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(57) ABSTRACT 

This invention relates to a bioactive arti?cial sintered com 
position for providing a morphology capable of consistently 
supporting bone cell activity thereon. The composition com 
prises stabilized calcium phosphate phases developed by the 
conversion of a hydroxyapatite substance in the presence of 
stabilizing entities at sintering temperatures into insolubi 
lized and stabilized tricalcium phosphate. The present inven 
tion has numerous applications in medical diagnostics for 
the assessment of abnormal bone cell activity as Well as for 
medical therapeutics, including bone and dental tissue 
replacement and repair as Well as for ex vivo bone graft 
tissue engineering. 
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FIG. 6. 
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ARTIFICIAL STABILIZED COMPOSITION OF 
CALCIUM PHOSPHATE PHASES PARTICULARLY 

ADAPTED FOR SUPPORTING BONE CELL 
ACTIVITY 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 09/029,872 ?led Jun. 29, 1998, Which is a US. 
national phase application of PCT/CA96/00585, ?led Aug. 
30, 1996, Which is a continuation-in-part of US. application 
Ser. No. 08/576,238, ?led Dec. 21, 1995, noW abandoned, 
Which claims the bene?t of US. Provisional Application Ser. 
No. 60/003,157, ?led Sep. 1, 1995, Which are each hereby 
incorporated herein in their entirety by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to bioactive arti?cial stabi 
liZed sintered compositions of calcium phosphate phases 
Which are capable of supporting bone cell activity thereon. 
This invention has applications in medical diagnostics for 
the assessment of normal and abnormal bone cell activity as 
Well as for medical therapeutics including bone and dental 
tissue replacement and repair as Well as for ex vivo bone 
graft tissue engineering. 

BACKGROUND OF THE INVENTION 

[0003] Bone is a complex mineralizing system composed 
of an inorganic or mineral phase, an organic matrix phase, 
and Water. The inorganic mineral phase is composed of 
crystalline calcium phosphate salts While the organic matrix 
phase consists mostly of collagen and other noncollagenous 
proteins. Calci?cation of bone depends on the close asso 
ciation betWeen the organic and inorganic phases to produce 
a mineraliZed tissue. 

[0004] The process of bone groWth is regulated to meet 
both structural and functional requirements. The cells 
involved in the processes of bone formation, maintenance, 
and resorption are osteoblasts, osteocytes, and osteoclasts. 
Osteoblasts synthesiZe the organic matrix, osteoid, of bone 
Which after calcium phosphate crystal groWth and collagen 
assembly becomes mineraliZed. Osteocytes regulate the ?ux 
of calcium and phosphate betWeen the bone mineral and the 
extracellular ?uid. Osteoclasts function to resorb bone and 
are essential in the process of bone remodelling. Disturbing 
the natural balance of bone formation and resorption leads to 
various bone disorders. Increased osteoclast activity has 
been demonstrated to lead to bone disease characteriZed by 
a decrease in bone density such as that seen in osteoporosis, 
osteitis ?brosa and in Paget’s disease. All of these diseases 
are a result of increased bone resorption. 

[0005] In order to understand the mechanisms involved 
Which regulate bone cell functioning, it is important to be 
able to assess the normal function of bone cells and also the 
degree of perturbation of this activity in various bone 
diseases. This Will lead to the identi?cation of drugs targeted 
to restore abnormal bone cell activity back to Within normal 
levels. Together With the identi?cation of the etiology of 
abnormal and normal bone cell activity and the assessment 
of this activity, is the desire and need to develop composi 
tions and methods for the treatment of abnormal bone cell 
activity, as a result of disease, surgical removal or physi 
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ological trauma all of Which lead to bone tissue loss. 
Therapeutics Which provide for the replacement and repair 
of bone tissue, such as With the use of bone implants, are 
highly desired. 

[0006] Several research groups have developed methods 
to directly observe the activity of isolated osteoclasts in 
vitro. Osteoclasts, isolated from bone marroW cell popula 
tions, have been cultured on thin slices of natural materials 
such as sperm Whale dentine (Boyde et al Brit. Dent. J. 156, 
216, 1984) or bone (Chambers et al J. Cell Sci. 66, 383, 
1984). The latter group have been able to shoW that this 
resorptive activity is not possessed by other cells of the 
mononuclear phagocyte series (Chambers & Horton, Calcif 
Tissue Int. 36, 556, 1984). More recent attempts to use other 
cell culture techniques to study osteoclast lineage have still 
had to rely on the use of cortical bone slices (Amano et al. 
and Kerby et al J. Bone & Min. Res. 7(3)) for Which the 
quantitation of resorptive activity relies upon either tWo 
dimensional analysis of resorption pit areas of variable depth 
or stereo mapping of the resorption volume. Such techniques 
provide at best an accuracy of approximately 50% When 
assessing resorption of relatively thick substrata. In addition 
these analysis techniques are also very time consuming and 
require highly specialiZed equipment and training. Further 
more, the preparation and subsequent examination of bone 
or dentine slices is neither an easy nor practical method for 
the assessment of osteoclast activity. 

