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Abstract:
Objectives: The cultivation of bone is a major focus in tissue engineering and oral
implantology. Without a periosteal layer, instant or rapid development of a substantial
cortical layer is unlikely for engineered bone grafts. The aim of this study was to test the
ability of four collagen membranes to support and promote the proliferation of human
periosteal cells.
Materials and methods: Human periosteum cells were cultured using an osteogenic
medium consisting of Dulbecco’s modified Eagle’s medium supplemented with fetal calf
serum, penicillin, streptomycin and ascorbic acid at 371C with 5% CO2. Four collagen
membranes served as scaffolds: Bio-Gide, Chondro-Gide, Tutodent and Ossix Plus. Cell
vitality was assessed by fluorescin diacetate (FDA) and propidium iodide (PI) staining,
biocompatibility with LDH and BrdU, MTT, WST tests and scanning electron microscopy
(SEM).
Results: After 24 h, all probes showed viable periosteal cells. All biocompatibility tests
revealed that proliferation on all membranes after treatment with eluate from membranes
after a 24-h immersion in a serum-free cell culture medium was similar to the controls.
Periosteal cells formed layers covering the surfaces of all four membranes 7 days after
seeding in SEM.
Conclusion: It can be concluded from our data that the collagen membranes can be used as
scaffolds for the cultivation of periosteum layers with a view to creating cortical bone using
tissue-engineering methods.
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The cultivation of large bone replacements
is a major focus in tissue engineering. In
vivo tissue-engineering techniques such as
intramuscular endocultivation, where the
patient serves as his own bioreactor, have
yielded customized and vascularized bone
grafts that have been used to reconstruct
the patient’s skeleton (Warnke et al. 2004,
2006). Other in vitro studies have produced
artificial matrices with bioactive cytokines
or preseeded osteoblasts as bone graft materials with high potential (Mai et al. 2006;
Claase et al. 2007).

All these engineered bone grafts have no
periosteum at the beginning. Without a
periosteum the instant or rapid development of a substantial cortical layer is unlikely (Li et al. 2004). The promotion of
cortical bone growth may also increase the
stability of dental implants in clinical practice.
However, cultivation of periosteal margins for in vitro cultivated bone from a
tissue culture has rarely been reported,
although the osteoinductive and nutritious
capabilities of the periosteum are well
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known (Hutmacher 2000). Periosteal cells
proliferate faster than marrow stromal cells
(Agata et al. 2007). Transplants of periosteal cells treated with BMP-2 after pretreatment with bFGF formed more new
bone than did marrow stromal cells (Agata
et al. 2007). Periosteal cells can be cultivated (Breitbart et al. 1998) and proliferate
on resorbable membranes (Arnold et al.
2002). It is remarkable that the periosteum
contains many osteoprogenitor cells that
showed high bone formation rates in animal models (Vogelin et al. 2005). It is also a
source for mesenchymal stem cells. Thus,
periosteal cells may have important advantages for bone tissue engineering (Zhang
et al. 2008) and oral implantology, as they
are able to induce bone formation and may
induce a cortical margin and reduce bone
overgrowth outside the scaffolds. The natural periosteum has a bilayered structure.
The stratum fibrosum provides mechanical
stability for inserting ligaments, whereas
even in adults the stratum osteogenium
hosts fibroblasts, mesenchymal stem cells
and already osteoprogenitor cells that are
capable of differentiation into osteoblasts.
The mesenchymal stem cells may offer
another source for recruitment of endothelial cells for fast development of a vascular
system inside engineered bone.
Periosteum can be harvested easily during
oral surgery. Periosteal cell cultivation and
proliferation to enhance cell numbers can be
performed in vitro (Breitbart et al. 1998).
As a scaffold for periosteal cell cultivation and transplantation, collagen membranes may be suitable. They are popular
materials for guided bone regeneration
(GBR) in oral surgery (Rothamel et al.
2004). Because of their biodegradability,
a second surgical procedure for their removal is unnecessary. Also, they are
less susceptible to bacterial colonization
than non-degradable barrier membrane materials such as gore-tex (Rothamel et al.
2005).
The aim of this study was to test the four
commercially available collagen membranes Bio-Gide, Chondro-Gide (both
Geistlich Pharma AG, Wolhusen, Switzerland), Tutodent (Tutogen Medical GmbH,
Neunkirchen am Brand, Germany) and
Ossix Plus (3i, Karlsruhe, Germany) for
their biocompatibility and ability to support and promote the proliferation of human periosteal cells.
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Material and methods
Isolation and cultivation of cells from
periosteum

