PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6.

A61L 27/00, CO8K 5/00, 5/435 Al

(11) International Publication Number:

(43) International Publication Date:

WO 98/16267

23 April 1998 (23.04.98)

(21) International Application Number: PCT/IE97/00068

(22) International Filing Date: 15 October 1997 (15.10.97)

(30) Priority Data:

5960728 15 October 1996 (15.10.96) IE

(71) Applicant (for all designated States except US): UNIVERSITY
COLLEGE DUBLIN [IE/IE]; Belfield, Dublin 4 (IE).

(72) Inventors; and

(75) Inventors/Applicants (for US only): TANCRED, David
[IE/IE]; Carrowroe, County Sligo (IE). MCCORMACK,
Brendan [IE/IE]; 4 Montpellier Place, Blackrock, County
Dublin (IE). CARR, Alun [IE/IE]; 37 Beaufield Manor,
Stillorgan, County Dublin (IE).

(74) Agent: DUFFY, Assumpta; F.R. Kelly & Co., 27 Clyde Road,
Ballsbridge, Dublin 4 (IE).

(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR,
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, Fl, GB, GE,
GH, HU, ID, 1L, IS, JP, KE, KG, KP, LV, MD, MG, MK,
MN, MW, MX, NO, NZ, PL, PT, RO, RU, SD, SE, SG,
SI, SK, SL, TJ, TM, TR, TT, UA, UG, US, UZ, VN, YU,
ZW, ARIPO patent (GH, KE, LS, MW, SD, SZ, UG, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, CH, DE, DK, ES, FI, FR, GB,
GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ,
CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD, TG).

Published
With international search report.

(54) Title: BONE REPLACEMENT MATERIALS WITH INTERCONNECTING PORE SYSTEM

(57) Abstract

The invention concerns synthetic bone replacement materials having a
macroporous structure similar to that of natural cancellous bone with a pore volume
of 70-95 % and fully interconnecting pores having a diameter from 10 pgm to 1
mm. Preferred materials are calcium phosphates, bioglass, poly-L-lactic acid and

titanium.




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
CI
CcM
CN
Cu
Cz
DE
DK
EE

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

-Albania

Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzertand
Céote d’Tvoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI
FR
GA
GB
GE
GH
GN
GR
HU
IE
IL
IS
IT
Jp
KE
KG
KP

KR
KZ
LC
LI

LK
LR

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Israel

Iceland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU
LV
MC
MD
MG
MK

ML
MN
MR
MW
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
5G

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
SZ
TD
TG
TJ
™
TR
TT
UA
UG
Us
Uz
VN
YU
w

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




WO 98/16267 PCT/TE97/00068

10

15

20

25

30

BONE REPLACEMENT MATERIALS WITH INTERCONNECTING PORE SYSTEM

This invention relates to bone replacement materials.
In particular, it relates to synthetic bone replacement
materials having the macroporous structure of natural

cancellous bone.

The replacement of damaged bone or bone tissue with
synthetic bone replacement materials is well known.
Materials such as macroporous hydroxyapatite (HA) and
beta-tricalcium phosphate (beta-TCP) are widely used
due to their high biocompatibility and osteoconductive
properties. The porosity of the bone replacement
material, its pore size distribution, pore morphology,
and the degree of pore interconnectivity significantly
influence the extent of bone ingrowth. Ideally, the
macrostructure of the bone replacement material is
similar in morphological characteristics to the
inorganic matrix of the bone it is replacing. While
macroporous bone replacement materials have been
produced based on coralline skeletal and other generic
macrostructures, it has not so far been possible to
produce suitable synthetic bone replacement materials
having a macroporous structure similar to that of

natural cancellous bone.

