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Sintered porous hydroxyapatites with intrinsic
osteoinductive activity: geometric induction of

bone formation

U. Ripamonti*, J. Crooks" and A.N. Kirkbride

Sintered hydroxyapatites induce bone formation in adult baboons
via intrinsic osteoinductivity regulated by the geometry of the sub-
stratum. Bone is thereby formed without exogenous bone
morphogenetic proteins (BMPs), well-characterized inducers of
bone formation. Monolithic discs of sintered hydroxyapatite, fabri-
cated with concavities of 800 and 1600 ym diameter on both planar
surfaces, were implanted in the rectus abdominis of the baboon
(Papio ursinus). Histology on days 30 and 90 revealed de novo gen-
eration of bone exclusively within the concavities of the substra-
tum. Porous hydroxyapatites were subsequently fabricated by
impregnating polyurethane foams with slurry preparations of
powdered hydroxyapatite, so that porous spaces formed by the
coalescence of repetitive sequences of concavities. Artefacts were
sintered in rod and disc configurations for implantation in
heterotopic intramuscular sites and orthotopic calvarial sites,
respectively. In four specimens, bone had formed in concavities of
the substratum 30 days after implantation in the rectus abdominis.
On day 90, bone morphogenesis with associated marrow had
occurred in 33 specimens (41 %). Calvarial specimens showed sub-
stantial bone formation, culminating in complete penetration of
bone within the porous spaces. On day 30, the immunolocalization
of BMP family members (BMP-3 and OP-1/BMP-7) in cellular
material at the hydroxyapatite interface suggests that the sintered
ceramic may act as a solid-state matrix for adsorption of endoge-
nously produced BMPs. These experiments demonstrate intrinsic
osteoinductivity by monolythic and porous sintered
hydroxyapatites implanted in heterotopic sites of adult primates,
and that the geometry of the substratum profoundly regulates the
expression of the osteogenic phenotype. The incorporation of spe-
cific biological activities into biomaterials achieved by manipulat-
ing the geometry of the substratum, defined as geometric induction
of bone formation, will help engineer morphometric responses for
therapeutic osteogenesis in clinical contexts.

lissue engineering of bone requires three key components: a
soluble osteoinductive signal, a suitable insoluble substratum
that delivers the signal and acts as a scaffold for new bone to
form, and responding host cells capable of differentiation into
bone cells." The signals responsible for osteoinduction are the
bone morphogenetic proteins (BMP-2 to BMP-14) and osteo-
genic proteins 1and 2 (OP-1and OP-2, also known as BMP-7and
BMP-8), that regulate cartilage and bone differentiation in vivo. ™
A striking function of BMPs/OPs is their capacity to induce
de novo bone differentiation when implanted in heterotopic
(extraskeletal) sites of animals.”” Froma therapeutic perspective,
a carrier substratum is required for local delivery of recombinant
human (h)BMPs/OPs to evoke a desired osteogenic response,
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since it is the composite of a biomaterial carrier together with
hBMPs/OPs that triggers the bone-induction cascade.” Thus,
a critical issue in tissue engineering and morphogenesis of bone
is the development of osteoinductive biomaterials capable of
optimizing hBMPs/OPs delivery and biological activity.

It is important to differentiate an osteoinductive biomaterial
from an osteoconductive one. The former bears osteogenic activ-
ity per se” Its discriminatory action is osteogenesis. An
osteoconductive biomaterial, on the other hand, is not inher-
ently osteoinductive. Its function lies in its capacity to guide and
direct the growth of bone at its interfaces and to achieve
osteointegration after implantation in orthotopic (intraskeletal)
sites.” The test for osteoinductivity is the histological evidence
of bone formation in heterotopic sites in animals. While
the preparation of composites of osteoconductive bio-
materials and hBMPs/OPs will result in the formulation of
osteoinductive biomaterials, an exciting novel concept in tissue
engineering is the generation of bone by the implantation of
biomaterials that can induce desired and specific responses from
the host tissues without the addition of exogenously applied
hBMPs/ODs.

