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Biomaterials can be endowed with biologically instructive proper-
ties by changing basic parameters such as elasticity and surface
texture. However, translation from in vitro proof of concept to
clinical application is largely missing. Porous calcium phosphate
ceramics are used to treat small bone defects but in general do
not induce stem cell differentiation, which is essential for regener-
ating large bone defects. Here, we prepared calcium phosphate
ceramics with varying physicochemical and structural characteris-
tics. Microporosity correlated to their propensity to stimulate
osteogenic differentiation of stem cells in vitro and bone induction
in vivo. Implantation in a large bone defect in sheep unequivocally
demonstrated that osteoinductive ceramics are equally efficient in
bone repair as autologous bone grafts. Our results provide proof of
concept for the clinical application of “smart” biomaterials.

osteoinduction ∣ bone morphogenetic proteins ∣ mesenchymal stromal
cells ∣ surface topography ∣ tricalcium phosphate

The role of biomaterials as medical devices is changing from a
biologically passive, structural role to one in which the

properties of the material will orchestrate the process of tissue
regeneration. The change is fed by an increasing number of reports
demonstrating that cellular behavior canbemodulated bymaterial
properties such as surface texture, elasticity, and chemistry (1–5).
For instance, in the area of biomaterials for the restoration of bone
defects, it has been reported that surface topography influences
osteogenesis and proliferation of bone marrow-derived multipo-
tent mesenchymal stromal cells (MSCs) in vitro (6, 7). Although
tissue instructive materials hold great potential as off-the-shelf
bioactive medical devices, so far the concept has not progressed
beyond the proof-of-concept phase in which in vitro assays demon-
strate an effect on cellular differentiation or proliferation (8).
Consequently, transplantation of autologous bone is still the
golden standard in bone repair strategies. Autografts guide the
in-growth of osteoblasts, the primary cell type responsible for bone
matrix apposition, from the adjacent tissues into the defect, a
process referred to as osteoconduction. In addition, autologous
bone induces de novo bone formation by triggering the differen-
tiation of undifferentiated progenitor cells into the osteogenic
lineage, referred to as osteoinduction (9, 10). The latter phenom-
enon is essential for the repair of large critical-size bone defects.
Drawbacks of autografting are the limited availability of autolo-
gous bone and the negative side effects of bone harvesting, which
make the search for bone graft substitutes an area of intense
research (11).

The discovery that osteoinduction can be accomplished by
devitalized demineralized bone matrix (DBM) and the subse-
quent identification of bone morphogenetic proteins (BMPs)
provided an alternative to bone autografts (9). Both DBM and
BMPs are broadly applied in the clinic, but their biological nature
has implications for the production process leading to rather high
batch variability and high production costs (12–15). Moreover,
the in vivo delivery of soluble molecules such as BMPs is

inefficient. An alternative to the biological approach to bone re-
generation would be the development of a synthetic material with
intrinsic osteoinductive capacity. Earlier on, Winter and Simpson
reported bone formation upon implantation of a polyhydrox-
yethylmethacrylate sponge under the skin of pigs, an experiment
performed in an attempt to explain incidences of hard tissue for-
mation upon implantation of synthetic breast implants (16). In
the past 30 years, several porous calcium phosphate biomaterials
as well as some metals were reported to possess osteoinductive
capacity (17). The underlying mechanism leading to bone induc-
tion by synthetic materials remains largely unknown; however,
osteoinductive potential of biomaterials can be controlled by
tailoring material characteristics such as chemical composition,
surface topography, and geometry, which in turn affect resorption
rate and cell-material interactions.

The aim of this study was to correlate the osteogenic potential
of a family of porous ceramic materials in vitro to ectopic bone
formation in vivo and to demonstrate that synthetic materials pre-
sent a bona fide alternative to autograft and BMP therapy with
equal performance in the healing of a critical-size bone defect.