[0007] The use of arti?cial calcium phosphate prepara 
tions as substrata for osteoclast cultures has also met With 
little success. Jones et al (Anat. Embryol 170, 247, 1984) 
reported that osteoclasts resorb synthetic apatites in vitro but 
failed to provide experimental evidence to support this 
observation. ShimiZu et al (Bone and Mineral 6, 261, 1989) 
have reported that isolated osteoclasts resorb only devital 
iZed bone surfaces and not synthetic calcium hydroxyapa 
tite. These results Would indicate that functional osteoclasts 
are dif?cult to culture in vitro. 

[0008] Several groups have also attempted to provide 
compositions suitable for the therapeutic replacement of 
bone tissue. US. Pat. No. 4,871,578 discloses a process for 
the formation of a non-porous smooth coating of hydroxya 
patite suitable for implant use. US. Pat. No. 4,983,182 
discloses a ceramic implant Which comprises a sintered body 
of Zirconia and a coating of ot-TCP and Zirconia, or 
hydroxyapatite and Zirconia. US. Pat. No. 4,988,362 dis 
closes a composition for the fusion of a bioceramic to 
another bioceramic. US. Pat. No. 4,990,163 discloses a 
coating used for the production of bioceramics Which consist 
of ot-TCP and [3-TCP. Although these different compositions 
may be used as biocompatible coatings for implants and the 
like, none of these compositions have been demonstrated to 
be suitable for the culture of both active osteoclasts and 
osteoblasts in a reliable and reproducible manner such to 
alloW for the quantitative assessment of the speci?c activity 
of osteoclast resorption and osteoblast secretion of bone 
matrix. Furthermore, none of the prior compositions devel 
oped, can be manipulated to reliably produce a range of 
?lms, thicker coatings and bulk ceramic pieces Which share 
a common composition and morphology Which leads to 
similar bioactive performance in vivo and in vitro. 

[0009] Applicant’s published international PCT patent 
application WO94/26872 describes a sintering process for 
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forming thin ?lms of calcium phosphate phases on Which 
bone cell function occurs. This is the ?rst thin layer of 
synthetic material on Which osteoclasts can exhibit extended 
activity and on Which osteoblasts may secrete bone matrix. 
As described in that application, a variety of factors should 
be considered in providing a thin ?lm With a desired ratio of 
hydroxyapatite to tricalcium phosphate. Such parameters 
include: 

[0010] l) amounts of reagents for preparing the sol-gel 
hydroxyapatite substance; 

[0011] 2) rate of combination of reagents; 

[0012] 3) duration and rate of mixing When making the 
sol-gel; 

[0013] 4) rates and methods of precipitation and sepa 
ration; 

[0014] 5) process environmental conditions during the 
manufacture of the sol-gel; 

[0015] 6) velocity of removal of the substrate from the 
sol-gel in dip coating a ?lm thereon; 

[0016] 7) sintering temperature; 
[0017] 8) sintering in a controlled atmosphere such inert 

gas, a vacuum or an atmosphere With Water vapour 

present. 

[0018] 9) the nature of the substrate, With quartz being 
a preferred embodiment to create a transparent sub 
strate coated With stabilized calcium phosphate phases. 

[0019] It Was suggested in this earlier PCT patent appli 
cation, that in order to obtain a broad range in ratios of 
hydroxyapatite to tricalcium phosphate on quartz substrates, 
many of these parameters needed to be considered in order 
to achieve the ratios of 10:90 through to 90:10. The sug 
gested sintering temperatures in an air atmosphere Were 
from approximately 800° C. to approximately ll00°. It Was 
established that at 800° C. the ?lm Was predominantly 
hydroxyapatite. A sintering temperature of about 900° C. 
provided ratios of about 70:30. At 1000° C., the ratio Was 
about 10:90 and at 1100° C. the ?lm Was predominantly 
tricalcium phosphate. It Was also suggested that sintering in 
a vacuum at 1000° C. produced a ratio of approximately 
66:34. It has noW been found that the preferred ratios are 
from 50:50 to 20:80. The optimum ratio is approximately 
333:666. To achieve these ratios, consideration can be given 
to several of the above factors. HoWever, it is desirable to 
minimize the variability in several of the above factors and 
to achieve the desired ratios for optimum ?lm compositions 
in an exacting reproducible manner. Surprisingly, this ?lm is 
stable in the presence of various aqueous media, even 
though ot-tricalcium phosphate is supposed to be soluble in 
Water. 

