
Introduction
Regenerative medicine and tissue engineering of bone start by
constructing scaffolds of biomimetic matrices that mimic the
supramolecular assembly of the extracellular matrix of bone [1, 2].
Biomimetic matrices control the expression of the osteogenic sol-
uble molecular signals of the transforming growth factor-� (TGF-�)
superfamily, proteins initiating de novo bone formation by induc-
tion [1, 2]. In clinical contexts, the induction of bone formation with

restitutio ad integrum of missing skeletal parts has been contro-
versial and is still a rather elusive and difficult goal often unattain-
able in severe acute and chronic human conditions [3, 4]. This is
despite the use of high doses of recombinant human bone mor-
phogenetic and osteogenic proteins (hBMPs/OPs) [3–11]. After
exciting and rewarding years of research in regenerative medicine,
tissue engineering of bone, and pre-clinical experiments including
results in non-human primates [1, 2, 12–14], skeletal reconstruc-
tionists, tissue engineers and molecular biologists alike were led
to believe that single applications of selected single recombinant
hBMPs/OPs would restore skeletal deficiencies in human patients
adding a new and effective molecular tool for regenerative medi-
cine and bone tissue engineering in clinical contexts [1, 2, 12–16].
The induction of bone formation by doses of hBMPs/OPs has been
often punctuated by the lack of total and/or convincing regeneration
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Abstract

Long-term studies in the non-human primate Chacma baboon Papio ursinus were set to investigate the induction of bone formation by
biphasic hydroxyapatite/�-tricalcium phosphate (HA/�-TCP) biomimetic matrices. HA/�-TCP biomimetic matrices in a pre-sinter ratio
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resorption/dissolution of the implanted matrices. One year after implantation in calvarial defects, 4/96 biphasic biomimetic constructs
showed prominent induction of bone formation with significant dissolution of the implanted scaffolds. The implanted smart biomimetic
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factor-� (TGF-�) superfamily. The induction of bone formation biomimetizes the remodelling cycle of the cortico-cancellous bone of pri-
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concavities assembled in HA/�-TCP biomimetic bioceramics are endowed with multifunctional pleiotropic self-assembly capacities ini-
tiating and promoting angiogenesis and bone formation by induction. Resident mesenchymal cells differentiate into osteoblastic cell
lines expressing, secreting and embedding osteogenic soluble molecular signals of the TGF-� superfamily within the concavities of the
biomimetic matrices initiating bone formation as a secondary response. 
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of the missing part of bone so often needed in unfavourable clini-
cal conditions [3–11]. 

This paper proposes tissue engineering of bone with complete
restitutio ad integrum of non-healing calvarial defects of adult
non-human primates Papio ursinus by biphasic biomimetic smart
hydroxyapatite (HA) �-tricalcium phosphate (�-TCP) matrices
that per se are endowed with the striking prerogative of initiating
de novo bone formation by induction without exogenously applied
osteogenic proteins of TGF-� superfamily [2, 14–16]. Importantly,
post-sinter biphasic HA/�-TCPof 4/96 (wt%) biomimetic calvarial
constructs were almost completely resorbed by invocation of a
generated downstream cascade of cellular and molecular events
leading to the generation of resorption lacunae carved by osteo-
clast- and/or macrophage like-cells that ultimately initiated the
spontaneous induction of bone formation. The geometric concav-
ity of the induced resorption lacunae set into motion the bio-
mimetic induction of bone formation ultimately replacing the
implanted biomimetic matrices. 

The extent of resorption and/or dissolution of biphasic calcium
phosphate bioceramics has been essentially investigated in
rodent, lagomorph and canine models, and very limited studies
have been reported using non-human primate species [17, 18].
After implantation of coral-derived hydroxyapatites with different
ratios of calcium phosphate to calcium carbonate with or without
highly purified naturally-derived BMPs/OPs [2], results showed
limited if any biomatrix resorption over time in heterotopic rectus
abdominis sites [17]. In orthotopic sites, both control and
BMPs/OPs-treated specimens showed variable but often extensive
resorption and dissolution of the implanted porous substrata [18].
Importantly, however, the implanted porous scaffold was substi-
tuted not by bone but by a dense fibrovascular tissue enveloping
islands of newly formed bone in calvarial defects of adult baboons
[18]. Biphasic bioceramic constructs with 40wt% �-TCP content
implanted in calvarial defects of adult baboons showed the lack of
biomatrix resorption as evaluated histomorphometrically on day
30 and 90 after implantation [19].

The basic tissue engineering paradigm is tissue and organ devel-
opment engineered by combinatorial molecular protocols. Soluble
molecular signals are combined and reconstituted with insoluble
signals or substrata that act as three-dimensional scaffolds for the
initiation of de novo tissue induction and morphogenesis [1, 2,
12–16]. This study proposes a biphasic HA/�-TCP biomimetic con-
struct capable not only to initiate the spontaneous induction of bone
formation but also to resorb resulting in the induction of bone for-
mation replacing in toto the implanted biomimetic matrices with
restitutio ad integrum of the calvarial defects. We wished thus to
change the paradigm by deploying smart biomimetic constructs
that in their own right not only induce the initiation of bone forma-
tion without the addition of exogenously applied osteogenic pro-
teins of the TGF-� superfamily [2, 20] but that also significantly
resorb resulting in the induction of bone formation replacing the
porous spaces and the implanted biomimetic scaffold.