We have previously reported the remarkable morphogenesis
of bone in a specific configuration of a porous hydroxyapatite in
the absence of exogenously applied BMPs/OPs when implanted
in heterotopic sites of the adult baboon (Papio wrsinus)."" These
studies suggested that the porous hydroxyapatite acls as a solid
substratum for adsorption, storage and controlled release of
endogenously produced BMPs/OPs, which locally initiate bone
formation." " This apparently unique endogenously-regulated
mechanism(s) to initiate bone induction in primates has been
exploited to test the effect of pore size and geometry of the
hydroxyapatite substratum on bone morphogenesis.™ It is note-
worthy that in these experiments in heterotopic sites of the
baboon, bone was only found in porous hydroxyapatite in block
configuration."" By contrast, bone did not grow in identical
porous hydroxyapatite in granular form." This emphasizes the
importance of the geometry of the substratum as reported
in earlier experiments on rodents, that showed bone did not
differentiate when granular hydroxyapatite was used, even if
pretreated with BMPs/OPs."”

The biological principles derived from these experiments in
heterotopic sites of the baboon led to the hypothesis that bone
may initiate in concavities rather than on convexities of the
hydroxyapatite substratum. To test this hypothesis, sintered
hydroxyapatite artefacts were prepared with defined concavi-
ties, incorporated either on the surface of solid blocks or assem-
bled into porous blocks and implanted in adult baboons.
Spontaneous initiation of bone formation proved to be regu-
lated by the geometry of the concavities. This supports a novel
concept in tissue engineering of bone, thal is, substrata with

osteoinductive geomelric configurations, because bone morpho-
genesis and the generation of marrow depended on the geome-
try of the hvdroxyapatite.
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Materials and methods

Preparation and sintering of hydroxyapatites

To determine the critical role of substratum geometry in bone
differentiation, slurry preparations of Tribo-Corr 65-90 pm
hydroxyapatite powder (Tribo Corr, South Africa) were sintered
to form solid monolithic hydroxyapatite discs (20 mm in diame-
ter, 4 mm in thickness) with a series of concavities prepared on
their planar surfaces. On one surface, concavities were 1600 pm
in diameter and 800 um deep, whereas on the opposite surface,
concavities were 800 and 400 pm in diameter and depth, respec-
tively. Twenty concavities were prepared on each surface of the
disc. Sintered porous hydroxyapatites were made by a sponge
impregnation method.” Commercially available polyurethane
foams, with continuous and interconnecting pores, were cut
into rods 7 mm in diameter and 20 mm in length, and into discs
24 mm in diameter and 4 mm thick. Slurry preparations were
made using five starting powders of hydroxyapatite: Plasma
Biotal No. 3 and P120 (Plasma Biotal, England), GR 500 P (Cam
Implants, The Netherlands), Plasmatex A6020 (Plasma Technik,
Switzerland), and Tribo-Corr 65-90 um. Slurries were prepared
by mixing the 5 hydroxyapatite grades (70 g) with absolute etha-
nol (50 g), emphos PS-21A as deflocculant (1 g), and a
binder/plasticizer mix (36 g) for 12 hours. The binder was made
by mixing with continuous gentle agitation polyethylene glycol
No. 6000 (90 g), polyvinyl butyryl (150 g), absolute ethanol
(240 g) and trichloroethylene (600 g) for 24 hours to ensure com-
plete dissolution. The slurries were aged for a further 24 hours
for optimum dispersion. The prepared foam specimens were
soaked in the deflocculated slurry and repeatedly compressed
and expanded to ensure complete coverage of all pore walls.
Excess slurry was removed by squeezing, and the coated and
saturated foam was dried in air at room temperature. Artefacts
were formed by heating the impregnated foams in stages to
ensure the complete burning-off of all organic material and
finally sintering the ceramic in a Super Kanthal furnace. Arte-
facts in the form of discs for implantation in baboon calvaria
were 25 mm in diameter and 4 mm thick. Before insertion in the
baboon, the hydroxyapatites were sterilized in an autoclave at
115 °C for 20 minutes. Chemical and physical characteristics of
the starting powders of hydroxyapatite and of the final sintered
artefacts were determined by X-ray diffraction (XRD) and
scanning electron microscopy (SEM).

