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Background: This study used a tissue-engineering approach, which
combined autologous periosteal cells with a scaffold material, to promote
bone augmentation under an occlusive titanium barrier that was placed on
the skull of rabbits. Because the cell–matrix interaction is of key im-
portance in tissue engineering, two different calcium phosphate–based
scaffolds were seeded with autologous periosteal cells. One scaffold con-
tained hydroxyapatite, tricalcium phosphate, and collagen; the other scaf-
fold was a b-tricalcium phosphate structure.

Methods: The experiment involved 38 rabbits divided into five groups:
the two different scaffolds with and without cells and a blood clot only. Prior
to implantation, autologous periosteal cells were harvested from the tibia
by stripping the periosteum. Cells were cultured, and 1 day before the im-
plantation ;20 million cells were collected and seeded onto the scaffolds.
Two preformed dome–shaped full titanium barriers were placed subperios-
teally onto the frontal and parietal bones of each rabbit. Before placement
of the barriers, the different scaffolds, seeded with or without cells, were put
on top of the skull. As a negative control, autologous blood was injected
into the barriers. Histologic evaluation and histomorphometric analysis
were performed after 12 weeks of undisturbed bone growth. Measurements
involved the amounts of newly formed tissue and of new bone distinguish-
ing between trabecular bone and osteoid.

Results: No significant differences were found between the four treat-
ment groups (scaffolds with or without cells). However, the amount of
new bone tissue found underneath the titanium barriers with scaffolds
was significantly higher (P <0.04) than with a blood clot only.

Conclusion: A better understanding of the mode of action is required to
optimize tissue-engineering procedures before entering clinical applica-
tions. J Periodontol 2008;79:896-904.
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F
or decades, the regen-
eration of damaged
or lost jaw bone tissue

has been one of the major
endeavors in periodontal
and maxillofacial surgery.
Defects of the jaw bone
may be congenital or due
to involution (e.g., after tooth
loss), pathology, trauma, or
tumor resections. Periodon-
tists and craniofacial sur-
geons often resolve these
esthetic and functional dis-
orders by inserting implants
to retain or support a dental
or nasal prosthesis, despite
an insufficient amount of
bone. A limited jaw bone
volume can be increased by
an onlay graft. This can be
harvested from the iliac crest
and is usually a horseshoe-
shaped bone graft.1,2 It is
still the gold standard be-
cause of its osteoconductive
and osteoinductive features
and limited resorption over
the years if properly stim-
ulated by endosseous im-
plants. Limitations involve
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the amount of available bone, the requirement of a
second surgical site, and the morbidity of the donor
site.

An alternative approach is the use of allografts,
such as demineralized freeze-dried bone allograft. Un-
fortunately, they have unpredictable osteoinductive
properties.3 There is also some concern of a possible
transfer of pathogenic factors, such as prions.4 There-
fore, xenogenic grafts (grafts shared between different
species, such as bovine porous bone mineral or a nat-
ural coral) offer a reassuring alternative because such
risk can be eliminated more easily, although perhaps
not completely. These materials are biocompatible
and osteoconductive.5 Besides these xenogenic
grafts, the use of a large variety of synthetic bone
substitutes can also be envisioned. However, using
alternative materials, like hydroxyapatite (HA) or tri-
calcium phosphate (TCP), only promotes osteocon-
duction, which is more rapid for HA than for TCP.6

Conversely, the resorption of HA is much slower than
for TCP particles.7

An alternative approach for bone augmentation
consists of the placement of space-maintaining sub-
periosteal barrier membranes with or without bone
substitutes underneath. Using expanded Teflon mem-
branes reinforced by titanium, a vertical jaw bone
augmentation of 4 mm can be achieved over limited
segments.8 Larger gains in vertical bone height (up
to 16 mm) can be obtained over entire maxillae by
means of a preformed, custom-fit, fully occlusive tita-
nium barrier.9 Some drawbacks of the latter approach
are known, such as the long healing time (>1 year)
and the low degree of mineralization of the newly
formed bone.9

The aim of the present experiment was to evaluate
the contribution of tissue-engineering techniques, i.e.,
the use of a combination of a suitable scaffold with os-
teogenic cells.