[0020] Applicants have discovered that the presence of 
stabilizing entities can stabilize the composition and prevent 
its degradation in physiological ?uids. Hence, disappearance 
of calcium phosphate entities from a ?lm, coating or bulk 
ceramic piece of this composition, is substantially due to the 
activity of the osteoclasts and not due to a dissolution 
process. The stabilized arti?cial bioactive composition is the 
?rst such composition Which supports both osteoclast and 
osteoblast activity and Which alloWs for the reliable assess 
ment of the physiological activities of both cell types as Well 
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as for the development of both diagnostic and therapeutic 
strategies. The stabilizing entities stabilize the ot-tricalcium 
phosphate Within the calcium phosphate phases formed 
during sintering to provide for a stable form of ot-tricalcium 
phosphate Which does not degrade in physiological ?uids 
and Which forms calcium phosphate phases having a cell 
compatible morphology Which supports and encourages 
bone cell activity thereon. 

SUMMARY OF THE INVENTION 

[0021] The present invention provides a stabilized com 
position Which provides for a Wide variety of diagnostic and 
therapeutic applications. The stabilized composition, in 
accordance With an aspect of the invention, can be used to 
provide a range of thin ?lms, coatings, poWders and bulk 
ceramic pieces Which share a common surface globular 
microporisity and an internal microporosity. In addition, the 
bulk ceramics also can have a macroporosity Within the 
structure in order to provide an arti?cial three dimensional 
bone tissue similar to that found in vivo. The composition, 
made in any form, encourages the activity of bone cells 
cultured thereon and also alloWs for the development of ex 
vivo engineered arti?cial bone tissues to use as bone grafts. 

[0022] In accordance With an aspect of the invention there 
is provided a bioactive arti?cial sintered composition for 
providing a morphology capable of consistently supporting 
bone cell activity thereon, the composition comprising sta 
bilized calcium phosphate phases developed by the conver 
sion of a hydroxyapatite substance in the presence of stabi 
lizing entities at sintering temperatures into insolubilized 
and stabilized tricalcium phosphate. 

[0023] According to another aspect of the present inven 
tion is a process for stabilizing an arti?cial sintered compo 
sition of calcium phosphate phases having a morphology 
suitable for supporting bone cell activity thereon, the pro 
cess comprising converting an hydroxyapatite substance, 
into primarily alpha tricalcium phosphate by sintering, and 
providing stabilizing entities Which stabilize and insolubi 
lize the formed alpha tricalcium phosphate Within the phos 
phate phases. 

[0024] According to yet another aspect of the present 
invention is a sintered arti?cial microporous polycrystalline 
structure for supporting bone cell activity, the structure 
comprising sintered stabilized calcium phosphate phases 
having a globular surface morphology of loosely intercon 
nected rounded granules With interconnected micropores in 
the structure. 

[0025] According to yet another aspect of the present 
invention is an implantable calci?ed bone matrix compris 
ing: 

[0026] a) a structure for supporting the matrix; 

[0027] b) a layer of stabilized calcium phosphate phases 
developed by the conversion of a hydroxyapatite substance 
in the presence of stabilizing entities at sintering tempera 
tures into tricalcium phosphate Where the stabilizing entities 
insolubilize and stabilize the calcium phosphate phases; 

[0028] c) a boundary layer deposited by osteoblasts cul 
tured on the layer of stabilized calcium phosphate phases; 
and 
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[0029] d) a mineralizing collagenous matrix secreted by 
such cultured osteoblasts. 

[0030] According to another aspect of the present inven 
tion is a method for the culturing of functional bone cells, the 
method comprising: 

[0031] applying a suspension of bone cells in physi 
ological media to an arti?cial sintered ?lm of stabilized 
calcium phosphate phases on a substrate comprising 
stabilized and insolubilized alpha tricalcium phosphate 
complexes. 

[0032] According to another aspect of the present inven 
tion is a kit for monitoring and quantifying the activity of 
bone cells, the kit comprising; 

[0033] a substrate having a sintered ?lm of calcium 
phosphate phases containing stabilized and insolubi 
lized alpha tricalcium phosphate, 

[0034] a multiWell bone cell culture device adhered to 
the substrate. 

[0035] According to another aspect of the invention is a 
method for the ex vivo tissue engineering of mineralized 
collagenous matrix, the method comprising the steps of: 

[0036] providing an arti?cial stabilized composition 
having a globular surface morphology of loosely inter 
connected rounded granules With interconnected 
micropores, 

[0037] applying a suspension of osteoblasts in physi 
ological media on the composition, 

[0038] incubating the mineralized collagenous bone 
matrix selected by the osteoblasts from the culture; and 

[0039] implanting the isolated collagenous bone matrix 
in a patient. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] FIG. 1 is a predominance area diagram shoWing the 
e?fect of CaO activity on the stabilities of hydroxyapatite and 
tricalcium phosphate. 

