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1. MESSAGE & OPINION
A Preface
Bone, Biomaterials and Better Bone Grafts

Serena Best
Department of Materials Science and Metallurgy,
University of Cambridge
Pembroke Street
Cambridge.

The field of biomedical materials is growing at an increasing rate each year and the demands are
for ever improving implants for an enlarging, aging population. The world market for medical
devices, including diagnostic and therapeutic equipment is currently in the region of 100 billion
USS per year. The world biomaterials market is approximately $12 billion with an average,
expected global growth rate of between 7 and 12%. Within these figures, hard tissue repair and
replacement currently represents a market of $2,300 million which is 16% of the total market.
[1,2]. The establishment of an appropriate healthcare system is a major challenge on a global
scale. The demographic trends indicate both an aging and growing population worldwide [1].
Such trends demand continual improvements in the effectiveness of implant materials in order to

keep the cost of operations and re-operations as low as possible.

Bone typically comprises 30% by weight of the human body and, in turn, bone consists, by
weight of 25% water, 15% organic materials and 60% mineral phases. Bone is a living tissue that
constantly remodels to accommodate stresses during the normal physiological activity of the
patient. Structurally, it is a composite material on the range of different levels. On the
ultrastrucutral level, the main components of bone are mineral and collagen and the bone mineral
is enmeshed in the collagen fibres. The mineral phase consists primarily of calcium, phosphate,
magnesium, carbonate, hydroxyl, chloride, fluoride and citrate ions. The main crystalline

component of the mineral phase is a calcium deficient carbonate hydroxyapatite.

However, despite its unique ability to adapt structure to functional requirements, bone may suffer
from a number of degenerative diseases. With an ever aging population, the associated number
of bone grafting, fixation and augmentation surgical procedures is increasing significantly each

year in all areas of the skeleton including spinal fusion, cranio-maxillofacial reconstruction,



treatment of bone defects, fracture treatment, total joint replacement and revision surgery.

Comparing the properties of bone (in particular the Young's modulus) with many of current bone
replacement materials in clinical use, it is apparent that we are attempting to replace the bones in
our body with material which have markedly different properties - both in terms of their
mechanical performance and their biological / chemical "inertness". The metals and alloys which
are used for the "structural" components of the hip prosthesis are all significantly stiffer than the
surrounding tissue that they are replacing. /n-vivo, this may lead to problems of bone resorption

around the implant due a phenomenon known as "stress-shielding".

Polyethylene, which has a much lower stiffness, would not be suitable for major load bearing
applications and at normal body temperatures suffers from problems of creep. Indeed
polyethylene in its application as an acetabular component has been indicated as one of the major
contributors to implant failure due to the migration of wear debris from the acetabular cup down

to the hip stem.

Poylmethylmethacrylate is used a bone cement - or the grouting agent between the hip stem and
the metallic implant. It usually supplied in kit-form to be prepared in the operating theatre. It is a
brittle material which undergoes a large exotherm on polymerisation (>80°C) and, while still at
this temperature is moulded into the medullary cavity, causing necrosis in tissue with which it
comes into contact. The methacrylate monomer is toxic to the body and any unreacted monomer

in the bone cement can cause systemic reactions in the patient.

Obviously, the ideal material with which to replace bone, would be bone itself. Bone grafting
procedures rely, mainly, on the use of autograft or allograft. Autografting comprises the
morselisation and implantation of bone harvested from the patient’s own body (eg. the illiac crest.
Therefore the procedure requires two operations and this leads to increased patient discomfort, a
higher risk of infection and longer recovery times. Allografting uses material obtained from
another patient (eg. from resected femoral heads). The problems associated with allograft include
an increased likelihood of rejection and loss of mechanical properties of the bone associated with
sterilisation. However, probably the most significant problem with both of these types of
procedure is the limited availability of the material. In a hip revision operation, the surgeon may
require the equivalent of up to four femoral heads in the form of morselised bone chips in order to
fill the defect. Obviously this amount of material will not be available via autografting and, given

that the supply of allograft relies on bone banking, a significant number of procedures are



required elsewhere to provide the tissue required for one revision operation. Therefore given
these facts it is interesting to note that the ratios of relative use of autograft: allograft: synthetic
materials is approximately 45: 40:15. Why should the use of synthetic bone graft substitutes be so
low? The answer to this question may lie in the perception of surgeons concerning the cost and
the performance of synthetic bone fixation solutions. Clearly there is urgent need for alternative

sources of bone graft material.

