(19) United States

12y Reissued Patent
Pugh et al.

(10) Patent Number:
45) Date of Reissued Patent:

USOORE41251E

US RE41.,251 E
Apr. 20, 2010

SYNTHETIC BIOMATERIAL COMPOUND OF
CALCIUM PHOSPHATE PHASES
PARTICULARLY ADAPTED FOR
SUPPORTING BONE CELL ACTIVITY

(54)

(75) Inventors: Sydney M. Pugh, Calgary (CA);

Timothy J. N. Smith, Kingston (CA);
Michael Sayer, Kingston (CA); Sarah
D. Langstaff, Toronto (CA)

(73)

(21)
(22)

Assignee: Warsaw Orthopedic, Inc.

12/022,946
Jan. 30, 2008

Appl. No.:
Filed:

Related U.S. Patent Documents
Reissue of:
(64) Patent No.:
Issued:
Appl. No.:
Filed:

6,323,146
Nov. 27, 2001
09/044,749
Mar. 19, 1998

U.S. Applications:

(63) Continuation-in-part of application No. 09/029,872, filed as

application No. PCT/CA96/00585 on Aug. 30, 1996, which
1s a continuation-in-part of application No. 08/576,238, filed

on Dec. 21, 1995, now abandoned

(60) Provisional application No. 60/003,157, filed on Sep. I,
1995.
(51) Int.CL.
CO04B 35/447 (2006.01)
C04B 41/87 (2006.01)
A6I1L 27/00 (2006.01)
(52) US.CL ..., 501/1; 501/123; 106/35;

623/23.61; 623/23.56; 423/306; 423/307;
423/308; 423/311;423/312; 423/314; 423/315;
423/316

(58) Field of Classification Search
See application file for complete search history.

References Cited

U.S. PATENT DOCUMENTS
7/1975 Nijhawan et al.

(56)

3,893,841 A

4,146,936 A 4/1979 Aoyagi et al.
4,376,168 A 3/1983 Takami et al.,

FOREIGN PATENT DOCUMENTS

FR 2664501 Al 1/1992
GB 2316940 A 11/1998
JP 5917567 A 10/1984
JP 1111763 A 4/1989
JP 1298055 A 12/1989
JP 8-165216 A 6/1996
JP 063218580 9/1998
WO 94/26872 Al  11/1994
WO 05/32008 Al  11/1995
WO 97/09286 Al 3/1997
WO 98/08773 Al 3/1998
WO O1/17965 A2 11/1999
OTHER PUBLICATIONS

Ruys, “Silicon—Doped Hydroxyapatite”, J. Aust. ceram,
Soc., 29(1/2), pp. 71-80, 1993 %

Chambers et al., “Failure of Cells of the Mononuclear
Phagocyte Series to Resorb Bone,” Calcif. Tissue Intl.,
36:556-3538 (1984).

Chambers et al., “Resorption of Bone by Isolated Rabbait
Osteoclasts,” J. Cell Sci., 66, pp. 383-399 (1984).

Boyde et al., “Resorption of Dentine by Isolated Osteoclasts
in vitro,” British Dental Journal, 156, pp. 216220 (1984).
Boyer et al., “Systhesis of phosphate—silicate apatites at

atmospheric pressure,” Solid State Ionics, 95, pp. 121-129,
1997.

(Continued)
Primary Examiner—C. Melissa Koslow
(57) ABSTRACT

The present invention 1s directed to a synthetic biomaterial
compound based on stabilized calcium phosphates and more
particularly to the molecular, structural and physical charac-
terization of this compound. The compound comprises
calcium, oxygen and phosphorous, wherein at least one of
the elements 1s substituted with an element having an 10nic
radius of approximately 0.1 to 1.1 A. The knowledge of the
specific molecular and chemical properties of the compound
allows for the development of several uses of the compound
in various bone-related clinical conditions.

24 Claims, 24 Drawing Sheets

X-Ray Diffraction Spectruom (8-28) of powder
prepared from the Ca-P colloid with silicon as the
introduced additive. Approximate phase ratio:

33 & 5% HA and 67 + 5% Si-TCP.

100

Intensity (CPS)
S
l

0 I t

15 20 25

1

30

35 40 45 50

28 for Cu radiation (degrees)



US RE41,251 E
Page 2

U.S. PATENT DOCUMENTS

4,503,157 A 3/1985 Hatahira
4,861,733 A 8/1989 White
4,871,578 A 10/1989 Adam et al.
4,983,182 A 1/1991 Kijima et al.
4,988,362 A 1/1991 Tortyama et al.
4,990,163 A 2/1991 Ducheyne et al.
5,011,495 A 4/1991 Hollinger
5,034,352 A 7/1991 Vit et al.
5,128,169 A 7/1992 Saita et al.
5,232,878 A 8/1993 Kasuga et al.
5,279,831 A 1/1994 Constantz et al.
5,728,395 A 3/1998 Ohtsuka et al.
6,090,732 A 7/2000 Tto et al.
6,312,468 Bl 11/2001 Best et al.
6,323,146 Bl  11/2001 Pugh et al.
6,338,752 Bl 1/2002 Lin et al.
6,346,123 Bl 2/2002 McKay
OTHER PUBLICATIONS

Ruys, “Silicon—Doped Hydroxyapatite,” J. Aust. Ceram.
Soc., 29(1/2), pp. 71-80, 1993.

Layrolle et al., “Sol-Gel Synthesis of Zinc Containing Cal-
cium Phosphate Biomaterials”, Phosphorous Research Bull.
vol. 6, pp. 63—66, 1996.

Bigi et al., “Isomorphous Substitutions 1 B—Tricalcium
Phosphate: The Diflferent eflects of Zinc and Strontium”,
Jour. Inorg. Biochem., vol. 66, pp. 259-265, 1997.

Blair et al, “Isolated Osteoclasts Resorb the Organic and
Inorganic,” The Journal of Cell Biology, vol. 102, Apr. 1986,
pp. 1164-1172.

Brinker et al., “Fundamentals of sol-gel dip—coating,” J.
Phys. III, France 4 (Jul. 1994) pp. 1231-1242.

Nakamura et al., “Thermal expansion of hydroxyapa-
tite—B—tricalcium phosphate ceramics,” Thermochimica
Acta, 165 (1990) pp. 57-72, Elsevier Science Publishers
B.V., Amsterdam.

Thian et al., “The response of osteoblasts to nanocrystalline
silicon—substituted hydroxyapatite thin films,” Biomatenals
2’7 (2006), pp. 2692-2698, Elsevier Ltd.

Best et al., “The Osteogenic Behaviour of Silicon Substi-
tuted Hydroxyapatite,” (2008) Trans Tech Publications,
Switzerland.

Shimizu et al., ““The effect of substrate composition and con-
dition on resorption by i1solated osteoclasts,” Bone and Min-
eral, 6, pp. 261-275 (1989).

Jones et al., “The resorption of biological and non—biologi-
cal substrates by cultured avian and mammalian osteo-
clasts,” Anat. Embryol, 170:247-256 (1984).

Kerby et al., “Denvation of Osteoclasts from Hematopoietic
Colony—Forming Cells 1n Culture,” Journal of Bone and

Mineral Research, vol. 7, No. 3, pp. 353-362 (1992).

Amano et al., “An Assey System Utilizing Devitalized bone

for Assessment of Differentiation of Osteoclast Progeni-
tors,” Journal of Bone and Mineral Research, vol. 7, No. 3,

pp. 321-328 (1992).

Notice mailed Sep. 21, 2004 from related case U.S. Appl.
No. 10/142,131, filed May 10, 2002.

Notice mailed Dec. 17, 2002 from related case U.S. Appl.
No. 09/971,148, filed Oct. 4, 2001.

Office Action mailed Dec. 14, 1999 from related case U.S.
Appl. No. 09/044,749, filed Mar. 19, 1998.

Office Action mailed May 4, 2000 from related case U.S.
Appl No. 09/044,749, filed Mar. 19, 1998.

Office Action mailed Nov. 28, 2000 from related case U.S.
Appl. No. 09/044,749, filed Mar. 19, 1998.

Notice mailed Jun. 6, 2001 from related case U.S. Appl. No.
09/044,749, filed Mar. 19, 1998.

Office Action mailed Jan. 9, 1997 from related case U.S.
Appl. No. 08/576,238, filed Feb 24, 1996.

Office Action mailed Nov. 8, 1999 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Jul. 13, 2000 from related case U.S.
Appl No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Mar. 29, 2001 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Jun. 6, 2001 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Oct. 3, 2001 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Jun. 18, 2002 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Mar. 3, 2003 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Advisory Action mailed Nov. 7, 2003 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Jan. 12, 2004 from related case U.S.
Appl. No. 09/029,872, filed Jun 29, 1998.

Examiner Answer mailed Apr. 6, 2005 from related case
U.S. Appl. No. 09/029,872, filed Jun. 29, 1998.

Decision mailed Feb. 27, 2007 from related case U.S. Appl.
No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed May 2, 2007 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Jan. 15, 2008 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.
Advisory Action mailed Apr. 8, 2008 from related case U.S.
Appl. No. 09/029,872, filed Jun. 29, 1998.

Office Action mailed Jun. 25, 2008 from related case U.S.
Appl. No. 09/029,872, filed Jun 29, 1998.

* cited by examiner



U.S. Patent Apr. 20, 2010 Sheet 1 of 24 US RE41,251 E

Figure 1: X-Ray Diffraction Spectrum (8-26) of
powder prepared from the Ca-P colloid with no
introduced additives and sintered at 1000°C.
Overlay of JCPDS File #9-432 (HA).
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Figure 2: Glancing Angle X-Ray Diffraction Spectra of a
thin film of the Ca-P colloid sintered on quartz at 1000°C.
(a) Overlay of JCPDS#9-348 (a-TCP).

(b) Overlay of JCPDS#9-432 (HA).
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Figure 3: Glancing Angle X-Ray Diffraction Spectra
illustrating the effect of sintering temperature on
thin film phase composition.
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Figure 4: Glancing Angle X-Ray Diffraction Spectra
illustrating the effect of sintering time on thin film
phase composition.
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(iii) Top of the film.
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Figure 7: Average Agglomerate Size in the Ca-P colloid

as a function of colloid aging period, as determined using
light scattering particle analysis.
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Figure 9: X-Ray Diffraction Speetrum (6-25) of powder
prepared from the Ca-P colloid with silicon as the

introduced additive. Approximate phase ratio:
33 + 5% HA and 67 £+ 5% Si-TCP.
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Figure 10: The Effect of Silicon Content on Phase Composition
of Si-mHA powders, as determined by x-ray diffraction (5-20).
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Figure 12: X-Ray Diffraction Spectra (0-20) of powder
prepared from the Ca-P colloid with titanium as the
introduced additive.

(a) Overlay of JCPDS File #9-432 (HA).

(b) Overlay of JCPDS File #9-169 (B-TCP).
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Figure 15: X-Ray Diffraction Spectra for the physical mixture of
25% CaSiO, and 75% B-TCP (sintered at 1250°C for 8 hours).
(a) Overlay of JCPDS File #9-348 (a-TCP).

(b) Overlay of JCPDS File #9-169 (3-TCP).
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Figure 16: High Resolution X-Ray Diffraction Spectrum

of Si-mHA powder. Overlay of JCPDS File #9-348 (a-TCP)
assuming a Gaussian peak shape with a peak width of 0.225°.
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Figure 18: IR Spectra for powders sintered at 1000°C:
(a) cHA, (b) mHA and (c) Si-mHA.
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Figure 19: Summary of IR Spectra illustrating the
effect of silicon content on the P-O stretch.
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SYNTHETIC BIOMATERIAL COMPOUND OF
CALCIUM PHOSPHATE PHASES
PARTICULARLY ADAPTED FOR

SUPPORTING BONE CELL ACTIVITY

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS

This application 1s a continuation-in-part of copending
U.S. patent application Ser. No. 09/029,872, filed [Mar. 2,]
Jun. 29, 1998, which 1s a U.S. National Phase Application of
PCT/CA96/00585, filed Aug. 30, 1996, which 1s a
continuation-in-part of U.S. patent application Ser. No.
08/576,238, filed Dec. 21, 1995, now abandoned, which
claims the benefit of U.S. Provisional Application Ser. No.
60/003,157, filed Sep. 1, 1995, which are each hereby incor-
porated herein 1n their entirety by reference. Application Ser.
No. 09/044,749 claims priority to PCT Application No. PC1T/
CA98/00046, filed on Jan. 29, 1998.