Human periosteum biopsies were harvested from patients during the course of
oral surgery (wisdom tooth removal). The
study was approved by the ethics board of
the University of Kiel, D 417/07). The
cells were cultivated using an osteogenic
medium consisting of Dulbecco’s modified
Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS), 100IE
penicillin/ml, 100 mg streptomycin/ml and
1 mmol/l ascorbic acid at 371C with 5%
CO2. Cell seeding was performed after the
second passage. During passaging, cells
were detached from 75 cm2 cell culture
flasks using 5 ml of a 0.05% trypsin solution in phosphate-buffered saline (PBS).
After a 1 : 1 dilution of the cell suspension
with DMEM containing 10% FCS and
centrifugation at 3200 g for 3 min, cells
were resuspended in DMEM containing
10% FCS, counted and reseeded at a density of 105 cells per 75 cm2 cell culture
flask. Cells were cultured in the same
medium used for cell seeding in a humidified atmosphere with 5% CO2 at 371C.
Medium change took place every 3 days.
Membranes

The following four collagen membranes
served as scaffolds for cultivation of the
cells: Bio-Gide (porcine collagen types I
and III, non-crosslinked), Chondro-Gide
(porcine collagen types I and III, bilayer;
both Geistlich Pharma AG), Tutodent
(non-crosslinked bovine type I collagen,
bilayered; Tutogen Medical GmbH) and
Ossix Plus (bovine collagen type 1, enzymatic-crosslinked; 3i). The membranes
were divided into quadratic pieces of side
length 7 mm and placed in 24-well cell
culture plates (Nunc GmbH, Langensel
bold, Germany). Cells were seeded on membrane pieces at a density of 104 cells/well.
Cells were cultured on membrane pieces in
2000 ml of the same medium used for cell
seeding in a humidified atmosphere with
5% CO2 at 371C. Medium change took
place every 3 days. At these points, cultures
were checked microscopically.
Assessment of cell vitality

Cell vitality was assessed by Fluorescin
Diacetate (FDA) and Propidium Iodide

(PI) staining. Staining was performed on
cells cultured in an eluate from membranes
after a 24-h incubation in cell culture
medium. 5  103 cells in cell culture medium with 10% FCS were seeded on eightwell objectives. After 1 day of culture,
200 ml eluate from membranes immersed
in serum-free cell culture medium for 24 h
was added to cells. After a 24-h incubation
at 371C and 5% CO2, cells were
rinsed with PBS and immersed in an
FDA solution prepared by diluting
30 ml  1 mg FDA/ml acetone in 10 ml
PBS. After incubation for 15 min at 371C
in the dark, the FDA solution was removed
by suction and replaced with a PI solution
prepared by diluting 500 ml  1 mg/ml PI
in 10 ml PBS. After incubation for 2 min at
room temperature in the dark, scaffolds
were rinsed twice in PBS. While still immersed in PBS, scaffolds were then subjected to fluorescence microscopy with
excitation at 488 nm and detection at
530 nm (FDA, green) and 620 nm (PI, red).

Biocompatibility tests
LDH and BrdU, MTT and WST tests

LDH tests can show cell death and lysis.
Cells were seeded in 96-well cell culture
plates (Nunc) in 100 ml DMEM at a concentration of 5  103 cells/well. After a 24h culture in a humidified atmosphere with
5% CO2 at 371C, medium was removed
and replaced with 150 ml eluate from the
membranes. Cells cultured in 2% TritonX-100 in serum-free DMEM served as high
controls. Cells cultured in serum-free
DMEM served as low controls. After a
24-h incubation, 100 ml eluate was transferred to another 96-well cell culture plate.
Extracellular LDH activity was measured
with the help of an LDH detection kit
(Roche Diagnostics, Mannheim, Germany, Catalogue no. 11644793001). Absorbance was measured at 490 nm. The
remaining 50 ml eluate per well remaining
in the cell culture plate was removed and
replaced with 100 ml DMEM containing
10% FCS, penicillin/ml, 100 mg streptomycin/ml and 1 mmol/l ascorbic acid. After 7
days of incubation, proliferation was measured with the help of a BrdU Cell Proliferation ELISA kit (Roche Diagnostics,
Catalogue no. 11647229001). Absorbance
was measured at 450 nm.
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After a 24-h incubation with an eluate
from the membranes, proliferation was assessed with the aid of an MTT Cell Proliferation Kit (Roche Diagnostics, Catalogue
no. 11465007001). Calibration curves of
0.16–10  103 cells/well served as standards. Absorbance was measured at 450 nm.
As mentioned previously, membrane
pieces were seeded at a density of
104 cells/piece. After 7 days of culture in
2000 ml cell culture medium, proliferation
was assessed with the aid of a Cell Proliferation Reagent WST-1 (Roche Diagnostics,
Catalogue no. 116446807001). Briefly,
200 ml WST-1 reagent was added to each
well at a 1 : 10 ratio to cell culture medium.
After a 4-h incubation in a humidified
atmosphere with 5% CO2 at 371C, medium
was transferred to 96-well plates and absorbance was measured at 450 nm. Cells cultured in wells without membrane pieces at a
density of 104 cells/well served as controls.
Scanning Electron
examinations