A major innovation was the introduction of synthetic hydroxyapatite (Ca;o(PO4)s(OH),), a
bioactive bioceramic, with a chemical composition similar to bone mineral. Hydroxyapatite has
also found application as a general bone graft and much attention is being given to the
development of a porous hydroxyapatite for tissue guiding. A current interest is the development
of a porous hydroxyapatite to be used as a bone graft in revision joint surgery, bone fracture

repair and spinal fusion procedures.

Hydroxyapatite has also been used as a reinforcing agent in polyethylene [3] (now designated as
HAPEX™) as a bioactive bone analogue. Modelled on the structure of cortical bone as a natural
composite, HAPEX™ has been tailor made to provide matching Young's modulus and superior
fracture toughness to cortical bone, so as to produce bone apposition rather than bone resorption
at the implant surface. In order to enhance the bioactivity of the composite there is interest in
the replacement of the hydroxyapatite phase with bioactive glasses and substituted apatites. The
advantages of using these new inorganic filler materials is that the morphology of the "mineral

phase" particles may be controlled, thus optimizing the mechanical performance of the materials.

However, the inorganic component of bone is the mineral reservoir for the body and as such,
differs in composition from pure, synthetic hydroxyapatite. The most abundant ionic species
substituted into the apatite lattice is carbonate (5-8 wt%) although there are additionally traces of
magnesium, sodium, chloride, fluoride and citrate ions. The main crystalline component of the
mineral phase is therefore a heavily substituted carbonate apatite. Hence, the ideal synthetic bone
graft substitute might be a material with controlled phase purity based on the stoichiometric
calcium to phosphorus ratio for hydroxyapatite, 1.67, and with physiologically relevant ionic

substitutions within its structure.

We have studied the effect of the addition of a number of different ionic species into the
hydroxyapatite structure and investigated the effects of these substitutions on the biological

performance of the materials [4-9]. Biological evaluation of bioactive materials may be



performed in a number of different ways providing data ranging from a simple ranking of
bioactivity from material to material, through human bone cell response to substrates, to testing in
in-vivo or clinical applications. A very useful screening technique that is now widely popular in
the bioceramics area is the use of Simulated Body Fluid (SBF) testing [10]. In this test, polished
samples of materials are immersed in a solution containing of composition and concentration
similar to human blood plasma. The test ranks materials by the rate of formation of a bone-like
apatite layer on the surface of the specimen which can be observed using thin film X-ray
diffraction, fourier transform infra-red spectroscopy or high resolution scanning electron

microscopy.

Silicon has been found to be important in the early stages of bone formation and calcification and
has been found to be localised in active growth areas up to levels of 0.5w% [11]. Although
there have been attempts in the past to produce silicon substituted apatites, the resultant products
have usually contained phase impurities. We have studied the structure of the material in great
detail [9,12,13]. By preparing high chemical- and phase purity materials and using SBF testing to
evaluate the samples, the time required for a bone like apatite layer to form on the ceramic
surface found to be drastically reduced in a 1.6% Si HA. Further, in cell culture studies it has
been found that levels of silicon addition between 0.8 and 1.6% lead to a statistically significant
increase in the metabolic activity of human osteoblast sarcoma cells over an HA control at all
time points [7]. Results from implantation trials both in rabbits and sheep have also confirmed

this finding in-vivo [14,15].

Although carbonate substituted hydroxyapatite has been studied for many years to elucidate
structural information, only relatively recently have the biological properties of synthetic
carbonate apatites been studied in more detail. Our findings using SBF testing showed rapid
bone-like apatite layer deposition and cell culture revealed enhanced cell proliferation and
enhanced cell activity on carbonate-containing apatite compositions (up to 8wt%) [6, 16].
However, carbonate-substituted apatite has the additional advantage that it is resorbable with
certain levels of carbonate ion concentration. Therefore control of composition in these materials
may allow the development of bone graft materials with enhanced bioactivity and controlled

resorbtion rates as compared with pure hydroxyapatite.

