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Abstract This study examined the osteogenic differentia-

tion of cultured human periosteal-derived cells grown in a

three dimensional collagen-based scaffold. Periosteal

explants with the appropriate dimensions were harvested

from the mandible during surgical extraction of lower

impacted third molar. Periosteal-derived cells were intro-

duced into cell culture. After passage 3, the cells were divided

into two groups and cultured for 28 days. In one group, the

cells were cultured in two-dimensional culture dishes with

osteogenic inductive medium containing dexamethasone,

ascorbic acid, and b-glycerophosphate. In the other group, the

cells were seeded onto a three-dimensional collagen scaffold

and cultured under the same conditions. We examined the

bioactivity of alkaline phosphatase (ALP), the RT-PCR

analysis for ALP and osteocalcin, and measurements of the

calcium content in the periosteal-derived cells of two groups.

Periosteal-derived cells were successfully differentiated into

osteoblasts in the collagen-based scaffold. The ALP activity

in the periosteal-derived cells was appreciably higher in the

three-dimensional collagen scaffolds than in the two-

dimensional culture dishes. The levels of ALP and osteo-

calcin mRNA in the periosteal-derived cells was also higher

in the three-dimensional collagen scaffolds than in the two-

dimensional culture dishes. The calcium level in the perios-

teal-derived cells seeded onto three-dimensional collagen

scaffolds showed a 5.92-fold increase on day 7, 3.28-fold

increase on day 14, 4.15-fold increase on day 21, and 2.91-

fold increase on day 28, respectively, compared with that

observed in two-dimensional culture dishes. These results

suggest that periosteal-derived cells have good osteogenic

capacity in a three-dimensional collagen scaffold, which

provides a suitable environment for the osteoblastic differ-

entiation of these cells.
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Introduction

Tissue engineering uses a combination of cell culture and

engineering techniques to replace missing or injured tissue.
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Stem cells can be isolated from a variety of adult mesen-

chymal tissues, such as trabecular bone, synovium, skeletal

muscle, adipose tissue and bone marrow. Periosteal cells have

osteogenic potential and are thus good candidates for tissue

engineering. In a clinical setting, the main advantage of using

the periosteum for bone tissue engineering is that it is rela-

tively straightforward to harvest tissue [1–4]. The ultimate

aim of skeletal tissue regeneration is mineral deposition in a

scaffold with a three-dimensional structure and a pore system

suitable for cell growth. Various scaffolds have already been

developed for bone tissue engineering applications, including

naturally derived materials (e.g., collagen), bioceramics (e.g.,

hydroxyapatite, calcium phosphate), and synthetic polymers

(e.g., polyglycolic acid (PGA), polylactic acid (PLA), and

poly (lactic-co-glycolic acid) (PLGA). The ideal scaffold

should be biocompatible in that it is biodegradable and sup-

ports the replacement of normal tissue without inflammation.

Biodegradability is an essential factor because scaffolds

should preferably be absorbed by the surrounding tissues

without the necessity of a surgical removal [5–8].

This study examined the osteoblastic differentiation of

periosteal-derived cells in a three-dimensional collagen-

based scaffold. Because collagen is the main extracellular

matrix constituent of connective tissue, it can be used to

produce matrices with ideal biomimetic properties by

providing a native-like environment for the seeded cells in

tissue engineering [6, 9–11]. The extracellular matrix that

surrounds cells in the body not only physically supports

cells but also regulates their proliferation, differentiation,

and morphogenesis. Therefore, the properties of a scaffold

affect the behavior of cells seeded in it and eventually the

regenerative results of tissue engineering. An artificial

three-dimensional collagenous environment promotes the

expression of a mature osteoblastic phenotype compared

with the two-dimensional cell culture system [7, 8, 12–14].