FIELD OF THE INVENTION

This 1invention 1s directed to a synthetic biomaterial com-
pound based on stabilized calcium phosphates and more par-
ticularly to the molecular, structural and physical character-
ization of this compound. This compound which in the
alternative may be referred to as Skelite,™ has applications
in the treatment of various bone related clinical conditions
such as for the repair and restoration of natural bone com-
promised by disease, trauma or genetic influences.

BACKGROUND OF THE INVENTION

Bone 1s a complex mineralizing system composed ol an
inorganic or mineral phase, an organic matrix phase, and
water. The 1morganic mineral phase 1s composed mainly of
crystalline calctum phosphate salts while the organic matrix
phase consists mostly of collagen and other noncollagenous
proteins. Calcification of bone depends on the close associa-
tion between the organic and 1norganic phases to produce a
mineralized tissue.

The process of bone growth i1s regulated to meet both
structural and functional requirements. The cells involved 1n
the processes of bone formation, maintenance, and resorp-
tion 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 flux of cal-
cium and phosphate between the bone mineral and the extra-
cellular fluid. Osteoclasts function to resorb bone and are
essential in the process of bone remodeling. 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 1in bone density such as that seen in osteoporosis,
osteitis fibrosa and in Paget’s disease. All of these diseases
are a result of increased bone resorption.

In order to understand the mechanisms 1nvolved which
regulate bone cell function, it 1s 1important to be able to
assess the normal function of bone cells and also the degree
ol perturbation of this activity in various bone diseases. This
will lead to the identification of drugs targeted to restore
abnormal bone cell activity back to within normal levels.
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Together with the 1dentification of the etiology of abnormal
and normal bone cell activity and the assessment of this
activity, 1s the desire and need to develop compositions and
methods for the treatment of abnormal bone cell activity, as a
result of disease, surgical removal or physiological 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.

Several groups have attempted to provide compositions
suitable for the therapeutic replacement of bone tissue. U.S.
Pat. No. 4,871,578 discloses a process for the formation of a
non-porous smooth coating of hydroxyapatite suitable for
implant use. U.S. Pat. No. 4,983,182 discloses a ceramic
implant which comprises a sintered body of zircoma and a
coating of a.-TCP and zirconia, or hydroxyapatite and zirco-
nia. U.S. Pat. No. 4,988,362 discloses a composition for the
fusion of a bioceramic to another bioceramic. U.S. Pat. No.
4,990,163 discloses a coating used for the production of bio-
ceramics which consist of a-TCP and 3-TCP. Although
these different compositions may be used as biocompatible
coatings for implants and the like, none of these composi-
tions have been demonstrated to participate in the natural
bone remodeling process. Furthermore, none of the prior
compositions developed, can be manipulated to reliably pro-
duce a range of films, thicker coatings and bulk ceramic
pieces which share a common composition and morphology
which leads to similar bloactive performance in vivo and in
vitro.

It has therefore long been the goal of biomaterials
research 1n the field of orthopedics to develop synthetic
structures exhibiting comprehensive bioactivity. Bioactive
synthetic substrates and scaflolds capable of incorporation
into the natural process of bone remodeling are of interest 1n
applications which include not only 1n vitro bone cell assays
(Davies, I., G. Shapiro and B. Lowenberg. Cells and Materi-
als 3(3) 1993; pp. 245-36), but also 1n vivo resorbable bone
cements (Gerhart, T., R. Miller, J. Kleshinski and W. Hayes.
] Biomed Mater Res 22 1988; pp. 1071-82 and Kurashina,
K., H. Kurita, M. Hirano, J. deBlieck, C. Klein and K.
deGroot. Journal of Materials Science: Materials 1n Medi-
cine 6 1995; pp. 340-7), implantable coatings which
enhance the bonding of natural bone to the implant (Tofe, A.,
G. Brewster and M. Bowerman. Characterization and Per-
formance of Calcium Phosphate Coatings for Implants
edited by E. Horowitz and J. Parr. Philadelphia: ASTM, pp.
9-15 (1994), various forms of implantable prostheses and
bone repair agents (Tolman, D. and W. Laney. Mayo Clin
Proc 68 1993; pp. 323-31 and Levitt, S., P. Crayton, E. Mon-
roe and R. Condrate. J Biomed Mater Res 3 1969; pp.
683-5), and ex vivo tissue engineering (Kadiyala,S., N.
Jaiswal, S. Bruder. Tissue Engin 3(2) 1997; pp. 173-84).
The prime objective for such materials 1n vivo 1s to combine
the stimulation of osteogenic activity 1n associated bone tis-
sues for optimum healing, with the capability to be progres-

stvely resorbed by osteoclasts during normal continuous
remodeling (Conklin, J., C. Cotell, T. Barnett and D.

Hansen. Mat Res Soc Symp Proc 414 1996; pp. 65-70). In
vitro, related functions are to provide standardized labora-
tory test substrates on which osteoclast resorptive function
or osteoblast production of mineralized bone matrix can be
assessed and quantified (Davies, J., G. Shapiro and B.
Lowenberg. Cells and Materials 3(3) 1993; pp. 245-56).
Such substrates must be stable and insoluble 1n the biologi-
cal environment until acted upon by osteoclasts, the specific
bone mineral resorbing cells.

While calcium hydroxyapatite (Ca(OH)(PO,); or HA) 1s
the primary 1norganic component of natural bone
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(Yamashita, K., T. Arashi, K. Kitagaki, S. Yamada and T.
Umegaki. ] Am Ceram Soc 77 1994; pp. 2401-7), trace ¢le-

ments are also present (Biominerals edited by F. Driessens
and R. Verbeeck. Boston: CRC Press (1990). Calcium
hydroxyapatite 1s but one of a number of calcium-
phosphorous (Ca—P) compounds which are biocompatible.
Others include octacalcium phosphate (Brown, W., M.
Mathew and M. Tung. Prog Crys Growth Charact 4 1981;
pp. 59-87) and both phases of tricalcium phosphate (Ca,
(PO,), or a-TCP/B-TCP) (Elliott J. Structure and Chemistry
of the Apatites and Other Calcium Orthophosphates New
York: Elsevier (1994). Compounds, particularly HA, may
show differing degrees of stoichiometry with the Ca/P ratio
ranging from 1.55 to 2.2 (Meyer, J. and B. Fowler. Inorg
Chem 21 1997; pp. 3029-35). Such matenals can be artifi-
cially created by conventional high temperature ceramic pro-
cessing (Santos, R. and R. Clayton. American Mineralogist
80 1995; pp. 336—44) or by low temperature aqueous chem-
istry (Brown, P., N. Hocker and S. Hoyle. J] Am Ceram Soc
74(8) 1991; pp. 1848—54 and Brown, P. and M. Fulmer. ] Am
Ceram Soc 74(5) 1991; pp. 934-40). Most of such artificial
materials show good biocompatibility 1n that bone cells tol-
crate their presence with few deleterious effects, and indeed
enhanced bone deposition may occur (Ito, K., Y. Oo1. CRC
Handbook of Bioactive Ceramics edited by 'T. Yamamuro, L.
Hench and J. Wilson. Boca Raton, Fla.: CRC Press, pp.
39-31 (1990) and Ohgushi, H., M. Okumura, S. Tamai, E.
Shors and A. Caplan. J Biomed Mater Res 24 1990; pp.
1563-70). Currently, the most recognized medical applica-
tion ol calcium phosphates 1s the coating of implantable
prosthetic devices and components by thermal or plasma
spray to render the surface osteoconductive. It has been
noted that Ca—P ceramics which are stable in biological
environments are oiten a mixture of idividual compounds
(LeGeros, R., G. Daculsi. CRC Handbook of Bioactive
Ceramics edited by T. Yamamuro, L. Hench and J. Wilson.
Boca Raton: CRC Press, (1990)). However, despite the
osteogenic potential of these artificial materials, none
actively participate 1n the full process of natural bone remod-
cling.

In an effort to understand the cellular mechanisms
involved 1n the remodeling process, several researeh groups
have attempted to develop methods to directly observe the
activity of 1solated osteoclasts in vitro. Osteoclasts, 1solated
from bone marrow cell populations, 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 1s 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 tech-
niques 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 resorp-
tive 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 ol approximately 50% when assessing resorption
of relatively thick substrata. In addition these analysis tech-
niques are also very time consuming and require highly spe-
cialized equipment and training. Furthermore, the prepara-
tion and subsequent examination of bone or dentine slices 1s
neither an easy nor practical method for the assessment of
osteoclast activity.

The use of artificial calcium phosphate preparations as
substrata tor osteoclast cultures has also met with little suc-
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4

cess. Jones et al (Anat. Embryol 170, 247, 1984) reported
that osteoclasts resorb synthetic apatites 1n vitro but failed to

provide experimental evidence to support this observation.
Shimizu et al (Bone and Mineral 6, 261, 1989) have reported
that 1solated osteoclasts resorb only devitalized bone sur-

faces and not synthetic calcium hydroxyapatite. These
results would indicate that functional osteoclasts are difficult
to culture 1n vitro.

In the applicant’s published international PC'T application
WO094/268772, cell-mediated resorption was shown to occur
on a calcium phosphate-based thin film formed by the high
temperature processing of a calcium phosphate colloidal
suspension on quartz substrates. When used in vitro, these
ceramic films exhibited multiple discrete resorption events
(lacunae) across their surface as a result of osteoclast
activity, with no evidence of dissolution arising from the
culture medium. The regular margins of these lacunae corre-
spond closely to the size and shape of the ruftled borders
normally produced by osteoclasts as the means by which
they maintain the localized low pH required to naturally
resorb bone mineral in vivo. Enhanced deposition of miner-
alized bone matrix also occurs on these ceramics in the pres-
ence of osteoblasts.

It 1s now demonstrated by the Applicant’s that these thin
film ceramics exhibit two general characteristics: (1) the
presence ol a mixture of Ca—P containing phases compris-
ing approximately 33% HA and approximately 67% of a
silicon stabilized calcium phosphate and (2) a unique mor-
phology. Importantly, 1t was noted that the thermal process-
ing of the Ca—P colloid at 1000° C. resulted in an HA
powder, while the same colloidal suspension processed on
quartz had a mixed HA and silicon stabilized calcium phos-
phate phase composition. Energy dispersive X-ray analysis
of the film demonstrated the presence of Si in the coating
while cross-sectional transmission electron microscopy indi-
cated a microporous physical structure.

Applicants have discovered that the presence of stabiliz-
ing entities can stabilize the composition and prevent its deg-
radation in physiological fluids. Hence, disappearance of
calcium phosphate entities from a film, coating or bulk
ceramic piece of this composition, 1s substantially due to the
activity of the osteoclasts and not due to a dissolution pro-
cess. The stabilized artificial bioactive composition 1s the
first 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
as for the development of both diagnostic and therapeutic
strategies.

In view of the clinical importance of developing a syn-
thetic bone grait that 1s both osteogenic and can participate
in the body’s natural cell-based remodeling process, 1t was
important to focus on the role of introduced additives such as
silicon in the formation of a calcium phosphate-based bio-
material compound capable of being assimilated and remod-
cled into natural bone with the aid of the activity of osteo-
clasts and osteoblasts. Since the compound could only be
characterized by the preparation method, 1t was crucial to be
able to both physically and chemically characterize the com-
pound. In particular, it was important to characterize the
physical structure of the compound and more importantly,
the specific molecular and chemical structure of the stabi-
lized compound 1n order to be able to understand why the
new compound worked so well 1n biological conditions
alfecting the skeleton. The physical, molecular and chemaical
characterization of the compound could also provide for the
development of further uses of the compound 1n the treat-
ment of several different types of bone-related clinical con-
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ditions. In addition, this would also allow further chemical
alteration of the compound 1n order that 1t could be designed
for use 1n specific 1n vivo, 1n vitro and ex vivo applications.

The Applicant’s work now pointed to the transformation
of HA 1nto a stabilized calcium phosphate phase.
Surprisingly, during the difficult course of explicit character-
1zation of the compound from a molecular standpoint, it was
found that the resultant stabilized compound was an entirely
new compound herein described and termed Skelite™,

SUMMARY OF THE INVENTION

The present mvention provides a stabilized composition
comprising a synthetic biomaterial compound which allows
tor a wide variety of diagnostic and therapeutic applications.
The biomaterial compound, 1n accordance with an aspect of
the invention, can be used to provide a range of fine or coarse
powders, pellets, three-dimensional shaped pieces, thin films
and coatings which share a common globular morphology
and an iterconnected microporosity. In addition, the bioma-
terial compound can be formed as a macroporous structure
in order to provide an artificial three dimensional geometry
similar to that found in bone i1n vivo. The biomaterial
compound, made in any form, encourages the activity of
bone cells cultured thereon and also allows for the develop-
ment of ex vivo engineered artificial bone tissues for use as
bone grafits.