Results
Synthesis and Characterization of Calcium Phosphate Ceramics. In
order to produce porous calcium phosphate ceramics with vary-
ing biological activities, we either used calcium phosphate powder
with different chemical compositions (hydroxyapatite [HA], tri-
calcium phosphate [TCP], or a mixture thereof [biphasic calcium
phosphate, BCP]) or we exposed the ceramics to different post-
synthesis sintering temperatures (BCP1150 sintered at 1150 °C
and BCP1300 sintered at 1300 °C) to obtain materials with equal
chemistry but varying microstructure. Using X-ray diffraction
(XRD) analysis, we observed the presence of β-TCP in BCP
and a trace of HA (<10 wt%) in TCP, whereas HA was phase-
pure (Fig. 1A). Image analysis on cross-section showed no differ-
ences in macrostructure among different ceramics, though the mi-
cropore size and volume varied (Fig. S1 A and B). The average
grain size of BCP1150 and TCP was smaller and the number of
micropores higher as compared to HA and BCP1300 as shown
by SEM (Fig. 1B). As a consequence, the specific surface area
of the four ceramics varied from 0.1 m2∕g for HA to 1.2 m2∕g
for TCP, resulting in differences in adsorption of serum proteins,
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with TCP adsorbing more proteins per volume of material than
BCP1150 and BCP1300 (Fig. 1C). In contrast, when adsorption
of protein was expressed per surface area, BCP1150 and TCP
bound less proteins than BCP1300 and HA. Despite variations
in the quantity, no qualitative differences were observed in the
type of proteins adsorbed on different ceramics (Fig. S1C). We
assessed the rate of calcium release from the four ceramics and
found that it was significantly faster for TCP compared to the
other three ceramics (Fig. 1D). An overview of the materials char-
acteristics is given in Table 1.

Materials Support Osteogenic Differentiation of Human BoneMarrow-
Derived Multipotent MSCs. The effect of material properties on tis-
sue development is mediated via cell-material interaction and
therefore we decided to analyze the effect of the four different
materials on osteogenic differentiation of human multipotent
marrow stromal cells (hMSCs) in vitro and in vivo (18, 19). First,
we seeded hMSCs [previously tested for their multipotency and
phenotypically characterized following protocols described else-
where (20); see Figs. S2 and S3] on the four different ceramics
and cultured them for 7 d in osteogenic differentiation medium,
after which quantitative PCR was performed on a panel of genes
indicative of osteogenic differentiation. As a control, we grew
hMSCs on tissue culture flasks in control and osteogenic medium
and observed the well-documented increase in alkaline phospha-
tase (ALP) expression in osteogenic medium (Fig. S4) (21). With
the exception of ALP and collagen type I, gene expression of all
genes was higher on the four ceramics than on tissue culture flasks,
suggesting that the ceramics favor osteogenic differentiation
(Fig. 2A and Fig. S4) Furthermore, marked differences in expres-
sion levels of genes encoding osteocalcin, bone sialoprotein, and
osteopontin were found in hMSCs cultured on the different

ceramics. A similar but less profound effect for S100A4 andRunx2
was also observed. Interestingly, hMSCs on TCP consistently dis-
played the most osteogenic profile, and on HA the least (Fig. S4).

Next, we assessed bone apposition by hMSCs on the different
ceramics. Porous calcium phosphate ceramics are frequently used
in bone tissue-engineered constructs, in which culture expanded
MSCs are seeded onto the ceramic in vitro and then implanted.
Upon implantation, MSCs will differentiate into osteoblasts and
deposit bone tissue onto the ceramic surface (22). We cultured
hMSCs in vitro for 7 d on the four calcium phosphate ceramics
(HA, BCP1300, BCP1150, and TCP) in osteogenic medium. The
constructs were implanted subcutaneously into immunodeficient
mice for 6 weeks after which formation of new bone tissue was
assayed using histomorphometry. No bone formation was
observed either on scaffolds without cells or on HA scaffolds
seeded with hMSCs (Fig. 2 B and C). In contrast, we did observe
apposition of bone tissue on grafts of BCP1300, BCP1150, and
TCP ceramics seeded with hMSCs. OnTCP, we observed a 5 times
higher amount of bone than on BCP1300 and BCP1150
(2.7� 1.6% in TCP, 0.7� 1.3% in BCP1300, and 0.6� 0.9% in
BCP1150), demonstrating that ceramics stimulated osteogenic
differentiation in vitro and bone formation in vivo depending
on their physicochemical and structural characteristics.

