. Analysis of osteocalcin in culture medium

The production of osteocalcin in culture medium was
analyzed by ELISA methods (Rat Gla-Oc Competitive
EIA kit (Takara, MK121, Takara Bio. Inc., Otsu, Shiga,
Japan)). Briefly, 100 ml of standard or sample was added
per well. The tested samples were incubated on the
benchtop for 1 h at room temperature, then washed with
PBS solution, and 100 ml of substrate solution was added
to and incubated for 1 h at room temperature. The
reaction was stopped and read by a Microelisa reader
(Emax Science Corp., Sunnyvale, CA, USA) at 405 nm
after 20min incubation.

2.9. Statistical analysis

The differences between various tested conditions
were evaluated by the paired t-test. The level of
statistical significance is defined as Po0:05:
3. Results

3.1. Characterization of purified muscle-derived cells

Cells isolated from pp1 primary culture contain most
of fibroblasts which proliferated rapidly and became
confluence at 1 week of culture. Cells isolated from pp2
and pp3 primary culture contain 30–40% non-myogenic
fibroblasts-like cells. Cells isolated from pp4 and pp5
primary culture fused and became myotubes at the end
of 1st week of culture which means most myogenic cells
existed in this part of isolation. The cells isolated from
pp6 slow adhering cells possessed round mononuclear
phenotype, which meant that most cells were not
myogenic (Fig. 1).

3.2. In vitro differentiation of clonal pp6 cells into

osteogenic lineage

3.2.1. ALP stain and the von-Kossa staining

In the pp6 sample, the ALP stain appeared at the first
three weeks culture. The formation of ALP stain
attained its maximal manifestation at the 3rd week’s
culture; then decreased in intensity at the 4th week’s
culture (Fig. 2).
The first sign of matrix mineralization was observed

grossly as sparse brown crystals in the matrix around the
7th day. Mineralization gradually increased during the
7–28th days, and attained a significant degree at the 21st
day’s culture (Fig. 3). When pp6 cells cultured with the
differentiation medium, the progress of matrix miner-
alization seemed diffusely spread; and at the end of 28
days’ culture, marked mineralization nodules were
observed in the tested samples (Fig. 3).
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Fig. 1. Morphologic characterization of purified muscle-derived cells: cells isolated from pp1 (A) primary culture contain most of fibroblasts which

proliferated rapidly and became confluence at 1 week of culture. Cells isolated from pp2 (B) and pp3 (C) primary culture contain 30–40% non-

myogenic fibroblasts-like cells. Cells isolated from pp4 (D) and pp5 (E) primary culture fused and became myotubes at the end of 1st week of culture

which means most myogenic cells existed in this part of isolation. The cells isolated from pp6 (F) slow adhering cells possessed round mononuclear

phenotype, which meant that most cells were not myogenic. Notes: (A) pp1; (B) pp2; (C) pp3; (D) pp4; (E) pp5; and (F) pp6.
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3.2.2. ALP synthesis and secretion

During these 4 weeks culture, the synthesis and
secretion of ALP from muscle-derived cells were quite
persistent for pp2–pp5 groups; while in the pp6 group,
the ALP synthesis and secretion attained its maximal at
the first week of culture. During the 4 weeks culture, the
secretion and synthesis of ALP is persistently higher
than that of pp2–pp5 groups (Po0:005; Fig. 4).
3.3. rhBMP-2 release from rhBMP-2 immobilized gelatin

scaffold

Our results showed that 90% of rhBMP-2 added can
be immobilized on the surface of cross-linked gelatin
scaffold. Fig. 5 represents the percentage rhBMP-2
released into the soaking solutions. We found that they
exhibited higher releasing activity during the first 3 h of
soaking and attained 30% of total rhbMP-2 immobi-
lized. The releasing activity tended to be slower and
attained 56% of total rhBMP-2 immobilized at the 24th
hour of test (Fig. 5).