The created stabilized calctum phosphate compound has
only now been specifically characterized with respect to 1ts
physical and chemical structure leading to the realization
that the stabilized compound was an entirely new compound
never before described. The biomaterial compound 1s made
by the high temperature processing of a fine precipitate,
formed from a colloidal suspension and stabilized using an
additive with an appropriate sized i1onic radius that enables
substitution into the Ca—P lattice. The compound typically
coexists with calcium hydroxyapatite and 1s itself a novel
stabilized calcium phosphate compound having a
microporous morphology based on inter-connected particles
of about 0.2-1.0 um 1n diameter. The compound 1s essen-
tially insoluble 1n biological media but i1s resorbable when
acted upon by osteoclasts. It also promotes organic bone
matrix deposition by osteoblasts and can be assimilated 1nto
natural bone during the natural course of bone remodeling
through the activity of osteoclasts and osteoblasts. The com-
pound has been extensively analyzed using X-ray
diffraction, infrared spectroscopy, nuclear magnetic reso-
nance spectroscopy, and light scattering particle analysis.
Results now indicate that the characteristic features of the
compound arise during sintering through substitution reac-
tions where a stabilizing element such as silicon enters the
calcium phosphate lattice under conditions of high chemaical
reactivity. The crystallographic features are linked through
the glaserite form of the apatite structure.

According to an aspect of the present invention a biomate-
rial compound 1s provided comprising calcium, oxygen and
phosphorous, wherein at least one of the elements 1s substi-
tuted with an element having an iomic radius of approxi-
mately 0.1 to 1.1. A.

According to another aspect of the present mnvention 1s a
biomaterial compound having the formula (Ca,_ A ),
[P} . B.C,D)O,],; wherein A 1s selected from those ele-
ments having an ionic radius of approximately 0.4 to 1.1 A;
B, C and D are selected from those elements having an 1onic
radius of approximately 0.1 to 0.4 A; w is greater than or
equal to zero but less than 1; x 1s greater than or equal to zero
but less than 1; vy 1s greater than or equal to zero but less than
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1; z 1s greater than or equal to zero but less than 1; x+y+z 1s
greater than zero but less than 1;11s greater than or equal to 2
but less than or equal to 4; and 7 equals 4-0, where 0 1s
greater than or equal to zero but less than or equal to 1.

Specific compounds of the present invention include but
are not limited to Caz(P, 55,51, .05 3+<), and Ca,

(PD.QBTSSiD.DGZSOS.96875)2'

The knowledge of the specific molecular and chemical
properties of the compound of the present mnvention allows
for the development of several uses of the compound 1n vari-
ous bone-related clinical conditions. Such applications may
include orthopedic, maxillo-facial and dental applications
where the compound can be fabricated to exist as a fine or
coarse powder, pellets, three-dimensional shaped pieces,
macroporous structures, thin films and coatings.

According to yet another aspect of the present invention 1s
a method for substituting natural bone at sites of skeletal
surgery 1n human and animal hosts with a biomaterial com-
pound comprising calcium, oxygen and phosphorous
wherein at least one of the elements 1s substituted with an
clement having an ionic radius of approximately 0.1 to 1.1
A. The method comprises the steps of implanting the bioma-
tertal compound at the site of skeletal surgery wherein such
implantation promotes the formation ol new bone tissue at
the interfaces between the biomaterial compound and the
host, the progressive removal of the biomaterial compound
primarily through osteoclast activity, and the replacement of
that portion of the biomaterial compound removed by fur-
ther formation of new bone tissue by osteoblast activity, such
progressive removal and replacement being inherent in the
natural bone remodeling process.

In accordance with another aspect of the present invention
1s a method for repairing large segmental skeletal gaps and
non-union fractures arising from trauma or surgery in human
and animal hosts using a biomaterial compound comprising
calcium, oxygen and phosphorous wherein at least one of the
clements 1s substituted with an element having an 1onic
radius of approximately 0.1 to 1.1 A. The method comprises
the steps of implanting the biomaterial compound at the site
of the segmental skeletal gap or non-umion fracture wherein
such 1mplantation promotes the formation of new bone tis-
sue at the iterfaces between the biomaterial compound and
the host, the progressive removal of the biomaterial com-
pound primarily through osteoclast activity, and the replace-
ment of that portion of the biomaterial compound removed
by further formation of new bone tissue by osteoblast
activity, such progressive removal and replacement being
inherent 1in the natural bone remodeling process.

According to yet another aspect of the present invention 1s
a method for aiding the attachment of implantable prosthe-
ses 1o skeletal sites and for maintaining the long term stabil-
ity of the prostheses 1n human and animal hosts using a
biomaterial compound comprising calcium, oxygen and
phosphorous wherein at least one of the elements 1s substi-
tuted with an element having an 1onic radius ol approxi-
mately 0.1 to 1.1 A. The method comprises the steps of
coating selected regions of an implantable prosthesis with
the biomaterial compound, implanting the coated prosthesis
into a skeletal site wherein such implantation promotes the
formation of new bone tissue at the interfaces between the
biomaterial compound and the host, the generation of a
secure 1nterfacial bond between the host bone and the
coating, the subsequent progressive removal of the coating
primarily through osteoclast activity such that the coating 1s
diminished, and the replacement of that portion of the bio-
material compound removed by further formation of new
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bone tissue to generate a secure interfacial bond directly
between the host bone and the prosthesis.

According to yet another aspect of the present invention 1s
a method for providing tissue-engineering scattolds for bone
replacement 1n human or animal hosts using a biomaterial
compound comprising calcium, oxygen and phosphorous
wherein at least one of the elements 1s substituted with an
clement having an ionmic radius of approximately 0.1 to 1.1
A. The method comprises the steps of forming the biomate-
rial compound as a macroporous structure comprising an
open cell construction with iterconnected voids, combining
mature and/or precursor bone cells with the macroporous
structure, and allowing the cells to infiltrate the structure 1n
order to develop new mineralized matrix throughout the
structure.

The knowledge of the structure of the novel compound of
the present invention also allows for the use of the com-
pound as a carrier for various pharmaceutical agents includ-
ing but not restricted to bone growth factors and other agents
alfecting bone growth and remodeling.

According to another aspect of the present mvention 1s a
method for delivering pharmaceutical agents to the site of
skeletal surgery 1n human or animal hosts using a biomate-
rial compound comprising calcium, oxygen and phospho-
rous wherein at least one of said elements 1s substituted with
an element having an 1onic radius of approximately 0.1 to
1.1 A. The method comprises combining a pharmaceutical
agent with the biomaterial compound and applying the phar-
maceutical agent combined with the biomaterial compound
to a site of skeletal surgery, wherein such application results
in controlled local release of the pharmaceutical agent.

The biomaterial compound may be combined with addi-
tives such as those which increase the mechanical strength
and toughness of the compound 1n order to provide addi-
tional functions for specific applications. The biomaterial
compound may also be combined with various calcium
materials such as calcium hydroxyapatite, a-TCP, 3-TCP,
octocalcium phosphate, tetracalcium phosphate, dicalcium
phosphate and calcium oxide either as a physical mixture or
as a solid solution.

The biomaterial compound has a distinguishable
microporous and nanoporous structure along with a crystal-
lography that 1s similar yet different from that of .-TCP. The
new compound exhibits monoclinic pseudo-rhombic sym-
metry and 1s in the monoclinic space group P2,/a.
Furthermore, the new compound has a portion of the phos-
phorous substituted by an element having a suitable 10nic
radius.

The knowledge of the chemical formula of the biomaterial
compound and the mechanism behind 1ts bioactivity and sta-
bility 1n biological environments allows for the use of this
compound 1n vivo for the treatment of various bone related
climical conditions. In particular, the compound may be used
to help repair and restore natural bone that has been compro-
mised by disease, trauma, or genetic intluences.

In accordance with yet a further aspect of the invention 1s
a bioactive synthetic sintered composition for providing a
morphology capable of consistently supporting bone cell
activity thereon, the composition comprising stabilized cal-
cium phosphate compound developed by the conversion of a
hydroxyapatite substance 1n the presence of stabilizing enti-
ties at sintering temperatures wherein the stabilizing entities
stabilize and 1nsolubilize the calctum phosphate compound.

In accordance with a further aspect of the present mven-
tion 1s a process for preparing a synthetic sintered composi-
tion comprising a stabilized calcium phosphate compound
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having a morphology suitable for supporting bone cell activ-
ity thereon, the process comprising converting a hydroxya-
patite substance in the presence of stabilizing entities at sin-
tering temperatures wherein the stabilizing entities stabilize
and 1nsolubilize the calcium phosphate compound.

According to yet a further aspect of the present invention
1s a synthetic sintered microporous polycrystalline structure
for supporting bone cell activity, the structure comprising a
stabilized calctum phosphate compound having a globular
morphology of interconnected rounded particles with an
interconnected microporosity 1n said structure.

In accordance with yet a further aspect of the present
invention 1s an implant comprising: a) a scatfold for support-
ing the implant; and b) a layer of a stabilized calcium phos-
phate compound developed by the conversion of a hydroxya-
patite substance in the presence of stabilizing entities at
sintering temperatures wherein the stabilizing entities
insolubilize and stabilize the calcium phosphate compound.

In accordance with another aspect of the present invention
1s an implant comprising: a) a scatiold for supporting the
implant; b) a layer of a stabilized calcium phosphate com-
pound developed by the conversion of a hydroxyapatite sub-
stance 1n the presence of stabilizing entities at sintering tem-
peratures wherein the stabilizing entities insolubilize and
stabilize the calctum phosphate compound; ¢) a boundary
layer deposited by osteoblasts cultured on the layer of the
stabilized calcium phosphate compound; and d) a mineral-

1zed collagenous matrix secreted by such cultured osteo-
blasts.

According to another aspect of the present mnvention 1s a
method for the culturing of functional bone cells, the method
comprising applying a suspension of bone cells 1n physi-
ological media to a synthetic sintered film comprising a sta-
bilized calcium phosphate compound on a substrate; and
incubating the bone cells for a period of time to allow
expression of bone cell biological activity.

According to a further aspect of the present invention 1s a
kit for monitoring and quantitying the activity of bone cells,
the kit comprising a substrate having a sintered film of a
stabilized calcium phosphate compound and a multiwell
bone cell culture device adhered to the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be further understood from the
following description with reference to the Figures, in

which:

FIG. 1 shows a X-Ray Difiraction Spectrum (0-20) of
powder prepared from the Ca—P colloid with no mtroduced

additives and sintered at 1000° C.

FIG. 2 shows glancing angle XRD spectra of a thin film of
the Ca—P colloid sintered on quartz at 1000° C.

FIG. 3 shows GA-XRD spectra illustrating the effect of
sintering temperature on thin film phase composition;

FIG. 4 shows GA-XRD spectra illustrating the effect of
sintering time on thin film phase composition;

FIG. 5 shows a SEM micrograph illustrating the charac-
teristic surface morphology of a thin film of the Ca—P col-
loid sintered on quartz at 1000° C.;

FIG. 6 15 a cross-sectional TEM of a Ca—P thin film on
quartz, (a) film sintered at 1000° C. (b) unsintered film; (c)
EDX analysis of the sintered TEM sample at (1) the interface
of the film and the substrate, (1) the intermediate region
above the interface, and (111) the top of the film.

FIG. 7 shows the average agglomerate size in the Ca—P
colloid as a function of colloid aging period, as determined
using light scattering particle analysis;
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FIG. 8 shows a calculated predominance areca diagram
illustrating the efiect of CaO activity on the relative stabili-
ties of HA and TCP:

FIG. 9 shows a 020 XRD spectrum of powder prepared
from the Ca—P colloid with silicon as the introduced addi-
tive. Approximate phase ratio: 33£5% HA and 67+£5%
S1-TCP;

FIG. 10 shows the effect of silicon content on phase com-
position of S1-mHA powders, as determined by x-ray dif-
fraction (0—20);

FIG. 11 shows SEM micrographs illustrating the charac-
teristic surface morphology of Si-mHA ceramic pellets.
S1-mHA pellets can be resorbed by the specific cellular
activity of osteoclasts in a manner similar to that which
occurs on natural bone. (a) Surface morphology Si-mHA
ceramic pellet; (b) Osteoclast lacunae on surface of Si-mHA
ceramic pellet; and 11(c) Osteoclast lacunae on surface of
natural bone;

FIG. 12 shows 0-20 XRD spectra of powder prepared

from the Ca—P colloid with titanium as the introduced addi-
tive.