Cancellous bone consists of a network of
interconnecting rods and plates called trabeculae which
form a sponge-like matrix. Individual trabeculae are
typically 50-150 um thick. Fully interconnecting
spaces, ranging from tens of um to 1 mm, the majority
of which are 400-600 um in diameter, run throughout the

lattice. The porosity of natural cancellous bone poses
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considerable difficulties in forming synthetic replicas
thereof having the requisite characteristics to allow
their use in non-load bearing applications. Such
replicas should be easy to handle and shape without
damage, have the required mechanical strength and allow
bone regeneration throughout their porous structure.
Replacement materials for cancellous bone are generally
used in non-load bearing situations so that their
mechanical strength need not be very high. The primary
mechanical function of cancellous bone replacement
materials is to prevent prolapse of soft tissue into
the defect site during bone regeneration. An implant
which can fulfil this function would possess sufficient

strength as a bone filler.

It is an object of the invention to provide a synthetic
bone replacement material having a macroporous
structure similar to that of natural cancellous bone
suitable for use as a bone graft replacement material

in non-load bearing applications.

According to the present invention there is provided a
synthetic bone replacement material having a macro-
porous structure similar to that of natural cancellous
bone, characterized by a pore volume of 70-95%, fully
interconnecting pores having a diameter in the range of

from about 10 pum to 1 mm.

The synthetic bone replacement material of the
invention may be any suitable biomaterial, examples of
which include bioceramic materials such as
hydroxyapatite (HA), a calcium phosphate such as «- and
3-tricalcium phosphate (TCP), bioglass, HA/w-or R-TCP
composites, HA/glass or bioglass composites and

alumina; polymeric materials such as poly-L-lactid
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acid; and metals such as titanium. Preferred
biomaterials are HA, R-TCP, HA/R-TCP composites,

bicglass and HA/glass or bioglass composites.

Bioglasses are well known, a number of which are
suitable for use in the bone replacement materials of
the invention, either as the socle component or as a
component of a HA composite. Suitable bioglasses are
described in An_ Introduction to Bioceramics, Vol. 1,
Hench, L.L. and Wilson, J. (ed.), World Scientific,
Singapore, 1993. A preferred bioglass has the
following composition, the percentages being mol.% of
the total composition: 13.1% CaO; 4.7% Py0g; 52.6%
Si05; 25.8% Nag0; 0.5% Aly03; and 3.0% By0s3.

The amount of HA in HA/TCP composites can range from 5%
to 95% by weight, suitably from 20% td 70% by weight.
In HA/glass composites, the glass is preferably a
phosphate glass containing about 50 mol.% CaO and about
50 mol.% P05 and is preferably present in the
composite at a concentration of from 2.5 to 10% by

weight.

The synthetic bone replacement material of the present
invention may be used as a carrier matrix for a bone
inductive material, such as a bone morphogenetic
protein (BMP) or a non-collagenous protein (NCP) in the

stimulation of bone formation.

The invention also provides the use of cancellous bone
in the preparation of a synthetic bone replacement
material having a macroporous structure similar to that

of natural cancellous bone.

A synthetic bone replacement material of the present
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invention may be obtained by a process comprising the

following steps:

(a) providing a cancellous bone sample;

(b) removing the organic material from the cancellous
bone sample to give the anorganic bone mineral
(ABM) ;

(c) optionally treating the ABM of the cancellous bone

to seal its trabecular micropores;

(d) impregnating the ABM with a suitable inert
material, such as a wax, to form a mould, followed

by decalcification;

(e) impregnating the mould with a bioceramic material

or metal; and

(£) removing the mould and sintering the resulting
product if appropriate to produce the desired

synthetic bone replacement material.

The resulting product is a positive replica of the

original cancellous bone matrix.

A synthetic bone replacement material of the present
invention may also be obtained by a process comprising

the following steps:
(a) providing a cancellous bone sample;
(b) removing the organic material from the cancellous

bone sample to give the anorganic bone mineral
ABM) ;
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(c) optionally treating the ABM of the cancellous bone

to seal its trabecular micropores; and

(d) impregnating the ABM with a biomaterial, followed
by decalcification.

The resulting product is a negative replica of the

original cancellous bone matrix.