[0041] FIG. 2 is a plot shoWing the phases of calcium 
phosphate entities formed in the presence of stabilizing 
silicon entities from the conversion of the hydroxyapatite 
substance of the present invention. 

[0042] FIG. 3 is a plot shoWing the e?fect ofCaO/Al2O3 on 
the activity of CaO. 

[0043] FIG. 4 is a plot shoWing the e?cect of CaO/TiO2 and 
CaO/B2O3 ratios on the activity of CaO. 

[0044] FIG. 5 comprises graphs (a), (b) and (c) Which 
shoW results of energy dispersive x-ray spectroscopy (a) at 
the interface of the composition With the substrate; (b) just 
above the interface and (c) at the top of the ?lm. 

[0045] FIG. 6 is a cross-sectional SEM of mineralized 
collagenous bone matrix deposited on a stabilized thin ?lm 
composition of the present invention by active osteoblasts. 

[0046] FIG. 7 (a) is a photograph shoWing the deposition 
of ?orescent calci?ed bone matrix produced by osteoblasts 
cultured on the stabilized composition. 
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[0047] FIG. 7 (b) is a photograph shoWing a control in 
Which no osteoblasts are cultured on the stabilized thin ?lm 
composition and no ?uorescent calci?ed bone matrix is 
visualized. 

[0048] FIG. 8 is a SEM of osteoclast resorption pits on 
bulk three dimensional solid ceramics composed of arti?cial 
bioactive stabilized compositions. 

[0049] FIG. 9 is a SEM of osteoclast resorption pits on 
thin ?lms of arti?cial bioactive stabilized compositions. 

[0050] FIG. 10 is a cross-sectional TEM magni?ed micro 
graph of a thin layer of the arti?cial stabilized composition 
on a quartz substrate shoWing the morphology. 

[0051] FIG. 11 is a SEM micrograph of the stabilized 
composition applied as a thin ?lm shoWing the surface 
microporous structure. 

[0052] FIG. 12(a) is a SEM micrograph ofa commercial 
sintered hydroxyapatite in the absence of stabilizing entities. 

[0053] FIG. 12(b) is a SEM micrograph of commercial 
sintered hydroxyapatite in the presence of silicon stabilizing 
entities. 

[0054] FIG. 13 is a SEM of an osteoclast on natural bone 
shoWing a natural resorption pit. 

[0055] FIG. 14 is a SEM micrograph illustrating the 
globular surface morphology of a bulk ceramic made by the 
process of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0056] The composition of calcium phosphate substance is 
that provided in accordance With that described in the 
applicant’s co-pending published PCT application WO94/ 
26872. This process provides on a consistent basis, a thin 
?lm of calcium phosphate phases Which are Within the 
desired range of 50:50 to 20:80 for the ratio of hydroxya 
patite to ot-tricalcium phosphate. It has noW been found that 
the presence of stabilizing entities signi?cantly and unex 
pectantly stabilizes the ot-TCP Within the calcium phosphate 
phases to provide a bioactive composition Which supports 
and encourages the activity of both osteoblasts and osteo 
clasts and Which alloWs for the quanti?cation of such 
activity in a reproducible manner, and provides for the 
development of diagnostic and therapeutic strategies for 
bone tissue loss. 

[0057] It is to be understood that the term “stabilized” 
refers to the calcium phosphate phases formed upon con 
version of the hydroxyapatite Which maintain a consistent 
crystallographic and chemical structure When placed in 
ambient conditions or in a physiological environment in 
vivo or in vitro. It is also to be understood that the term 
“bioactive” refers to the ability to support osteoblastic bone 
groWth over and throughout structures substantially or 
exclusively made of the present composition and simulta 
neously promote natural controlled extracellular resorption 
of the composition by osteoclasts, While avoiding non 
speci?c chemical and/or cellular dissolution and/or degra 
dation, in a process closely resembling that of normal bone 
turnover. Such bioactivity being present during in vitro and 
in vivo uses of the materials Where bone cells are present. By 
the term “calcium phosphate phases”, it is intended to 
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include the various calcium phosphate species in the sintered 
product such as hydroxyapatite ot-TCP, [3-TCP, calcium 
octophosphate, tetracalcium phosphate and dicalcium phos 
phate. 