Although there are several articles in the literature

showing collagen scaffolds support cell proliferation and

differentiation, the amount of studies concerning perios-

teal-derived cells is indeed limited. In addition, the

expression of biochemical markers during the osteoblastic

differentiation and mineralization of periosteal-derived

cells seeded and cultured in three-dimensional collagen

scaffold is unclear. This study examined the osteogenic

phenotypes and mineralization of periosteal-derived cells

seeded and cultured in collagen-based scaffolds.

Materials and methods

Periosteal-derived cell culture

Periosteal-derived cells were cultured using a previously

described technique [2, 3]. Periosteal explants with the

appropriate dimensions, 5 9 20 mm, were harvested from

the mandible during surgical extraction of lower impacted

third molar from 3 patients, with informed consent, as

required by the ethics committee of Gyeongsang National

University Hospital. The periosteum was cut into several

pieces. The periosteal pieces were placed in a 100-mm

culture dish and cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine

serum (FBS), 100 IU/ml penicillin, and 100 lg/ml strep-

tomycin at 37�C in 95% humidified air and 5% CO2.

Reaching 90% confluence after 3 weeks, cells were tryp-

sinized (0.02% trypsin, 0.02% EDTA in PBS) for 5 min,

centrifuged for 5 min at 2009g, and expanded. After

passage 3, the cells were divided into two groups and

cultured for 28 days. In one group, the cells were cultured

in two-dimensional culture dishes. In the other group, they

were cultured in a three-dimensional culture system. In the

two-dimensional culture dishes, the cells were suspended

in the osteogenic induction DMEM medium supplemented

with 10% fetal bovine serum, 50 lg/ml L-ascorbic acid

2-phosphate (Sigma-Aldrich, St. Louis, USA), 10 nM

dexamethasone (Sigma-Aldrich, St. Louis, USA) and

10 mM b-glycerophosphate (Sigma-Aldrich, St. Louis,

USA) at a density of 3 9 104 cells/well in a 6-well plate. In

the three-dimensional culture system, the cells were seeded

at a cell density of 3 9 104 cells onto a collagen scaffold

(Teruplug�, Olympus Terumo Biomaterials Corp, Tokyo,

Japan) and cultured under the same conditions. The collagen

sponge used in this study is reconstituted bovine collagen

consisting of between 85 and 95% of type I collagen and

between 5 and 15% of type III collagen. Pores have a

diameter size within the range of 50–500 lm. The collagen

scaffold was cut into 4–5 mm thick slices. The medium was

changed every 3 days during the incubation period.

Scanning electron microscopy

The constructs (4-week cultured collagen scaffold with

periosteal-derived cells) for scanning electron microscopy

(SEM) analysis were fixed in 2% gluteraldehyde/PBS,

dehydrated in a gradient series of ethanol, placed on iso-

amylate, dried, mounted, and sputter-coated with gold. The

images were taken using a scanning electron micro-

scope (Philips XL30 S FEG, Philips Co, Eindhoven,

Netherlands).

Biochemical measurement of alkaline phosphatase

(ALP) activity and DNA content

In general, alkaline phosphatase (ALP) is considered a rel-

atively early marker of osteoblast differentiation, whereas,

secretion of osteocalcin and matrix mineralization are
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associated with the final differentiation phase. The ALP

activity after the in vitro osteogenic differentiation was

measured according to a previous report [3]. Briefly, the

cultured cells were washed twice with PBS and collected in

0.1 mol/l Tris buffer containing 0.1% Triton X-100. Cell-

scaffold constructs were lysed by a freeze–thaw method in

cell lysis solution (0.2% Triton X-100, 10 mM Tris (pH 7.0),

1 mM EDTA). The ALP activity was determined using

50 mmol/l p-nitrophenylphosphate in a glycine–NaOH

buffer at pH 10.4. The amount of p-nitrophenylphosphate

released was estimated by measuring the absorbance at

410 nm. The ALP activities were normalized to the cellular

DNA content using a PicoGreen dsDNA quantitation kit

(Molecular Probes, OR, USA) according to the manufac-

turer’s instructions. The ALP activity was expressed as mean

(n = 3) of micromol (lmol) of p-nitrophenylphosphate

produced per microgram (lg) of DNA.