Primate models of tissue morphogenesis

Sixteen clinically healthy adult Chacma baboons (Papio
urstinis), with a mean weight of 25.7 = 2.3 kg and with normal
haematological and biochemical profiles, were selected from
the primate colony of the University of the Witwatersrand.
Selection, housing conditions and diets were as described
previously.""” Research protocols were approved by the Animal
Ethics Screening Committee of the university. The heterotopic
and orthotopic models of tissue morphogenesis by osteo-
inductive and osteoconductive biomaterials in the adult baboon
have been described in detail.” = A total of 40 monolithic
hydroxyapatite dises, 20 mm in diameter and 4 mm thick, and
104 porous sintered hydroxvapatite rods, 20 mm in height and
7 mm in diameter, were implanted bilaterally in intramuscular
pouches created in the rectus abdominis, 6-12 implants per
animal. Four baboons were also used for the orthotopic study, to
be evaluated only on day 90 after hydroxyapatite implantation.
On each side of the calvaria, two full-thickness defects, 23 mm in
diameter, each separated by 2.5-3.0 cm of intervening calvarial
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bone, were prepared with a craniotome.™~ In cach animal, the
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four defects were implanted with two sintered discs prepared
from Plasma Biotal No. 3 and two sintered discs prepared
from Tribo Corr 65-90 um hydroxyapatite powders as starting
material, and which were selected after histological evaluation
of parous sintered hydroxyapatites harvested from intramuscu-
lar sites of two baboons.

Tissue processing, histology and histomorphometry

Anacsthetized experimental animals were Killed with an intra-
venous overdose of pentabarbitone, 6 animals on day 30 and 10
animals on day 90. Implants from the rectus abdominis were
fixed in 10 % neutral buffered formaldehyde, decalcified in a
formic-hydrochloric acid mixture, and double-embedded in
celloidin and paraffin wax.'"" Serial sections, 5 um thick, were
cut in a plane perpendicular to the long axis of the hydroxy-
apatite rods."""" Bilateral carotid perfusion and harvest of
orthotopic specimens with surrounding calvaria were as de-
scribed previously.™ # Specimen blocks were cut along the
sagittal one third of the implanted discs, further fixed in 10 %
neutral buffered formaldehyde, and processed as described
above. Serial sections, 5 em thick, were mounted after recording
the position of the anterior and posterior interfaces of the de-
fects with their corresponding calvarial margins. Goldner’s
trichrome-stained sections were examined with a Provis AX70
research microscope (Olympus Optical) equipped with a cali-
brated Zeiss Integration Platte ITwith 100 lattice points for deter-
mination, with the point counting technique,” of bone,
fibrovascular tissue and hydroxyapatite substratum volumes.
Calvarial sections were analysed at x40), superimposing the Zeiss
graticule over five sources™ selected for histomorphometry and
defined as follows: two anterior and posterior interfacial re-
gions, two anterior and posterior internal regions and a central
region. This technique allows the histomorphometric evaluation
of the distribution of bone deposition across the hydroxyapatite
substrata.”™" Each source represented a field of 7.84 mm’
Sections generated from the heterotopic specimens were evalu-
ated by superimposing the Zeiss graticule over the centre of
the specimen, and a single and central field of 7.84 mm” was
analysed for each section.” " Morphometry was performed on
two sections per heterotopic implant, representing two levels
approximately 800 gm from each other, and on two sections per
orthotopic implant, representing two parasagittal levels,
approximately 2 mm apart™"
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Immunolocalization of BMP family members

Additional sections prepared from specimens containing
monolithic discs of hydroxyapatite harvested from the rectus
abdominis on day 30 were cut at 5 um, mounted on incubated
silanized slides, and used for immunohistochemical staining of
BMP-2, -3, -4 and OP-1 (BMDP-7) using the avidin biotin
immunoperoxidase technique.”™ Polyclonal anti BMP-2 antibod-
ies (lot BUNYSS), raised against L. coli-expressed hBMP-2, were
provided by Creative BioMolecules (Hopkinton, Massachusetts)
and used at a concentration of 1:200. Polyclonal anti BMI-3 and
anti BMP-4 antibodies (donated by N.S. Cunningham and A.H.
Reddi, Johns Hopkins University) were raised against amino
acid sequences of tryptic peplides of BMDP-3/osteogenin (15
amino acids from the first processed cysteine in the
amino-terminal region),” and hBMP-4, expressed and purified
as described,” and used at a concentration of 1:300 and 1:200, re-
spectively. Monoclonal anti OP-1 antibodies (lot IB12, Creative
BioMolecules) were prepared as described,” and used at a con-
centration of 1:80. Developing cartilage and bone served as
positive control for BMP-2 and -4 antibodies, while developing
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Fig. 1. X-ray diffractograms of Tribo-Corr hydroxyapatite powder (A) and
of an experimental porous ceramic artefact (B) after sintering and fabri-
cation using the foam impregnation method.