The experiment was designed to evaluate the effect
of periosteal cells on bone augmentation. Cells de-
rived from the periosteum are capable of inducing
bone formation. The first in vivo experiments to eval-
uate the bone-forming capacity of periosteum-de-
rived cells were performed in nude mice. Periosteal
cells isolated from young chickens were subcutane-
ously implanted in nude mice.10 Such cultured cells
inoculated into nude mice gave rise to new bone tissue
in this subcutaneous injection site. When these cells
were loaded into diffusion chambers and implanted
intraperitoneally, they also led to bone formation.11

The potential of these periosteum-derived cells was
also demonstrated in other species.12 The same oste-
ogenic capacity of periosteal cells was documented in
rabbits; cells were brought in a defect created in the
tibia through distraction osteogenesis.13 Recently,
the mesenchymal multipotency of adult human peri-

osteal cells was demonstrated by single-cell lineage
analysis.14

The clinical application of these cultured cell pop-
ulations to heal large bone defects seems to be the
next step, but it is still in an experimental phase.
Vacanti et al.15 were the first to publish a clinical ap-
plication of periosteal cells in bone-tissue engineering
in a phalanx reconstruction. They made use of 20 mil-
lion periosteal cells embedded into a calcium phos-
phate scaffold.

A porous bioceramic scaffold made of HA and/or
TCP was chosen for the present study to anchor the
periosteal cells. The presence of a mineralized scaf-
fold microenvironment is a requirement for the onset
of bone formation by committed human osteogenic
cells.16 The internal porosity favors bone deposition
by osteogenic cells and may also facilitate scaffold re-
sorption. Adding a high concentration of TCP to the
bioceramic usually results in faster scaffold resorp-
tion; two scaffold compositions were used. To evalu-
ate the possible difference in bone formation and
resorption of the scaffold over time, one scaffold
(HA/TCP)# was made of HA, TCP, and highly purified
type 1 bovine dermal fibrillar collagen; the other scaf-
fold (TCP)** was a pure b-TCP structure.

MATERIALS AND METHODS

Thirty-eight New Zealand white rabbits, with an aver-
age weight of 2.6 kg and aged 11 weeks, were used in
this study. All animals were housed individually in
standard cages and had access to water and food
ad libitum. The experimental protocol was approved
by the Animal Experiments Committee of the Catholic
University of Leuven.

The Harvest of Periosteal Tissue
During the first surgery, a piece of periosteum was
stripped from the tibia of the rabbits to perform peri-
osteal cell isolation and culture.

Thirtyminutesbeforesurgery, the rabbitsweregiven
analgesics†† and an antibiotic‡‡ intramuscularly. Sur-
gery was performed under systemic anesthesia, with
ketamine§§ and xylazineii injected intramuscularly.

Under sterile conditions, an incision was made at
the medial side of the right proximal tibia. A 5 · 15-
mm piece of periosteum was harvested from the tibia
by stripping. The periosteal specimen was put into a
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM)¶¶ supplemented with 10% fetal bovine serum

# Collagraft, Neucoll, Campbell, CA.
** Vitoss, Orthovita, Malvern, PA.
†† Buprenorphine, 0.03 mg/kg, Temgesic, Schering-Plough, Brussels,

Belgium.
‡‡ Benzylpenicillum, 0.25 ml/kg, Continental Pharma, Brussels, Belgium.
§§ Ketamine 1000, 30 mg/kg, Ceva Sante Animale, Brussels, Belgium.
ii Xyl-M, 5 mg/kg, VMD, Arendonk, Belgium.
¶¶ Life Technologies, Merelbeke, Belgium.
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(FBS)## and 1· antibiotic-antimycotic solution*** as
a transport medium. The skin incision was closed
carefully with bioabsorbable sutures.††† Postopera-
tively, the rabbits received analgesics‡‡‡ twice daily
for 2 days and antibiotics once a day for 3 days.§§§

Cell Isolation, Cell Culture, and Cryopreservation
Within 1 hour after harvesting, the periosteal speci-
mens were transported to the laboratory, finely
minced, and digested overnight with 0.2% crude
type IV collagenaseiii in high-glucose DMEM contain-
ing 10% FBS and 1· antibiotic-antimycotic solution.
Following overnight incubation at 37�C, periosteal
cells were collected by centrifugation. After removal
of the supernatant, the cells were resuspended in
growth medium (DMEM supplemented with 10%
FBS and 1· antibiotic-antimycotic solution), plated
in a T25 culture flask, and allowed to attach for 5 days.
Non-adherent cells were removed by changing the
medium.