[0058] It Was initially thought that for supporting bone cell 
activity in vitro, the suitable calcium phosphate product Was 
to be pure or essentially pure hydroxyapatite and Was 
understood to be the calcium phosphate entity of choice in 
making a ?lm. It has noW been determined that materials 
Which are predominantly of hydroxyapatite do not encour 
age normal function of osteoclasts and osteoblasts and, in 
actual fact, in the presence of osteoclasts, very little activity 
can be observed. It Was found, hoWever, that by providing a 
mixture of calcium phosphate phases Which include 
hydroxyapatite and ot-tricalcium phosphate, the degree of 
resorption is encouraged through a broad range Where the 
?lm predominantly of ot-tricalcium phosphate provides the 
highest degree of resorption, Whereas a ?lm predominantly 
of hydroxyapatite provides a negligible degree of resorption. 
It is this realiZation, With respect to the presence of ot-tri 
calcium phosphate that partially suggests Why the presently 
developed calcium phosphate materials encourage func 
tional properties in bone cells being cultured on such mate 
rials. This aspect, in providing stabiliZed calcium phosphate 
phases in the form of a thin ?lm Which permits, for example, 
transmittance of light or light re?ection, alloWs one to carry 
out diagnostic procedures to evaluate several functional 
properties of bone cells being cultured on such ?lms. 

[0059] Surprisingly, it has been found that standardiZing 
the preparation of the hydroxyapatite sol-gel substance and 
selecting a very speci?c range of sintering temperatures, not 
only achieves the desired ratios but also reveals that the 
optimum composition is formed by conversion of hydroxya 
patite as prepared by the sol-gel process to ot-tricalcium 
phosphate. Little or no [3-tricalcium phosphate has been 
detected in these preferred optimiZed ?lm compositions. 
There is no need to prepare mixtures of hydroxyapatite and 
ot-tricalcium phosphate preparations of the individual 
phases. Instead, the technique as described in published PCT 
application WO 94/26872 is suf?cient in preparing a sol-gel 
hydroxyapatite sub stance. The chemical reaction for making 
such a hydroxyapatite substance in a medium of elevated pH 
is as folloWs: 

10NH4NO3+6H2O 

[0060] The starting solutions consist of aqueous solutions 
in Which the reactants are fully dissolved and Which can be 
Well mixed. The hydroxyapatite forms as ?ne particles in 
suspension, the siZe of Which is shoWn by light scattering 
experiments to groW from an average of about 0.3 um to 
over 1 pm When aging the sol-gel substance for 24 hours 
after preparation. 

[0061] The hydroxyapatite substance is stable in neutral 
and/or alkaline media. Preferably the reaction medium is 
brought to an elevated pH usually in the range of about 12. 
A ?rst phosphate solution is added drop by drop into a 
second calcium solution to prevent the formation of tetra 
calcium monohydrogen triphosphate thereby obtaining a 
product of the desired hydroxyapatite. The sol-gel substance 
can be ?ltered, dried as a poWder, calcined and ?red in an 
alumina crucible at 10000 C., to form calcium hydroxyapa 
tite phases Which are stable under normal conditions of 
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atmospheric humidity. The conversion of this phase at 
sintering temperatures of over 12000 C. is into primarily 
ot-tricalcium phosphate With smaller amounts of some other 
phases also being formed such as [3-TCP, calcium octophos 
phate, tetracalcium phosphate or dicalcium phosphate. It is 
to be understood by those skilled in the art other “contami 
nating” materials may also be formed in the sintered stabi 
liZed calcium phosphate phases. Such materials may also be 
added to the hydroxyapatite substance before sintering. The 
presence or addition of such contaminants preferably does 
not a?fect the composition and the morphology of the 
stabiliZed composition in any manner Which Will a?fect the 
support of bone cell activity thereon. 

[0062] With respect to the sintering process, it has also 
been found that sintering of the dried ?lm of hydroxyapatite 
substance may be carried out in a standard type of high 
temperature oven Without any need to control the atmo 
sphere in the oven. When a neW oven is used or an oven 

contaminated by previous use for other purposes, it is 
preferred to cycle the oven through the sintering temperature 
range several times While the oven is empty. Such pre 
conditioning of the oven removes any volatiles and prepares 
it for use. No additional steps are required. Ambient air may 
be present in the oven during the break-in period and during 
normal use for sintering coated substrates Where the pres 
ence of ambient air does not hamper the process and results 
in producing consistent results for the desired ratio. Under 
these conditions, the sintering temperature may range from 
9200 C. up to 11000 C. in providing the desired ratios of 
50:50 up to 20:80 in the presence ofa quartz substrate. It has 
been found that as the temperature increases, the conversion 
of hydroxyapatite into ot-tricalcium phosphate is also 
increased. At sintering temperatures in the range of 9200 C. 
up to 9500 C. the ratio may vary from 50:50 toWards 
333:666. At selected sintering temperatures in the range of 
9500 C. to 10000 the ratio is approximately 333:666. 
Increasing the temperature beyond a 10000 C. and up to 
11000 C. further increases the conversion and produces 
compositions having ratios in the range of 333:666 to 20:80. 
The preferred sintering temperature is approximately 9750 
C. Where the ratio of 333:666 is achieved. 