mouse lung tissue and embryonic murine kidneys served as pos-
itive control tissues for BMP-3 and OP-1 antibodies, respective
ly. " Antibodies were used in conjunction with anti-rabbit
secondary antibody ABC kits (Vector Labs, Burlingame, Califor-
nia). Sections were counterstained with haematoxylin. Negative
controls were provided by substituting the primary antibody
with bovine serum albumin or with secondary antibody alone.

Statistical analysis

Data were analysed with the Statistical Analvsis System.™ An
F-test was performed using the general linear models procedure
for an analysis of variance with multiple interactions. Compari-
son of mean values was obtained using Scheffe’s multiple-com-
parison procedure on the dependent variables included in the
analysis. The critical level of statistical significance was 7 < 0.05.
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Results

Chemical and physical characteristics

X-ray diffraction analysis of all precursor powder materials
revealed that the hydroxyapatites were highly crystalline.
Representative X-ray diffractograms of Tribo-Corr powder and
of a sintered artefact are shown in Fig. 1A and Fig. 1B, respec-
tively. SEM images of hydroxyapatite precursor powder and of
a porous sintered artefact are shown in Fig. 2.

Surface geometry regulates bone differentiation in
heterotopic sites

To determine intrinsic osteoinductivity imparted by surface
geometry, monolithic discs of sintered hydroxyapatite, fabri-
cated with concavities of 800 and 1600 gm diameter on both
ouler surfaces, were implanted in the rectus abdominis of the
baboon. Histological analysis on days 30 and 90 revealed that
bone formed exclusively within the concavities of the substra-
tum (Figs 3, 4). Immunohistochemistry on paratfin-embedded
sections of monolithic discs of hydroxyapatite harvested on day
30 showed localization of OP-1 (BMP-7) in newly generated
collagenic fibres and cellular material emanating from the con-
cavities of the substratum (Fig. 5B, D). BMP-3 formed adjacent to
the hydroxyapatite interface (Fig. 5F). BMP-2 and -4, while
immunolocalized in control tissue of developing cartilage and
bone, was not detected in experimental material (not shown).

Because the start of bone formation is regulated by surface
macro-geomeltry, porous a rtefacts were prul:mrud I:l_v .\ill!cl‘in};
hydroxyapatite such that spaces formed by the coalescence of
concavities (Fig. 2B). On days 30 and 90 after implantation,
muscular and connective tissues were firmly attached to the
rods of sintered hydroxvapatite without macroscopic evidence
of fibrous encapsulation. In three Plasma Biotal and one
Tribo-Corr specimens, bone had formed within the concavities
and in direct apposition to the hydroxyapatite substratum as
carly as 30 days after implantation (Fig. 6A). There was penetra-
tion of cells from adjacent large porous spaces and deposition of
extracellular matrix within micro-channels and micro-lacunae
of the substratum. The newly formed bone appeared to bond di-
rectly with the hydroxvapatite, anchoring into its microporosity
and lacunae (Fig. 6A).