3.4. Efficacy of rhBMP-2 immobilized gelatin composites

3.4.1. ALP synthesis and secretion

During these 4 weeks’ culture, the synthesis and
secretion of ALP from muscle-derived cells slowly
increased as the time of culture increased. The synthesis
and secretion of ALP from muscle-derived cells were
always significantly higher in the rhBMP-2 immobilized
composites than that of the control samples (Po0:05;
Fig. 6).

3.4.2. Analysis of osteocalcin in culture medium

During these 4 weeks’ culture, the synthesis and
secretion of bone Gla-protein (osteocalcin) of the
control samples were quite stable; while in the rhBMP-
2 immobilized group, the synthesis and secretion
of osteocalcin from muscle-derived cells increased
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Fig. 2. In vitro differentiation of purified muscle-derived pp6 cells into osteogenic lineage (ALP stain). The ALP stain appeared at the first 3 weeks’

culture. At the 3rd week’s culture, the formation of ALP stain attained its maximal manifestation, then decreased in intensity at the 4th week’s

culture. Notes: (A) 1 week; (B) 2 week; (C) 3 week; and (D) 4 week.

Fig. 3. In vitro differentiation of purified muscle-derived pp6 cells into osteogenic lineage (von-Kossa staining). The first sign of matrix

mineralization was observed grossly as sparse brown crystals in the matrix around the 7th day. Mineralization gradually increased during the

7th–28th days, and attained a significant degree at the 21st day’s culture. When pp6 cells cultured with the differentiation medium, the progress of

matrix mineralization seemed diffusely spread, and the end of 28 days’ culture, marked mineralization nodules were observed in the tested samples.

Notes: (A) 1 week; (B) 2 week; (C) 3 week; and (D) 4 week.

J.-S. Sun et al. / Biomaterials 26 (2005) 3953–3960 3957
gradually and attained a significant higher level at the
2nd week (Po0:05; Fig. 7). At the end of 4 weeks’
culture, the secretion of osteocalcin from rhBMP-2
immobilized gelatin composites was 2.26 times of the
control samples.
4. Discussion

Autogenous bone graft is regarded as the gold
standard for bone graft implantation since it can
provide three necessary elements for bone regeneration,
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Fig. 4. Synthesis and secretion of ALP by purified muscle-derived

cells. During these 4 weeks’ culture, the synthesis and secretion of ALP

from muscle-derived cells were quite persistent for pp2–pp5 groups;

while in the pp6 group, the ALP synthesis and secretion attained its

maximal at the first week of culture. During the 4 weeks’ culture, the

secretion and synthesis of ALP is persistently higher than that of

pp2–pp5 groups (Po0:005).
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Fig. 5. Releasing activity of rhBMP-2 from gelatin scaffold: 30% of

immobilized rhBMP-2 was released in the first 3 h of soaking; then

releasing activity tended to be slower and attained 56% of total

rhBMP-2 immobilized at 24 h. Notes: (a) Po0:05; and (b) Po0:005:

Fig. 6. Effect of rhBMP-2 on osteogenesis of muscle-derived pp6 cells:

Synthesis and secretion of ALP. The synthesis and secretion of ALP

from muscle-derived cells slowly increased during these 4 weeks’

culture. The synthesis and secretion of ALP from muscle-derived pp6

cells were always significantly higher in the rhBMP-2 immobilized

composites than that of the control samples. Notes: (a) Po0:05; and
(b) Po0:005:

Fig. 7. Effect of rhBMP-2 on osteogenesis of muscle-derived pp6 cells:

Synthesis and secretion of osteocalcin: During these 4 weeks’ culture,

the synthesis and secretion of bone Gla-protein (osteocalcin) of the

control samples were quite stable; while in the rhBMP-2 immobilized

group, the synthesis and secretion of osteocalcin from muscle-derived

pp6 cells increased gradually and attained a significant higher level at

the 2nd week. At the end of 4 weeks’ culture, the secretion of

osteocalcin from rhBMP-2 immobilized gelatin composites was 2.26

times of the control samples. Notes: (a) Po0:05; and (b) Po0:005:
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i.e. scaffolding for osteoconduction, inductive agents for
osteoinduction, and the progenitor cells for osteogen-
esis. However, the availability of autograft is limited and
the procedure to harvest the bone graft is associated
with possible donor site morbidity. In this study, our
goal is to find an alternative source of osteogenic cells
from muscle-derived cells and their possible applications
in bone tissue engineering.
We have observed that the preplate technique enriches