FIG. 13 shows the effect of Ti addition on mHA phase
composition; (a) no carrier (powder), (b) no carrier (ceramic
pellet), (¢) 2Me (powder), (d) 2ZMe (ceramic pellet), (e)
ACAC (powder) and (1) ACAC (ceramic pellet);

FIG. 14 shows SEM micrographs comparing the micro-
structure of S1-mHA pellets formed from the Ca—P colloid
versus materials prepared from commercial sources. (a)
S1-mHA prepared using TPOS as the mtroduced additive;
and (b) cHA as a physical mixture with TPOS.

FIG. 15 shows the XRD spectra for the physical mixture
of 25% CaS10; and 75% o-TCP sintered at 1250° C. for 8

hours;

FIG. 16 shows a high resolution XRD spectrum of
S1-mHA powder;

FI1G. 17 shows the NMR spectra comparing S1-mHA with
commercially available reference materials; (a) mixture of
commercial CaS10; and S10,, powders, (b) S1-mHA powder;

FIG. 18 shows IR spectra for powders sintered at 1000°
C.: (a) cHA, (b) mHA and (¢) S1-mHA; and

FIG. 19 shows a summary of the IR spectra illustrating the
elfect of silicon content on the P—O stretch.

FIG. 20 1s a cross-sectional SEM micrograph 1llustrating
mineralized collagenous matrix deposited on a thin film of
the stabilized composition.

FI1G. 21 are photographs of fluorescence analysis (a) 1s the
deposition of fluorescent mineralized matrix produced by
osteoblasts cultured on the stabilized composition, (b) 1s a
control in which no osteoblasts are cultured on the stabilized
composition and no fluorescent mineralized matrix 1s visual-
1zed.

FIGS. 22(a) and (b) are SEM micrographs of osteoclast
resorption pits on thin films of the stabilized composition.

FIG. 23 1s a micro CT 1image of natural bone architecture
with mset SEM micrograph of a macroporous structure
formed from the Skelite™ biomaterial compound.

In the drawings, preferred embodiments of the mvention
are 1llustrated by way of example. It 1s to be expressly under-
stood that the description and drawings are only for the pur-
pose of 1llustration and as an aid to understanding, and are
not intended as a definition of the limits of the imnvention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The Applicants have developed a process to provide a
stabilized calcium phosphate synthetic biomaterial com-
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pound which 1s fully biocompatible and has a morphology
capable of consistently supporting bone cell activity thereon.
This 1s provided 1n accordance with that method described 1n
the Applicant’s co-pending published PCT application WO
94/268°72, the subject matter of which 1s incorporated herein
by reference. The preferred embodiment for making the
compound of the present invention 1s described herein 1n the
accompanying examples.

The compound of the present mvention 1s herein referred
to as a biomaterial compound due to 1ts bioactive nature in
both 1n vitro and 1n vivo systems. Bioactivity refers to the
ability of the biomaterial compound to support osteoclast
and osteoblast activity and the ability to be assimilated with
natural bone by the activity of these cells. Although the com-
pound was characterized with respect to the process by
which 1t 1s made, both the physical and molecular structure
were unknown and could not be determined. It was however
essential to characterize the compound further with respect
to 1ts physical and chemical structure so as to better under-
stand the properties of the compound as well as to under-
stand why the compound was so well adapted for osteoclast
and osteoblast activity. The knowledge of the chemical
structure of the compound also allows for the modification
of the compound for therapeutic use 1n the treatment of cer-
tain clinical conditions.

Early data pointed to the fact that that the compound was
silicon stabilized. With turther difficult and tedious analysis
it was surprisingly found that the compound was 1n fact a
completely new synthetic stabilized calcium phosphate com-
pound never before characterized and herein referred to as
Skelite™. Where silicon 1s used as the introduced additive to
form Skelite™ the compound 1s referred to as S1-TCP. One
reason for the great difficulty in establishing the chemical
formula for the new compound was due to the complex and
large structure of Ca—P compounds such as HA as well as
the changing phase transitions that occurred during the sin-
tering process. The chemical 1dentification of this compound
was only realized and developed after lengthy analysis of
various Ca—P powders, thin films and pellets prepared with
introduced additives. Standard XRD analysis was performed
on samples prepared by a variety of compositional and ther-
mal processing routes. Results were mitially considered to
be consistent with the conclusion that the materials were a
mixture of a-TCP and HA, and that the calcium silicates
predicted by the FACT database (Bale, C. W., A. D. Pelton,
and W. T. Thompson. FACT Database | computer program |.
Contact: W. T. Thompson, Chemical and Materials
Engineering, Royal Military College, Kingston, Canada,
K7K 510 (1997) existed as a glassy phase at the grain
boundaries. Since no JCPDS file was available for Skelite™
and the peak positions were 1indicative of a-TCP using stan-
dard XRD techniques, the identification of Skelite™ was
unforeseen. Furthermore, one would not expect to find that
substitution 1s taking place at such low temperatures. A com-
plex and unobvious combination of analysis techniques had
to be performed to successtully 1dentify and characterize the
new compound. These studies, described as follows led to
the characterization of the new compound, an additive stabi-
lized calcium phosphate compound, Skelite™.

For clanty, several materials referred to herein are defined
as follows. For the commercially available matenials cHA
refers to commercial calcium hydroxyapatite (HA), calctum
silicate refers to CaSi10, and silica refers to S10,. For the
internally prepared materials mHA refers to microporous
calctum hydroxyapatite (HA), Si-mHA refers to S1-TCP
plus mHA. These materials are further defined 1n Table 1.
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Analysis of Pure (No Introduced Additives) mHA Powders

Using reaction (1) and analogous reactions, a fine colloi-
dal precipitate of HA 1n ammomated water can be achieved
under conditions where the pH 1s greater than 10.

SCa(NO3),+3NH,H,PO,+7NH,OH—Cas(OH)(PO ) 5+10

NH,NO,+6H,0 (1)

FIG. 1 shows that powders prepared from the colloidal
suspension of equation (1) with no introduced additives and
sintered at 1000° C. are HA (JCPDS File #9-432). The par-
ticle size of sintered powders, after mild grinding following,
sintering, 1s about 1 um as determined by SEM.

Analysis of Thin Films on Quartz Substrates

FIG. 2 shows that the film on quartz has a crystallographic
structure which was more complex than that for a powder
sintered under the same conditions. The structure consists of
two major phases, HA and Si1-TCP, where the Si1-TCP
resembles, but 1s different from the crystallography of
a-TCP (JCPDS file #9-348). All peaks within the XRD
spectra could be attributed to either HA or S1-TCP and no
distributions of peaks characteristic of other phases (such as
3-TCP or octacalcium phosphate) were distinguishable from
background.

FIG. 3 shows that as the sintering temperature was
increased, the film composition changed. When the film was
fired for one hour at 800° C. the composition of the film was
94% HA and 6% S1-TCP; at 900° C. there was a mixture of
62% HA and 38% S1-TCP; at 1000° C. the composition was
33% HA and 67% Si1-TCP. Changes 1n composition and film
morphology as a function of sintering duration were
assessed by changing the time the thin film on quartz
remained in a furnace maintained at a set temperature. A
computer controlled system allowed the ramp rate and hold
temperature to be defined. FIG. 4 shows that a dwell time of
five minutes yielded the same equilibrium phase composi-
tion as observed aiter a one hour dwell time. Increased dwell
time resulted 1n grain growth, as shown by SEM studies.

The phase composition could be modified by changing the
humidity of the sintering environment while maintaiming the
firing conditions at 1000° C. for one hour. The reaction was
suppressed by the presence of increased water vapor. Other
external factors or the addition of additives to the colloid
suspension did not significantly modify the results achieved
for thin films on quartz.

Optical microscopy, SEM and TEM show that the sintered
films on quartz have a consistent morphology which 1s 1llus-
trated 1n FIGS. 5 and 6(a). While the films appear to be
composed of translucent polycrystals under an optical
microscope with phase contrast (x20), at the higher magnifi-
cation achieved using an SEM (x10K) the surface morphol-
ogy 1s that of an 1terconnected set of rounded particles with
a high degree of porosity as seen 1 FIG. 5. The average
dimension of these particles depends on the time and tem-
perature of sintering. Under most conditions the mean size
lies between 0.2 and 1 um with the size increasing with the
time and temperature of sintering. Cross-sectional TEM
(FIG. 6(a)) of an individual particle indicates the presence of
nanoporosity within the body of the particle. It 1s important
to note that these pores were not altered with extended expo-
sure to the electron beam, and were therefore inherent to the
sample and not a sample preparation artifact. The underlying
granular structure was about 5—10 nm 1n size. This appeared
to reflect the individual granule size observed in the cross-
sectional TEM micrographs of a dried but unsintered thin
film on quartz as seen in FIG. 6(b).

To examine the evolution of particle agglomeration, ali-
quots of the colloidal suspension were analyzed for particle
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s1ze after various aging times. FIG. 7 shows that a marked
variation in measured particle size occurs during the 24 hour
period of aging. The 1nitial measurement gives a particle size
less than 1 um, increasing to greater than 10 um after 8
hours, but subsequently decreasing again to approximately
1 um after 24 hours. This 1s indicative of agglomeration of
the fine precipitate with the most stable structure having
dimensions 1n the range of 0.2—1.0 um. Subsequent sintering
of such agglomerates accounts both for the basic morphol-
ogy of the thin films on quartz and the microporosity of bulk
ceramics.

In order to understand the origin of the difference between
a precipitate fired as a powder or as a thin film prepared on a
quartz substrate, films on quartz were fired for 1 hour and
were subsequently analyzed for elemental composition as a
function of distance from the quartz interface using electron
induced energy dispersive X-ray spectroscopy (EDX). As
shown 1n FIG. 6(c)(1)(11) and (111) silicon was detected at
concentrations which decreased with distance from the inter-
face; however, no XRD peaks for compounds such as cal-
cium silicate could be identified. These results suggested
that S1 diffusing from the quartz substrate played a role in
moditying the morphology and crystallography of the thin
f1lms.

Analysis of mHA Powders with Introduced Additives

Powders prepared from the colloid of equation (1) com-
bined with selective additives, demonstrate a unique calctum
phosphate composition after sintering at 1000° C. Several
possible actions of silicon as an additive in this temperature
range were 1nitially postulated such as the modification of
the conversion reactions of HA 1nto its successor com-
pounds; the modification of the crystallographic structure of
HA and its successor products by silicon substitution; and
morphological changes associated with surface diffusion of
the additive or by additive induced changes 1n surface prop-
erties.

These possibilities were evaluated by the creation of
ceramic thin films, powders and bulk maternials 1n which
processing conditions or the presence of additives changed
the final products. The initial basis for defining process
changes and additive selection was determined according to
equilibrium thermodynamic computations using the data-
base and programming in the Facility for the Analysis of
Chemical Thermodynamics (FACT) (Bale, C. W., A. D.
Pelton, and W. T. Thompson. FACT Database [computer
program|. Contact: W. T. Thompson, Chemical and Materi-
als Engineering, Royal Military College, Kingston, Canada,
K7K 3L0 (1997). F1G. 8 shows the calculated phase diagram
expected for the Ca—P system as a function of inverse tem-
perature (K™") and partial pressure of H,O in the thermal
processing atmosphere. The diagram applies to a closed
chemical system and utilizes a large database of literature
values for the Gibbs free energies of formation. The most
stable phase(s) are computed for a large matrix of coordi-
nates which lead to the placement of the phase boundaries.
HA decomposes mto 3-TCP at temperatures below 1100° C.
under low partial pressure of H,O. a-TCP 1s formed at tem-
peratures above about 1100° C. The predictions are consis-
tent with high temperature crystallographic data for HA
ceramics (Welch, J. and W. Gutt. J Chem Soc 1961; pp.
44424 and Schroeder, L., B. Dickens and W. Brown. J Sohd
State Chem 22 1977; pp. 253-62). The decomposition
reaction, corresponding to the lowest diagonal line on the
diagram, may be written as equation (2):

2Cas(OH)(PO,)3¢53Ca,(PO,),+CaO+H,0 (2)

Since the conversion of HA 1nto TCP results in the simul-
taneous formation of CaO and release of H,O, changes in
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the activity of both CaO and H,O should moditfy the location
ol the phase boundaries. The upper diagonal lines show the
phase boundary when the activity of CaO 1s made progres-
stvely smaller. This effect can be practically accomplished
by chemical combination of CaO with other compounds
such as S10,. In the presence of silica (S10,), the resultant
compound could be one or more of several calcium silicates.
The calculations show that the decomposition boundaries 1n
the temperature range of 800-1100° C. are 1n approximate
agreement 1f CaO has the activity expected when the CaO 1s
combined with S10, as follows 1n equation (3):

Ca0+Si0,<5CaSiO, (3)

The most stable phosphorous-contaiming conversion product
1s, however, [-TCP. This 1s consistent with the widespread
observation of the magnesium doped HA-based mineral
whitlockite as the natural form of p-Ca; (PO, ), (Schroeder,
L., B. Dickens and W. Brown. J Solid State Chem 22 1977;
pp. 253-62). On the basis of the information available within
the FACT database it 1s not possible to explain the observa-
tion of a phase similar to a-TCP as a conversion product
below 1000° C. other than to assume that 3-TCP 1s not
nucleated when CaS10, forms and that S1-TCP develops as a
metastable allotropic form.