[0063] The conversion of the hydroxyapatite to tricalcium 
phosphate occurs via the reaction; 

the degree of conversion at any temperature being sensitive 
to the partial pressure of Water in the surrounding atmo 
sphere and to factors Which modify the concentration of 
CaO. 

[0064] The nature of the tricalcium phosphate Which is 
formed is of signi?cance. For non-stoichiometric hydroxya 
patite With a Ca/P ratio of 15-160 (Nakamura, Thermo 
chimica Acta, Vol. 165, 1990), and for many commercially 
supplied hydroxyapatite poWders (Aldrich Chem Co.), [3-tri 
calcium phosphate is often formed When the poWder is 
heated to 11100 C. and then cooled to temperatures below 
10000 C. [3-TCP is a stable, insoluble compound Which 
appears in nature as the mineral Whitlockite. In the conver 
sion of the sol-gel derived hydroxyapatite substance formed 
from aqueous solutions as described herein, and in calcium 
hydroxyapatite poWders formed from alternate precipitation 
reactions, it is found that the formation of ot-tricalcium 
phosphate is enhanced at temperatures below 10000 C. in the 
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presence of stabilizing entities. In the development of cal 
cium phosphate based coatings, ot-TCP has not been a great 
subject of attention because of its degradation in physiologi 
cal ?uids due to its relatively high solubility and from the 
fact that it only results from the high temperature conversion 
of pure hydroxyapatite at temperatures of over 12500 C. 

[0065] From the conversion equation, it is expected that 
any factor Which controls the activity of CaO in the system 
Will modify both the temperature and the reversibility of the 
hydroxyapatite conversion. The addition of a stabilizing 
entity such as SiO2 is believed to react With CaO by the 
reaction: 

thereby driving the conversion to loWer temperatures. This 
reaction should be complete for 1 mol SiO2 per 1 mol CaO 
produced in the reaction. Other reactions to form different 
silicates With other CaO/SiO2 ratios may be possible. 

[0066] When CaO is removed by the action of the silica to 
form calcium silicates, the temperature at Which the TCP 
phases form is reduced to temperatures consistent With the 
data from the conversion of the prepared hydroxyapatite 
composition as seen in FIG. 1. The addition of silicon 
entities drives the conversion line to the right, that is, to 
loWer temperatures With the formation of primarily ot-TCP. 

[0067] The proposed mechanism by Which silica plays a 
direct role in encouraging the formation of the alpha trical 
cium phosphate compared to other phases such as beta 
tricalcium phosphate is that the silicon entities enter the 
hydroxyapatite crystal structure and stabilizes the alpha 
phase With respect to beta. It has noW also been demon 
strated, in accordance With a preferred embodiment, that the 
nature of the starting hydroxyapatite substance and the 
manner in Which silica is added is of importance. When 
silica in the form of a poWder is added to a commercial pure 
hydroxyapatite poWder, and co-milled to promote mixing, 
the conversion product observed at high sintering tempera 
tures of over 10000 C. Was [3-TCP. In contrast, poWders 
prepared according to the present invention With silica added 
as a metal-organic solution, converted to primarily a stabi 
lized alpha tricalcium phosphate phase Which Was retained 
at loW temperature as shoWn in FIG. 2 at the 950° C. line. 
This conversion is not reversible. At high temperature, the 
doped poWders shoW a reduction in the conversion tempera 
ture from over 12000 C. for pure poWders to about 9500 C. 
for silica doped poWders. As noted, this development is 
believed to be due to the formation of calcium silicates, 
Whereby the stabilized resulting phase composition is 
retained on cooling to loW temperature. 

[0068] One reason Why poWders With stabilizing entities 
prepared in accordance With the present invention have 
reproducible and stable phase compositions With a desired 
surface morphology and an internal microporous structure is 
that the hydroxyapatite substance is originally prepared in 
the sol-gel process as very ?ne particles. Addition of stabi 
lizing entities such as silicon entities in the form of a 
metallorganic solution alloWs each of these particles to be in 
intimate contact With a layer of silicon entities resulting in 
thorough mixing. On sintering, the silica is in close prox 
imity to the CaO released in the conversion reaction. It is 
proposed that the formation of insoluble calcium silicate 
entities at the surface of each particle limits the reversibility 
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of the reaction and plays a role in preventing the solubility 
of alpha tricalcium phosphate in aqueous physiological 
media. 