In Vivo Osteoinduction by Different Calcium Phosphate Ceramics. As
mentioned before, osteoinduction is a critical parameter of any
bone graft in large bone defects. To analyze the osteoinductive
potential of our ceramics, we used both ectopic implantation
in muscle tissue of eight dogs and the clinically relevant poster-
olateral spinal fusion model in which two materials can be com-
pared in a paired manner. For this purpose, we selected the
two extremes from the previous experiments, HA and TCP.
Histomorphometric analysis after 12 weeks of implantation
showed that the area percentage of bone in available pore space
was 5 times higher in TCP as compared to HA, both in muscle
and in the spine, demonstrating that calcium phosphate ceramics
with different chemical composition have different osteoinduc-
tive potential, which was in accordance with in vitro results
(Fig. 3 A and B). We observed a resorption of 77% of the im-

Fig. 1. Characterization of calcium phosphate ceramics. (A) XRD analysis
showing the composition of the four different ceramics with their character-
istic peaks indicated. (B) Environmental SEM photographs depicting their
microstructure. (C and D) Protein adsorption and calcium release profile of
the different ceramics, respectively. The error bars represent standard
deviations. An asterisk (*) denotes statistical difference (one-way Anova
and Tukey’s test, P < 0.05).

Fig. 2. Osteogenic differentiation of hMSCs on ceramics of different
composition. (A) Expression of the bone-related protein osteocalcin by
hMSCs seeded in the different ceramics. Expression levels were normalized
with 18S. Fold induction was calculated using the ΔCT method relative to
dex-treated hMSCs in tissue culture plates. The error bars represent standard
deviations. B and C indicate the bone forming potential of hMSCs seeded in
different ceramics. Histological sections (B) and quantification of bone area
per scaffold area (C) are shown. Basic Fuchsin stains bone red (orange arrow),
methylene blue stains fibrous tissue blue (*), and the ceramic is shown in
black (white arrow). The error bars represent standard deviations. An asterisk
(*) denotes statistical difference (one-way Anova and Tukey’s test, P < 0.05).
(Scale bar: 200 μm.)

Table 1.

HA TCP BCP1150 BCP1300

Chemistry HA 5HA + 95TCP 20TCP/80HA 20TCP/80HA
Particle size, mm 1–2 1–2 1–2 1–2
Specific surface,

m2∕g
0.1 1.2 1 0.2

Percentage of
materials, %

46.4 ± 2.4 49.9 ± 1.8 45.6 ± 2.2 44.6 ± 1.9

Microporosity, %* 3.1 48.7 41.1 8.7
Ca release, ppm 0.9 ± 0.1 15.3 ± 0.2 5.4 ± 0.1 4.2 ± 0.4

*Volume percentage of micropores smaller than 10 μm within the ceramic.
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planted TCP after 12 weeks of implantation, whereas no detect-
able resorption of HA was found (Fig. 3C).

To demonstrate that not only chemistry but also structural
characteristics can influence the osteoinductive potency of cera-
mics, we implanted BCP1150, BCP1300, and TCP in muscle of
ten sheep. Unfortunately, HA was omitted from this study due
to technical difficulties. Twelve weeks after implantation in para-
spinal muscles, we observed that bone induction had occurred in
all three calcium phosphate ceramics; however, the amount of
bone formed varied among the different ceramics (Fig. 4A). Bone
apposition was again highest in TCP (28.7� 4.8% of available
pore space) followed by BCP1150 (17.7� 5%). Significantly less
bone was observed in BCP1300 (11� 7.5%) indicating that both
chemistry and structural properties can influence the in vivo
osteoinductive potential of the ceramics (Fig. 4B).