It may be noted that on the basis ol chemical
thermodynamics, any reaction which changes the activity of
CaO should modily the phase diagram. Oxides such as 110,
have only one product with CaO as in equation (4):

Ca0+Ti0O,<sCaTiO, (4)

and may therefore be more predictable in their action. Simi-
lar calculations to those for S1 showed that for a similar
partial pressure of water, the phase boundary for T1 was
located at a slightly lower temperature.

FI1G. 9 shows that the XRD pattern for a powder prepared
using an additive concentration of 1 mol S10, to 1 mol mHA
1s similar to that obtained for thin films on quartz. For this
sample, the silicon was added as tetrapropyl orthosilicate 1n
2-methoxyethanol. The spectrum was compared to JCPDS
files and concluded to be a mixture of HA and S1-TCP. Sub-
sequent experiments demonstrated that the phase composi-
tion was independent of whether the additive was introduced
with 2-methoxymethanol, 2-4 pentanedione or no carrier.
FIG. 10 shows the phase composition of powders sintered at
1000° C. for one hour as a function of silicon content, as
determined by XRD. The phases present switch from pre-
dominantly HA to predominantly a new compound (S1-TCP)
at a relative molar SiYmHA ratio of approximately 0.6. The
conversion 1s slightly greater when powders are formed into
ceramic pellets. While the specific level of conversion 1is
dependent on processing conditions, the typical S1-TCP:HA
range 1s 20:80 to 80:20. Due to the increased signal to noise
rat1o and a more linear change of the background as a func-
tion of 20 evident 1n the 0—20 XRD spectra of the powders,
the accuracy of determination of the phase composition in
powders 1s increased. Additive saturation 1s evident at molar
ratios exceeding 1:1 indicating process constraints in the
integration of further silicon. FIG. 11(a) shows that the crys-
talline morphology of a pellet formed from Si-mHA was
similar to that observed in the thin films on quartz. The
ceramic comprises rounded, inter-connected particles of
average size 0.2-1.0 um with a large degree of localized
porosity. Varying the compound preparation condition per-
mits the formation of a range ol microporous structures
comprised of particles of size range 0.1 to 2.0 um. FIG.
11(b) indicates that S1-mHA materials show strong evidence
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ol osteoclastic resorption similar to that which occurs on
natural bone as shown i FIG. 11(c).

The XRD pattern for powders prepared using T1 as the
additive also showed that conversion occurs upon addition of
ne T1. However, the results were more complex as the pre-

t.

dominant phase of TCP formed was [-TCP (FIG. 12) with
the degree of conversion dependent on the carrier used with
t.
C

he additive. Furthermore, there was enhancement of the
egree of conversion on powder grinding and processing to
form ceramic pellets. The results are summarized in FIG. 13.
FIGS. 13(a) and 13(b) respectively show the effects of tita-
nium addition with no carrier for powders and ceramic pel-
lets. Substantial conversion only occurs for pellets which
were formed by grinding, pressing and resintering the origi-
nal powder. The addition of titanium 1s similar or even less
elifective when 2Me 1s used as the carnier (FIGS. 13(c) and
13(d)). Substantial conversion at approximately 0.5 mol
T10, per mol mHA occurs 1n powders only when ACAC 1s
used as a carrier and again this conversion occurs more
cifectively 1n the reground pellets, FIGS. 13(¢) and 13(1).
Particularly in the ceramic pellets, thee phase composition
shows a substantial fraction of 3-TCP. The microstructure of
pellets created from powders where 11 was the additive
showed a particle size of approximately 0.3 um.

The simplest interpretation of the differences between the
elfects of S1 and T1 additives 1s based on the observation of
the effects of additive precipitation and the changes
observed 1n degree of conversion following powder grinding
and pellet formation. In the case of Si-based additions, the
degree of precipitation was essentially independent of the
carrier and relatively minor changes in the degree of conver-
s10n occurred on formation nto ceramic pellets. In contrast,
T1 additions were ineflective when precipitation occurred
when the additive was introduced into the Ca—P colloidal
suspension (for no carrier and 2Me). T1 additions were elfec-
tive when precipitation did not occur (for ACAC) and con-
version became stronger upon grinding of the powder to
form pellets and subsequent resintering. This suggests that
the conversion from HA to TCP requires intimate contact
between the additive and HA, possibly through surface func-
tionalization of the precipitated mHA particles within the
colloid suspension by the additive species or adsorption of
the additive species on the surface of the mHA particle.
When the additive and the mHA precipitate as separate
species, the conversion occurs only upon strong physical
inter-mixing and thermal treatment.

For comparative purposes, reference materials were pre-
pared by equivalent thermal processing of commercially
available powders (see Table 1) 1n an attempt to produce
ceramics with a similar phase composition and surface mor-
phology. Commercial powders were processed as pure com-
pounds and 1n combination with selective additives intro-
duced either as morganic powders or as metallorganic
species 1n a carrier. XRD results indicate that conversion of
commercial HA (cHA) does take place, but that the primary
resultant phase 1s [3-TCP. The typical phase distribution 1s
73% B-TCP, 20% o-TCP and 7% HA. These results are
consistent with the phase composition predicted by thermo-
dynamics as noted 1n equations (2) and (3) and 1llustrated 1n
FIG. 8. Of equal significance 1s that the surface morphology
of the ceramics prepared from these powders exhibits a
jagged or fractured morphology (FIG. 14b) with little inter-
connectedness, and a particle size an order of magnitude
greater than observed in colloid-based mHA pellets (FIG.
14a). Evidence for a microporous morphology 1s restricted
to the surface region of the particles. Pellets prepared in this
fashion show no indication of resorption by osteoclasts.
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The solid state chemistry of the cHA powders with intro-
duced additives suggest that the conversion behaviour as a
function of temperature, humidity and additive 1s consistent
with equations (2)-(4). In particular, if physical mixing of
the additive into the cHA powders takes place the p-TCP
phase predicted by chemical thermodynamics i1s observed.
In comparison, 1f intimate mixing of an unprecipitated sili-
con additive and a Ca—P colloid occurs the resultant phase
1s S1-TCP. This phase 1s not consistent with the predictions
of equilibrium thermodynamaics, but it 1s closely linked with
the presence of S1 1n the Ca—P lattice. In order to use the
FACT database to predict the phase boundaries for transi-
tions to this Skelite™ compound, new values for the Gibbs
free energy will be required.

The origin of the Skelite™ compound and confirmation of
the mechanism of formation was nvestigated using tech-
niques which assess the location of the additive within the
HA or TCP strictures, 1n an attempt to observe the presence
ol the reaction products predicted by equations (3) and (4).

Significantly, no calcium silicate peaks were 1dentifiable
in XRD spectra taken on either colloidal-based or mixed
powder compositions where S1 was the selected additive.
This suggests that S1 forms a dispersed or substituted phase

within the phosphate lattice. Previous workers (Dickens, B.
and W. Brown. Acta Cryst B28 1972; pp. 3056—65 and

Nurse, R., J. Welch and W. Gutt. J Chem Soc 1939; pp.
1077-83 have suggested that calcium silicate and [-TCP
form a miscible solid solution at high temperatures (>1350°
C.) over the composition range of iterest. The XRD spectra
reported 1n these earlier experiments did not match that of
a-TCP or the Skelite™ presently described, thus demon-
strating the uniqueness of this compound. In this work, when
commercially available CaS10, was physically mixed with
cHA or 3-TCP powders (Table 1) and then sintered for 8 hr
in alumina crucibles 1n air at 1250° C., the results showed
that CaS10, nucleates a crystallographic phase consistent
with the Skelite™ compound (S1-TCP) (FIG. 15). The
degree of conversion to Skelite™ increases as the tempera-
ture of the reaction 1s increased. At 1250° C. and above,
depending on the amount of S1 present, the powder mixtures
show an increasing tendency to form a melt thus eliminating
the microporous structure.

Comparison of three major peaks i the XRD spectrum of
Skelite™ and o-TCP between 20, =30 and 20, =31°,
assuming a Gaussian theoretical peak shape with a width of
0.225°, shows that there 1s a shift of approximately 0.1° to
lower 20 1n S1-TCP (FIG. 16) resulting from an increase 1n
the lattice parameters. The presence of this significant shift
was confirmed through the close examination of the position
of the HA peak present 1n the XRD spectra. The HA peak,
20, =31.8°, was within 0.01° of that predicted by the
JCPDS file, and hence the accurate calibration of the instru-
ment was assured. A peak shitt in the a-TCP XRD spectra to
lower 20 would occur if Si** (IR=0.26 A for CN=4) substi-
tutes at P°* (IR=0.17 A for CN=4) sites, although the effect
would not be large since the lattice structure 1s dominated by
the oxygen polyhedra of the TCP. The fact that the substitu-
tion reaction occurs at 1000° C. only for colloidal particles
in which the S1 1s chemically functionalized on the surface
suggests that the substitution kinetics are very slow in the
low temperature range.

Nuclear Magnetic Resonance Studies

Magic-angle NMR studies were carried out on Si-mHA
powders. Comparisons were made with simple physical
mixtures of cHA, a.- and p-TCP, CaS10; and S10,, 1n propor-
tions similar to the phases present in the Si-mHA powders.
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For Si-mHA, no Si signals could be observed under any
conditions of measurement. Careful comparison with signals
measured on CaS10; and amorphous S10, was used to set
the lowest level of sensitivity at which the compounds or
local structures could be measured. FIG. 17 compares NMR
spectra, signal averaged over 120,000 pulses, for Si1-mHA
with that obtained from a simple physical mixture of cHA

and 10% of equal parts of CaS10; and S10,,. The absence of
any NMR signal 1n the Si-mHA 1nd1cates that S1 1S hlghly
dispersed throughout the crystallographic structure of mHA
so that no clearly definable location or compound could be
identified.

Infrared Spectroscopy Studies

FIG. 18 compares infrared spectra for sintered powders of
(a) cHA, (b) mHA, and (c¢) Si-mHA. The peak pair found at
the lowest wavenumbers near 600 cm™" indicate the pres-
ence of similar but not 1dentical bonds. The spectra for cHA
and mHA powders (no additives) were otherwise generally
similar. Silicon addition causes a substantial narrowing of
the P—O stretch peak and a shift 1n its position from 1048 to
1065 cm™ (FIG. 19).

In order to assess these changes, IR spectra of CaSi10,,
Ca0O, S10, and commercial 3-TCP were examined. The
CaS10; spectrum shows a series of distinctive peaks at 717,
563 and 434 cm™' that are not apparent anywhere in the
spectra for Si-mHA powders. The CaO spectrum has a
strong sequence of bands below 463 cm™" which are also not
observed in the Si-mHA spectrum. The S10, spectrum
shows a very strong, well-resolved peak at 1104 cm™" char-
acteristic of the S1—O bond. An interpretation of the
S1-mHA spectra 1s that the S1—O bond absorption occurs at
lower wave numbers than in the pure S10,. The apparent
shift 1n the P—O stretch can be explained by the growth of a
S1—O peak. It 1s logical that the S1—O and P—O peaks
would occur at similar positions since silicon and phospho-
rus are located beside each other in the periodic table and
have similar 1onmic radii. The fact that the P—O peak appears
to shift further indicates the formation of a new silicon
compound, Skelite™.

A structural model for silicon substitution based on the IR
analysis 1s a crystal lattice of TCP-like and HA-like material
with molecular dispersion of silicon throughout the lattice.
This 1s consistent with the NMR and XRD results. The nar-
rowing ol the P—O peak suggests the existence of a less
broad distribution of types of P—O bonds within the struc-
ture or an increase in crystallinity compared to the mHA
with no itroduced additives.