Long-term studies in the non-human primate Papio ursinus
were set to study the induction of bone formation by biphasic
HA/�-TCP biomimetic constructs with post-sinter phase content

ratios (wt%) of 19/81 and 4/96, respectively. The most striking
observation was that the induction of resorption lacunae and con-
cavities set into motion the intrinsic induction of bone formation
replacing the implanted biomimetic matrices in a continuum of
resorption/dissolution and induction of bone formation.
Morphological and histomorphometric analyses of tissue speci-
mens harvested 365 days after heterotopic and orthotopic implan-
tation showed significant induction of bone formation with prominent
resorption/dissolution of the implanted biomimetic matrices with
restitutio ad integrum of the calvarial defects.

Materials and methods

Hydroxyapatite powder preparation

Hydroxyapatite (HA) was synthesized by solid state reaction [21–23]
between �-TCP (Merck No. 2143) and Ca (OH)2 (Saarchem Univar No.
1525220). The starting powders were combined in appropriate quantities for
a Ca/P molar ratio of 1.67 (the ratio for stochiometric HA), mixed in deion-
ized water performed with a high speed Silverson homogenizer (Silverson
Machines, Inc., Longmeadow, MA, USA) for 20 min. The resulting slurry was
gelled to prevent powder separation during drying at 100°C for 15 hrs. The
dried slurry was reacted at 1000°C for 18 hrs to produce HA by: 3�-
Ca3(PO4)2 + Ca(OH)2 → Ca10(PO4)6(OH)2 [24]. The resulting HA was ball-
milled for 24 hrs in a polyurethane-lined ball mill using zirconia milling
media, to achieve a median grain size of approximately 0.6 �m. The phase
purity was confirmed by X-ray diffraction (XRD, Philips, Cu-K�, 45kV, 40
mA), and Fourier transform infrared spectroscopy (FTIR Thermo Nicolet,
400–4000 cm��1 range, 4 cm��1 resolution).

Biphasic calcium phosphate sample preparation

HA and �-TCP (Fluka No. 21218) powders were combined to form batches with
pre-sinter HA/�-TCP content ratios (wt%) of 40/60 and 20/80, respectively.
Batches were mixed in deionized water slurries performed with a high speed
Silverson homogenizer, and then dried for 15 hrs at 100°C. A 10wt% binder
phase of PEG 400 diluted in ethanol (1 part PEG 400 to 4 parts ethanol) was
hand mixed into the powder in flowing air on a magnetic stirrer to maintain a
homogenous binder distribution during ethanol evaporation and dried overnight
at 60°C. The powder agglomerates were sieved below 200 �m and green body
discs uniaxially pressed at 20 MPa at room temperature. The discs for hetero-
topic implantation were 20 mm in diameter and 3 mm thickness with 25 hemi-
spherical indentations of 2 mm diameter on one planar surface only. Additional
discs of single phase HA with a Ca/P molar ratio of 1.67 were prepared via a
solid state reaction [19] and used for heterotopic implantation only.
Macroporous samples were pressed from powders containing stearic acid
spheres of between 0.7 and 1 mm in diameter to construct porous discs 25 mm
in diameter and 4 mm thick for orthotopic calvarial implantation. Samples were
sintered pressureless in air for 1 hr at 1020°C, with the furnace cycle up and
down rates fixed at 100°C per hour after debinding of the fugitive phase [25].

Sample characterization

All samples were analysed using XRD (Philips, Cu-K�, 45 kV, 40 mA), FTIR
(Thermo Nicolet, 400–4000 cm�1 range, 4 cm�1 resolution) and scanning
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electron microscopy (LEO 1525 field emission FE-SEM), both before and after
sintering. 

For the XRD measurements, a 2� scan range of 4–70° with 0.02° steps
and 10 sec. counts per step was used. The X’Pert HighScore® analysis
package was used to quantify the HA: �-TCP phase content ratio using the
Powder Diffraction File® database (PDF) reference patterns 74-0566 (HA)
and 70-2065 (�-TCP) [26].

Primate models for tissue induction

Four clinically healthy adult Chacma baboons Papio ursinus, with a mean
weight of 14.7 � 0.67 kg, were selected from the primate colony of the
University of the Witwatersrand, Johannesburg. Criteria for selection,
housing conditions and diet were as described [14, 27]. Research proto-
cols were approved by the Animal Ethics Screening Committee of the uni-
versity, and conducted according to the Guidelines for the Care and Use of
Experimental Animals prepared by the University and in compliance with
the National Code for Animal Use in Research, Education and Diagnosis in
South Africa [28].