Calcium Phosphate Ceramics as a Bone Graft Substitute in a Critical-
Size Defect.The studies above indicate that TCP is a superior cera-
mic with respect to stem cell differentiation and osteoinduction in
vivo. We next tested the ability of TCP to heal a critical-sized
orthotopic defect in comparison with standard treatments. To this
end, we implanted TCP in a bilateral iliac wing defect in sheep
with a critical-size diameter of 17 mm. As a negative control,
we included a group in which the defect was left empty, and
as a positive control, we used two groups of sheep in which
the defect was either treated with autologous bone or with a
preparation of recombinant human BMP-2 (rhBMP-2) delivered
in a collagen sponge (Infuse® Bone Graft, Medtronic). The latter
treatment is a commercially available product used for spinal
fusion surgery (23, 24).

Twelve weeks after implantation, we observed that the iliac
wing defect was not able to heal spontaneously, although some
newly formed bone could be seen along the host bone bed
(3.1� 1.8% of the defect was covered with bone; Fig. 5 and
Fig. 6), confirming that the defect was critically sized (25). In con-
trast, when autologous bone was used as an implant, bone was
found throughout the defect (32.2� 6.5%). As it is difficult to
distinguish between implanted bone autograft and newly formed
bone, the percentage of bone measured represents both residual
bone autograft and newly formed bone. Histological analysis
revealed tight bonding between new bone and the host bone
bed, without interspersed fibrous tissue layer (Fig. 6). However,
in the center of the defect, less bone was observed than in the
defect periphery, and large areas were filled with fibrous tissue
in all animals tested. Results obtained upon implantation of
rhBMP-2 were similar to those of autologous bone. In the
rhBMP-2 treated defects, 22.8� 10.1% of the defect was filled
with new bone. Fibrous tissue was observed in the center of
the defect of all animals tested. In addition, ectopic bone forma-
tion outside the defect area was found in 8 out of 10 animals,
probably due to diffusion of rhBMP-2 from the graft into the
adjacent soft tissue (Fig. 5).

Interestingly, implants made of TCP ceramic showed similar
performance to autologous bone regarding bone formation. With
an area of new bone covering 33.9� 6.8% of the defects, they out-
performed the rhBMP-2 group, an overview of the histology and
quantification of bone formation can be seen in Fig. 6 A and B,

Fig. 3. Posterolateral spinal fusion in dogs. (A) Histological overviews
showing newly formed bone in TCP and HA implants (square, region of
interest). (B) The area percentage of bone for HA and TCP ceramics in the
case of intramuscular implantation (gray bars) and in the spinal fusion (black
bars). (C) The percentage of material available before implantation (gray
bars) and upon explantation (black bars). Note that HA ceramic was not re-
sorbed during the 12 weeks implantation in contrast with TCP. The error bars
represent standard deviations. An asterisk (*) denotes statistical difference
(Student’s paired t test, P < 0.05).

Fig. 4. Osteoinductive potential of different calcium phosphate ceramics
implanted intramuscularly in sheep. (A) Histological sections showing the
newly formed bone (orange arrow) and the calcium phosphate ceramic
(white arrow) upon 12 weeks implantation. Basic Fuchsin stains the newly
formed bone red, methylene blue stains fibrous tissue blue, and the scaffold
is shown in black. (B) Quantification of newly formed bone. The error bars
represent standard deviations. An asterisk (*) denotes statistical difference
(one-way Anova and Tukey’s test, P < 0.05). (Top, Scale bar: 10 mm.) (Bottom,
Scale bar: 200 μm.)

Fig. 5. Illium defect. Figure presents three-dimensional models of the os
ilium after 12 weeks implantation. Bone formation outside the margins of
the defect was found in the rhBMP-2 group, whereas in the TCP group,
the material remained within the defect with new bone formation and
implant resorption observed at 12 weeks.
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respectively. Significant resorption of the ceramic material could
be observed: The percentage of ceramic area in the defect area
decreased from 56% to 21% after 12 weeks of implantation
(Fig. 6C). Similar to autograft, new bone formed in TCP treated
defect formeda tight bondwith the host bone, andno fibrous tissue
was observed in the periphery of the defect. In the central area
of the defect, only 2 out of 10 animals showed the presence of
fibrous connective tissue.