Microscopy

(SEM)

SEM investigations were carried out 1 week
after cell seeding using an XL30CP device
(Phillips Electron Optics GmbH, Kassel,
Germany) operating at 10–25 kV, as used
by Yang et al. (2006). As preparation for the
SEM investigation, cell-seeded membranes
and membranes without cells as control
were first rinsed using PBS to remove cell
culture medium. Cells were then fixed using
3% glutaraldehyde in PBS at pH 7.4 for 24 h.
After removal of the glutaraldehyde solution,
cells were dehydrated by incubating scaffolds
in a series of ethanol solutions of increasing
concentration. Scaffolds were immersed for
5 min in each of the following ethanol solutions: 50%, 60%, 70%, 80%, 90% and
100%. Subsequently, critical point drying
was performed using a K850 critical point
dryer (Emitech, EM Technologies Ltd., Ashford, UK), followed by gold sputtering with
an SCD 500 device (CAL-Tec, Ashford, UK).

the cells due to FDA staining demonstrates
their vitality on all membranes, while the
absence of a red color despite PI staining
indicated that no cells died as a result of
eluate from any membrane. These results
are illustrated in Fig. 1.
Biocompatibility tests

In the case of the LDH test, cytotoxicity on
all membranes after treatment with an
eluate from membranes after a 24-h immersion in a serum-free cell culture medium was similar to the low control (zero
cytotoxicity) and significantly different
from the high control (maximum cytotoxicity). The results are presented in Fig. 2.
Fig. 3 shows MTT test results, BrdU test
results are presented in Fig. 4 and WST
test results are shown in Fig. 5. The MTT
test gives a measure of cellular metabolic
activity dependent on living cells, proliferation, viability and cytotoxicity. At a later
point than MTT, the WST test indicates
the metabolic activity of cells. BrdU tests
show cell proliferation by incorporation of
BrdU during DNA synthesis. In the case of
all three tests, proliferation on all membranes after treatment with eluate from
membranes after a 24-h immersion in a
serum-free cell culture medium was similar to controls. These results demonstrate
the good biocompatibility of all membranes
for human periosteal cells.
SEM investigations of cell morphology on
membranes

Periosteal cells formed layers covering the
surfaces of all four membranes 7 days after
seeding. The close-up images in Fig. 6
show that all membranes were almost
completely covered by cells, which had
an elongated morphology with numerous
cell pseudopodia, suggesting good biocompatibility. Representative SEM images of
human periosteal cells seeded on membranes can be seen in Fig. 6.

Statistical evaluation

Means of the eight trials per assay and
standard deviations were calculated and
are presented in figures.

Results
Assessment of cell vitality on membranes

After 24 h, all probes showed viable periosteal cells. The pronounced green color of
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Discussion
The visionary goal of this research is to
grow periosteal membranes for tissue engineering and GBR. This first study demonstrates the biocompatibility of
the collagen-based membranes Bio-Gide,
Chondro-Gide (both Geistlich Pharma
AG), Tutodent (Tutogen Medical GmbH)

Fig. 1. Fluorescence microscopy images of human
periosteal cells after staining with fluorescin diacetate
(FDA) and propidium iodide (PI): note the green color
due to staining with FDA, indicating living cells. The
lack of a red color despite staining with PI indicates
absence of dead cells. (a) Bio-Gide; (b) Chondro-Gide;
(c) Tutodent; (d) Ossix Plus; and (e) Control.
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Fig. 2. LDH test of cells from a human periosteum on Tutodent, Bio-Gide, Chondro-Gide and Ossix Plus.
Toxicity is minimal and around the low control for all membranes.