The heterotopic rectus abdominis and orthotopic calvarial models of
tissue induction and morphogenesis by osteoinductive biomimetic matri-
ces have been described in details [2, 14–20, 27]. A total of 12 solid discs
with concavities only on one planar surface were implanted bilaterally in 12
ventral intramuscular pouches created by sharp and blunt dissection in the
rectus abdominis muscle of each animal. Phase pure solid HA, biphasic
pre-sinter HA/�-TCP content ratios (wt%) of 40/60 and 20/80 biomimetic
matrices were implanted in quadruplicate two samples with the concavities
facing ventrally and two samples with concavities facing dorsally to evalu-
ate the extent of bone induction as directed by the site of implantation
within the rectus abdominis muscle (Fig. 1A).

After heterotopic implantation, the calvariae were exposed and, on each
side of the calvarium, two full-thickness defects, 25 mm in diameter, each
separated by 2.5–3 cm of intervening calvarial bone, were created with a
craniotome under saline irrigation [2, 14–20]. A contra lateral Latin Square
Block design was used to allocate the position of the sintered HA/�-TCP
biphasic biomimetic matrices, two specimens per animal, for a total of 8
pre-sinter content ratios (wt%) of 40/60 and 8 pre-sinter content ratios
20/80 HA/TCP biphasic biomimetic matrices (Fig. 1B).

Tissue harvest, histology and histomorphometry

Anaesthetized animals were killed with an intravenous overdose of
sodium pentobarbitone on day 90 and 365, two animals per observation
period. Anaesthetized animals were subjected to bilateral carotid perfu-
sion and harvest of specimens with surrounding calvaria as described
[14–20]. Specimen blocks were cut along the sagittal one-third of the
implanted defects, further fixed in 10% neutral buffered formalin, decalci-
fied electrolytically in a Sakura TDETM30 decalcifying unit (Sakura, Fintek,
USA) and processed for paraffin wax embedding. Sections, cut at 4 µm,
were stained with heamatoxylin-eosin or a modified Goldner’s modified
trichrome [2, 14–20].

Heterotopic tissue sections of single phase HA, and biphasic HA/ �-
TCP biomimetic constructs, were analysed to quantitate the percentage of
newly formed bone by induction within the concavities of the substrata in
relation to the total area of the inducing concavity. The cross-sectional area
(in %) of induced bone in the concavities of the implanted biomimetic
matrices was measured using a computerized image analysis system
(analySISTM Soft Imaging System, Münster, Germany) attached to a 

capturing video-camera (WV-CP 410/G Panasonic, Tokyo, Japan) [2, 19].
The measurements were used to calculate a ratio of area of bone/area of
concavity and expressed as a percentage and are presented in Table 1.

Orthotopic specimen blocks were cut along the sagittal third of the
implanted discs, further fixed in 10% neutral buffered formaldehyde, and
electrolytically decalcified as described above. Serial sections 4-µm thick
were mounted after recording the position of the anterior and posterior inter-
faces of the defects with their corresponding calvarial margins. Sections
were stained with a modified Goldner’s trichrome and examined with a
Provis AX70 research microscope (Olympus Optical Co., Japan). A cali-
brated Zeiss Integration Platte II (Oberkochem, Germany) with 100 lattice
points was used to calculate, by the point counting technique [29], the frac-
tional volume (in %) of each of the following histological components: newly
formed bone, fibrovascular tissue (including marrow) and the HA/�-TCP
substrata. Calvarial sections were analysed at 40X superimposing the Zeiss
graticule over five sources selected for histomorphometry and defined as
follows: two anterior and posterior interfacial regions (AIF and PIF), two
anterior and posterior internal regions (AIN and PIN) and a central region
(CEN) [2, 14–19]. Each source represented a field of 7.84 mm2.
Morphometry was performed on two sections per implant, analysing 39.2
mm2 per section for a total of 32 sections and data are presented in Table 3.

Results

HA synthesis by solid state reaction

XRD analysis of the pure HA synthesized by solid state reaction
revealed single phase crystalline HA, with all peaks identified by PDF®

pattern 74-0566, with a 97% degree of crystalline, as determined fol-
lowing the method of Landi et al. [30]. FTIR spectroscopy revealed the
standard HA infrared absorption spectrum with the OH� stretching
mode peak at 3571 cm�1, and the characteristic peaks and bands
between 500 and 1150 cm�1 assigned to PO4

3� [22, 31, 32].

Macro- and microstructure of sintered 
biphasic bioceramics

SEM analysis of the sintered biphasic HA/�-TCP bioceramics con-
firmed the presence of 0.7-1 mm diameter inter-connected macrop-
ores, as well as a highly microporous (pores less than 1 �m) bipha-
sic microstructure. SEM micrographs are presented in Fig. 2. The
highly microporous nature of the sintered materials (42% open
porosity for the solid heterotopic samples and 68% for the macrop-
orous samples) endows the material with an enhanced surface area,
and correspondingly, a high degree of bioactivity [33, 34].