Discussion
The fully synthetic implant based on calcium phosphate ceramic
reported in this study was at least equally successful to autograft
and rhBMP-2 in the treatment of a critical-sized bone defect.
Unlike many other synthetic bone graft substitutes, which are
considered solely osteoconductive, the ceramic presented here
possesses intrinsic osteoinductivity, comparable to autograft,
DBM, and BMPs. This intrinsic osteoinductivity could, in part,
explain its performance orthotopically and represent a paradigm
shift in the treatment of bone defects.

So far, porous ceramics are used as bone fillers for small bone
defects, where osteoconduction is sufficient. Autograft is still the
prime choice in treatment of complex and large bone defects
considering the autologous nature as well as strong clinical per-
formance. Although BMPs are potent molecules and represent
an alternative to autograft, limitations remain in terms of dose,
release kinetics, and mechanical properties, as mentioned earlier.
Annually, around 300,000 patients undergo spinal fusion proce-
dures in United States alone with estimated costs of $11.25 billion
involving mainly autologous bone grafting and BMPs. In our
study, TCP proved equally efficient as autologous bone in indu-
cing bone apposition in the preclinical iliac wing defect model in
sheep, with even less fibrous tissue in the central regions of the
implant than autologous bone. Fibrous tissue formation is one of

the main reasons for unsuccessful healing of large bone defects
and nonunions as well as for implant failure. Bone formation
induced by TCP remained within regions of the defect, whereas
we observed BMP-induced bone formation in soft tissue sur-
rounding the defect as well. Based on the findings reported in
this paper, we have embarked on clinical trials to evaluate the
possibility of using TCP as a true bone graft in large bone defects.

Our data show that the ability of ceramics to instruct cell and
tissue development can be controlled merely by changing either
the chemical composition or structural properties. The calcium
phosphate ceramic formulations investigated in this study repre-
sent a process of optimization in the search for an optimal alter-
native to autograft. First, chemistry was varied from pure HA, to a
mixture of HA and TCP (BCP), and finally to TCP with traces of
HA. Second, the macrostructure of the four ceramics was kept
equal for the four ceramics. Presence of macrostructural features,
such as macropores (26–28), concavities/channels (29, 30), or
voids between particles (31) has previously been shown to be a
prerequisite for osteoinduction by synthetic biomaterials. By keep-
ing the macroporosity of the four ceramics similar, we attempted
to avoid the effect of this parameter on the osteoinductive poten-
tial of the ceramics. Finally, microstructural properties were
controlled by the processing parameters: Microstructural surface
properties of the two BCPs, with equal chemistry and macrostruc-
ture, were varied by controlling their sintering temperature. Sig-
nificant differences in osteoinductive potential were observed
between the BCPs sintered at 1150 and 1300 °C: An increase in
microporosity and a decrease in grain size, resulting in an increase
of the specific surface area of the ceramic, was shown to render a
ceramic osteoinductive (32). Similarly, a comparison between HA
and BCP, sintered at the same temperature, thus with similar
macro- and microstructural features but different chemistry,
showed a more pronounced bone formation in BCP, which
contains highly resorbable TCP (33). The suggestion that both
an increase in specific surface area and an increase in resorbability
of a ceramic may be beneficial for its osteoinductive potential
eventually led to the development of a calcium phosphate ceramic
with higher TCP content and higher surface area—the TCP
formulation presented herein. Many other formulations can be
developed; however, the processing parameters and the fact that
osteoinduction is mainly observed in large animals limit the
number of formulations to be tested. The high osteoinductive
potential of TCP begs questions about the cellular and molecular
mechanism behind it. Although we have not pinpointed a particu-
lar signal transduction pathway yet, the fact that TCP shows higher
expression of osteogenic markers by hMSCs in vitro and more de
novo bone formation in vivo as compared to other investigated
ceramics suggests a mechanism in which TCP triggers osteogenic
differentiation. Our working hypothesis is that pericytes, the
smooth muscle cells aligning the invading capillary blood vessels,
encounter a milieu in which the cells differentiate into osteoblasts
(34). We are testing the hypothesis by focussing on the interaction
between TCP and hMSCs in vitro and in the ectopic bone forma-
tion model using microarray analysis and genetic interference
studies. Another remaining question concerns the other side of
the molecular interface: Which biomaterial properties play a role
in osteoinductivity and how do they influence the osteogenic pro-
cess?Differences in dissolution behavior of the ceramic, which can
be obtained either by changes in chemical composition (calcium
phosphate phase) or by changes in structural properties (crystal-
linity, grain size, porosity, specific surface area) seem to be asso-
ciated with osteoinductive potential in vivo (17).We observed that
the ceramic with the strongest osteoinductive potential displays
the most pronounced dissolution in vitro and degradation in vivo.
It is plausible to think that the calcium release plays a role in the
process but further studies are needed to identify the responsive
cell types and the pathways activated by calcium. Similarly, we
observed differences in in vitro protein adsorption with TCP as