[0069] In a similar manner to silica, titanium, aluminum 
and boron Were predicted to reduce the conversion tempera 
ture and thus can be used as stabilizers, ie. dopants. FIGS. 
3 and 4 illustrate the temperature reduction With the forma 
tion of CaO/Al/Ti/Ba complexes. These metals may be used 
to remove the CaO from the hydroxyapatite and result in a 
stabilized ot-TCP. The factors important for the selection of 
stabilizer (dopant) and of the compound by Which it is 
dispersed are: (a) it needs to interact With formed CaO Which 
forms a stable calcium compound, (b) it must be capable of 
being dispersed uniformly throughout the sol-gel substance 
preferably in a manner Which surrounds the outer surfaces of 
the neWly formed particles, (c) it should not stabilize unde 
sirable phases Within the calcium phosphate system, and (d) 
it must be non-toxic When integrated for biological appli 
cations. Stabilizing entities suitable for use in the present 
invention are those Which form oxides, preferably metal 
oxides. Preferred metal oxides are those selected Which 
produce the desired composition and morphology such as 
oxides of aluminum, zirconium, germanium, chromium, 
vanadium and niobium, and are more preferably selected 
from silicon and titanium oxides. Mixtures of such stabiliz 
ing entities may also prove useful. 

[0070] Sintering is done in the presence of stabilizing 
entities. The stabilizing entities can be provided by virtue of 
diffusion from a substrate through the hydroxyapatite sub 
stance during the sintering process or by the addition of 
stabilizing entities to the hydroxyapatite substance before 
sintering. Whether by diffusion or by addition, the stabiliz 
ing entities are provided in an amount suf?cient to stabilize 
the calcium phosphate phases Which are in the form of thin 
?lms, poWders, thicker coatings, bulk ceramic pieces and in 
bulk ceramic pieces having an internal macroporosity 
formed therein. Preferably for the support and encourage 
ment of bone cell activity, it is the resultant unique bioactive 
surface morphology and internal microporous structure 
Which are reproducible and Which are a function of the 
presence of the stabilizing entities during the sintering 
process. 

[0071] Depending on its proposed use, the composition 
can be provided as various structures such as in the form of 
thin ?lms for diagnostics or as thicker coatings to be used on 
bone or dental implants. Herein, thin ?lms can be described 
as those having a thickness of 0.1 microns to 5 microns, 
thicker coatings are those having a thickness above 5 
microns designed to be applied to other substrates. Bulk 
ceramic pieces refer to larger three dimensional structures 
Which are functionally independent of a substrate. 

[0072] A preferred embodiment is provided by sintering a 
?lm of hydroxyapatite substance on the face of a quartz 
substrate. The quartz substrate provides a suf?cient source of 
silicon entities Which can diffuse throughout the calcium 
phosphate phases and produce a sufficient silicon entity 
content. As shoWn in FIG. 5 (a), the interface of the 
composition With the substrate, FIG. 5 (b) just above the 
interface, and FIG. 5 (c) of the top of the ?lm, silicon entities 
are available throughout the ?lm composition. During the 
sintering period, silicon entities are released from the surface 
of the quartz and diffuse through the surface of the 
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hydroxyapatite sub stance layer. During the conversion of the 
hydroxyapatite into ot-tricalcium phosphate Within the pre 
ferred range for the ratios of hydroxyapatite to ot-tricalcium 
phosphate, the silicon entities react With the CaO to form 
calcium silicates Which form a stable complex With the 
ot-tricalcium phosphate. It is understood by those skilled in 
the art that other substrates or additives Which upon sintering 
release stabilizing entities into the developing calcium phos 
phate phases, may also be used in accordance With the 
present invention. The stabilizing entities may be selected 
from metal and non-metal oxides of, for example, silicon, 
aluminum, zirconium, boron, titanium germanium, chro 
mium, vanadium, niobium and mixtures thereof. Substrates 
containing or made of aluminum, zirconium, boron, titanium 
and various mixtures of these components may be suitable 
for providing the source of stabilizing entities. 

[0073] The thin ?lm as provided on a suitable support, in 
accordance With this invention, signi?cantly advances the 
study and understanding of bone cell functional properties. 
The make-up of the stabilized ?lm, as provided in accor 
dance With this invention, permits the culture of various 
types of bone cells thereon. The surface make-up may be 
adjusted to encourage a signi?cant degree of resorption of 
the calcium phosphate entities of the ?lm material through 
to a negligible degree of resorption of the calcium phosphate 
entities in the study of osteoclast activity. Similarly, osteo 
blast activity may be studied by detecting a build up of 
calci?ed bone matrix. The ability to provide the material in 
a ?lm Which is su?iciently thin that resorption of the entities 
by osteoclasts can be detected by the disappearance of 
resorbed calcium phosphate entities provides a simple inex 
pensive format for analysis compared to the prior art tech 
niques. The ?lm make-up as made in accordance With this 
invention, supports the biological function of bone cells. The 
bene?t in providing the ?lm on a transparent supporting 
substrate, such as quartz or glass, lends to easy evaluation 
techniques of the diagnostic process including automated 
machine reading. 

