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Porous hydroxyapatite manufactured by foaming of aqueous ceramic suspensions and setting
via gelcasting of organic monomers was tested for in vivo biocompatibility in rabbit tibia for a
period of 8 weeks. The foams provide tortous frameworks and large interconnected pores that
support cell attachment and organisation into 3D arrays to form new tissue. The HA foam im-
plants were progressively filled with mature new bone tissue and osteoid after the implanted pe-
riod, confirming the high osteoconductive potential and high biocompatibility of HA and the suit-
ability of foam network in providing good osteointegration. No immune or inflammatory reac-
tions were detected.
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1. Introduction

When a significant loss of bony tissue occurs as a result
of trauma or by the excision of diseased or tumourous tis-
sue, healing requires the implantation of bone grafts. Syn-
thetic hydroxyapatite (HA) and other calcium-phosphate
based materials have attracted considerable interest because
of the similarities with the mineral fraction of bone, high
biocompatibility with living tissues and high osteocon-
ductive potential1-4.

Attempts to synthesise materials that mimic the mineral
structure of bone have been made for many years, with the
appreciation that nature can be hardly ever reproduced. Bone
has a complex morphology; it is a specialised connective
tissue composed of a calcified matrix and an organic ma-
trix. The tissue can be organised in either the dense (com-
pact) or spongy form (cancellous), with pore sizes within
the wide range of 1-100 µm 2. The mineral fraction of bone
consists of significant quantities of non-crystalline calcium
phosphate compounds and predominantly of a single phase
that closely resembles that of crystalline hydroxyapatite
(Ca10(PO4)6(OH)2)

1,2.
Many processing technologies have been employed to

obtain porous ceramics with hierarchical structures for bone
repair. Recently, the method of gelcasting foams has shown
suitability to manufacture strong and reliable macro-porous
ceramics that have great potential to replace bone tissue.
The process yields non-cytotoxic compounds in various
porosity fractions, optimised strength and open spherical
pores, as shown in previous works5-7. In tissue repair appli-
cations, the macropores and the highly interconnected net-
work are required to provide the means of access for in-
growth of surrounding host tissues, facilitating further depo-
sition of newly formed tissue in the spherical cavities. Ad-
ditionally, the intricate shape of the walls provides a frame-
work that supports the organisation of growing tissue, im-
proving biological fixation and avoiding drawbacks that may
result from implant mobility8.

This work reports the in vivo evaluation of bone-like
structures fabricated with hydroxyapatite foams. These po-
rous ceramics have potential for use as aids in reconstitu-
tion and substitution of damaged bone tissue and various
other biomedical fields such as membranes for enzyme cul-
tivation, carriers for controlled delivery of drugs and matri-
ces for tissue engineering.
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2. Material and Methods

Hydroxyapatite foam preparation and characterisation

Macroporous bodies of biomedical-grade hydroxyapa-
tite (Plasma Biotal Ltd., U.K.) containing 85-90 vol% po-
rosity were produced by foaming of ceramic suspensions
and setting through gelcasting7. Sintering of the specimens
was applied at 1350 °C for 2 h for matrix consolidation.
The pore size distribution was evaluated by mercury
porosimetry. Scanning electron microscopy (SEM,
Leica-Stereoscan 440) of gold-coated specimens was car-
ried out for observation of the pore morphology.

In vivo evaluation procedure

Porous HA cylinders measuring 3 mm in diameter were
cut, sterilised, and implanted into the tibia of six adult al-
bino New Zealand male rabbits, under general anaesthetic
conditions and antibiotic protection9. After a healing period
of 8 weeks, the animals were sacrificed and the tibial bone
parts containing the implant was prepared for histological
analysis. The area of implantation was fixed, dehydrated
and embedded in methyl methacrylate resin. Slices were
cut perpendicularly to the tibial axis, ground, polished for
observation under light and scanning electron microscopy.

3. Results and Discussion

A representative specimen of the hydroxyapatite foams
tested in this work is shown in Fig. 1, at various levels of
magnification. The structure is highly porous (Fig. 1a) typi-
cally composed of large spherical pores and interconnect-
ing windows (Fig. 1b) enclosed by a compact framework
of polycrystalline hydroxyapatite (Fig. 1c). The pore size
in foams can be varied according to the volume of foam
produced, with pores in different size ranges. SEM obser-
vation revealed the presence of large pores ranging within
100-500 µm and smaller interconnecting windows between
20 and 300 µm, as depicted in Fig. 2, by the increase in
volume of mercury intruded through the specimens at the
specified range.

The foam structure resembles that of trabecular bone.
In tissue repair applications, an open porous network is re-
quired to promote extensive cell attachment and organisa-
tion of cells in the 3D form that leads to tissue ingrowth
with vascularization, and good implant integration. The tis-
sue ingrowth rates depend greatly upon the pore morphol-
ogy, the degree of pore connectivity and pore volume. It
has been reported that pores larger than 100 mm are seen as
necessary to allow blood and nutrient supply access for bone
mineralization within the graft2.