Phase content quantification post-sinter

The post-sinter HA/�-TCP phase content ratios of the biphasic bio-
ceramic constructs were determined using the semi-quantitative
XRD-based Chung method [26] (via the X’Pert HighScore® analy-
sis package). The measurements revealed a decrease in HA intensity
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Fig. 1 Heterotopic rectus abdominis and orthotopic calvarial models in 4 adult Chacma baboons Papio ursinus for bone induction and morphogene-
sis by sintered biphasic hydroxyapatite (HA) tricalcium phosphate (TCP) with post-sinter content ratios of 19/81 and 4/96, respectively, implanted in
both heterotopic rectus abdominis and orthotopic calvarial sites. (A) Heterotopic intramuscular model and implantation design in the rectus abdominis
muscle. HA/TCP 19/81, HA/TCP 4/96 and solid hydroxyapatite discs of 20 mm in diameter, 3 mm thickness with 25 hemispherical indentations on one
planar surface only were implanted in quadruplicate two samples with the concavities facing ventrally and two samples with concavities facing dor-
sally to evaluate the extent of bone induction as directed by the site of implantation within the rectus abdominis muscle. (B) The calvarial Latin block
design resulted in the contra lateral implantation of macroporous discs of either post-sinter 19/81 HA/TCP and 4/96 HA/TCP biphasic biomimetic matri-
ces, two macroporous implants per animal for a total of 8 19/81 and 8 4/96 HA/TCP biphasic macroporous discs.

Table 1 Cross-sectional areas (%) of induced bone within concavities of post-sinter 19/81, 4/96 biphasic hydroxyapatite (HA)/ �-tricalcium phos-
phate (�-TCP) and solid hydroxyapatite (HA) discs implanted in the rectus abdominis muscle of four baboons and harvested 90 and 365 days after
implantation

Newly induced bone within the concavities of the biomimetic matrices is expressed as a percentage of the concavity surface area as described in
‘Materials and methods’. Volume fractions (%) of newly formed bone within inducing concavities represent values of 5–8 specimens per treatment
modality. * Only one of the solid HA samples showed minor bone formation.

Time Biomimetic matrices
% bone within 

concavity
Concavities facing 
rectus abdominis

Concavities facing
peritoneal fascia

90 19/81 HA/�-TCP 33 32 32

4/96 HA/�-TCP 28 34 27

Solid HA No bone* - -

365 19/81 HA/�-TCP 53 44 55

4/96 HA/�-TCP 45 40 52

Solid HA 28 24 32
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relative to the known pre-sinter HA contents, with an associated
increase in �-TCP intensity (Table 2). No crystalline phases other
than HA and �-TCP were identified in the sintered samples, so the
results suggest the thermal decomposition of some of the HA to 
�-TCP during sintering. The results presented in Table 2 highlight
the significant extent to which the HA phase thermally decomposes
to �-TCP during high temperature sintering, which, of course, will
significantly affect the overall resorption rate of the materials in
vivo [24, 25]. Implanted biphasic HA/�-TCP constructs should
thus be considered to have �-TCP contents of 81 and 96 wt%,
respectively (balance HA), hereafter referred to as 19/81 HA/�-TCP
and 4/96 HA/�-TCP biphasic constructs (Table 2).

Self-induction of bone formation in 
heterotopic sites, the rectus abdominis muscle

To determine intrinsic osteoinductivity imparted by surface geom-
etry, monolithic discs of biphasic 19/81 and 4/96 HA/�-TCP fabri-
cated with concavities on one planar surface only were implanted
in the rectus abdominis muscle with the concavities either facing
the dorsal or the ventral fasciae.

Both biphasic matrices induced the spontaneous induction of
bone formation in the preformed concavities on day 90 and 365
after implantation in the rectus abdominis muscle (Figs. 3 and 4).
Significant bone formation formed 365 days after implantation
together with prominent resorption/dissolution of the biomimetic
matrices coupled with progressive formation of bone replacing the
implanted matrices (Fig. 4).

It was noteworthy that in both biphasic biomimetic matrices the
planar surfaces without pre-cut concavities showed surface dissolu-
tion/resorption of the HA/�-TCP scaffolds by osteoclastic/macro-
phage cell-lines in the form of lacunae and concavities along the profile
of the implanted linear planar surfaces (Figs. 3 and 4).

Resorption lacunae cut by macrophages and multinucleated giant
cells initiated thus the induction of bone formation (Figs. 3 and 4).
Bone matrix deposition extended and infiltrated within the 
biomimetic scaffolds under continuous resorption (Figs. 3H, K, L
and 4K, L). There was a continuum of bone formation by induction
together with a continuum of resorption/dissolution of the matrix
resulting in lacunae and resorption pits which initiated the cascade
of bone formation by induction eventually replacing the implanted
biomatrices (Fig. 4G, K, L). Resorption/ dissolution of the bioma-
trix also initiated at the base of the pre-cut concavities with resorp-
tion lacunae invading the biomimetic constructs resulting in the
induction of bone formation together with angiogenesis further
resorbing the biomimetic matrices (Figs. 3K, L and 4H, J, K, L).
Percentage of self-induced bone in different bioceramic constructs
is presented in Table 1. Overall, no statistical differences could be
found with respect of the orientation of the heterotopic discs as
implanted in the rectus abdominis muscle (Table 1). Solid HA discs