The above processes may be carried out by cutting
cancellous bone samples to the desired shape. For
example, the samples may be in particulate form wherein
individual particles are about 1-3 mm in diameter, or
block form wherein individual blocks preferably have a
thickness of up to about 12 mm. The organic material
is then removed in such a way that the ABM remains
intact. This may be accomplished by, for example,
thermal treatment (calcination) wherein all of the
organic material is burnt off by heating to a
sufficiently high temperature (typically 800°C or
higher). Alternatively, the organic material may be
removed by chemical extraction with a suitable solvent,
such as ethylenediamine or formamide, using a soxhlet
extraction apparatus. Chemical extraction of the

organic material is preferred.

Because of the particular morphology of cancellous
bone, the anorganic bone mineral (ABM) should
preferably be treated prior to its infiltration so as
to seal its trabecular microporosity without blockage
of the macroporous structure to be replicated. A
preferred treatment involves boiling the ABM for
several minutes in sodium hypochlorite and drying the

treated product without rinsing. A crystalline residue
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is thus formed which blocks the trabecular
microporosity without alteration or blockage of the
trabecular macrostructure. Alternatively, the ABM may
be coated by treatment with a suitable polymeric

5 substance, for example, Mowiol (Trade Mark of Hoechst)

prior to its infiltration.

Where a positive replica of the bone matrix is
required, the ABM is then impregnated with wax under

10 vacuum at about 20°C above the melting temperature of
the wax. Any suitable wax may be used. Suitable waxes
are those which are tough, have a moderate viscosity
permitting full infiltration of the ABM, solidify
without excessive shrinkage resulting in pore formation

15 within the casting, and resist degradation following
exposure to the decalcifying agent. Preferred waxes
are Castylene B271 and Techniwax 9210 (Dussek Campbell,
U.K.) and A7 machining wax (Blayson Olefines Ltd.,
U.K.). Following wax solidification, the wax castings

20 are decalcified by, for example, immersion at a
temperature ranging from about 20°C to 50°C for about
24 hours to 7 days in dilute acid, for example HC1.

The negative mould is then infiltrated with the

25 relevant biomaterial, such as a bioceramic slip. A
suitable slip is one which is capable of being rendered
sufficiently fluid by vibration to penetrate the wax
mould completely while having as high a solids content
as possible. A biocceramic slip is formed by dispersing

30 . the bioceramic in powder form in a carrier fluid having
a pH in the range of 7 to 13. The carrier fluid may
comprise water and optionally a deflocculant. The
deflocculant is preferably present at a concentration
up to about 4% by weight of the slip. The bioceramic

35 powder preferably constitutes about 75% by weight of



WO 98/16267 PCT/TE97/00068

10

i5

20

25

30

35

the slip. The slip may be infiltrated into the wax
mould by applying a suitable vibratory action.
Alternatively, where the slip is sufficiently fluid,
slip infiltration may be performed by application of a
vacuum. In this case, the prepared slip is placed in a
glass container within a vacuum chamber to which a full
vacuum may be applied. Wax negative samples are
immersed and secured below the surface of the slip. The
vacuum chamber is then sealed and a vacuum of at least
-0.9 bar applied and held for a period of about 2
minutes. The system is then allowed to back-£fill to
atmospheric pressure and samples are removed. Mould
infiltration may also be achieved by centrifugal

casting.

Following slip penetration, samples are recovered and
dried slowly, for example at 30-35°C for 24 hours. The
wax is removed by slow-melting to prevent destruction
of the delicate slip-infiltrated structure. Following
wax removal, the product is sintered by increasing the
temperature step-wise, for example by increasing the
temperature by 1-15°C/min., to sintering temperature
where it is held for three hours followed by step-wise
cooling to room temperature. The resulting product is a

positive replica of the original cancellous bone.

Where a negative replica of the bone matrix is to be
prepared, the ABM is impregnated with a viscous melt of
a suitable biomaterial, for example a polymeric
material. A vacuum may be applied to aid full
infiltration of the porous matrix by the biomaterial.
Following infiltration, the samples are allowed to cool
to room temperature and solidify. Decalcification is
then carried out as described above, the resulting

product being a negative replica of the original
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cancellous bone.