Therefore there is clear evidence that the biological performance of hydroxyapatite can be greatly

enhanced by physiologically relevant ionic substitutions. However, advantageous changes in the



physical properties and processing characteristics of substituted apatites have also been noted
[17]. All of the substituted apatites have been found have enhanced sintering characteristics and
improvements have also been measured in mechanical performance. Through this work it is
hoped that we may be able to match the performance of the gold standard - autograft - and by
careful control of composition and structure further enhance the biology to “switch on” a more

rapid bone integration response.
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3. ANNOUNCEMENT
(1) PacRim5: The 5th International Meeting of Pacific Rim Ceramic Societies
September 29-October 2, 2003, Nagoya Congress Center, Japan
Symposium 11: Bioceramics (URL : http://www.pacrim5.com/)
[£:391] 20034E9 A 29 A (H) ~10 A2 H (K)
(£35] A REESHEY  T456-0036 441k ALV X L PEHT 1-1
Tel: 052-683-7711

(2) 18th European Conference on Biomaterials
October 1-4, 2003, SI-Erlebnis-Centrum, Plieninger Strasse 100, 70567 Stuttgart,
Germany (http://www.si-centrum-stuttgart.de/en/)
(URL : http://www.esb2003.org/)

(3) IUMRS-ICAM2003: The 8th TUMRS International Conference on Advanced Materials
October 8-13, 2003, Yokohama, Pacifico Yokohama, Japan
(URL : http://www.mrs-j.org/ICAM2003/ot/index.html)
Symposium C-4: Materials for Living — Environment * Medicine « Welfare —
Symposium C-8: Nano-medical Materials I — Bioinspired Materials and Systems —
Symposium C-9: Nano-Medical Materials II — Bioceramics —
(=] 20034210 A 8 H (UKk) ~10 A 13 H (H)
(&35 /8> 7« ORI T220-0012  BEETTFEX AR E A5 0 1-1-1
Tel: 045-221-2155
(& 5]
Symposium C-4: Koji loku
Yamaguchi University, Japan
E-mail: ioku@po.cc.yamaguchi-u.ac.jp
Symposium C-8: Mitsuru Akashi
Kagoshima University, Japan
E-mail: akashi@apc.kagoshima-u.ac.jp
Symposium C-9: Hisatoshi Kobayashi
Biomaterials Center, NIMS, Japan
E-mail: KOBAYASHI Hisatoshi@nims.go.jp

(4) %6 15 BB AL2ERme
(URL : http://www.inorg.yamanashi.ac.jp/15-ipc/home.html)
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2nd Symposium on Advanced Materials for Next Generation
“Future to Bio-functional Integrated Materials”
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FEREAMRR GG ity — T3 v 7 AWSEERM
Pk EE  Tel: 052-736-7076, Fax: 052-736-7405
E-mail : kunitaka-hayashi@aist.go.jp

(6) Composites at Lake Louise 2003
October 19 - 24, 2003, Chateau Lake Louise, Canada
(URL : http://composites-lake-louise.mcmaster.ca/index.html)
Session: Biocomposites
(& 5]
P.S. Nicholson, Chairman, Composites at Lake Louise
Dept. of Materials Science & Engineering, McMaster University
1280 Main St. W. Hamilton, ON L8S 4L7 Canada

E-mail: nicholsn@mcmaster.ca

(7) Bioceramics 16: 16th International Symposium on Ceramics in Medicine
November 6-9, 2003, Centro de Gongressos e Exposicoes, Alfandega, Porto, Portugal
(URL : http://www.bioceramics16.ineb.up.pt/)
(& 5]
Ana Paula Filipe, Symposium Manager

E-mail: bioceramics16@jineb.up.pt
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(8) ABC2003: 3rd Asian BioCeramics Symposium in conjunction with Hard Tissues
Nano-Biomaterials Symposium 2003
November 18-20, 2003, Station for Collaborative Reserach, Kyushu University, Japan
(URL : http://www.dent.kyushu-u.ac.jp/dent/deh/abc2003/)
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Kunio ISHIKAWA
Kyushu University, Japan
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