Fig. 2 Scanning electron microphotographs of a specimen of hydroxyapatite/tricalcium phosphate 19/81. (A) Blue arrows show repetitive sequences of
concavities with defined radii of curvature and diameters in macroporous specimens for orthotopic calvarial implantation. (B) Microstructure of the
19/81 biomimetic biphasic constructs. Larger grains are �-tricalcium phosphate, the smaller grains hydroxyapatite. Scale bar in A is 200 �m, in B 1�m

Table 2 Hydroxyapatite (HA)/�-tricalcium phosphate (�-TCP) phase
content ratios before and after sintering at 1000°C for 1 hr as deter-
mined by XRD

The post-sinter HA/�-TCP ratio was determined by the semi-quantitative
XRD-based method via the X’ Pert HighScore® analysis package.

Sample
Pre-sinter HA/
�-TCP ratio

Post-sinter HA/
�-TCP ratio

Biphasic

HA/�-TCP 40/60 19/81

Biphasic

HA//�-TCP 20/80 4/96
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showed lack of bone differentiation on day 90. Concavities cut in
solid HA discs showed bone differentiation by induction on day 365
only (Table 1).

Morphology of calvarial regeneration 
and biphasic bioceramics incorporation

Because the initiation of bone formation is regulated by the geom-
etry of the substratum, macroporous constructs of biphasic HA-
�-TCP were sintered into biomimetic constructs with a sequence
of repetitive concavities throughout the porous spaces (Fig. 2).
Representative histological sections of calvarial defects implanted

with biphasic HA/TCP 19/81 and 4/96 constructs harvested on day
90 and 365 are presented in Figures 5 and 6, respectively. 

Porous spaces were filled by newly formed bone that initiated
within the surface concavities of the macroporous spaces with
direct bonding of bone to both biphasic bioceramics (Figs. 5 and 6).
Dissolution and resorption of the HA/TCP scaffolds was evident on
day 90 with newly forming bone replacing areas of resorbed matrix
particularly evident in 4/96 HA/TCP biomatrices, which showed sub-
stantial bone formation by induction across the porous spaces as
early as 90 days after calvarial implantation (Fig. 5B and C).

One year after implantation, both biphasic HA/TCP constructs
but particularly the 4/96 constructs showed prominent resorption
of the implanted biomimetic constructs replaced by newly formed

© 2008 The Authors
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Fig. 3 Self-inducing geometric cues: the con-
cavity, the shape of life and the induction of
bone differentiation by smart biphasic
hydroxyapatite/�-tricalcium phosphate bio-
mimetic matrices 90 days after implantation
in the rectus abdominis muscle of adult
baboons Papio ursinus without the addition
of exogenously applied osteogenic proteins;
left panels (A, C, E, G, I, J) 19/81hydroxyap-
atite/�-tricalcium phosphate biomatrices;
right panels (B, D, F, H, K, L) 4/96 hydroxya-
patite/�-tricalcium phosphate biomatrices.
(A, C) Low power views of 19/81 biphasic
bioceramic discs showing substantial bone
differentiation by induction within the con-
cavities prepared along one planar surface
only (arrows) either facing the rectus abdo-
minis muscle (A, B) or the dorsal fascia of the
muscle (C, D). (E, G) Induction of bone for-
mation with marrow development and
remodeling of the newly formed bone within
the concavities. (I, J) Detail of the induction
of bone by the substratum with macrophage/
osteoclastic-like cells cutting resorption lacu-
nae and pits (red arrows) with the shape of
concavities promptly  filled by newly formed
bone by induction (blue arrows). (F, H, K, L)
Induction of bone formation in concavities
prepared in 4/96 hydroxyapatite/�-tricalcium
phosphate bioceramics with more pro-
nounced resorption/dissolution of the bio-
mimetic matrices with induction of the newly
formed bone within the biomimetic scaffolds
(blue arrows in H). (K, L) Details of the mor-
phological continuum of resorp-
tion/dissolution and de novo induction of
bone at the resorptive front of the biomimetic
matrix via cutting pits and lacunae (red
arrows) promptly filled by newly formed bone
(blue arrows). Decalcified sections cut at 4
�m stained with Goldner’s trichrome. (A, B, C,
D) original magnification 	3.7; (E) 	65; (F)
	45; (I, J, K, L) original magnification 	175.
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bone by induction ultimately greater than the profile of the normal
calvaria (Fig. 6D). There was restitutio ad integrum of the calvar-
ium, remodelling of the newly induced bone and resorp-
tion/dissolution of the guiding and inducing biomimetic matrix (Fig.
6D and F). Volume fraction compositions of calvarial specimens are
presented in Table 3. On average, greater amounts of bone formed in
4/96 HA/TCP when compared to 19/81 biphasic constructs. The
difference was statistically significant on day 365 only (Table 3).
Greater resorption also characterized the 4/96 versus the 19/81
calvarial biphasic specimens (Table 3). 