The cancellous bone may be derived from any suitable
source, bovine cancellous bone being preferred.
Cancellous bone suitable for replication should be of
similar porosity to the bone being replaced and should
not include any cortical bone, growth plate or defects.
Furthermore, variations in porosity should be minimal
within a block. Bovine bone is a suitable source for
the supply of bone samples due, not only to its
availability and the relatively large size of each
bone, but also due to its close structural similarity
to human cancellous bone. Bovine cancellous bone from
the distal femoral condyles, below the growth plate,
was found to be particularly useful in the present

invention.

Samples of bone used preferably have a maximum
thickness of about 12 mm. Preferably, several smaller
blocks are used for a large defect, rather than a

single large block.
The invention is illustrated in the following Examples.
EXAMPLE I

(a) Bioceramic Powders

Synthetic hydroxyapatite (HA) powder of medical grade
(Captal (Trade Mark) Plasma Biotal Ltd. Tideswell, UK)
and synthetic R-tricalcium phosphate (83-TCP) powder

from Fluka chemika (Purum grade) were used.

Two glasses in powder form were alsc prepared - a
Hench-type bioglass and a phosphate glass. The

composition of each glass was as follows (mol.%):
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- 9 -
I I ] I 1 I T ]
| Glass | ca0 | Py05 | Si03 | Naz0 |A103|B03]|
; | i % 1 } ; |
|Bioglass | 13.1 | 4.7 | 52.6 | 25.8 |0.5 3.0 |
| Phosphate | 50 | 50 | -- | -- | -- l--
] 1 | 1 |

(i) Bioglass Powder

Reagent grade silica, sodium carbonate, calcium
carbonate, phosphorous pentoxide, alumina, and boric
acid were used. The source and purity of raw materials

used is shown in Table 1.

All chemicals with the exception of P05 were weighed
out to provide the appropriate molar ratios and were
added to a 2 litre polypropylene bottle (Nalgene, Trade
Mark). Powders were premixed by rotating on ball-mill
rollers (without media) for approximately one hour.
PoOs was weighed, added, and hand-mixed by vigorous
shaking.

Mixed powders were transferred to a dense,
fine-grained, sintered mullite crucible (Zedmark
Refractories, Earlsheaton, Dewsbury, U.K.) fitted with
a lid. This was placed in a furnace preheated to 1370°C
and held for two hours to allow melting and
homogenisation of the glass. The resulting melt was
quenched by pouring into water. The glass frit was
collected and dried in a conventional oven at 100°C.
Raw materials to give a theoretical batch yield of

800 g were used.

The glass frit was crushed and dry-milled in a five
litre Al503 milling pot, with 12.5 mm diameter cylpeb

magnesia-stabilised zirconia milling media. Powders
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were dry-milled for one hour. The powder was graded by
passing through 250, 106, and 45 um sieves. Particles

above 45 um were returned for further ball-milling.

(ii) Phosphate Glass Powder

Calcium carbonate and phosphorous pentoxide were
weighed and premixed to give a 50:50 CaO:Pp0g molar
ratio. Powders were placed in a mullite crucible with
1id, and transferred to a muffle furnace preheated to
1070°C for two hours. Quenching, recovering, and
milling of the glass were carried out as described

above for bioglass.