By day 90, bone morphogenesis had occurred in 33 specimens
(41 %). Although the amount of bone varied considerably, its
formation was extensive in four Tribo-Corr, three Plasma Biotal
No. 3, five Plasma Biotal P120, two Plasmatex and five GR 500
specimens (Figs 6, 7). Bone was consistently fou nd in concavities

Fig. 2. A: Scanning electron photomicrograph of Plasma Biotal No. 3 hydroxyapatite powder; B: SEM analysis of a sintered artefact made of Plasma
Biotal powder shows the alveolar-like pattern of the hydroxyapatite substratum and the resulting porous spaces formed by sequences of concavities
with defined radii of curvature, and diameters ranging from 400-1600 pm.
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Fig. 3. Effect of geometry of the substratum on tissue morphogenesis. Monolithic discs of hydroxyapatite with concavities prepared on both outer sur-
faces were implanted in the rectus abdominis of the baboon and harvested on days 30 and 90 after surgery. A: Photomicrograph showing initiation of
bone formation within a concavity of the hydroxyapatite substratum on day 30 (arrows). Note prominent angiogenesis and vascular invasion within
the mesenchymal tissue of the concavity; B: higher magnification showing newly formed bone matrix surfaced by contiguous osteoblasts; C: detail of
bone tissue that had formed in a concavity of the hydroxyapatite substratum 90 days after implantation. Note remodelling of the newly formed bone
and generation of bone marrow (A: <28, B; <90, C: «34).

Fig. 4. Tissue morphogenesis in concavities of the substratum 90 days after heterotopic implantation. A, B and C: Low power view of histological
sections of monoalithic discs of sintered hydroxyapatite: bone has formed within all the available concavities prepared on both outer surfaces.
Remodeliing has occurred, resulting in the generation of large marrow lacunae (Fig. 3C for detail) (-5.8).
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Fig. 5. Immunolocalization of BMP family members in mesenchymal tissue generated by concavities of the substratum on day 30 after implantation.
A: Photomicrograph of a concavity with pronounced vascular invasion; generation of condensed collagenic material in close proximity to the interface
(arrows); B: adjacent section showing immunolocalization of OP-1 (monoclonal antibodies) in the collagenic material (arrows). Additional serial
sections stained with antibodies against BMP-2, -3 and -4 showed lack of immunoreactivity (not shown); C: detail of a concavity profile showing early
morphogenetic events at the hydroxyapatite interface; note the generation and insertion of collagenic material directly onto the hydroxyapatite
(arrows); D: adjacent section showing immunolocalization of OP-1 in the newly generated collagenic fibers at the interface (closed arrows), and in
aligned cellular material in close proximity to the substratum (open arrows); E: tissue morphogenesis in an another concavity: angiogenesis, vascular
invasion, and cellular differentiation at the hydroxyapatite interface; F: adjacent section showing immunolocalization of BMP-3 predominantly at the

hydroxyapatite interface (arrows) (<56).

of the substratum. Histological analysis of serial sections
suggested that bone never originated in close proximity to con-
vex surfaces of hydroxyapatites. Bone first formed in direct
apposition to concavities of sintered hydroxyapatite, and was
lined by osteoblasts on its advancing surface (Fig. 6B, C).
Histomorphometric analysis of generated tissues in porous
sintered hydroxyapatites is summarized in Tables 1 and 2.

Calvarial repair by porous sintered hydroxyapatites
Representative histological sections of calvarial defects im-

planted with Plasma Biotal No. 3 and Tribo-Corr sintered

hydroxyapatites harvested on day 90 are shown in Fig. 8. In

three Plasma Biotal specimens, there was total penetration of
bone within the porous spaces (Fig. 8A, B). However, in other
Plasma Biotal specimens, there was substantial bone formation
at the interfacial regions only, while the centre of the specimens
showed limited bone growth, and the porous spaces were pene-
trated by dense fibrovascular tissue (Fig. 8C). Tribo Corr speci-
mens generated new bone that reflected the geometry of porous
spaces created during sintering (Fig. 8D). Histological analysis
indicated a direct bonding of bone to both hydroxyapatites.
Bone also formed on the external surfaces of the sintered
hydroxyapatites, facing the pericranium and associated
temporalis muscle (Fig. 8B). Contiguous osteoblasts lined the
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Fig. 6. Photomicrographs of porous sintered hydroxyapatites harvested from the rectus abdominis on day 30 (A) and 90 (B and C). A: Initiation of
bone formation within two concavities of the porous hydroxyapatite (closed arrows); note prominent angiogenesis and vascular invasion within the
mesenchymal tissue occupying the porous spaces of the hydroxyapatite implant (open arrows); B and C: extensive bone differentiation with remodel-
ling in specimens of sintered porous hydroxyapatite harvested on day 90 (-28).

newly formed bone, which showed remodelling as indicated by
the presence of lamellar, osteonic-like features.