For expansion, cells were cultured in monolayer in
growth medium at 37�C in a humidified atmosphere of
5% CO2. After 6 to 8 days, the periosteum-derived
cells reached confluence; they were washed twice
with calcium- and magnesium-free phosphate buff-
ered saline,¶¶¶ released from the plastic by treatment
with trypsin-EDTA,### and replated at 1:6 dilution for
the first subculture. Cell passages were continued with
a cell-seeding density varying between 10,000 and
15,000 cells/cm2. After two passages, the cells were
suspended in DMEM with 20% FBS and 10% dimethyl-
sulfoxide,**** to prevent the formation of ice crystals,
which will break down the cell membrane during cry-
opreservation, and cryopreserved in liquid nitrogen.

Cell Seeding
The cells were thawed and put into culture 7 days be-
fore the second surgery. The cells were cultured in a
growth medium (DMEM supplemented with 10%
FBS and 1· antibiotic-antimycotic solution).

After 6 days, 20 million viable cells were collected
to be seeded onto two different scaffolds (HA/TCP††††

and TCP‡‡‡‡) on the day before surgery. HA/TCP is
made of 65% HA, 35% TCP, and highly purified type
1 bovine dermal fibrillar collagen. HA/TCP has excel-
lent biocompatibility and closely resembles natural
bone (Fig. 1). TCP is a pure b-TCP, a natural material
containing 39% calcium and 20% phosphorus. Eight
percent to 12% by volume correlates to 88% to 92%
interconnected porosity, and pore sizes range from
<1 to 1,000 mm in diameter (Fig. 1). HA/TCP was
cut into blocks of ;5 · 5 · 5 mm because that size
is well documented for cell-seeding procedures in
our laboratory. TCP was cut into blocks of ;10 · 8 ·
6 mm (length, width, and height, respectively). Be-
cause TCP was too brittle to be cut in smaller pieces

of similar size as the HA/TCP, differences in geometry
were accepted.

These blocks were dropped into 150 ml cell suspen-
sion. After overnight incubation at 37�C, the seeded
scaffolds were put into an Eppendorf tube with 1 ml
serum-free medium 1.5 hours before implantation.

After implantation, the non-attached cells in the su-
pernatant were counted to estimate the seeding effi-
ciency, which was calculated as follows: ([number
of seeded cells - number of cells in the superna-
tant]/number of seeded cells) · 100. The viability of
the cells in the supernatant was assessed by trypan
blue exclusion test. Data were expressed as an aver-
age, and the statistical significance was determined
using the Mann-Whitney U test to compare averages
between the groups, with a P value <0.01 being con-
sidered significant.

Titanium Barriers
Dome-shaped commercially pure titanium barriers
were molded by hydroforming from a 0.2-mm-thick
titanium foil. The maximum available bone surface
was used to design two cups (Fig. 2) along the anter-
oposterior axis, allowing slightly greater dimensions
for the posterior cup. The titanium barriers were
cleaned in a series of alcohol dilutions in an ultrasonic
bath before autoclaving.

Figure 1.
TCP (left) and HA/TCP (right) as received from manufacturers.