PCT/IE97/00068

WO 98/16267

11

juabesy ssoding [easausn =

d4dD

M'n ‘eartysweybutriong

I _ T T
| | | |
| ¥dp s5°66 | 'STeoTWSYD UesTV YsTITad | Eof1y ‘eutumiy |
| _ | |
_ _ "M'n ‘aesxoqg | _
_ ¥dD %86 | °P3T "OD TEDTWSYD UYDTIAPTVY | EopeD ‘sjeuoqaed uniored |
_ | | _
| ¥do s8°66 | (snoqe se) yoxoW | EogfH ‘sTe3lsdio pioe orxod |
_ | | _
_ q4do sL6 | Auewiss ‘jpelsuaeq ‘MoIeW | 90¢g ‘sprxojusd snoxoydsoyd _
| | | |
| 4o 35766 | puetbug ‘stood ‘°"pa1 HAd | €opCeN ‘@3euoqIED WNTPOS |
_ _ | _
_ _ "M'n ‘3usxl uo-93o3s | | sosgseTb
| 9ao %6°66 | ‘STEISUTW TETIISNPUI UODTTL _ Zots ‘eSTITIS | JO sanidegnuen
_ | | _
1 1 | !
I T _ T
_ A3Tang | °20Inog | sTetIsjew mey | aanpeanoid
L ! L !

pesn sTerisjew mex Jo A3Tand pue 9oanog

:T oTqelL



WO 98/16267 PCT/IE97/00068

(b) Preparation of Bioceramic Slips

Bioceramic slips were prepared from the bioceramic

powders described above having the composition shown in

5 Table 2, in which the following abbreviations are used:
HA : Hydroxyapatite
B-TCP : R-Tricalcium Phosphate
BG : Bioglass

10 PG : Phosphate glass

Composites are referred to according to the
nomenclature HAXY, where X is 3-TCP, PG or BG and Y is
the glass or R-TCP addition (in wt.%). Table 2 also

15 shows the sintering temperature range for each material

and the actual sintering temperature used.
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Table 2
[ I I 1 1
|Bioceramic|Bioceramic | Sintering | Actual ]
| No. | Composition| Temperature| Sintering |
5 | | | Range(°C) | Temperature (°C) |
I l l | |
| l | | |
I | I 1 1
| 1 | HA | 1150-1350 | 1200 |
| ! i ] ]
| i 1 I !
10 | 2 | B-TCP | 1150-1350 | 1150 |
| | ] | |
! i [ 1 |
| 3 | BG | 600-800 I 750 |
| ] ] | |
l I 1 | ]
| 4 |HA/R-TCP90 | 1100-1350 | 1200 |
15 | 5 |HA/R-TCP75 | 1100-1350 | 1200 |
| 6 |HA/R-TCP50 | 1100-1350 | 1200 |
| | | ! |
[ 1 I i |
| 7 |HA/PG02.5 | 1150-1350 | 1350 |
| |HA/PGO5 | 1150-1350 | 1350 |
20 | 9 |HA/PG10 | 1150-1350 | 1300
| | | | |
! ! ) i ]
| 10 | HA/BG10 | 1100-1250 | 1200 [
| 11 | HA/BG25 | 1050-1200 | 1100 |
| 12 | HA/BG50 | 600-900 | 600 |
{ ! | ]

25
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The powders of bioceramics 1-12 were subjected to a wet
milling process in which 60 g of each powder or
composite powder were added to 500 ml wide-mouth
polypropylene bottles (Nalgene, Trade Mark), together
with 180 ml isopropyl alcohol (IPA) and approximately
650 g of 7 mm diameter cylpeb magnesia-stabilised
zirconia milling media. Milling bottles were shaken
vigorously to disperse the powder and then wet milled
on ball-mill rollers at approximately 140 rpm for 1

hour.

Slips were recovered and passed through a 38 um sieve
to remove possible contamination resulting from
chipping of the milling media. Each slip was placed in
an evaporating dish and allowed to dry to a powder cake
in a fume hood. Final drying to a constant weight was
done in a vacuum oven at approximately 70°C. The dry
powders were passed through a 106 um sieve to break up
any agglomerates formed on drying. Powders were stored

in a desiccator until required.