MTT
human PC after 24h

120
100
80
60
40
20
0
Tutodent

Bio-Gide

Chondro-Gide

Ossix-plus

Control

Fig. 3. MTT test of cells from a human periosteum on Bio-Gide, Chondro-Gide, Tutodent and Ossix Plus
showing high proliferation rates for all the membranes tested. Polystyrene served as a control.
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Fig. 4. Proliferation (BrdU) test of cells from a human periosteum on Bio-Gide, Chondro-Gide, Tutodent and
Ossix Plus. Note the high cell proliferation values for all membranes. Polystyrene served as a control.
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Fig. 5. Successful WST test results of cells from a human periosteum on Bio-Gide, Chondro-Gide, Tutodent
and Ossix Plus. Polystyrene served as a control.

and Ossix Plus (3i) and their ability
to support and promote the proliferation
of human periosteal cells.
On the basis of the results of the SEM
investigations, the cell vitality staining and
the biocompatibility tests (LDH, MTT,
BrdU, and WST), it can be concluded that
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the Bio-Gide, Chondro-Gide, Tutodent and
Ossix Plus membranes are biocompatible
for cells derived from human periosteum.
These cells are important for GBR on the
one hand. Collagen membranes are popular
materials for GBR in oral surgery (Rothamel et al. 2004). The results are in accor-

dance with other studies, where different
cell types were investigated. Rothamel
et al. (2004) evaluated the biocompatibility
of collagen membranes in cultures of human periodontal ligament (PDL) fibroblasts
and human osteoblast-like cells. He concluded that Bio-Gide, Tutodent and Ossix
Plus promoted the attachment and proliferation of human PDL fibroblasts and human SaOs-2 osteoblasts and that collagen
is chemotactic for PDL fibroblasts (Rothamel et al. 2004). In cultures of human
osteoblast-like cells, cells were able to proliferate on collagen membranes (Bilir et al.
2007). Cell attachment of rat PDL-derived
cells is different on different collagen devices. Membrane materials influence cell
proliferation and differentiation in the process of periodontal tissue regeneration
(Takata et al. 2001a). The collagen fibers
of Bio-Gide are believed to support osteogenic differentiation in vivo (Taguchi et al.
2005). Using mouse osteoprogenitor cells,
collagen is a favorable scaffold for osteoblastic cells to proliferate (Takata et al.
2001b). Also, they are less susceptible to
bacterial colonization than non-degradable
barrier membrane materials such as goretex (Rothamel et al. 2005), although the
adherence of bacterial strains to collagen
membranes is high (Sela et al. 1999).
There is growing interest in the use of
multipotent mesenchymal stem cells and
so-called osteoprogenitor cells harvested
from the bone marrow or the periosteum
for in vitro and in vivo osteogenesis. These
cells can be differentiated to several cell
types by the application of different growth
and differentiation factors and suitable matrices as cell adhesives (Kubler & Urist 1991;
Iwasaki et al. 1994; Lecanda et al. 1997;
Chang et al. 2004; Warnke et al. 2004). The
most important growth factors for differentiation of mesenchymal stem cells to osteogenic cells are BMP-2 and BMP-7 out of the
TGF-b superfamily. For clinical research, the
application of these cytokines for regeneration of bony defects is important.
One way to replace bony structures
is the direct application of BMP combined with different matrices in a
defect. In animal experiments, bone regeneration was significantly
increased
(Wiltfang et al. 1996). Another method,
even for larger defects, is heterotopic
bone regeneration by means of endocultivation (Terheyden et al. 2001a,
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Future work could involve the incorporation of other extracellular matrix components such as chondroitin sulfate, which
has been reported to have a beneficial effect
on cell proliferation as a component of a
collagen-based membrane (Marinucci et al.
2003). Another option is the use of
bilayered membranes modified for the generation of stratum fibrosum and osteogenicum or the application of cytokines for
differentiation of osteoblasts. Cell-seeded
collagen membranes may also stabilize
chondrocytes or stem cells after articular
chondrocyte injection in orthopedic surgery
for reconstruction of cartilage defects in
joints (Funayama et al. 2008).

Conclusion

Fig. 6. Close-up SEM images of membranes seeded with human periosteal cells and controls 7 days after
seeding. The membranes were almost completely covered by cells, with an elongated morphology and
numerous cell pseudopodia, suggesting good biocompatibility (a) Bio-Gide with cells; (b) Bio-Gide control
without cells; (c) Chondro-Gide with cells; (d) Chondro-Gide control without cells; (e) Tutodent with cells; (f)
Tutodent control without cells; (g) Ossix Plus with cells; and (h) Ossix Plus control without cells (scale
bar ¼ 20 mm).

It can be concluded from our data that the
membranes Bio-Gide, Chondro-Gide, Tutodent and Ossix Plus are biocompatible
for cells derived from a human periosteum.
On the one hand, this is an important issue
for GBR. On the other, the positive results
pave the way for the use of the membranes
as scaffolds for the generation of periosteum layers to create cortical bone using
tissue-engineering methods.
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