RNA extraction and RT-PCR

The total RNA was extracted from the periosteal cells

using a Trizol reagent (Molecular Research Center, OH,

USA). 5 lg of the isolated total RNA was used for each

RT-PCR. For reverse transcription, the reaction mix con-

taining 5 lg of total RNA, 5 pmoles of oligo(dT), 1 mM

each of dNTPs, and 200 U of superscript III reverse

transcriptase (Invitrogen, CA, USA) in a total volume of

20 ll, was incubated at 50�C for 60 min, followed by

further incubated at 70�C for 15 min. Finally the reaction

was rapidly cooled on ice. Targeted genes were amplified by

PCR with the following set of primers (sense and antisense,

respectively): 50-aatgcatcctgcaccaccaa-30, 50-gtagccatattcat

tgtcat-30 515 bp for the glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH); 50-cctcctcggaagacactctg-30, 50-aga

ctgcgcctggtagttgt-30 238 bp, for the ALP; 50-ccctcacac

tcctcgccctat-30, 50-tcagccaactcgtcacagtcc-30 246 bp, for the

osteocalcin. Reactions were incubated as follows: at 94�C

for 3 min to activate the polymerase enzyme; then dena-

turation at 94�C (30 s), hybridization at 58�C for ALP and

60�C for osteocalcin (30 s), followed by extension at 72�C

for 1 min for 30 cycles. Samples were electrophoresed on a

1.5% agarose gel containing ethidium bromide. Quantifi-

cations of ALP and osteocalcin are expressed as relative

mRNA levels of genes determined by densitometry.

Von Kossa staining

Mineralized matrix formation was evaluated by the von

Kossa stain in 4-week cultured collagen scaffold with

periosteal-derived cells. After rinsing with cold Ringer

solution, the constructs were fixed with 4% formaldehyde,

dehydrated with serial graded ethanol, and then embedded

in paraffin. Sections were cut at 25 lm. The constructs

were treated with 5% silver nitrate solution and kept for

30 min in dark room.

Measurement of calcium content

Measurements of calcium content are commonly used to

quantify mineralized matrix formation. Periosteal-derived

cells were decalcified with 0.6 N HCl over a period of

24 h. The calcium content of the supernatants was deter-

mined by spectrophotometry using the o-cresolphthalein

method (Calcium C-test Wako, Wako Pure Chemical

Industries, Osaka, Japan). After decalcification, the total

protein content in the supernatants was measured using a

BCA protein assay kit (Pierce Chemical Co, Rockford,

USA). The calcium content of the cell layer was normal-

ized to the protein content. The calcium level was

expressed as mean (n = 3) of microgram (lg) of calcium

per well.

In vivo osteogenic differentiation of periosteal-derived

cells seeded into collagen scaffold

Two miniature pigs, each between 0.5 and 1 year of age

and weighing approximately 25 kg, were used in this study.

Under general anesthesia with 4 mg/kg of azaperone and

10 mg/kg of tiletamine-zolazapam, the mandibular body

and ramus were exposed through a submandibular incision.

Three full-thickness bone defects, 1 9 1 cm in size, were

created. Four-week cultured collagen scaffold pieces with

the periosteal-derived cells and collagen scaffold pieces

without the cells were wedged into each defect. Another

defect was left empty. The wound was closed in two layers

using 3-0 vicryl and 3-0 nylon. First generation cephalo-

sporin was then injected intramuscularly twice a day for

7 days. Four weeks after implantation, the animals were

sacrificed. The mandibles were harvested and prepared for

light microscopic observation.