(¢) Replication of Cancellous Bone

Bovine cancellous bone from the distal femoral
condyles, below the growth plate, was harvested and cut
into blocks of 8-10 mm thick using a butcher's bandsaw.
Frozen bone was used, although fresh bone may also be
used. All removable soft tissue was cut or scraped free
to prevent entanglement around the blade. Contamination
due to metal inclusion or from other sources was
avoided as such contamination may not be removed
subsequently. The organic matrix of the bone samples
was removed by treating them with ethylenediamine (ED)
(approx. 95% pure) in a Wheaton 1 litre soxhlet

apparatus. Samples were placed in the soxhlet chamber
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and treated for 48 hours, at a rate of approximately
three cycles per hour. Small or delicate samples may
be placed in a soxhlet thimble plugged with cotton
wool. It was necessary to lag the soxhlet chamber
during extraction to maintain the solvent temperature
close to boiling point and prevent solidification of

fat-laden ethylenediamine within the apparatus.

Depending on the percentage of organié material in the
charge, it may be necessary to change the
ethylenediamine once during the extraction period. A
large soxhlet apparatus of the type used is capable of
producing 60-70 cubic specimens of 10 mm side length

per charge.

On removal, the bone mineral was rinsed in flowing
water for three hours. It was then replaced into the
soxhlet extractor for about 18 hours and cycled with
deionised water. Following treatment, the bone matrix
was chalky white and extremely brittle. Measurement by
microanalysis showed there was no detectable residual
nitrogen (i.e. organic material) present (below 0.05%)

following ethylenediamine treatment.

The resulting anorganic bone mineral (ABM) specimens
were immersed in an aqueous solution of 14% sodium
hypochlorite in a wide mouth, round bottom flask,
fitted with a condenser, at a ratio of 20 ml solution
to 1 cm3 of ABM. The temperature was raised to boiling
point and held for two minutes. The samples were
removed and placed directly (without rinsing) onto
absorbent paper to allow draining, and were then dried
in a conventional oven at approximately 70°C and stored

in a desiccator until required.
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The treated bone samples were then impregnated with the
wax Castylene B271 (Dussek Campbell, Kent, U.K.). This
wax has a casting temperature of about 105°C, is of
medium viscosity, infiltrates without void formation

and is hard and shapeable.

Impregnation was carried out in a vacuum oven at
100-110°C as follows. The wax was melted in a glass
container. The bone samples were placed on the wax
gsurface and allowed to sink under their own weight,
expelling air from the voids as the wax penetrated the
structure. Following full immersion, a vacuum of at
least 600 mm Hg was applied and held for one minute.
The vacuum was released and the oven allowed to

back-fill to atmospheric pressure.

Next, the samples were transferred into a flexible
container (e.g. weighing boat of high impact
polystyrene) and allowed to cool submerged to their own
depth in wax. This provided a reservoir of molten wax
during the period of solidification which prevented
surface pore formation due to retraction of wax from
the surface pores in a manner analogous to pipe
formation in casting. When solidified, the samples
were removed from the container and trimmed by scalpel
to expose bone mineral on all sides. If required,
shaping was possible at this stage as the wax-filled

inorganic matrix had reasonable mechanical integrity.

The samples with exposed bone mineral were then placed
in 10% HCl at room temperature (about 25°C) so as to
decalcify the wax castings. Evidence of dissolution of
bone mineral was apparent due to gas evolution at the
specimen surface. Full dissolution from a standard

sized block 8-10 mm thick required approximately 48
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hours without agitation of solution, which would speed
decalcification. Following full decalcification,
samples were rinsed thoroughly in flowing tap water and
dried. The resulting negative wax casting of bone

5 mineral was fragile and required careful handling.
Complete decalcification was verified by radiography.
As the wax was almost transparent to X-rays, areas
remaining to be decalcified were observed as a light
core at the centre of the sample on the radiograph.

10 Samples found to be incompletely decalcified were

returned to the acid for completion.

For slip infiltration of the wax mould, each dried
bioceramic powder prepared as described in (b) above
15 was redispersed in a carrier fluid as described below,
to form a ceramic slip. This was done by rotating at
60 rpm in an airtight glass container on ball-mill
rollers for 24 hours. All slips were prepared to
contain 75 wt.-% biocceramic powder with the remainder
20 consisting of carrier fluid, i.e. 300 g of powder in
100 ml of fluid. For materials 1-6 of table 2, the
carrier fluid consisted of deionised water to which 3
wt.-% deflocculant (Darvan 811, R.T. Vanderbilt
Company, Inc., USA) was added. The pH of the carrier
25 solution was adjusted to 10 by addition of ammonia
solution. For materials 7-12, the carrier fluid was

dejionised water without additives.