Volume fraction compositions of calvarial specimens are pre-
sented in Table 3. There was no significant difference in bone
volume generated by the Tribo-Corr and Plasma Biotal
hydroxyapatites. In two Biotal specimens, bone volume was as
high as 54 % and 62 7, respectively. A significantly greater
amount of hydroxyapatite substratum was found in Tribo-Corr
than in Plasma Biotal specimens (P < 0.05, Table 3). Comparison
of the present results with those published previously using a
coral-derived porous hydroxyapatite on day 90," showed no sig-
nificant differences in bone volume between the three series of
hydroxyapatite specimens (31.2 = 2.6 % in coral-derived
hydroxyapatite)." Table 4 illustrates the distribution of bone and
hydroxyapatite substratum within the five sources analysed by
histomorphometry.

Discussion

The findings reported in this article demonstrate the critical
role of implant geometry in induction of bone by porous
sintered hydroxyapatites implanted in heterotopic sites in the
baboon. The molecular and cellular signals that trigger
heterotopic osteoinduction in this animal are, however, poorly
understood. Do BMPs/OPs in fact adsorb onto the hydroxy-
apatite substratum? Chromatographic adsorption of naturally
derived mammalian BMPs onto gels of hydroxyapatite is a fun-
damental step in their purification.”** Heterotopic bone differ-
entiation in porous hydroxyapatites may be the result of
adsorption of endogenously-produced BMPs and induction of
bone as a secondary response. We found that radiolabelled
hBMP-4 specifically bound to porous hydroxyapatite, and its
binding i vitro was not affected by the geometry of the substra-
tum."” A mechanism of adsorption of circulating or locally pro-
duced BMPs onto the hydroxyapatite substratum is further
supported by the limited amount of bone induction on day 30,
suggesting alag period to attain a required critical concentration

Fig. 7. Low power photomicrograph of porous sintered hydroxyapatites
harvested from the rectus abdominis on day 90. Note bone formation
(dark blue) within the porous spaces of the hydroxyapatite, and essen-
tially confined to concavities of the substratum (-8).

of BMPs for the initiation of bone formation. It is noteworthy
that when using coral-derived porous hydroxyapatites, bone
formation was never observed on day 30." While substantial
bone formation occurs by day 90, this lag period can be consider-
ably shortened by pretreatment of coral-derived
hydroxyapatites with BMPs, as demonstrated in orthotopic and
heterotopic sites of the baboon."* In the present material, the
immunolocalization of OP-1 and BMP-3 seems to reflect local
expression and synthesis during the initial phases of tissue
morphogenesis rather than proteins bound to the substratum
from systemic circulation. Immunohistochemistry on sections
representing earlier observation periods will be required to dif-
ferentiate further between BMPs expressed at the interface or
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bound to the substratum from systemic circulation.
Another question is why substratum geometry so
profoundly influences tissue-specific gene expres-
sion. Our results demonstrate that concavities in the
range of 400-1600 pm in diameter prepared in
sintered hydroxyapatites regulate cell-specific difter-
entiation culminating in the morphogenesis of bone.
The importance of substratum geometry on cell
shape, cell locomotion and cell differentiation has
beendemonstrated previously. ™ Tissue induction and
morphogenesis can be greatly altered by the geome-
try of the substratum.”* Earlier reports demon-
strated the striking developmentof cartilage and bone
in the lumen of glass tubes of a particular diameter
when implanted in the dorsal subcutaneous space of
the rat.” In more recent experiments, it was shown
that the surface geometry of micro-machined sub-
strata enhanced mineralized tissue formation i vitro,
and influenced bone-like tissue formation &z vivo.”"
There may be several mechanisms by which the
geometry of the substratum influences the expression
of the osteogenic phenotype. The geometry may
affect cellular morphology, and cellular shape will
influence function.™"" While this concept has been
amply demonstrated for cells cultured in vitro on
various extracellular matrix components or micro-
machined substrata,” " it is difficult to conceive a
mechanism of control of cellular differentiation by
macro-concavities of the substratum as in the present
study. The establishment of a bone inductive micro-
environment has been proposed following in vitro
studies as well as results on heterotopic mineraliza-
tioninrats." The geometry of the substratum (concav-
ities) may promote bone formation by providing
porous spaces thatare architecturally more conducive
to processes culminating in bone differentiation.
Angiogenesis and vascular invasion in the tissue
generated within concavities were prominent
histological features, which may also explain the lack
ofachondrogenic phase during the morphogenesis of
bone. In previous studies, using coral-derived
hydroxyapatite, we suggested that the specific geo-
metric and surface characteristics of the substratum
induced rapid vessel ingrowth and capillary sprout-
ing within the early mesenchyme that penetrated the
porous spaces.” Histological, immunohistochemical
and biochemical data suggested that esteogenetic
vessels, as defined by Trueta in 1963, might have pro-
vided a temporally regulated flow of cell populations
capable of expression of the osteogenic phenotype.”
I'he discovery of the affinity of BMP-3 and OP-1
(BMP-7) for type IV collagen™" may link angiogenesis
to osteogenesis, since type [V collagen is a major con-
stituent of vascular basement membranes, Type IV
l‘{)lldh’t‘n ﬂl‘ld Ul]‘lL‘I’ ba:ﬂ‘munl I]IU!leI'JIlL' L'UITIPU—
nents” " may function as a delivery system by seques-
tering both angiogenic and bone morphogenetic pro-
teins. Indeed, in recent studies on bone induction in
primates using OP-1 (BMP-7) and transforming
growth factor-f (TGE-B),™" ossicles generated by
combining OP-1 with TGE-1 expressed a multiple
increase in type IV collagen mRNA synthesis,” indi-
cating that the two morphogens interacted synergisti-
cally to induce angiogenesis and vascular invasion, ™"
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Table 1. Volume fraction composition (%) of specimens of sintered porous hydroxy-
apatite harvested on day 30 and 90 from the rectus abdominis of the baboon.