Fig. 6. Performance of calcium phosphate ceramics, autologous bone, and
rhBMP-2 in a critical-size defect in the illium of sheep. (A) Histological sections
depicting the newly formed bone within the defect created in the illium
of sheep. The defect margins are indicated by the black circle (17 mm in dia-
meter) on the left panel and on the right panel the demarked region can be
seen in detail. Basic fuchsin stains bone red, methylene blue stains fibrous
tissue blue, and the scaffold is shown in black. Newly formed bone is indi-
cated by an orange arrow, autologous bone or the ceramic material are
indicated by a white arrow, and fibrous tissue is indicated by an asterisk
(*). B and C represent the area percentage of bone per available area be-
tween the different conditions (B) and the resorption of the ceramic after
12 weeks implantation (C). The error bars represent standard deviations.
An asterisk (*) denotes statistical difference (one-way Anova and Tukey’s test,
P < 0.05 (B) and Student’s paired t test, p < 0.05 (c). (Scale bar: 200 μm.)
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the ceramic with the highest protein adsorption per volume of all
ceramics. Nevertheless, despite these quantitative differences, we
did not observe differences regarding the nature of the proteins
adsorbed by the four ceramics. It is important to investigate
whether the higher protein content of TCP reflects changes in
the ratio pro/antiosteogenic proteins and, if so, which proteins
are involved in the process. However, it should be emphasized that
differences in protein adsorption do not necessarily have a causal
relationship with osteoinductive potential in vitro and in vivo.

Resolving the molecular mechanism of osteoinduction will
offer tools to develop new osteoinductive materials, e.g., based
on polymeric materials, in order to meet other requirements
for successful bone repair, such as mechanical and handling
properties. Furthermore, by understanding biological processes
involved in osteoinduction by biomaterials, we will obtain more
fundamental insight into biomaterial–tissue interactions.

Data presented in this manuscript on ceramic biomaterials in
the area of bone graft substitution provide preclinical proof of
concept for a generation of smart materials, displaying superior
biological performance through modulation of cell behavior.
Bioinstructive materials can find their way in a plethora of appli-
cations, from biodegradable sutures to contact lenses and stents,
and in all instances, the challenge lies in finding the optimal
parameters for the particular biomedical application. To do so,
in vitro bioassays that predict the performance of a material
for intended application in the human body are essential. In this
manuscript, the prospective knowledge of the osteoinductive
capacity of different ceramics helped us in identifying a suitable
in vitro cell system. For other biomaterials and other clinical
applications, cell biologists and material scientists need to team
up to streamline the process of identifying tissue instructive
biomaterial properties.