Prepared slips were placed in a stainless steel

30 container to a depth just sufficient to allow full
submersion of the samples. Each slip was rendered fluid
by vibration. A suitable action was found to be
produced by a Fritsch Analysette 3E. This machine
allowed control of the amplitude of vibration, and

35 consequently the shear rate within the slip.
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Application of strong vibrations should produce a slip
sufficiently fluid to penetrate the trabecular
structure fully. The container was strapped to the
Fritsch Analysette during the slip infiltration

5 process.

Samples were placed on the surface of each slip and
pressed into the slip, with the aid of gentle vibratory
action, sufficiently to allow adherence to the surface.

10 Stronger vibration was then applied and the amplitude
of vibration adjusted so as to render the slip fluid.
Penetration of the slip into the pores occurred and the
sample was allowed to gradually submerge as the slip
penetrated and expelled air from the porosity. Rapid

15 submersion should be avoided as, if all surface pores
are blocked, trapped air may not be able to escape,

resulting in internal voids.

Following slip infiltration, samples were removed and
20 any excess adhering slip was removed from the surface.
Samples were then dried slowly at 30-35°C for 24 hours

in air.

Following drying, the samples were placed on a piece of
25 refractory brick for removal of the wax. Wax removal
must be accomplished very gently, by slow melting, to
prevent destruction of the delicate unsintered
slip-cast structure. If the temperature is increased
too fast, the wax may melt quickly and the subsequent

30 hot flow may destroy the delicate trabecular structure.

The first stage of dewaxing was done in a conventional
oven. The temperature was raised at 1°C per minute to
75°C where it was held for 15 minutes. It was then

35 raised in increments of 15°C, using a 1°C per minute
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ramp rate, up to 150°C, where it was held for 1 hour.
Each 15°C increment was followed by a dwell of 15
minutes. The samples at this stage still contained a
residual solid wax content, degraded due to the thermal
treatment. Consequently they still retained some
strength. The samples were allowed to cool and were
removed from the oven. The samples were not moved from
the refractory brick as handling may damage the slip
infiltrated structure. They were placed centrally in a
muffle furnace and heated at a rate of 1°C/min to 350°C
where they were held for 1 hour, to allow burnoff of
remaining wax. The temperature was then increased at
4°C per minute to sintering temperature (dependent on
the composition of the composite powder used), held for
3 hours and cooled to room temperature at 4°C per

minute.

All sintering was performed in a muffle furnace in air
at atmospheric pressure. The furnace was built at
University College, Dublin, according to a design by
Kanthal (Stoke-on-Trent, U.K.) and as described in the
Ph.D. thesis of David Tancred, University College,

Dublin, National University of Ireland.

Fig. 1 is a scanning electron micrograph (SEM) of the
macroporous structure of the ABM of a bovine cancellous

bone sample used in the above Examples.

Fig. 2 1is an SEM of the macroporous structure of a
sintered replica based on bioglass only (Bioceramic No.
3 of Table 2).

Fig. 3 is an SEM of the macroporous structure of a
sintered replica based on HAPGOS5 (Bioceramic No. 8 of
Table 2).
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Fig. 4 is an SEM of the macroporous structure of a
sintered replica based on HABG50 (Bioceramic No. 12 of
Table 2).

Fig. 5 is an SEM of the macroporous structure of a
sintered replica based on -TCP (Bioceramic No. 2 of
Table 2).

Fig. 6 is an SEM of the macroporous structure of a
sintered replica based on HA (Bioceramic No. 1 of Table
2).