In Vitro Bone Cell Activity Studies

The Skelite™ compound on a substrate may be used to
assess the resorptive activity of osteoclasts and monitor the
change 1n this level of resorptive activity either as a result of
a disease process or the inclusion, 1n the culture medium, of
an agent such as a drug which would influence, either
directly or indirectly, osteoclastic resorptive activity. As pro-
vided as a {ilm on a substrate, the compound 1s also suitable
for the culture of active osteoblasts 1n order to observe and
assess the secretion of mineralized matrix thereon. As shown
in FIG. 20, mineralized collagenous matrix 10 1s deposited
by cultured osteoblasts on the surface of the stabilized thin
film 12 as provided on a quartz substrate 14. A well inte-
grated boundary layer 16 resembling a cement line 1s shown
which 1s similar to the same type of cement lines formed by
osteoblasts 1n vivo at the interface between new bone and old
bone. This clearly suggests that the biomaterial compound
allows for physiological osteoblast activity further support-
ing the role of the compound as an important product that
can participate in the natural bone remodeling process.
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The thin film devices may be used as a means of quantify-
ing the resorptive activity of osteoclasts or the formation of
mineralized matrix by the activity of osteoblasts. Such activ-
1ty analysis may occur under continuous real-time
monitoring, time-lapse intervals or end-point determination.
The steps 1n establishing bone cell activity are common to
cach of the above momnitoring schedules in that bone cells
(either amimal or human) are cultured, 1n specific conditions,
on one or more of the thin film devices. The culture period 1s
from several hours to many days and preferably from
approximately 2 to 10 days (the optimum time 1s cell species
and protocol dependent), during which time the extent of
osteoclast activity may be continuously monitored, periodi-
cally momitored, or simply not monitored on an on-going
basis 1n favour of final-end-point determination. FIGS.
11(B) and 22 1illustrate osteoclast resorption pits on ceramic
pellet and thin film formats of the S1-TCP compound.

Similarly, osteoblast activity may be quantified by mea-
suring the amount of mineralized matrix deposition. As 1s
shown 1 FIG. 21(a), a quartz disc coated with a stabilized
film of the present mvention and simultaneously cultured
with osteoblasts in the presence of culture medium contain-
ing tetracycline, a natural fluorescent material, displays fluo-
rescence indicating the presence of mineralized matrix. In
contrast, a stabilized film coated on a quartz substrate 1n the
presence ol medium containing tetracycline but no osteo-
blasts (FI1G. 21(b)) shows no fluorescence. As the cells take
up tetracycline, 1t 1s metabolized and incorporated into the
newly formed mineralized matrix. The amount of mineral-
1zed matrix 1s proportional to the measurable fluorescence
emitted. This demonstrates that osteoblasts actively secrete
mineralized matrix on the stabilized composition.

The Skelite™ Compound

The significant correlations with cell-based bioactivity
and resistance to dissolution at normal physiological pH 6.4
to 7.3 are the presence of the additive stabilized compound
and the microporous morphology. The morphology 1s
accounted for by the sintering of particles of average size 0.2
to 1.0 um. The presence of a Si-TCP phase that 1s essentially
insoluble 1n biological media at low temperature using sili-
con as the introduced additive 1s unexpected and 1s induced
by the distribution of S1 substituted throughout the structure.
Considering that the underlying structure of the particles 1s
the agglomeration of granules of size range ol approxi-
mately 1 to 20 nm, uniform dispersion of the silicon additive
and functionalization of the surface of an individual granule
1s assured by permeation of the silicon sol throughout the
agglomerate. The key aspect of this mvestigation was the
determination that silicon does not induce an a-TCP phase
resulting from the decomposition of HA, but rather 1t creates
a S1-TCP phase, a new biomaterial compound, by substitu-
tion of silicon at phosphorus sites. The fact that silicon
induces a S1-TCP compound can now be explained through
the crystallography of the calcium-phosphate system and the
defect chemistry associated with silicon substitution nto the
Ca—P lattice. One skilled in the art would understand that
other additives having an 1onic radius which 1s different to
that of silicon as described herein, but may still substitute
into the Ca—P lattice 1s also embodied for the compound of
the present invention. Therefore the compound i1s not
restricted only to silicon as the additive.

It 1s 1mportant to note that “effective 1omic radius” has
been selected as the term of reference in these studies
(Shannon, R. D., Acta Cryst. A32., 751, (1976). The 1onic
radius specifications provided herein reflect the effective
ionic radius for coordination numbers of 4, 6 or 8. It 1s appar-
ent to those skilled in the art that “1onic crystal radius™ may
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also be used 1n the practice of the present invention and thus
may be used to define equivalent specifications for the com-
pound and the formula of the compound as described herein.
A summary of the effective 10nic radius and the 1onic crystal
radius for various elements 1s provided in Table 2.

When substituting S1 1n the HA lattice, the 1onic radius of
Si** (IR=0.26 A for CN=4) suggests that Si** can enter at
P>* (IR=0.17 A for CN=4) sites within the PO,”" tetrahedra
although it could also be included at Ca** (IR=1.0 A for
CN=06) sites. The lattice strain and compensating defect will
be significantly different 1n the two cases and the effects of
covalency will substantially modify the result. A low tem-
perature substitution of Si** into P5+ sites creates less strain
and accommodates the covalency well. The radius ratio for
silicon and oxygen 1s consistent with that required for the
tetrahedral coordination of silicon 1n an oxygen lattice. Such
a substitution requires the formation of a single positively
charged defect for charge compensation. An obvious defect
1s one oxygen vacancy for every two silicon ions, although
the energy required to displace oxygen-phosphorous bonds
within an already formed PO,>~ tetrahedron may be substan-
tial. Theoretically, substitution of an 10n with an appropnate
ionic radius and a valence of =3 at Ca** sites could also
provide charge compensation. Such elements may include
Ce, La, Sc, Y and Zr. Restrictions on the use of particular
clements may be present due to the particular applications
for use as a biomaterial.

In the formation of the S1-TCP compound, compositional
analysis suggests that the Ca:P ratio decreases from approxi-
mately 1.67 (HA) to 1.5 (TCP). This could be induced by (1)
the removal of calcium from the lattice, or (2) the mtroduc-
tion of additional phosphorous or an element that substitutes
for phosphorous. A reduction 1n the calcium content of the
lattice could theoretically occur by the formation of calcium
silicate distributed within the structure. However, no evi-
dence of calcium silicates as a well defined compound can
be found in either the NMR or the IR results. Thus extensive
silicon substitution must occur forming a multitude of
Si-substituted P—O sites 1n the lattice.

In the case of Ti**, the ionic radius of (IR=0.42 A for
CN=4) likely precludes its substitution at P5+ sites and 1t
must therefore enter the crystal at more general interstitial
sites within the lattice. Since titanium has been demon-
strated to be less effective 1n modifying the crystal structure
to create a stabilized TCP, this suggests that the nucleation of
the S1-TCP phase 1s intimately connected with the substitu-
tion of silicon at phosphorous sites. In particular, the
observed phase being 1 fact a Ca—P—S1 compound with a
crystallographic structure similar but different from o-TCP
rather than pure a-TCP, resolves contlicts with respect to the
new compound’s decreased solubility and the predicted
decomposition phase diagram.

The crystallography of the Ca—P phase diagram has been
extensively studied and compared (Elliott J. Structure and
Chemistry of the Apatites and Other Calcium Orthophos-
phates New York: Elsevier (1994) in apatites (Elliott, J.
Nature Physical Science 230 1971; p. 72), p-TCP (Dickens,
B., L. Schroeder and W. Brown. J Solid State Chem 10 1974
pp. 232-48 and Labarther, J., G. Bonel and G. Montel. Ann
Chim (Paris) 14th Series 8 1973; pp. 289-301) and a-TCP
(Calvo, C. and R. Gopal. Am Miner 60 1975; pp. 120-33).
Significant differences have been noted between the struc-
tures of . and p-TCP (Elliott J. Structure and Chemistry of
the Apatites and Other Calctum Orthophosphates New York:
Elsevier (1994) and Calvo, C. and R. Gopal. Am Miner 60
1975; pp. 120-33) and equally significant similarities have
been seen between o-TCP, apatites and calcium silico-
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phosphate compounds via the glaserite structure (Mathew,
M., W. Schroeder, B. Dickens and W. Brown. Acta Cryst
B33 1977; pp. 1325-33). A primary component of the phos-
phate lattice is the presence of PO, tetrahedra, although
these structures can vary considerably throughout a complex
lattice. For example, 1n a.-TCP the P—O distances vary from
1.516 to 1.568 A and the O—P—O angles vary from 104.1
to 115.2° (Calvo, C. and R. Gopal. Am Miner 60 1975; pp.

120-33). Substitution of a S1 at such sites implies a range of
environments for such an additive.

Following Elliott (Keller, L., P. Rey-Fessler. Characteriza-
tion and Performance of Calcium Phosphate Coatings for

Implants edited by E. Horowitz and J. Parr. Philadelphia:
ASTM, pp. 54-62 (1994) the space group of HA has three
kinds of vertical or columnar symmetry. There are columns

of Ca** ions spaced by one half of the c-axis parameter
along three-fold axes which account for two-fifths of the
Ca** ions in the structure. These ions are given the designa-
tion Ca(1). The Ca”* ions are linked together by PO, tetrahe-
dra 1n which three oxygen atoms come {from one column and
the fourth comes from an adjacent column. The result 1s a
three-dimensional network of PO, tetrahedra with enmeshed
Ca** ions, and channels that contain the residual calcium.
Ca(2), and 1ons such as OH™ which make up the HA struc-
ture.

The a-TCP structure also comprises columns of Ca** and
PO,’~ ions parallel to the c-axis (Elliott, J. Nature Physical

Science 230 1971; p. 72). The columns are actually anion-

anion columns . . . Ca Ca Ca Ca . . . and cation-anion col-
umns . . . PO, Ca PO, [ ] PO, Ca PO, [] PO, Ca PO, . ..
where [ ] 1s a vacancy (Elliott J. Structure and Chemistry of

the Apatites and Other Calctum Orthophosphates New York:
Elsevier (1994)). The presence of this vacancy may facilitate
the creation of O°~ vacancies in neighboring PO,>~ tetrahe-
dra required to accommodate the substitution of Si** at P>*
sites. Analogous cation-anion columns occur in glaserite,
K;Na(SO,),, except that the vacancy is occupied by a K™
ion. Strong similarities exist between the glaserite and apa-
tite structures (Dickens, B. and W. Brown. Acta Cryst B28
1972; pp. 3056-65). The apatite structure can be dertved
from that of a-TCP by replacing cation-cation columns at
the corner of the apatite unit cell by anion columns (OH™ or
F~). The remaining cation columns in a.-TCP become the
columnar Ca(1) ions in apatite, whilst the PO,”>~ and Ca**
ions that form the cation-anion columns i «-TCP have
approximately the same positions as the PO,°~ and Ca(2)
ions 1n apatite. Of significance to this analysis 1s that the

glaserite structure 1s related to silico-camotite Ca (PO,),
S10, (Labarther, J., G. Bonel and G. Montel. Ann Chim
(Paris) 14th Series 8 1973; pp. 289-301) and a-Ca,S10,
(Calvo, C. and R. Gopal. Am Miner 60 1975; pp. 120-33).
This 1s consistent with the report that the system Ca,S10,—
Ca,(PO,), forms a continuous series of solid solutions at
higher temperatures based on the glaserite structure (Nurse,
R., J. Welch and W. Gutt. J Chem Soc 1939; pp. 1077-83).
In contrast, there are no such similarities between the
structure of HA and 3-TCP. The pB-TCP structure 1s a distor-
tion of the parent lattice, Ba,(VQ, )., with layers perpendicu-
lar to the c-axis. There 1s no columnar relationship between
cations in the structure. Because of the size of the Ca** ion,
there 1s a reduction 1n the number of PO, tetrahedra 1n the
structure compared to that for the parent lattice and a reduc-
tion 1n the number of formula units within the hexagonal unit
cell. Two types of Ca sites exist within the 3-TCP unit cell:
those known as Ca(3) are fully occupied, while a particular
set of cation sites known as Ca(4) are only half occupied
(Elliott J. Structure and Chemistry of the Apatites and Other
Calcium Orthophosphates New York: Elsevier (1994)).
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Upon doping TCP with Mg”* (IR=0.72 A for CN=6) the Mg
distributes 1tself first randomly on the Ca(4) and Ca(3) sites,
but subsequently only substitutes at the Ca(5) sites. Because
Mg** is smaller than Ca** (IR=1.0 A for CN=6) and the
original distortion of the Ba,(VO,), structure occurred
because Ca>* is smaller than Ba** (IR=1.35 A for CN=6),

the B-TCP structure is stabilized with the addition of Mg>*
to form the naturally occurring mineral, whitlockite (Calvo,

C. and R. Gopal. Am Miner 60 1975; pp. 120-33). Indeed
the addition of Mg to p-TCP at high temperatures tends to
stabilize the structure well into the a-TCP range. In the case
of the addition of an ion such as Ti**, the slightly larger ionic
radius (IR=0.6 1 A for CN=6) would suggest that it would
also be accommodated by substitution at Ca(5) cation sites
with results that are less defined than for Mg>*. Since charge
compensating defects are necessary, the stabilization or cre-
ation of Ca”* vacancies on Ca(4) sites would serve this pur-
pose. Therefore substitutional Ti1 should stabilize the
3-phase once TCP has been formed.