Statistical analysis

All experiments were performed using triplicate cultures,

with the results expressed in each case as the mean ±

standard deviation (SD) of triplicate cultures. Each exper-

iment was also repeated at least three times, and repre-

sentative data were reported. All statistical analyses were

performed via one-way ANOVA, followed by Mann-

Whitney t-tests. Differences with a probability (P) of less

than 0.01 were considered statistically significant.
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Results

Scanning electron microscopy

The periosteal-derived cells seeded on the collagen scaf-

fold grew into the scaffold after 28 days of culture. SEM

showed newly formed collagen fibrils directly aligned on

the surface of the periosteal-derived cells as well as mul-

tiple regions of globular mineral deposition (Fig. 1).

Bioactivity of ALP and expression of ALP

and osteocalcin

There is a set of markers that are sequentially expressed

during the differentiation of osteoprogenitor cells into

osteoblasts. In general, ALP is considered a relatively early

marker of osteoblast differentiation, whereas, secretion of

osteocalcin and matrix mineralization are associated with

the final differentiation phase. The ALP activity in the

periosteal-derived cells with or without the collagen scaf-

fold increased up to day 14, and then decreased thereafter

until day 21. The ALP activity in the periosteal-derived

cells was appreciably higher in the three-dimensional col-

lagen scaffolds than in the two-dimensional culture dishes.

The level of ALP activities of the periosteal-derived cells

seeded onto three-dimensional collagen scaffolds was

1.12 lmol/lg DNA on day 7, 1.56 lmol/lg DNA on day

14, and 0.85 lmol/lg DNA on day 21. It showed a 6.59-

fold increase on day 7, 6.50-fold increase on day 14, and

7.64-fold increase on day 21, respectively, compared with

that observed in two-dimensional culture dishes. In addi-

tion, the ALP activities of the periosteal-derived cells

seeded on the three-dimensional collagen scaffolds, in the

absence of the osteogenic induction stimulants (ascorbic

acid, dexamethasone, and b-glycerophosphate) in the med-

ium, were higher than those observed in the two-dimen-

sional culture dishes with the osteogenic induction

stimulants in medium (Fig. 2). In both the three-dimensional

collagen scaffolds and two-dimensional culture dishes, the

Fig. 1 Scanning electron

micrographs of the collagen

scaffold with periosteal-derived

cells after 28 days of culture.

a Periosteal-derived cells seeded

on the collagen scaffold grew

into the scaffold and newly

formed collagen fibrils aligned

directly on the surface of the

cells, magnification 9500.

b Multiple small nodules

revealed by globular mineral

deposition, magnification 92000

Fig. 2 ALP activity in the periosteal-derived cells at 1 week (1 W),

2 weeks (2 W), and 3 weeks (3 W). a Periosteal-derived cells with

or without the collagen scaffold showed positive ALP activity over

the 21 day culture period. The ALP activities of the periosteal-

derived cells were appreciably higher in the three-dimensional

collagen scaffolds (3D) than in the two-dimensional culture dishes

(2D). b The ALP activities of periosteal-derived cells seeded on

the three-dimensional collagen scaffolds without osteogenic induc-

tion stimulants in the medium (3D OM (-)) were also higher than

that observed in the two-dimensional culture dishes with the

osteogenic induction stimulants in medium (2D). Data represent

the mean ± standard deviation of three independent experiments

(* P \ 0.01; ** P \ 0.001)
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ALP mRNA level was largely elevated at 2 weeks and then

decreased at 3 weeks. Similar to biochemical data, the level

of ALP mRNA in the periosteal-derived cells was higher in

the three-dimensional collagen scaffolds than in the two-

dimensional culture dishes. Osteocalcin mRNA was

expressed very weakly at 1 week. Its expression increased

gradually over the entire culture period in both the three-

dimensional collagen scaffolds and two-dimensional culture

dishes. There was also a higher level of osteocalcin mRNA

level in the periosteal-derived cells in the three-dimensional

collagen scaffolds than in the two-dimensional culture

dishes (Fig. 3).