Treatment Bone Soft tissue Substratum
Day 30

Plasma Biotal (10) 06+0.3 71.2+1.4 283+1.3
Plasma Biotal P120 (4) 0.0 67.2 + 3.1 328 + 3.1
Tribo-Corr (12) 0.2+0.2 67.4 0.7 324+08
Day 90

Plasma Biotal (20) 2711 67415 293215
Plasma Biotal P120 (8) 132+ 38 60.1 £3.5 26.7 0.7
Tribo-Corr (20) 30+11 66.8+ 1.6 30212
Plasmatex (20) 4414 63.8+1.8 31.8+1.2
GR 500 P (20) T.2425 62.3+ 25 305+ 1.7

Volume fractions of tissue components were calculated using a Zeiss Integration Platte Il with
100 lattice points superimposed over 2 serial sections per specimen as described in Materials
and methods. Substratum indicates the implanted framewaork of the sintered hydroxyapatite: In
brackets the number of specimens per treatment modality. Values (in %) are means + s.e.m.

Table 2. Bone and hydroxyapatite volumes in the 41 % of specimens of porous
sintered hydroxyapatite that showed osteoinductive activity on day 90 afterimplanta-
tion in the rectus abdominis of the baboon.

Treatment Bone Range Substratum
Plasma Biotal (7) 7Bix18 2-14 29.8+19
Plasma Biotal P120 (5) 159+ 4.1 3-38 261 +08
Tribo-Corr (7) 84+19 3-16 29.8+1.1
Plasmatex (10) 8.7 +2A1 2-24 3056 +1.7
GR 500 P (12) 13:1.£ 38 2-33 274 1.2

In brackets the number of specimens per treatment that showed bone induction on day 90.
Values (in %) are means + s.e.m.

Table 3. Volume fraction compaosition (%) of calvarial specimens harvested on day
90 from four adult baboons.

Source Bone Soft tissue Substratum
Plasma Biotal 332+27 48528 18.3+19
Triba-Corr 26.4+26 479+23 25.7 = 1.7"

On day 90 after implantation, operated sites were perfused in situ, calvarial blocks harvested and
serial decalcified sections, cut at 5 pm, were analysed by histomorphometry, Volume fractions of
tissue components (in %) were calculated using the Zeiss Integration Platte Il with 100 lattice
points superimposed over 5 sources in each of 2 sagittal sections used for analysis as described
In Materlals and methods. Values are means + s.e.m. of 8 calvarial specimens per group.