Materials and Methods
Synthesis and Characterization of Calcium Phosphate Ceramics. HA ceramics
were prepared from HA powder (Merck) using the dual-phase mixing meth-
od and sintered at 1250 °C for 8 h according to a previously described method
(35). BCP ceramics were fabricated using the H2O2 method using in-house-
made calcium-deficient apatite powder and sintered at 1150 °C (BCP1150)
and 1300 °C (BCP1300), respectively (36). The method used to synthesize
the BCP ceramics was also used for preparation of TCP. TCP ceramics were
prepared from TCP powder (Plasma Biotal) and sintered at 1100 °C. Ceramic
particles (1–2 or 2–3mm) were prepared, cleaned ultrasonically with acetone,
70% ethanol and demineralized water, dried at 80 °C, and sterilized by
gamma irradiation prior to use.

The macro- and microstructure of the different ceramics was evaluated
using an SEM (XL30, Environmental SEM-Field Emission Gun, Philips). Com-
position of the ceramics was determined by XRD (Miniflex). Specific surface
area of the different ceramics was analyzed with mercury intrusion (Micro-
meritics Instrument, Inc.).

The calcium release profile of the ceramics was determined by immersing
0.5 mL of 1–2 mm ceramic particles in 100 mL of simulated physiological
saline (0.8% NaCl, 50 mM Hepes, 37 °C, pH 7.3) and monitoring the calcium
concentration using a calcium electrode for 200 min.

To calculate the concentration of protein adsorbed, 1 mL of ceramic
particles was incubated for 3 d in 1% FBS in PBS at 37 °C. Protein adsorption
was measured using a protein assay kit (micro-bicinchoninic acid™, Perbio)
according to the manufacturer’s protocol. Analysis of the proteins adsorbed
to the different ceramics was performed using gel separation by electrophor-
esis after incubation of the ceramics for 1 d in serum. Equal amounts of
proteins were loaded onto the gel and, upon separation, the gel was stained
with Coomassie blue.

RNA Isolation and Quantitative PCR. To analyze the effect of the different
ceramics in the gene expression profile of hMSCs, 2 × 105 cells were seeded
per three particles and cultured for 7 d in osteogenic medium. As a control,
we seeded 5;000 cells∕cm2 on tissue culture flasks either in basic or osteo-
genic medium for 7 d. Total RNAwas isolated using Trizol and the Nucleospin
RNA isolation kit (Macherey-Nagel) according to the manufacturer’s proto-
col. The quality and quantity of RNA was analyzed by gel electrophoresis
and spectrophotometry. Six hundred and fifty nanograms of RNA was used
for cDNA synthesis using iScript cDNA synthesis kit (BioRad) according to the

manufacturer’s protocol. PCR was performed on a Light Cycler real-time PCR
machine (Roche) using SYBR® green I master mix (Invitrogen). Data was
analyzed using Light Cycler software version 3.5.3, using fit point method
by setting the noise band to the exponential phase of the reaction to exclude
background fluorescence. Fold induction relative to cells grown on tissue
culture flasks in osteogenic medium was calculated using the ΔCT method
after normalization with 18S as a housekeeping gene.

Ectopic Bone Formation by hMSCs. hMSCs were isolated from adult bone
marrow and cultured as previously described (37). To evaluate the effect
of different calcium phosphate ceramics on ectopic bone formation by
hMSCs, we seeded 2 × 105 cells per three particles of approximately
2–3 mm. Cells were cultured in vitro for 7 d in the presence of osteogenic
medium. Prior to implantation, the tissue-engineered constructs were
washed with PBS. Six immunodeficient mice (HsdCpb:NRI-nu, Harlan) were
anesthetized using isoflurane, surgical sites were cleaned with ethanol,
and four subcutaneous pockets created. Three particles of each of the
calcium phosphate ceramics were implanted in these pockets for 6 weeks.