## BioWhittaker, Verviers, Belgium.
*** 100 units/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml

amphotericin B, Life Technologies.
††† Vicryl Rapide, Johnson & Johnson, Brussels, Belgium.
‡‡‡ Buprenorphine, 0.03 mg/kg, Temgesic, Schering-Plough.
§§§ Benzylpenicillum, 0.25 ml/kg, Continental Pharma.
iii Life Technologies.
¶¶¶ BioWhittaker.
### 0.25% trypsin, 1 mM EDTA, Life Technologies.
**** Sigma, Bornem, Belgium.
†††† Collagraft, Neucoll.
‡‡‡‡ Vitoss, Orthovita.
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Placement of Titanium Cups and Application of
the Different Treatment Methods
The titanium barriers were installed on top of the rab-
bit’s skull 6 weeks after the first surgery, and the treat-
ment methods were chosen randomly.

The thirty-eight rabbits were divided into five sub-
groups according to the treatments: TCP with cells
(eight rabbits), HA/TCP with cells (eight rabbits),
TCP without cells (eight rabbits), HA/TCP without
cells (eight rabbits), and a blood clot only (six rabbits).

An analgesic§§§§ and an antibioticiiii were given in-
tramuscularly 30 minutes before anesthesia was per-
formed. The surgery at the skull was performed under
systemic anesthesia¶¶¶¶#### injected intramuscularly.

Surgery took place under aseptic conditions. A
U-shaped cutaneo-periosteal flap was prepared. Tita-
nium barriers were placed: one on the frontal bone
and one on the parietal bone. Prior to the placement
of the cups, 15 standardized trepanations of the cor-
tical bone were performed with a small round burr
to enhance the capillary invasion.17 The scaffolds with
or without cells were placed on top of the skull and
covered with a titanium barrier, after which the bor-
ders of the cups were glued to the skull with cyanoac-
rylate glue.***** As a negative control, titanium
barriers with the application of a blood clot were used.
Blood was collected from the ear artery and injected
into the barrier. When the blood clot was coagulated,
the barriers with the blood clot were placed on top of
the skull and sealed immediately with cyanoacrylate
glue.††††† The periosteum and the skin were closed
with bioabsorbable sutures.‡‡‡‡‡

Postoperatively, the rabbits received anal-
gesics§§§§§ twice a day for 2 days and antibiotics once
a day for 3 days.iiiii They could eat and drink ad libi-
tum. One rabbit died as a result of diarrhea 1 day post-
operatively and was withdrawn from the study.

A period of 12 weeks of undisturbed bone growth
underneath the titanium cups was chosen because
it corresponds to ;1 year in humans.9 The rabbits
were anesthetized with ketamine¶¶¶¶¶ and xyla-
zine##### and sacrificed by means of an intracardial
injection of a veterinary euthanasia drug containing
embutramide, mebenzoniumiodide, and tetracaine
hydrochloride.****** The frontal and parietal bones
were removed en bloc and then separated. Each
titanium barrier was put into a solution of formalde-
hyde.

Histology and Histomorphometric Analysis
After 2 days of fixation, the blocks were dehydrated in
a graded series of ethanol and embedded in methyl-
metacrylate. Undecalcified serial sections were pre-
pared in a sawing microtome.†††††† The sections
were stained with Stevenel’s blue and counterstained
with van Gieson’s picrofuchsin. A histomorphometric
analysis was performed with a computerized plani-
metric program.‡‡‡‡‡‡ Only one section of three was
analyzed, as determined in a pilot study.

First, the total volume under the barrier was mea-
sured by drawing a line just under the titanium barrier
and along the skull by discriminating newly formed
bone from the original bone. The total area of the fol-
lowing four parameters was measured: new tissue
(bone and fibrous tissue), new bone tissue, newly
formed trabecular bone, and osteoid tissue. The areas
of the selected sections were expressed in square mil-
limeters, and serial sections were added (10 for the
anterior cup and 13 for the posterior cup). The total
surface for all four parameters under the barrier was
derived from the sum of serial histologic cuts. Subse-
quently, the volume of all tissues, with whatever char-
acteristics, was calculated as a percentage of the total
volume available under the barrier.

For a statistical analysis of the results, the Kruskal-
Wallis test was used to compare the percentages of
volume occupied by the tissues under the barrier, be-
tween the different treatment methods. The Mann-
Whitney U test was performed to verify if there was
an effect of the scaffold and an effect of adding cells.
Mann-Whitney U tests were used to verify whether
there was a difference between the four groups, with
a scaffold, and the control group (blood clot).