for a population of muscle-derived cells that express
both early myogenic potentials (pp4 and pp5 cells). Our
vitro study showed that this population of cells had high
incidence of myotubes formation [14,15]. Our results
also showed that the muscle derived pp6 cells has slow
adhering ability and also possessed round mononuclear
phenotype. In fact, the cells isolated at pp6 in our
experiments were highly different from the cells isolated
at pp1–pp5 in term of in vitro phenotype expression.
Clearly, more studies were required to accurately assess
the origin and, more importantly, the functional proper-
ties of the pp6 population of muscle-derived cells. As
noted in this study, both the ALP stain and matrix
mineralization nodules formation appeared after being
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cultured in the differentiation medium for 1 week. Both
the ALP staining and mineralization nodules formation
gradually increased during the culture period, and
marked mineralization nodule formations were ob-
served in the tested samples at the end of 28 days
culture. These facts suggested that these highly purified
muscle-derived cells (pp6) were able to differentiate into
osteogenic lineage in vitro [10]. This suggestion was
further supported by the results that the muscle-derived
pp6 cells synthesized and secreted higher titer ALP into
medium than that of pp2–pp5 cells.
One might expect the direct implantation of progeni-

tor cells to lead to more rapid, uniform, and reliable
healing of bone defects. A major challenge to this
approach has been the identification of the proper type
and source of cells for autologous cell therapy. Several
experimental approaches have been utilized to elicit the
formation of bone in segmental bone defects and to
promote their healing. These approaches have included
the implantation of osteoconductive extracellular-ma-
trix scaffolds [16,17] and the implantation of bone
morphogenic proteins in various matrices [18–20]. In the
current study, we tried to evaluate the ability of rhBMP-
2 immobilized gelatin composites to elicit their osteo-
genic capability.
The immobilized rhBMP-2 can be released from

gelatin scaffold. Our results showed that 30% of
rhBMP-2 immobilized can be released in the first 3 h
and attained 56% of total rhBMP-2 immobilized at the
24th hour. When the gelatin scaffolds were immobilized
with rhBMP-2, the synthesis and secretion of ALP and
osteocalcin from muscle-derived cells were always
significantly higher than that of the control samples
(Po0:05). Bone Gla-protein (osteocalcin) have been
found to have highly restricted patterns of expression in
bone, and been reported to occur only exclusively in
bone tissue and cells [21]. Assays for osteocalcin are
currently used clinically to monitor the levels of bone
formation. Increases in osteocalcin levels are presumed
to reflect increases in bone formation and bone turnover
[21]. From our results, we suggested that the osteogenic
ability of the muscle-derived cells can be enhanced by
rhBMP-2 released from the gelatin scaffold, and the
stimulation with the released BMP-2 can enhance
the differentiation of these muscle-derived pp6 cells
in osteogenic lineage to consequently improve bone
healing.
In summary, our results suggest that the muscle-

derived pp6 cells was capable of inducing and, more
importantly, participating in bone formation. It is likely
that the transplanted muscle cells are acting as a source
of cells that differentiate into osteoblasts and participat-
ing in bone formation. These results consolidate that the
muscle tissue is a valuable resource for osteoprogenitor
cells which can be used in clinical setting to improve
bone healing. These new results will shed more light on
the functional properties of the muscle-derived stem
cells and further support that muscle tissue may become
a valuable resource for the isolation of osteoprogenitor
cells capable of improving bone healing. Further
characterization of these muscle-derived stem cells will
open an array of possibilities for advancement of tissue
engineering and tissue transplantation techniques.
5. Conclusions

The purified muscle-derived cells can differentiate into
osteogenic lineages and proceed to mineralization and
possible bone tissue formation. This concluded that the
the muscle tissue may become a valuable resource for
the isolation of osteoprogenitor cells capable of improv-
ing bone healing.
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