Discussion

This long-term study in adult primates demonstrates extensive
induction of bone formation by biphasic biomimetic matrices
implanted in both heterotopic rectus abdominis and orthotopic
calvarial sites. More importantly, the initiation of bone formation
by the biphasic biomimetic matrices progressed via a continuum
of molecular and cellular events starting with osteoclastogenesis,
the induction of resorption lacunae and concavities. This was then

Fig. 4 Induction of bone for-
mation (blue arrows) in concav-
ities of post-sinter 19/81 (A, C,
E) and 4/96 (B,D,F) hydroxyap-
atite/ �-tricalcium phosphate
bioceramics implanted in the
rectus abdominis muscle of
adult baboons and harvested on
day 365. (G, I, J) High power
microphotographs detailing the
induction of bone formation
within newly cut lacunae of
19/81 biomatrices with replace-
ment by newly deposited bone
(blue arrows). (H, K, L)
Morphological details of bone
deposition by induction by 4/96
hydroxyapatite/�-tricalcium
phosphate biomatrices showing
bone deposition (blue arrows)
in a continuum of morphologi-
cal processes of resorp-
tion/dissolution and bone for-
mation. The induction of bone
is also visible along the planar
surface of the implanted bio-
mimetic construct (red arrows)
with no pre-cut concavities
along the planar surface (H).
Original magnification: (A, B, C,
D, E, F) 	3.7; (G, H) 	65 (I, J,
K, L) 	175.
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followed by the induction of bone formation within the newly
formed resorptive pits, lacunae and concavities. The concavities
are initiators of bone formation by induction when implanted in
the rectus abdominis muscle of Papio ursinus [2, 41]. Resorption
thus initiated the induction of bone formation in a continuum of
molecular and morphological processes that resulted in signifi-
cant amounts of bone formation replacing the implanted bio-
mimetic matrices. The significant induction of bone formation
without the addition of osteogenic proteins additionally shows a
novel delivery system for the osteogenic proteins of the TGF-�

superfamily [20] for the rapid induction of clinically relevant bone
formation in human patients.  

Biphasic calcium phosphate bioceramics, formed by mixing
non-resorbable hydroxyapatite (HA: Ca10(PO4)6(OH)2) with
resorbable �-tricalcium phosphate (�-TCP: �-Ca3(PO4)2) [23, 24],
are highly suitable materials for synthetic bone substitute applications
because the HA provides a permanent scaffold for the formation
of new bone via both osteoconduction and osteoinduction. 
The resorption of the �-TCP over-saturates the local environment
with Ca2+ and PO4

3� ions and accelerates the induction of bone
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Fig. 5 Calvarial incorporation of
19/81 (A, D, F, G, I, J) and 4/96
(B, C, E, H)  hydroxyapatite/
�-tricalcium phosphate biocera -
mics harvested from the ortho-
topic calvarial sites 90 days after
implantation. (D, F, G, I, J)
microphotographic details of the
induction of bone formation
within the porous spaces of
19/81 hydroxyapatite/�-tricalcium
phosphate bioceramics. (B, C)
Substantial bone induction
across specimens of 20/80
hydroxyapatite/�-tr icalcium
phosphate bioceramics with
bone differentiation by induction
(E, H)  across the porous spaces
of the substratum. Original 
magnification: (A, B, C) 	2.7 
(B) 	125; (G, H) 	65; 
(I, J, K, L) 	175.
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formation within the porous spaces of the biphasic constructs
[34]. The rate and extent of biphasic calcium phosphate bioceram-
ics resorption in vivo, at least in rat, rabbit and canine models, is
predominantly determined by the HA:�-TCP phase content ratio;
higher �-TCP contents allow faster and more pronounced resorp-
tion [23, 35, 36]. The resorption rate should ideally be matched to
the rate of new bone formation, and thus the HA/�-TCP phase
content ratio is a critical parameter to control during synthesis.
Biphasic bioceramics typically have a �-TCP content of 40wt%
(balance HA), although Livingstone Arinzeh et al. [37] have
recently reported that biphasic bioceramics with 80wt% �-TCP
content gave the highest rate of human mesenchymal stem cell-
induced osteoinduction in a heterotopic mouse model [37].

After millions of years of evolution, Nature has had the capac-
ity to nucleate and evolve highly sophisticated tissues and organs
[2, 15]; we have also learned that Nature relies on common yet
limited mechanisms tailored to provide the emergence of special-
ized tissue and organs [1, 2, 13, 20]. Indeed, to initiate the induc-
tion of bone formation and thus to ultimately erect the skeleton,
Nature has had a powerful lesson to teach [1, 2, 38–40]. The dis-
tilled summary of millions of years of evolution is surprisingly
simple: first, tissue induction in post-natal life recapitulates events
that occur in the normal course of embryonic development, and
second, that both embryonic development and tissue induction
and morphogenesis in post-natal life are equally regulated by
selected few and highly conserved families of morphogens [1, 2,
13, 20]. The induction of bone formation requires three key com-
ponents [1]: an osteoinductive soluble molecular signal, an insol-
uble signal or substratum and responding host’s cells. Soluble and
insoluble signals need to be reconstituted or recombined to trigger
the bone induction cascade [1, 2, 14, 15, 38, 39]. A most fascinat-
ing and novel strategy to initiate the induction of bone formation
is to construct biomimetic bioactive biomaterial matrices that per
se initiate the morphogenesis of bone even when implanted in het-
erotopic extraskeletal sites and without exogenously applied

osteogenic soluble molecular signals of the TGF-� superfamily [2,
14–20, 38–41].