Figure 2.
The posterior cup (A) and the anterior titanium cup (B).

§§§§ Buprenorphine, 0.03 mg/kg, Temgesic, Schering-Plough.
iiii Benzylpenicillum, 0.25 ml/kg, Continental Pharma.
¶¶¶¶ Ketamine 1000, 30 mg/kg, Ceva Sante Animale.
#### Xyl-M, 5 mg/kg, VMD.
***** Histoacryl, Braun, Melsungen, Germany.
††††† Histoacryl, Braun.
‡‡‡‡‡ Vicryl Rapide, Johnson & Johnson.
§§§§§ Buprenorphine, 0.03 mg/kg, Temgesic, Schering-Plough.
iiiii Benzylpenicillum, 0.25 ml/kg, Continental Pharma.
¶¶¶¶¶ Ketamine 1000, 30 mg/kg, Ceva Sante Animale.
##### Xyl-M, 5 mg/kg, VMD.
****** T61, Hoechst Roussel Vet, Brussels, Belgium.
†††††† Leica SP 1600, Nussloch, Germany.
‡‡‡‡‡‡ Image Pro-Plus, Media Cybernetics, Silver Spring, MD.
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RESULTS

Analyzing all barriers, a tissue filling from 80% to 100%
was found underneath the titanium barriers, with no
significant differences between the anterior and pos-
terior barriers, among the scaffold groups, or between
the scaffold groups and the control group. The bone
augmentation observed was characterized by slender
trabeculae associated with osteoblasts lining the oste-
oid layer. There was always new bone in close contact
with the original skull bone. Bone growth along the in-
ner surface of the titanium barrier, indicating osteo-
conductivity of the titanium, was negligible. Bone
growth was rather initiated from the skull bone and
was sometimes combined with a striking resorption
of the scaffold. This was mainly observed for the
TCP scaffold (Fig. 3). The bone growth in the HA/

TCP scaffolds occurred more often in between the par-
ticles of the scaffold, with very little resorption of the
HA/TCP at the skull base (Fig. 4). A close contact be-
tween the scaffold material and the new trabecular
bone was observed in both scaffolds (Fig. 5). Resorp-
tion of the material was still ongoing based on the
presence of some giant cells in between the particles
of the scaffold.

A seroma was detected underneath 73% of the tita-
nium barriers. The outline of these seromas consisted
of osteoid tissue in which some small bone particles
could be detected. In general, these seromas were sit-
uated in the empty space between the scaffold and the
titanium barriers (Fig. 6). According to Data Sciences
International (St. Paul, Minnesota), a seroma is de-
fined as a sterile accumulation of serum in a circum-
scribed dead space in the tissue.18 It can be the result
of a tissue injury, inflammation, or a body defense
mechanism. No detectable cells or fibers were present
in the center of the seroma.

Figure 3.
An anterior cup filled with a TCP scaffold. Ingrowth of new tissue from
the skull can be detected together with resorption of the scaffold
material in contact with the tabula externa (arrow) (Stevenel’s blue
and van Gieson’s picrofuchsin; original magnification ·6.)

Figure 4.
The new trabecular bone growing in between the particles of HA/TCP
under a titanium barrier (Stevenel’s blue and van Gieson’s picrofuchsin;
original magnification ·6.)

Figure 5.
A) Close contact between the new bone and the particles of the
HA/TCP scaffold. B) TCP scaffold with new trabecular bone and
osteoid tissue (green) and fibrous tissue (blue). (Stevenel’s blue and
van Gieson’s picrofuchsin; original magnification ·100.)
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For all treatment procedures, the variability of the
bone growth under the barriers was very high among
the animals of each group.

Cell Seeding and Cell Viability After Seeding
Twenty million viable periosteal cells were used for
seeding of the two scaffolds. After seeding, the non-

attached cells were counted in the supernatant to
estimate the seeding efficiency. Cell viability of the
periosteum-derived cells in the supernatant was
tested by trypan blue exclusion test.