Mineralized matrix formation during osteoblastic

differentiation of periosteal-derived cells

We used von Kossa staining and measurement of calcium

content for qualitative and quantitative assessment of

mineralized matrix formation in the periosteal-derived

cells. Measurements of calcium content are commonly

used to quantify mineralized matrix formation Von Kossa-

positive mineralization was strongly observed in the col-

lagen scaffold with periosteal-derived cells. The level of

calcium increased in a time-dependent manner from 1 to

4 weeks of the culture period in both the three-dimensional

collagen scaffolds and two-dimensional culture dishes. The

calcium content in the periosteal-derived cells was higher

in the three-dimensional collagen scaffolds than in the two-

dimensional culture dishes. The calcium level in the

periosteal-derived cells seeded onto three-dimensional

collagen scaffolds was 13.62 on day 7, 43.57 on day 14,

87.87 on day 21 and 108.38 on day 28. It showed a 5.92-

fold increase on day 7, 3.28-fold increase on day 14, 4.15-

fold increase on day 21, and 2.91-fold increase on day 28,

respectively, compared with that observed in two-dimen-

sional culture dishes (Fig. 4).

In vivo osteogenic differentiation of periosteal-derived

cells seeded into collagen scaffold

To examine in vivo osteogenic differentiation of periosteal-

derived cells seeded into collagen scaffold, miniature pig

was used as an animal model. The miniature pig has many

similarities in structure and function to humans. Especially,

the bone remodeling cycle is histologically similar to that

of humans. Newly formed bone was clear seen in the defect

filled with the collagen scaffold pieces containing perios-

teal-derive cells. Considerable bone formation was

observed in the collagen scaffold pieces with periosteal-

derived cells. Newly generated bone was also observed in

the defect filled with the unseeded collagen scaffold pieces

but was limited to the periphery. In the empty defect, there

was virtually no clear bone formation, but only a small

amount of bone tissue observed around the outer edges

(Fig. 5).

Fig. 3 ALP and osteocalcin

expression in the periosteal-

derived cells. a ALP mRNA

level in the periosteal-derived

cells were higher in the three-

dimensional collagen scaffold

(3D) than in the two-

dimensional culture dish (2D).

b The osteocalcin mRNA level

in the periosteal-derived cells

was also higher in the three-

dimensional collagen scaffolds

than in the two-dimensional

culture dishes. Representative

quantifications of genes were

expressed as relative mRNA

levels by densitometry. The

intensity of the bands in the

two-dimensional culture dish

(2D) at 1 week was regarded

as 1

Mol Biol Rep (2011) 38:2887–2894 2891

123



Discussion

The aim of tissue engineering is to repair or enhance the

biological function of damaged tissues or organs, using a

combination of cells, engineering methods, and a suitable

scaffold. A scaffold needs to have high porosity and ade-

quate pore size to facilitate cell seeding and diffusion

throughout the entire structure of both cells and nutrients.

The clinical scaffolds currently used for bone tissue engi-

neering are made from a broad range of materials includ-

ing, naturally derived materials, ceramics or mineral-based

matrices, synthetic polymeric materials, and composites

of two or more materials. Like any grafted materials, the

ideal scaffold for bone tissue engineering should be

biocompatible without causing an inflammatory response.

It should also possess biodegradability, which provides a

suitable three-dimensional environment for the cell func-

tion together with the capacity for gradual resorption and

replacement by host bone tissue [5–8, 15, 16].