Systematic studies in the non-human primate Papio ursinus
have shown that the driving force of the intrinsic induction of
bone formation by bioactive biomimetic matrices is the shape of
the implanted scaffold [2, 19, 38–41]; the language of shape is
the language of geometry: the language of geometry is the lan-
guage of a sequence of repetitive concavities that biomimetizes
the remodelling cycle of the primate osteonic bone [2, 14, 38, 39].
It was noteworthy that this study has clearly shown that lacunae
and concavities cut by osteoclastogenesis within the sintered
HA/�-TCP matrices are driving the morphogenesis of bone, fur-
ther resorption and dissolution ultimately replacing the implanted
biomimetic matrices by newly formed bone by induction and
without the exogenous application of the soluble molecular sig-
nals of the TGF-� superfamily [20]. The process is a continuum
of sequential phases of resorption/dissolution and induction of
bone formation; high power morphological evaluation of newly
formed concavities by osteoclast/macrophage-like cells show the
intimate relationship between osteoclasts/macrophages and
osteoblastic cells in a continuum of secretory processes ulti-
mately leading to the effacement of the implanted matrices and its
replacement by newly formed bone.

Recently, the lexicon of regenerative medicine and tissue engi-
neering has been enriched by the introduction of the term bio-
mimetism, meaning of the creative imitation of various specific
biological systems [38–46]. Biomimetism is gaining inspiration
from Nature to tailor novel biomaterial matrices inspired by bio-
logical structures that Nature has carved [38–46]. The described
biphasic HA/ �-TCP biomatrices biomimetize the remodelling
cycle of the bone unit or osteosome [47] via a continuum of
resorption and bone deposition initiated by the concavities in the
form of resorption lacunae and pits cut by osteoclastogenesis and
used for the deposition of bone by induction. Using a post-sinter
4/96 HA/�-TCP ratio, this study shows complete calvarial bone

Volume fractions (%) of tissue components in orthotopic calvarial specimens were calculated with a calibrated Zeiss Integration Platte II with 
100 lattice points superimposed over five sources selected for histomorphometry in each section as described in ‘Materials and methods’. Values
are given as means ± SEM of 4 specimens per treatment modality representing two animals per observation period. * P < 0.05 versus 19/81 on
day 90 and 365.

Table 3 Volume fraction (%) of tissue components in porous biphasic hydroxyapatite (HA)/ � tricalcium phosphate  (�-TCP) implanted in 16 cal-
varial defects of 4 adult baboons and harvested 90 and 365 days after implantation

Time Biomimetic Bone Matrix FVA

Matrices HA/�-TCP

90 19/81 HA/�-TCP 37.7 ± 3.9 28.5 ± 1.3 33.8 ± 0.8

4/96 HA/�-TCP 39.7 ±3.5 21.6 ±1.3 38.7 ±2.5

365 19/81 HA/�-TCP 53.7 ± 3.4 26.6 ± 2.4 19.7 ± 2.7

4/96 HA/�-TCP 73.7 ± 3.5* 6.9 ± 3.0* 19.4 ± 2.3
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regeneration with restitutio ad integrum of the defect 1 year after
operation.

In a canine model, Kondo et al. [48] showed osteoinduction by
highly purified �-tricalcium phosphate in heterotopic intramuscu-
lar sites [48]. Six months after implantation of the �-TCP con-
structs, the implanted samples significantly resorbed as evaluated
morphometrically 168 days after heterotopic implantation [48].
The appearance of a large number of active osteoclasts preceded

the induction of bone formation probably by cutting resorption
lacunae and/or pits initiating thus the induction of bone formation.