The suitability of the porous network of HA foams to
promote tissue regeneration was confirmed by in vivo ex-

Figure 1. SEM micrographs of hydroxyapatite foams, at various
levels of magnification.

periments. All animals survived the 8 weeks study period
without evidence of inflammation or infection at the im-
plantation site. The results revealed that the HA foam struc-
ture was filled almost entirely with newly formed trabecu-
lar bone within the 8 weeks of implantation, confirming the
high osteonconductive behaviour of HA and the ability of
the porous network to promote tissue ingrowth. Fig. 3a il-
lustrates bone-implant integration, new bone filling the foam
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Figure 2. Mercury porosimetry intrusion curves for three differ-
ent foam densities.

Figure 3a. Section of HA foam implant after 8 weeks, showing
osteointegration and extensive bone ingrowth in within the pore
and connections of the structure. The original bone is shown in (a),
the porous implant appear in light coloured areas (b), whereas new
bone tissue appears in light grey (c) and collagen in dark grey (d).

Figure 3b. Detail of Fig. 3a showing the remodelling in mature
bone.

structure progressively, from areas of neighbouring old bone
towards the inner part of the implant. In all implants, bone
tissue deposition occurred mainly in the form of layers with
trabecular architecture and a significant number of osteo-
cyte lacunae were noticed. Newly formed bone tissue at
various stages of maturation were also detected. Figure 3b
gives an example of mature bone with regular osteon struc-
ture surrounded by areas where the new bony tissue was
still in early stages of maturation. The new bone tissue ap-
pears within the pores and communicates through the inter-
connections.

Despite providing an adequate porous structure for large
osteointegration, foaming as a technique to incorporate po-
rosity into ceramics has many advantages, including its sim-
plicity, the regular pore shape and the ability to tailor pore
size range. Although a precise replica of cancellous bone
structure has not been synthesised up to date, as synthetic
materials differ from bone in terms of mineralogy, pore shape
and size distribution, interconnectivity and porosity levels,
the results reported herein show that foamed materials pro-
vide a good alternative for bone grafts.

4. Conclusions

Hydroxyapatite foams manufactured by the gelcasting
of foams technique provide an structure that resembles
that of trabecular bone, with large spherical pores con-
nected by smaller windows. The framework of HA foams
provide the scaffold for extensive cell attachment and tis-
sue ingrowth allowing good osteointegration in bone re-
pair applications. This type of material has potential for
applications in the biomedical field as filling of bone de-
fects, craniofacial reconstructions and arthroplasty revi-
sion surgery.

Acknowledgements

The authors are grateful to FAPESP (Brazil) for finan-
cially supporting this research.

References

1. Hench, L.L.; Wilson, J. An introduction to bioceramics.
Singapore: World Scientific Publishing Co., p. 1-24, 1993.



256 Sepulveda et al. Materials Research

2. Ravaglioli, A.; Krajewski, A. Bioceramics: materials,
properties, applications. Chapman & Hall, 1992.

3. Shors, E.C.; Holmes, R.E. Porous hydroxyapatite. In:
Hench, L.L.; Wilson, J., Editors, An introduction to
bioceramics. Singapore: World Scientific Publishing Co.,
p. 181-198, 1993.

4. Liu, D.M. Porous Hydroxyapatite Bioceramics. In: Liu,
D.M., Editor, Key Engineering Materials 115. Switzer-
land: Trans Tech Publications, p. 209-232, 1996.

5. Sepulveda, P. Gelcasting foams for porous ceramics, Am.
Ceram. Soc. Bull., v. 76, n. 10, p. 61-65, 1997.

6. Sepulveda, P.; Ortega, F.S.; Innocentini, M.D.M.;
Pandolfelli, V.C. Properties of highly porous hydroxya-

patite obtained by the gelcasting of foams, J. Ceram. Am.
Soc., v. 83, n. 12, p. 3021-3024, 2000.

7. Sepulveda, P.; Binner, J.P.G.; Rogero, S.O.; Higa, O.Z.;
Bressiani, J.C. Production of porous hydroxyapatite by
the gelcasting of foams and cytotoxic evaluation. J.
Biomed. Mater. Res., v. 50, n. 1, p. 27-34, 2000.

8. Kienapfel, H.; Sprey, C.; Wilke, A.; Griss, P. Implant fixa-
tion by bone ingrowth, The Journal of Arthroplasty, v.
14, n. 3, p. 355-368, 1999.

9. König Jr, B.; Beck, T.J.; Kappert, H.F.; Kappert, C.C.;
Masuko, T.S. A study of different calcification areas in
newly formed bone 8 weeks after insertion of dental im-
plants in rabbit tibias, Ann. Anat., v. 180, p. 471-475, 1998.