There was a significant difference (P <0.001) be-
tween the seeding efficiency on the TCP scaffolds
(65.7% – 7.0%) and the HA/TCP scaffolds (35.8% –
7.0%).

No significant difference could be detected be-
tween the cell viability on the HA/TCP scaffold
(60.4% – 7.0%) and the TCP scaffold (69.7% – 6.6%).

Histomorphometric Analysis
Table 1 shows the total amount of new tissue (bone
and fibrous tissue) new bone tissue, and new trabec-
ular bone under the barriers. The data from both bar-
riers were averaged because the effect of the scaffold
and the addition of cells were similar.

The average percentage of new trabecular bone for
the titanium barriers was 7.8% for the TCP with cells,
6.9% for the HA/TCP with cells, 8.1% for the TCP with-
out cells, 8.8% for the HA/TCP without cells, and 7.0%
for the group with the blood clot only.

There was no significant difference when the four
groups were compared using the Kruskal-Wallis test
for the new tissues found under the cup. The Mann-
Whitney U test was performed to verify if there was
an effect of the HA/TCP scaffold or an effect of adding
cells. No significant difference was found for the new
tissues when a HA/TCP scaffold was added or when
cells were used.

Mann-Whitney U tests performed to verify if there
was a significant difference between the four groups
with a scaffold compared to the blood clot only did
not reveal significant differences. There was a signif-
icant difference between the groups with a scaffold
and the group with a blood clot only, for the amount
of new bone tissue underneath the barriers (P <0.04).

DISCUSSION

An occlusive titanium barrier was used to establish the
space necessary for bone augmentation by applying a
scaffold material, cell-seeded or not, and a control
group consisting of a blood clot only. During the last
two decades, the proof of principle has been estab-
lished that applying a space-providing membrane
with an underlying blood clot is conducive for the for-
mation of bone tissue, even beyond the skeletal enve-
lope. The guided bone augmentation procedures
have used the rabbit skull as a preclinical model to as-
sess the formation of new bone when using an occlu-
sive titanium barrier.19 It has been established that a
fully secluded space provided by a rigid subperiosteal
titanium barrier filled with a blood clot is conductive
for new bone ingrowth.9,20 The latter study confirmed

Figure 6.
A seroma (arrow) situated outside a TCP scaffold (Stevenel’s blue
and van Gieson’s picrofuchsin; original magnification ·6.)

Table 1.

Percentages (mean – SD) of New Tissue,
New Bone Tissue, and New Trabecular
Bone Under the Titanium Cups

Group

Average percentages (anterior and

posterior barrier)

New tissue (bone and fibrous)
1 97.1 – 3.2
2 95.2 – 3.8
3 94.7 – 8.1
4 96.6 – 3.6
5 96.0 – 4.8

New bone tissue
1 27.8 – 10.5
2 28.5 – 10.5
3 32.0 – 12.3
4 35.4 – 16.0
5 24.1 – 7.4

New trabecular bone
1 7.8 – 2.0
2 6.9 – 2.7
3 8.1 – 2.7
4 8.8 – 4.0
5 7.0 – 1.7

Group 1 = TCP and cells, group 2 = HA/TCP and cells, group 3 = TCP
without cells, group 4 = HA/TCP without cells, and group 5 = blood clot
only.
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that bone height augmentations up to 3 mm beyond
the body envelope could be generated under an occlu-
sive dome-shaped barrier placed on top of the calvar-
ium of rabbits. In this study, we adopted this model to
evaluate the contribution of two different scaffolds and
autologous periosteum-derived cells to further en-
hance and speed up the bone augmentation process
underneath a titanium barrier. However, no significant
differences could be detected when cells were added
to the carriers in this experiment. A small difference
appeared under the anterior barriers between the
scaffold groups and the controls only for newly formed
bone.