Samples for scanning electron microscopy were mounted
on an aluminium stud with conductive carbon cement and
sputter-coated with gold. A JEOL 35C scanning electron

microscope operating at 25 kV was used.

The prepared replicas based on bioceramics 1-12 of
Table 2 are precise cast structural replicas (except
for a shrinkage factor due to sintering, typically

15-20%) of the original starting cancellous bone.

EXAMPLE II

Preparation of a polylactic acid negative bone replica

30 g of poly-L-lactid acid (available from Hycail,
Holland) were heated in a conventional oven to a
temperature of about 180°C to produce a viscous melt.
An anorganic bone mineral specimen prepared as
described in Example I was placed on the surface of the
melted polymer. The melted polymer infiltrated the
porous structure, expelling air, and caused the sample
to sink under its own weight. A wvacuum of 600 mm Hg

was applied during infiltration to aid full
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infiltration of the porous matrix by the polymer.

Following infiltration, the specimen was removed,
shaped and trimmed as appropriate, and decalcified

5 according to the procedure described in Example I.

All replicas prepared had adequate compressive strength
(typically 1-3 MPa), were easy to handle and shape
without damage, and had good biocompatibility, thus

10 making them particularly suitable for use as bone graft

substitutes in non-load bearing applications.
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CLAIMS:

1. A synthetic bone replacement material having a
macroporous structure similar to that of natural
cancellous bone, characterised by a pore volume of
70-95%, fully interconnecting pores having a diameter

in the range of from about 10 um to 1 mm.

2. A synthetic bone replacement material according to
claim 1, wherein the bone replacement material is a
biomaterial which is a bioceramic material, a polymeric

material or a metal.

3. A synthetic bone replacement material according to
claim 2 wherein the bioceramic material is
hydroxyapatite (HA), a calcium phosphate such as «-or
R-tricalcium phosphate (TCP), bioglass, a HA/a-or {3-TCP
composite, a HA/glass or bioglass composite or alumina;
the polymeric material is poly-L-lactid acid; and the

metal is titanium.

4. A synthetic bone replacement material according to
any of claims 1 to 3 for use as a carrier matrix for a
bone inductive material, such as a bone morphogenetic
protein or a non-collagenous protein, in the

stimulation of bone formation.

5. A process for preparing a synthetic bone
replacement material according to any of claims 1 to 3,
the process comprising the following steps:-

(a) providing a cancellous bone sample;

(b) removing the organic material from the

cancellous bone sample to give the anorganic bone
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PCT/IE97/00068

mineral (ABM);

(c) optionally treating the ABM of the cancellous

bone to seal its trabecular micropores;
(d) impregnating the ABM with a suitable inert
material, such as a wax, toc form a mould, followed

by decalcification;

(e) impregnating the mould with a bioceramic

material or metal; and

(f) removing the mould and sintering the resulting

product, if appropriate.

A process for preparing a synthetic bone

replacement material according to any of claims 1 to 3,

the process comprising the following steps:-

7.

(a) providing a cancellous bone sample;
(b) removing the organic material from the
cancellous bone sample to give the anorganic bone

mineral (ABM) ;

(c) optionally treating the ABM of the cancellous

bone to seal its trabecular micropores; and

(d) impregnating the ABM with a biomaterial,

followed by decalcification.

A process according to claim 5 or 6 wherein step (c)

1s included.

8.

A process according to any of claims 5 to 7
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wherein in step (a) bovine cancellous bone is used;
and/or in step (b) the organic material is removed with
an organic solvent such as ethylenediamine or
formamide; and/or in step (c) the ABM is boiled in
sodium hypochlorite to seal its trabecular micropores;
and/or in step (d) decalcification is carried out by

immersion in dilute HCI.

9. A process according to claim 5 or 7 or claim 8
when dependent on claim 5, wherein in step (f)
sintering is carried out by increasing the temperature
step-wise to sintering temperature and subsequent

step-wise cooling to room temperature.

10. Use of cancellous bone in the preparation of a
synthetic bone replacement material according to any of

claims 1 to 3.
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