In this study, a collagen-based scaffold was used as a

carrier for the three-dimensional periosteal-derived cell

cultures. Collagen is a widely used biomaterial for porous

scaffolds in tissue engineering on account of its excellent

biocompatibility and biodegradability. The behavior of

cells is mediated by their extracellular environment. Tabata

[14] suggested that once cells infiltrate a scaffold of a

desired environment, they themselves can produce the

intact extracellular matrix that accelerates their prolifera-

tion and differentiation resulting in natural tissue regener-

ation. These properties have been demonstrated with a

collagen scaffold. Type I collagen provides the structural

framework for connective tissues and plays a key role in

the cascade of events leading to the formation of new bone

Fig. 4 Von Kossa staining and quantification of the calcium content

in the periosteal-derive cells at 1 week (1 W), 2 weeks (2 W),

3 weeks (3 W), and 4 weeks (4 W). a Von Kossa positive staining is

noted by dark brown deposits. Von Kossa-positive mineralization was

strongly observed in the collagen scaffold with 4-week cultured

periosteal-derived cells. Bar = 200 lm. b The calcium levels in the

periosteal-derived cells were markedly higher in the three-dimen-

sional collagen scaffolds (3D) than in the two-dimensional culture

dishes (2D). Data represent the mean ± standard deviation of three

independent experiments (** P \ 0.001)

Fig. 5 Representative in vivo mineralization. a, b Three full-

thickness bone defects, 1 9 1 cm in size, were created. c, d Four

weeks after implantation, the animals were sacrificed. Anterior

borders between the defects and the native bones were examined for

histological finding (hematoxylin and eosin stain). e Histological

section of implantation 4 weeks after transplantation showed that the

newly formed bone (N) was clearly detected in the collagen scaffold

pieces with periosteal-derived cells. f New bone formation was also

observed in the collagen scaffold without the periosteal-derived cells.

However, the formation was limited to the peripheral region of native

bone. g No clear bone formation was observed in the empty defect

with only a thin bridge of bone noted. Bar = 200 lm
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from stem cells or precursor cells. Although several studies

of cell behavior on collagen scaffolds have shown that

collagen scaffolds influence the expression of the osteo-

blastic phenotype, the expression of the biochemical

markers during the osteoblastic differentiation and miner-

alization of periosteal-derived cells seeded and cultured in

a three-dimensional collagen scaffold is not completely

understood.

The collagen sponge used in the present study has a

porous three-dimensional sturcutre. It is reconstituted

bovine collagen consisting of between 85 and 95% of type

I collagen and between 5 and 15% of type III collagen.

Pores have a diameter size within the range of 50–500 lm.

The pore size of the scaffold has a significant effect on cell

infiltration, morphology, and phenotypic expression. Dif-

ferent pore sizes allow cell penetration deep into the

scaffold. The optimal pore size for bone tissue engineering

depends on many parameters, such as the cell type and

scaffold properties. A porous scaffold with a minimal pore

size ranging from 100 to 150 lm is usually required for

tissue ingrowth. However, in a study using titanium plates,

Itälä et al. [17] examined the capacity of new bone to grow

into the pores ranging in size from 50 to 125 lm. It needs

to be further investigated which pore size is functionally

important for the expression of osteogenic phenotypes of

osteoprogenitor cells [18–20]. Type III collagen is found

mainly in embryonic tissues and blood vessels but also in

the bone. Type III collagen has been reported to occur early

in fracture healing, where it appears to function as a

scaffold for the migration of osteoprogenitor cells and

invascularization [21, 22]. Maehata et al. [23] suggested

that although type III collagen is a minor collagenous

component produced by osteoblastic cells, it is responsible

for stimulating the growth of human osteoblastic cells.

Although further studies are needed to determine the

precise mechanism and effect of a three-dimensional

collagen-based scaffold on the bone formation of human

periosteal-derived cells, our results indicate that osteogenic

phenotypes in the periosteal-derived cells are markedly

expressed in three-dimensional collagen scaffolds than in

the two-dimensional culture system and that collagen

scaffold provides a suitable environment for osteoblastic

differentiation of periosteal-derived cells. Especially, the

experimental results obtained in the miniature pig model

suggest that collagen scaffold containing autogenous peri-

osteal-derive cells could be a good candidate for tissue

engineering to restore the bony defects of the maxillofacial

region when used in clinics.
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