The less successful results in the present experi-
ment raise questions with regard to the use of perios-
teum-derived cells, their characterization, the density
of the seeded cells needed to trigger bone formation,
and the influence of the scaffold material. Our findings
indicate rather disappointing results with periosteum-
derived cells prepared under standard conditions.
This may be related to a large number of variables, in-
cluding the animal model, the characterization of the
cells, or other experimental factors. The interaction of
cells with their environment seems species specific. In
an experiment by Solchaga et al.,21 a high variability
within each group of rabbits was also noticed. Their
conclusions were that any experimental design using
rabbit progenitor cells must include a large sample
size to obtain statistically significant differences. Al-
ternatively, species specificity can play a major role
in the interpretation of our results. In a recent article
by Eyckmans and Luyten,22 ectopic bone formation
by periosteum-derived cells retrieved from humans
and rabbits was evaluated. They found that the human
periosteum-derived cells displayed distinct growth
characteristics and osteogenic differentiation ca-
pacity in vitro and in vivo compared to the rabbit
periosteum-derived cells. In vivo, human and rabbit
periosteal cells were seeded onto an HA/TCP scaffold
and implanted subcutaneously on the back in the cer-
vical region of nude mice and collected after 1.4 and 8
weeks of implantation. After 8 weeks of implantation,
the scaffolds seeded with human periosteum-derived
cells showed abundant de novo bone formation,
whereas the scaffolds seeded with rabbit periosteal
cells did not show new bone. Thus, rabbit perios-
teal-derived cells were not able to induce ectopic bone
formation under these conditions. Their main conclu-
sion indicated the potential limitations of the use of the
rabbit as a preclinical model for cell-based treatments
for bone repair.

It may be important to characterize the cells used in
tissue-engineering procedures. In our study, cells
were isolated from the periosteum, which is a bilay-
ered membrane attached to the cortical bone and
consisting of an outer fibrous layer and inner cambium

layer. The cambium layer contains chondrocyte pre-
cursors23 and osteoblast-like cells24 that are highly
active during callus formation.25 Most likely, the cells
derived from the cambium layer are the cells of inter-
est for bone-engineering applications.26 The cam-
bium layer could have been damaged or separated
from the entire periosteum remaining on the bone sur-
face, thus stripping the fibrous layer only.27 This may
select a fibroblastic cell type and not the osteoproge-
nitors. However, in our study, the cambium layer and
the fibrous layer were easily detected by histology, in-
dicating that the harvesting procedure was accept-
able (data not shown). In addition, the viability of
periosteal explants is dependent on the time of har-
vesting and the time of transport. When harvested,
they should be placed in a transport medium not more
than 10 to 15 minutes after explantation. These con-
ditions were fulfilled in our study.

The second step is the cell preparation and expan-
sion. The periosteum is a heterogeneous tissue; when
an enzymatic digestion of the periosteum is per-
formed, the cells released from the tissue are a mixed
population of cells from the fibrous and the cambium
layer. Recently, Youn et al.28 cultured the fibrous and
the cambium layer separately, and a comparison was
made between the two cell cultures. Each layer of the
periosteum had specific phenotypic characteristics in
a monolayer culture. They demonstrated that the rab-
bit periosteal fibroblasts proliferated faster than the
cambium-derived cells in vitro, whereas the osteo-
genic potential of the cambium-derived cells was
much higher compared to the fibroblasts. These data
suggest that the culture conditions in our study may
not have preserved the cambium-derived population,
resulting in a cell population that predominantly
contained periosteal fibroblasts with reduced bone
augmentation process in vivo. However, there are
indications that even those heterogeneous cell pop-
ulations can induce bone formation. In previous
studies10,11 with these heterogeneous cells, the peri-
osteum-derived cells had the potential to differentiate
into osteoblasts in vivo. Thus, we believe that the cells
used in our experiment should have been sufficiently
osteogenic to achieve the intended bone augmenta-
tion because it has been shown that these perios-
teum-derived cell populations grown under similar
conditions are capable of healing critical-sized defects
in the skull29 or the tibia of rabbits.13

The engraftment of viable cells in the scaffold and
the differentiation potential into the osteogenic cell
lineage with bone formation also are unpredictable
factors. The choice of the scaffolds, namely the use
of calcium phosphate scaffolds, may also have jeop-
ardized the bone formation in our experiment. Ac-
cording to LeGeros,16 the presence of a mineralized
scaffold microenvironment is required for the onset
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of bone formation by committed human cells by cre-
ating and maintaining a space that controls cell mi-
gration, proliferation, and differentiation as well as
vascular ingrowth in the scaffold. The material to be
used for periosteal cells should meet the following
criteria: usage in bone replacement procedures in hu-
mans, biocompatibility, a known resorption rate, and
a high affinity for cells. For these reasons we chose a
calcium phosphate carrier, which is made of HA, TCP,
and collagen, and a b-TCP carrier.