A feature of the presently characterized compound 1s that
the Skelite™ structure 1s only achieved when intimate con-
tact occurs between the precipitate and the additive. When
s1licon 1s 1ntroduced into already formed and fired powders
at relatively low temperatures, the resulting post-sintered
phase 1s predominantly [3-TCP. In this case the silicon plays
a role similar to that described for titamum above and simply
acts to reduce the activity of CaO 1n the decomposition of
HA under the terms of equation (3). In the case of colloidal
powders precipitated 1n close association with an additive
such as silicon, both the surface activity will be high and
strongly functionalized complexes will be formed in the
solution and at the interfaces of the precipitated granules.
Through sintering, a range of PO,>~ and Sio,*" tetrahedra
will be established along with the necessary oxygen vacan-
cies. In this case, nucleation of the glaserite-based Si1/P
phase will take place. While previously this was interpreted
as a form of a-TCP 1t 1s, 1n fact, an entirely different com-
pound with 1ts own values for solubility and bioactivity (Si-
TCP). Thus the crystal phase composition, surface morphol-
ogy and bulk morphology originates from the chemically
active and agglomerated state in which the starting material
1s precipitated, and the degree to which this state controls the
location at which the Si** cation is substituted.

Again, although silicon has been the most extensively
studied and appears to be the preferred substituted element
of the invention, 1t 1s apparent to one skilled 1n the art, that
any additive that can enter and distribute throughout the
crystal structure of the calcium phosphate lattice and result
in the compound of the present invention can be substituted
for silicon. Theretore, the present compound 1s not restricted
to only silicon as the substituted element but may also
include other suitable elements having a suitable 1onic radius
of approximately 0.1-0.4 A such as for example boron. It is
also understood that other additives 1n addition to the silicon
or boron may also be present in the compound of the present
invention. Such elements may also form part of the Ca—P
lattice where such elements and/or the amount of oxygen
may act to balance charge compensation for additives incor-
porated into the compound. Such additives may be selected
from the group consisting of Ce, La, Sc, Y, and Zr.

It 1s also understood by those skilled in the art that the
novel compound of the present mvention can be combined
with a calcium phosphate material such as calcium
hydroxyapatite, o.-TCP, p-TCP, octocalcium phosphate, tet-
racalcium phosphate, dicalcium phosphate, calctum oxide
and other like materials. The resultant combination can be as
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a physical mixture or as a solid solution. In addition, other
additives such as polymers or microfibers may additionally
be added to the compound of the present invention to
increase mechanical strength and toughness. The particle
s1ze of these additives may be selected such that the additive
may be removed through phagocytosis by the action of mac-
rophages. Metals may also be present in combination with
the present compound to form composite structures. Such
structures are also intended to be embodied in the present
invention.

The Skelite™ Morphology

The morphology of the synthetic stabilized calcium phos-
phate compound (Skelite™) 1s unique and has not been pre-
viously reported or demonstrated. We have now demon-
strated a morphology presenting an interconnected globular
structure of rounded particles having an interconnected
microporosity. In accordance with a preferred aspect of this
invention, the morphology successtully supports cultures of
functional osteoclasts and osteoblasts.

The surface morphology of the coating has a characteris-
tic form involving a interconnected globular structure (FIG.
6a). The size of the particles varies from approximately
0.2—1 um 1n lateral dimension. This morphology may allow
for the percolation of liquid media and other physiological
fluids within the coating. In contrast, the surface morphol-
ogy of hydroxyapatite prepared from other methods, does
not result 1n a structure as provided by the present invention.
In addition, 1s has been reported that synthetic polycrystal-
line hydroxyapatite 1s not resorbed by osteoclasts (Shimizu,
Bone and Minerology, Vol. 6, 1989).

The globular morphology 1s made up of rounded particles
comparable 1n size to the aggregated deposits initially made
by an osteoblast cell 1n the process which leads to bone
formation. The present composition provides a morphology
compatible with the type of morphology bone cells encoun-
ter 1n vivo. Particularly, the size and shape of the cell/
compound 1interface facilitates bone cell attachment. Such
attachment 1s a necessary precursor to normal bone cell
actvity.

The bulk microporosity of the synthetic stabilized calcium
phosphate compound may ensure that the calctum or phos-
phate 1on concentrations near the surface of the artificial
maternal are within the limits expected by the cell as encoun-
tered 1n vivo with natural bone which 1s made up of
hydroxyapatite, collagen and other fibrous tissues. During
osteoclast mediated extracellular dissolution processes
which lead to resorption, this complex material leads to a
particular local concentration of dissolution products.

The bioactive synthetic biomaterial compound of the
present invention provides a unique chemical composition
together with a unique morphology and internal
microporous structure that has never previously been dem-
onstrated. Compositions have not been previously reported
which demonstrate consistent bone cell bioactivity 1n vivo
and 1 vitro 1n which bioactivity in vitro can be readily,
accurately and repetitively quantified. The nature of the sta-
bilized biomaterial compound 1s versatile 1n that 1t can be
provided 1n a fine or coarse powder, pellets, three-
dimensional shaped pieces, macroporous structures, thin
films and coatings. In each case, the unique morphology and
internal microporosity 1s maintained as well as the stabilized
calcium phosphate composition.

In summary, a new calcium phosphate-based biomaterial
compound has been created and specifically characterized.
This new biomaterial exhibits two prominent features:

(1) A unique composition created by the introduction of
additives, such as silicon, into the colloidal precipitate to
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form upon sintering a stabilized calcium phosphate phase

comprising the novel compound.

(2) A characteristic microporous morphology that arises
from the agglomeration of particles within the colloid pre-
cipitate and the sintering of the material to produce a net-
work of interconnected particles.

It 1s now revealed via numerous difficult analytical tests
and complex data interpretation that this stabilized calcium
phosphate compound 1s a novel additive stabilized structure
referred to as Skelite™ that may exist in combination with
HA, a-TCP, -TCP or other suitable calcium phosphate
phases. This new compound has been characterized to have
the formula, (Ca,_, A )[(P,_..,.B,C.D,O,)],, wherein A is
selected from those elements having an 1onic radius of
approximately 0.4 to 1.1 A; B, C and D are selected from
those elements having an 1onic radius of approximately 0.1
to 0.4 A; w is greater than or equal to zero but less than 1; x
1s greater than or equal to zero but less than 1; y 1s greater
than or equal to zero but less than 1; z 1s greater than or equal
to zero but less than 1; x+y+z 1s greater than zero but less
than 1; 11s greater than or equal to 2 but less than or equal to
4. and j equals 4-0, where 0 1s greater than or equal to zero
but less than or equal to 1. The terms w and 6 may be
selected to provide charge compensation of the elements
present 1n the compound.

An 1mportant processing step involves the intimate mix-
ing of silicon as a candidate additive with the particles of the
colloidal suspension to ensure the local availability of reac-
tants. This in combination with the similarity of the silicon
and phosphorous 10nic radii, creates an environment favor-
able for silicon substitution at phosphorous sites within the
Ca—P lattice and the development of the silicon-stabilized
TCP structure.

The unique composition does not occur 1n the absence of
intimate mixing as the effect of added silicon 1n these cir-
cumstances 1s only to intluence the activity of CaO as an HA
decomposition product. Similarly, the use of additives com-
prised of larger 1ons, such as titanium, cannot be accommo-
dated in the lattice at phosphorous sites thereby precluding
the important phosphate substitution phenomenon. In both
of these cases, the resulting product 1s predictably 3-TCP.

In view of the ability of Skelite™ to participate 1n the
natural bone remodeling process, significant opportunities
exist for the development of synthetic bone grafts and bone
repair products that are indeed bioactive.

Synthetic Bone Graft Applications
A synthetic bone grait that comprises in whole or 1n part

the novel compound of the present invention has numerous
applications 1n the orthopedic industry. In particular, there
are applications 1n the fields of trauma repair, spinal fusion,
reconstructive surgery, maxillo-facial surgery and dental sur-
gery.

The gold standard 1n the industry for treating traumatized
bone 1s an autologous bone graft, commonly referred to as
an autograit. Autograit transplants involve a surgical proce-
dure 1in which healthy bone 1s taken from an alternate part of
the patient’s skeleton to repair areas of skeletal trauma.
Autograits however, require double surgical procedures; one
for grait removal and a second for re-implantation at the
damaged site. This makes the procedure very expensive and
time consuming. Additionally, 1t 1s not uncommon for
patients to subsequently suiler chronic pain at the autograit
harvest site.

Another widely used bone graft technique 1s the use of
allograit, a term referring to a tissue grait from another indi-
vidual or animal. In this situation, bone 1s removed from the
donor and implanted in the patient. Allograits are suscep-

1
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tible to various negative consequences. For example, the use
of allograit from an amimal other than a human carries the
possibilities of cross species infection and immunological
rejection. Even human sourced allograft, which 1s used more
often than animal tissue, exposes the implant recipient to the
possibilities of rejection and disease.

The use of Skelite™ eliminates the pain and costs associ-
ated with the bone harvest procedure required 1n autograit
transplants. Furthermore, since Skelite™ 1s generated 1n a
laboratory and 1s completely synthetic, 1t removes the possi-
bility of transmission of infection and disease, as well as
climinates sources of immunological rejection by the
patient.

Skelite™ fulfils the need for a versatile bone reconstruc-
tion material. Its ability to immediately stimulate local natu-
ral bone growth provides stability and rapid integration,
while the body’s normal cell-based bone remodeling process
slowly resorbs and replaces the implant with natural bone.
This removes the concerns of long term compatibility and
durability associated with current artificial implant technolo-
g1es.

Products formed from Skelite™ will mvolve different
configurations 1n order to address the requirements of par-
ticular applications. For example, Skelite™-based products
can be manufactured as a fine or coarse powder, pellets,
shaped three dimensional pieces, macroporous structures,
thin films and coatings. In addition, these products could
potentially carry an integrated bone growth factor to speed
short term recovery.

The use of Skelite™ 1n a macroporous configuration
allows the open porous structure to serve as a scaffold for the
integration of new bone tissue. The macroporous structure 1s
tformed by the coating of the compound onto a reticulated
polymer and subsequently removing the polymer through
pyrolysis. The macroporous structure comprises an open cell
construction with interconnected voids having a pore size of
approximately 50 to 1000 micron. Due to this design, Skel-
ite™ 1s the 1deal bone substitute for implantation at defect
sites where special measures are required to encourage new
bone growth to bridge areas of major tissue loss due to
trauma or surgical intervention. The Applicant has identified
two primary approaches for the clinical use of such a prod-
uct: direct implantation and tissue engineering.

Direct Implantation

The simplest approach 1s to directly implant the Skelite™
scaffold at the location of skeletal trauma where the bioac-
tive properties of the biomaterial compound stimulate the
body’s natural bone repair mechanism. Once the initial heal-
ing process 1s complete, the Skelite™ scaffold 1s progres-
sively replaced with natural bone as part of the body’s
orderly remodeling process.

Hybrid versions of Skelite™-based products are possible
where bone growth factors are incorporated into the scatfold
as a post-manufacturing process or at the time of surgery.
The availability of the growth factor at the repair site
increases the rate of new bone formation thereby improving
patient recovery time and lowering overall health care costs.
Tissue Engineering

The concept that underlies the tissue engineering applica-
tion 1s to remove bone cells from the patient’s skeleton using
an established bone marrow aspiration technique, and then

carefully introduce the collected cells (cell seeding) into the
open cell structure of the Skelite™ scaffold 1n a sterile bio-

technology facility. The cells and scatffold are then incubated

so that the cells have an opportunity to multiply and begin to
fill the scattold with new mineralized matrix. After several

weeks, the biological implant 1s ready for implantation back
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into the patient. This biotechnology bone growth process 1s
termed “tissue engineering’, and the procedure serves to
enhance the ability of surgeons to reconstruct severely com-
promised areas of the skeleton. Once successiully integrated
at the repair site, the Skelite™ 1mplant 1s subsequently
remodeled into natural bone by the ongoing activity of bone
cells.