*P < 0.05 versus Plasma Biotal.

Table 4. Distribution of bone and hydroxyapatite substratum within histo-
morphometric sources in calvarial specimens of sintered hydroxyapatite harvested
on day 90 from four adult baboons.

Plasma Biotal Tribo-Corr
Source Bone Substratum Bone Substratum
AlF 46.4+£3.8 18.6 + 2.1 34.7 £ 37 25.3+2.1
AIN 30.2+9.3 16125 26.3+4.0 255+23
CEN 268.3+9.3 192 +15 21435 251+18
PIN 22.3+83 18.4 + 2.1 229+ 3.0 276+1.5
PIF 404 £+ 6.7 203 +28 269+ 3.7 249+ 1.8

Sources, as described in Methods, were: AlF: anterior interfacial; AIN: anterior internal; CEN
central; PIN: posterior internal; PIF: posterior interfacial. Values are means + s.e.m. of 8 speci-
mens per treatment modality.
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as detected by a sharp increase in mRNA expres-
sion of type IV collagen.™ A specific substratum
geometry may thus restrict molecular initiators
and responding cells within selected and con-
fined spaces of the sintered hydroxyapatite, re-
sulting in angiogenesis and, later, osteogenesis.

The finding of complete bone penetration in
some calvarial specimens is noteworthy, and in-
dicates that it is possible to construct sintered
hydroxyapatites with interconnecting porous
spaces throughout the discs. Interestingly, bone
also formed on the external surfaces of the
hydroxyapatite, facing the temporalis muscle, a
histological feature not seen when using
coral-derived hydroxyapatite implanted in an
identical animal model.” An important point of
discussion is the variability in the extent of bone
formation in seemingly identical porous
hydroxyapatites implanted both heterotopically
and orthotopically. In heterotopic specimens,
bone formation was substantial in some speci-
mens, yet absent from others. The orthotopic
specimens varied similarly. There was signifi-
cant variability between animals with regard to
bone induction in heterotopic specimens. This
could be explained by different levels of circulat-
ing or locally produced BMPs in individual pri-
mates. Recent experiments have demonstrated
the critical role of animal models in the morpho-
genesis of bone in porous hydroxyapatites. "™
The immunolocalization of OP-1(BMP-7) in
basement membranes of epithelia and endothe-
lium in the absence of detectable mRNA expres-
sion,” strongly indicates deposition within
basement membranes at distance from sites of
BMPs/OPs synthesis,”" supporting the conten-
tion that specific BMPs/OPs bind to the porous
hydroxyapatite from systemic circulation.

Further studies are required to elucidate the
mechanisms of bone differentiation so as to con-
struct sintered hydroxyapatites resulting in pre-
dictable osteoinduction throughout the
available porous spaces. The discovery that spe-
cific geometric and surface characteristics of
sintered hydroxyapatites can induce bone for-
mation in heterotopic sites of primates paves the
way for formulation and therapeutic applica-
tion of ‘smart’ porous substrata designed to ob-
tain predictable tissue types vin intrinsic
osteoinduction. The incorporation of specific bi-
ological activities into biomaterials achieved by
manipulating the geometry of the substratum,
defined as geometric induction of bone formation,
may help to engineer therapeutic osteogenesis
in clinical contexts.
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Fig. 8. Low power photomicrographs of orthotopic specimens of porous sintered
hydroxyapatites prepared from Plasma Biotal No. 3 (A, B and C) and Tribo-Corr (D) pow-
ders as starting material. A: 90 days after implantation of the disc in a calvarial defect there
is extensive and complete penetration of bone within the porous spaces; B: in another
specimen of Plasma Biotal hydroxyapatite there is bone formation across the defect, but
lack of bone penetration in a limited area subjacent to the temporalis muscle (arrows);
C: bone formation at the periphery of another disc of Plasma Biotal, but lack of complete
bone penetration across the porous spaces of the sintered hydroxyapatite; D: solid blocks
of bone had formed within the available porous spaces 90 days after implantation of a Tribo
Corr hydroxyapatite disc (+3.1).
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