Posterolateral Spinal Fusion Model in Dog. The experiments were performed
following approval of local Animal Care and Ethics Committee (Animal
Center, Sichuan University, Chengdu, China). The surgical operation was
performed under general anaesthesia (30 mg pentobartital sodium per
kilogram body weight) and sterile conditions. Firstly, the spinous processes
of L3 an L4 were identified, and small bilateral incisions weremade. Secondly,
the spinous processes and the vertebral body between L3 and L4 were
exposed in both sides by blunt separation. After injuring the exposed bone
using a scraper, materials (HA or TCP, 1–2 mm, 5 mL) were placed in both
sides. Finally, the muscles from both sides were tightly closed with sutures.
After surgery, penicillin was intramuscularly injected for three consecutive
days to prevent infection. In addition, 1 mL of ceramic particles of HA and
TCP were implanted in paraspine muscle to evaluate the osteoinductive
potential of the ceramics in this model. Twelve weeks after surgery, the
animals were killed and samples were harvested with surrounding tissues.
The samples were then fixed, dehydrated, embedded in methyl methacrylate
(MMA), and undecalcified sections were made parallel to the posterolateral
processes and stained with methylene blue and basic fuchsin for histological
and histomorphometrical analysis. Sections obtained 5 mm away from the
end of spinous processes were used for histomorphometry and the area
between the two processes and 5 mm from the middle was selected as
region of interest. The area percentage of bone in the region of interest
and in available space, and area percentage of materials in region of interest,
were calculated and data obtained from eight animals were pooled for quan-
titative analyses.

Sheep Model (Intramuscular Implantation and Iliac Implantation). All the
experiments were performed following approval of the University Animal
Care and Ethics Committee from the University of New South Wales,
Randwick, Australia.

Ten adult female sheep (3 years old) were used for intramuscular (ectopic)
implantation. Different calcium phosphate ceramic (BCP1300, BCP1150, and
TCP) particles with a size of 1–2 mm were implanted intramuscularly in
separate pockets for 12 weeks. For the iliac implantation (orthotopic implan-
tation), 22 adult female sheep (3 years old) were sedated using an intramus-
cular injection of Zoletil and anesthetized using a mixture of O2 (4 L∕min)
and isoflurane (1.5–2.5%). Pain relief was administered prior to commence-
ment of the surgical procedure. An incision was made over the exposed
length of both iliac crests, through the periosteum. Upon exposure of the
os ilium, a 17-mm defect was created and the implants (autograft, rhBMP-
2, or TCP) were placed into the defects. The periosteum, muscles, fat tissue,
and skin were closed over the iliac crest by suturing layers using resorbable
sutures (3-0 Dexon, Davis and Geck). In the case of autograft, the bone
was harvested at the same time as the creation of the defect and reduced
to 1–2-mm particles using a rongeur. Recombinant human BMP-2 (Medtronic)
at a concentration of 0.4 mg∕mL (0.72 mg∕defect) was soaked on 17-mm-
diameter Helistat absorbable collagen hemostatic sponges (Integra Life-
Sciences Corp.) for 15 min prior to stacking in the defect.

During the implantation period, animals were fed with a standard diet
and had continuous access to water.

Histology and Histomorphometry. Implants were retrieved and fixed in 0.14 M
cacodylic acid buffer pH 7.3 containing 1.5% glutaraldehyde. Fixed samples
were dehydrated in ethanol series and embedded in MMA. Sections were
processed on a histological diamond saw (Leica SP1600) and stained with
1% methylene blue (Sigma) and 0.3% basic fuchsin solution (Sigma).
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Sections (one section per sample across the middle, or otherwise specified)
were scanned using a digital scanner (Dimage Scan Elite 5400II, Konica
Minolta Photo Imaging, Inc.) to obtain an overview, and representative
images were used for histomorphometrical analysis using Photoshop soft-
ware (Adobe). Either the area percentage of bone in the samples or the area
percentages of bone in the available space were obtained for quantitative
analyses.

Statistical Analysis. Statistical analysis was performed using a one-way
ANOVA followed by a Tukey’s multiple comparison test or paired t test

(P < 0.05). All animals mentioned in the experimental setup were used for
statistical analysis. No incidents were registered during the course of animal
experiments.
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