[0074] Ideally the ?lm thickness is greater than 0.1 micron 
because it has been found that at ?lm thicknesses less than 
0.1 microns it is di?icult to obtain uniform ?lm coverage, 
free from discrete voids. As to the upper thickness limit for 
the ?lm, it can be of any desired thickness depending upon 
its end use. As Will be discussed, the degree of resorption 
may be detected by light transmittance, Which preferably 
requires a ?lm less than 10 microns in thickness. The 
substrate is of quartz Which readily Withstands the required 
sintering temperatures and has the desired degree of trans 
parency to permit light transmittance tests to determine the 
extent of resorption of calcium phosphate entities from the 
?lm material. 

[0075] The developed thin ?lms may be used in kits and 
the like to provide for assessment of bone cell activity. The 
?lm may be embodied in the form of a “kit” comprising 
quartz substrates, pre-coated With an adherent calcium phos 
phate thin ?lm, Which may be used in a cell culture vessel 
(possibly a 24-Well optionally sterilized multi-Well plate i.e. 
of approximately 15 mm diameter) as a system suitable for 
the culture of mixed bone cell populations. The device is 
simple and relies on only routine laboratory equipment and 
techniques for use, is suitable for quantitative analysis, and 
is inexpensive to fabricate but strong enough to Withstand 
normal levels of handling and may be packaged in lots, of 
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(for example) 24 samples in a plastic presentation box. The 
thin ?lm surfaces have a de?ned and reproducible chemistry 
and are mechanically strong enough to Withstand transport 
When used With an appropriate packing material. 

[0076] In each case the culture conditions may be such 
that osteoclasts, in either mononuclear or multinucleate form 
could be expected to survive in a functional state and resorb 
the arti?cial calcium phosphate of the ?lm. Similarly, osteo 
blast are also capable of actively secreting calci?ed bone 
matrix under such culture conditions. 

[0077] These substrates may be used to assess the resorp 
tive activity of osteoclasts and monitor the change in this 
level of resorptive activity either as a result of a disease 
process or the inclusion, in the culture medium, of an agent 
such as a drug Which Would in?uence, either directly or 
indirectly, osteoclastic resorptive activity. The substrates are 
also suitable for the culture of active osteoblasts in order to 
observe and assess the secretion of bone matrix thereon as 
Well as use the deposited mineralized matrix for in vivo 
transplantation. As seen in FIG. 6, mineralized collagenous 
matrix 10 is deposited by cultured osteoblasts on the surface 
of the stabilized thin ?lm 12 as provided on a quartz 
substrate 14. AWell integrated boundary layer 16 resembling 
a cement line is shoWn and Which is similar to the same type 
of cement lines formed by osteoblasts in vivo at the interface 
betWeen neW bone and old bone. This clearly suggests that 
the pressure stabilized composition alloWs for physiological 
osteoblast activity further supporting the role of the stabi 
lized composition as an important bone remodelling prod 
uct. 

[0078] The device may be used as a means of quantifying 
the resorptive activity of osteoclasts or build-up of bone-like 
material by the activity of osteoblasts. Such activity analysis 
may occur under continuous real-time monitoring, time 
lapse intervals or end-point determination. The steps in 
establishing bone cell activity are common to each of the 
above monitoring schedules in that bone cells (either animal 
or human) are cultured, in speci?c conditions, on one or 
more of the devices. The culture period is from several hours 
to many days and preferably from approximately 2 to 10 
days (the optimum time is cell species and protocol depen 
dent), during Which time the extent of osteoclast activity 
may be continuously monitored, periodically monitored, or 
simply not monitored on an on-going basis in favour of 
?nal-end-point determination. Similarly, osteoblast activity 
may be observed by determining extent of calci?ed bone 
matrix build-up. As is shoWn in FIG. 7, a quartz disc coated 
With a stabilized ?lm of the present invention and simulta 
neously cultured With osteoblasts (a), is highly ?uorescent 
indicating the presence of mineralized bone matrix. In 
contrast, a stabilized ?lm coated on quartz in the presence of 
medium alone (b) shoWs no ?uorescence. The amount of 
calci?ed bone matrix is directly proportional to the measur 
able ?uorescence emitted. Tetracycline is a naturally ?uo 
rescent material. As the cells take up tetracycline, it is 
metabolized and its metabolites are secreted and incorpo 
rated into the neWly formed bone matrix. The tetracyline 
Will only ?uoresce upon its being metabolized by the 
osteoblasts. This demonstrates that osteoblasts actively 
secrete bone matrix on the stabilized composition. 

[0079] Once the sol-gel hydroxyapatite substance is pre 
pared, it may be applied as a thin ?lm to the desired substrate 