In comprehensive experiments by Yuan et al. [49] investigating
the cross-species induction of heterotopic bone formation by bipha-
sic calcium phosphate and hydroxyapatite bioceramics, it was
found that biphasic calcium phosphates sintered at a relatively low
temperature have a higher osteoinductive potential than hydroxyap-
atites sintered at higher temperatures [49]. In other studies, the
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Fig. 6 Calvarial incorporation of post-
sinter 19/81 (A, C, E, G, I) and 4/96 (B, D,
F, H, J)  hydroxyapatite/�-tricalcium
phosphate bioceramics harvested from
the orthotopic calvarial sites 365 days
after implantation. (A, C)  Low power
view of substantial bone induction
across specimens of 19/81 hydroxyap-
atite/�-tricalcium phosphate bioceram-
ics. (E, G, I) Morphological details of
bone induction across the porous spaces
and attachment of the newly formed
bone to the hydroxyapatite substratum.
(B, D) Bone formation by induction
across specimens of 4/96 hydroxyap-
atite/�-tricalcium phosphate bioceram-
ics showing extensive induction of bone
formation with replacement of the
implanted biomatrix and with restitutio
ad integrum of the implanted calvarial
defect. (F, H, J) Microphotographic
details showing the induction of bone
across the porous spaces of the bio-
mimetic matrix with solid block of newly
formed bone replacing the implanted
biomimetic scaffold. Original magnifica-
tion: (A, B, C, D) 	2.7; (E, F, G, H) 	35;
(I, J) 	75.
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same authors reported the long-term material-dependent bone
induction by calcium phosphate bioceramics in a canine model
reporting that the induced bone remained stable through bone
remodelling up to 2.5 years after heterotopic implantation [50].

Remarkably, the ligature of the renal artery induces the induc-
tion of bone in the kidney’ parenchyma [51]. This was followed by
the fascinating observation of uroepithelial osteogenesis [52]. CB
Huggins defined the phenomenon that occurred after heterotopic
transplantation of bladder mucosa into the rectus abdominis and
fascia of the rectus abdominis muscle into the dome of the blad-
der [52]. Of great interest since described in rats, Selye et al. [53]
reported the induction of bone, cartilage and haematopoietic tis-
sue after subcutaneous implantation of tissue diaphragms 53].
The heterotopic induction of bone formation was later reported in
the subcutaneous space and skin of a porcine model after implan-
tation of polyhydroxyethyl-methacrylate sponges [54]. Since the
introduction of biphasic bioceramics in pre-clinical contexts in a
variety of animal models including goats [55] and non-human pri-
mates [19], biphasic HA/�-TCP constructs of 20/80 HA to �-TCP
and higher HA content have been implanted in human patients
with varying degrees of success [56–59]. 

To summarize, the reconstitution of a soluble osteogenic
molecular signal with an insoluble signal or substratum that deliv-
ers the biological activity of the osteogenic soluble molecular sig-
nals of the TGF-� superfamily has been and still is the molecular
paradigm of regenerative medicine, tissue engineering and mor-
phogenesis. We have presented a modified paradigm in which the
very insoluble signal or substratum resorbs via a downstream of
molecular and cellular cascades that sculpt resorption pits and
lacunae in the geometric form of concavities within the implanted
tricalcium phosphate/ hydroxyapatite biomatrices. The concavities
as sculpted within the implanted biomimetic matrices initiate bone
differentiation by induction. The operational molecular and 
cellular resorption and dissolution of the implanted matrices
sculpting lacunae and pits in the form of concavities are the bio-
logical continuum for the induction of bone formation. There is
thus a continuum between the soluble and solid states of the
newly formed bone as in the skeleton [47] in which the continuum
is regulated by signals in solution interacting with the insoluble
extracellular matrix [47]. The implanted biomimetic matrices or
insoluble signals regulate the expression of the soluble osteogenic
molecular signals of the TGF-� superfamily [20]  initiating the cas-
cade of bone differentiation by  induction [2, 20].

We have previously asked [2, 19] if tissue engineers and skele-
tal reconstructionists alike could design biomimetic matrices
capable per se of expressing selected mRNA species of the TGF-�
superfamily embedded within the specific geometry of the bio-
mimetic matrices, i.e. a bioactive matrix that in its own right
expresses the molecular signals endowed with the striking prerog-
ative of initiating bone differentiation by induction [2, 19]. We
show now that the spontaneous induction of bone formation is a
recapitulation of embryonic bone development that biomimetizes
and recapitulates the bone remodelling cycle of primate bone via
the sculpting of resorption lacunae which set into motion the rip-
ple-like cascade of bone deposition by induction ultimately replac-
ing the implanted biomimetic matrices. 

If the concept of regenerative medicine and tissue engineer-
ing is ‘the persuasion of the body to heal itself through the
delivery to the appropriate site of cells, biomolecules and/or
supporting structures’ [60], we must now consider the funda-
mental role of the substratum, or insoluble signal, that deliver
or induce, as shown here, the soluble osteogenic molecular sig-
nals and that control osteogenesis in pre-clinical and clinical
contexts [2, 20].

Tissue engineers, biomaterials scientists and molecular biolo-
gists alike must always however remember that remarkably, the
geometric configuration of the substratum can inhibit and overrule
the osteogenic activity of the osteogenic soluble molecular signals
of the TGF-� superfamily [20] in rodents [61] as well as non-
human primates [62]. There is no bone formation by induction
without the osteogenic proteins of the TGF-� superfamily [20, 39];
recombination is however required to deliver the osteogenic activ-
ity of the soluble osteogenic molecular signals [1, 2, 20]; the
architectural geometric configuration of the implanted biomatrices
ultimately controls the significant induction of bone formation in
pre-clinical and clinical contexts.
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