Both materials used are commercially available
and are already used as jaw graft material for spinal
fusions and other orthopedic indications.30,31

TCP§§§§§§ was approved by the U.S. Food and Drug
Administration in late 200032 for use in traumatic or
surgically created defects in the extremities, pelvis,
and spine. HA/TCPiiiiii was approved in 199333 and
can be used as a paste or in a strip. Second, these bone
substitutes are similar to the composition of bone min-
eral and favor the development of a direct, adherent,
and strong bond to bone. Third, these calcium phos-
phate materials are osteoconductive,6 supporting tis-
sue ingrowth, the growth of osteoprogenitor cells, and
the development of new bone. It was shown that cal-
cium phosphates allow attachment and migration of
bone cells, leading to new bone in direct apposition
with the calcium phosphate particles. Fourth, the
cell-mediated biodegradation that occurs is greater
for TCP than for the HA material. The resorption char-
acteristics of tricalcium phosphates are intended to
match the course of natural bone healing, and it re-
sorbs in parallel with bone ingrowth. New bone forma-
tion in the TCP material was characterized by a
resorption of the calcium phosphate (CaP) structure
together with the deposition of new bone initiating
from the original skull bone. However, in the HA/
TCP scaffold, new bone grew in between the ceramic
particles, in close contact with them, and throughout
the entire scaffold surface, and it was not always asso-
ciated with a resorption as seen in the TCP. Finally,
CaP compounds have a high affinity for mesenchymal
stem cells. Periosteum-derived cells were first studied
in vivo to evaluate the bone augmentation potential in
nude mice whereby the cells were seeded onto ce-
ramic scaffolds.34

However, the addition of the rabbit periosteum-
derived cells seeded onto both scaffolds did not result
in the enhancement of bone formation underneath the
titanium barriers. Bone formation occurring under the
barriers in the two different CaP-based scaffolds in this
rabbit skull site could be due to the recruitment of me-
senchymal stem cells originating from the bone mar-
row in between the two tabulae of the skull and the
osteoconductive properties of the two scaffolds. How-
ever, further cell tracking studies are needed to con-
firm this hypothesis.

A last striking phenomenon was the presence of se-
romas in 73% of the cups not related to the treatment
modality. A seroma is defined as a sterile accumula-
tion of serum in a circumscribed dead space in the tis-
sue without detectable cells or fibers in the center.
These seromas of bone voids were observed in differ-
ent experimental protocols, such as in canine peri-
odontal and alveolar defects or in peri-implant bone
regeneration.35,36 In these experiments, the bone
voids appeared as empty vacuoles without a definable
matrix but with visible new bone formation at the pe-
riphery of the seromas and the possibility of a gradual
refilling with bone.36

CONCLUSIONS

Our findings emphasize that understanding the mech-
anism of action will be critical if we want to bring
tissue-engineering approaches into successful and
clinically relevant treatments. A very accurate bal-
ance is probably required between the proper cell
populations, the adequate environment, and the
matching scaffold. Despite the fact that the proof of
principle of bone tissue engineering using perios-
teum-derived cells and HA carriers has been demon-
strated,15 a better understanding of the interactions of
cells with the microenvironment provided by the car-
rier structure and the implantation site is required to
make a tissue-engineering product consistent and re-
producible. Moreover, the choice of the appropriate
preclinical model for the development of tissue-engi-
neering protocols for specific applications envisioned
in humans remains a major challenge. In this perspec-
tive, the present choice of rabbit periosteal cells can
be challenged. The interaction of cells with their mi-
croenvironment seems to be species specific and
can explain our poor results when adding cells.
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