A refinement of this approach 1s to selectively extract and
multiply 1n cell culture only special precursor cells termed
Mesenchymal Stem Cells (MSCs). In order for these cells to
remain healthy during biological processing, they need to be
attached to a suitable physical carrier. In addition, the perfor-
mance ol the cells can benefit from the addition of organic
bone growth factors. Skelite™ 1s a suitable carrier since 1t
allows for both the integration of bone growth factors and
the attachment of specialized MSCs. In addition, following
implantation and patient recovery, the Skelite™ scatiold 1s
subsequently remodeled 1nto natural bone.

The use of Skelite™ 1n direct implantation or tissue engi-
neering applications has important advantages over the use
ol naturally sourced bone grait material, and consequently
Skelite™ products have the potential to replace the autograit
procedure as the orthopedic surgeon’s preferred treatment
strategy.

The key advantages of implantable products formed from
the Skelite™ material are:

Immediately stimulates local natural bone growth at the
implanted site, thus providing early stability and full
integration.

Ensures long term biocompatibility and efficacy.

Acts as a bioactive scaffold for use 1n advanced tissue
engineering applications.
Eliminates the cost and chronic pain associated with the

double surgical procedures required 1n traditional
autograit transplants.

Eliminates the risks of immunological rejection and infec-
tion transmaission.

Meets the needs of various orthopedic applications, as the
product 1s available 1n different configurations.

Allows for the use of growth factors that can further
increase the rate of natural bone healing and subsequent
remodeling.

Provides a means for timed-release drug delivery.

Disappears naturally through the body’s bone remodeling
process once therapeutic function 1s complete.

Drug Carrier Application

The Skelite™ biomaterial may also be used for the incor-
poration of selected pharmaceuticals into the compound for
the further enhancement of the bone healing and remodeling
processes. In this respect, pharmaceuticals that have been
incorporated into the Skelite™-based products can be pre-
dictably released at the site of implantation and hence
become available to assist in the bone regeneration process.
The Skelite™ biomaterial may also be designed as a slow
release vehicle for appropriate pharmaceutical compounds.

Primary candidates for incorporation into Skelite™-based
products are selected bone growth factors. These proteins
have been 1dentified as being critically important 1n growing
and maintaining healthy bone tissue. In particular, when
applied at the site of traumatized bone, natural bone growth
1s enhanced with a corresponding improvement i1n overall
therapeutic response. However, a compatible carrier system
1s required to deliver such therapeutic biologicals to the site
and ensure local release of appropriate concentrations of the
drug. Implant studies have shown that products formed from
the Skelite™ biomaterial are suitable for use as drug carri-
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ers. One skilled 1n the art would understand that other phar-
maceuticals such as antibiotics for example which may aid
in the bone healing process may also be incorporated nto the
Skelite™ compound.
Coating Applications

Through a liquid application process, the Skelite™ mate-
rial can be coated on to orthopedic and dental implants to
improve and promote natural bone fixation and to improve
long term 1mplant stability. Such a coating of approximately
0.1 to 10 um acts at the interface with the patient’s own
tissue to promote natural bone growth during the weeks
immediately following surgery, and 1s then progressively
replaced by the ongoing activity of bone cells once the 1nitial
healing process 1s complete. The result 1s a strong union
between the implant and the host bone. This 1s not the case
with conventional calcium phosphate implant coatings
where the biologically 1nert coating 1s subject to mechanical
detachment (delamination) from the metal substrate, causing
potentially catastrophic implant failure.

The key advantages of an implant coating formed from
the Skelite™ material are:

Promotes rapid natural bone growth during the recovery
period and 1s then progressively replaced through the
body’s orderly remodeling process.

Eliminates the coating as a potential source of long-term
failure and reduces the risk to the patient of incurring
complicated and costly revision surgery.

Reduces patient recovery time and associated health care
COSIs.

Permits a strong union directly between the implant and
the patient’s natural bone.

Involves a manufacturing process based on a liquid appli-
cation procedure which allows full coverage of the
device, including complex surface geometries.

In Vitro Diagnostic Applications

As a thin film as provided on a suitable substrate, the
Skelite™ compound sigmificantly advances the study and
understanding of bone cell functional properties. The com-
position and morphology of the stabilized film, as provided
in accordance with this mvention, permits the culture of vari-
ous types of bone cells thereon. The properties of the film
may be adjusted to encourage a significant degree of resorp-
tion of the S1-TCP compound of the film material through to
a negligible degree of resorption of the S1-TCP compound 1n
the study of osteoclast activity. Similarly, osteoblast activity
may be studied by detecting the deposition of mineralized
matrix. The ability to provide the material in a film format
which 1s sufliciently thin that resorption of the S1-TCP com-
pound by osteoclasts can be detected provides a simple 1mnex-
pensive format for analysis compared to the prior art tech-
niques. The film as made 1 accordance with this mvention,
supports the biological function of bone cells. The benefit 1n
providing the film on a transparent supporting substrate,
such as quartz or glass, lends to easy evaluation techniques
of the diagnostic process including automated machine read-
ng.

Ideally the film thickness 1s greater than 0.1 micron
because 1t has been found that at film thicknesses less than
0.1 microns 1t 1s difficult to obtain uniform film coverage,
free from discrete voids. As to the upper thickness limit for
the film, 1t can be of any desired thickness depending upon
its end use. The degree of resorption may be detected by
light transmittance, which preferably requires a film less
than 10 microns in thickness. The substrate 1s of quartz
which readily withstands the required sintering temperatures
and has the desired degree of transparency to permit light
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transmittance tests to determine the extent of resorption of
the film material.

The developed thin films may be used 1n kits and analyti-
cal products to provide for assessment of bone cell activity.
The film may be embodied 1n the form of a kit or device
comprising quartz substrates, pre-coated with the stabilized
calcium phosphate (S1-TCP) compound, which may be used
in a cell culture vessel (possibly a 24-well optionally steril-
1zed multi-well plate 1.e. of approximately 15 mm diameter)
as a system suitable for the culture of mixed bone cell popu-
lations. The device 1s simple and relies on only routine labo-
ratory equipment and techniques for use, 1s suitable for
quantitative analysis, and 1s 1expensive to fabricate but
strong enough to withstand normal levels of handling and
may be packaged 1n lots, of (for example) 24 samples 1n a
plastic multiwell plate. The thin film surfaces have a defined
and reproducible chemistry and are mechanically strong
enough to withstand transport when used with an appropri-
ate packing material.

In each case the culture conditions may be such that
osteoclasts, 1n either mononuclear or multinucleate form
could be expected to survive 1n a functional state and resorb
the synthetic stabilized calcium phosphate compound.
Similarly, osteoblasts are also capable of actively secreting
mineralized matrix under such culture conditions.

Once the colloidal suspension (sol-gel) 1s prepared, it may
be applied as a thin film to the desired substrate in a variety
of techniques. For example, the dip-coating method (C. J.
Brinker et al., Fundamentals of Sol-Gel Dip Coating, Thin
Solid Films, Vol. 201, No. 1, 97-108, 1991) consists of a
series of processes: withdrawal of the substrate from a sol-
gel or solution at a constant speed, drying the coated liquid
film at a suitable temperature, and firing the film to a final
ceramic.

In spin-coating the sol-gel 1s dropped on a plate which 1s
rotating at a speed suilicient to distribute the solution uni-
formly by centrifugal action. Subsequent treatments are the
same as those of dip coating.

It 1s appreciated that there are a variety of other techmiques
which may be used to apply a thin film of the sol-gel to the
substrate. Other techmques include a spraying of the sol-gel,
roller application of the sol-gel, spreading of the sol-gel and
painting of the sol-gel.

An alternative to coating discrete discs of a singular size 1s
to coat an enlarged substrate with a film of the sol-gel. The
entire film on the substrate 1s then sintered. A device, such as
a grid, may then be applied over the film to divide it into a
plurality of discrete test zones.

In these various techniques of the sol-gel substance
application, the thickness and quality (porosity,
microstructure, crystalline state and uniformity) of formed
films are affected by many factors. These include the physi-
cal properties, composition and concentration of the starting
sol, the cleanliness of the substrate surface, withdrawal
speed of the substrate and the firing temperature. In general
the thickness depends mainly on the withdrawal rate and sol
viscosity for a dip coating process. Since heterogeneity in
the sol-gel 1s responsible for the formation of voids, the coat-
ing operation should be undertaken 1n a clean room to avoid
particulate contamination of the sol. At the heat-treatment
stage, high temperatures are required to develop the required
microstructure and desired conversion ol hydroxyapatite
into the biomaterial (Skelite™) compound.

The purpose of applying the dip coating method to fabri-
cate calcium phosphate films 1s twolold: (a) to make films
with required qualities (umiformaity, thickness, porosity, etc.);
and (b) to make translucent Si-TCP films on transparent sub-
strates for biological experiments.
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Macroporous Structures

A particular aspect of ceramic preparation for use 1n bio-
logical applications 1s the fabrication of ceramic pieces with
a globular morphology and internal microporosity which

leads to bioactivity, and a larger internal macrostructure of 5

pores of dimensions 50-1000 um. This encourages bone
growth and subsequent remodeling 1n a system more closely
resembling physiological 111 vivo bone (FIG. 23). Such
macroporosity at the low end of the range being particularly
suited to 1n vivo applications desiring rapid ingrowth of bone
matrix, while macroporosity at the high end of the range
allows cells 1n culture to access the interior for uses such as
for ex vivo tissue engineering production of bone grafts.

Using powders with the prefered additive, silicon, and
sintered prior to use, porous ceramics can be made as
described herein 1n the Examples. The procedures described
in the accompanying examples result in the formation of a
bulk ceramic having a globular microporous structure, an
underlying internal microporous structure and an internal
macroporous structure allowing cells to migrate and func-
tion throughout the entire bulk ceramic unit.

It 1s to be understood by those skilled in the art that several
different materials and procedures may be used to develop
macroporosity within the ceramic structure. Other materials
which are capable of pyrolysis at temperatures below the
normal sintering temperatures are also usetful to form the
macroporous structure. The materials used should also not
leave any toxic residues. It 1s also understood that other
methods can also be used to form the macrostructure such as
mechanical drilling of holes, the use of lasers or use of foam-
ing agents.

All of the applications 1n which the present synthetic bio-
material compound can be used have the advantage that both
osteoclasts and osteoblasts function actively with the com-
pound 1 any form thus providing natural cell-mediated
remodeling much like that found 1n vivo. The synthetic bio-
material compound of the present invention promotes both
osteogenesis and resorption so that normal tissue healing can
occur while simultaneously allowing the synthetic material
to be resorbed 1n the process of normal bone tissue remodel-
ng.

EXAMPLES

The examples are described for the purposes of illustra-
tion and are not intended to limit the scope of the invention.
The examples exemplily aspects of the mnvention for provid-
ing a Skelite™ compound which 1s an additive stabilized
structure having unique physical characteristics and 1s fully
biocompatible with natural bone tissue.

Methods of synthetic chemistry and organic chemistry
referred to but not explicitly described 1n this disclosure and
examples are reported 1n the scientific literature and are well
known to those skilled 1n the art.

Example 1
Preparation of Ca—P Colloidal Suspension (Sol-Gel)

The following procedure 1s based on preparing sufficient
sol-gel hydroxyapatite for manufacturing purposes. Solution
A comprises a calcium nitrate tetrahydrate and Solution B
comprises an ammonium dihydrogen orthophosphate (mono
basic). Solution A 1s mixed with Solution B to produce the
desired colloidal suspension. Solution A 1s prepared by add-
ing 40 mls of doubly distilled water to 4.722 grams of cal-
cium nitrate, Ca(NO,),. The solution 1s stirred at moderate
speed for sulficient time to dissolve all of the calcium nitrate
which 1s normally 1n the range of 3 minutes. To this solution,

3 mls of ammonia hydroxide (NH,OH) 1s added and stirred
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for approximately another 3 minutes. To this solution 1is
added 37 mls of double distilled water to provide a total
solution volume of approximately 80 mls. The solution 1s
stirred for another 7 minutes and covered. The pH of the
solution 1s tested where a pH of about 11 1s desired.
Solution B 1s prepared by adding 60 mls of double dis-
tilled water to a 250 ml beaker containing 1.382 grams of
NH_H,PO,. The beaker 1s covered and stirred at moderate

speed for 3 to 4 minutes until all NH,H,PO,, 1s dissolved. To
this solution 1s added 71 mls of NH,OH and the beaker then

covered and stirring continued for approximately another 7
minutes. To this 1s added another 61 mls of double distilled
water and the beaker covered to provide a total solution vol-
ume of approximately 192 mls. The solution 1s then stirred
for a further 7 minutes and covered. The pH of the solution 1s
tested where a pH of about 11 1s desired.

The desired sol-gel 1s then prepared by combining Solu-
tion B with Solution A. All of Solution A 1s introduced to a
500 ml reagent bottle. Stirring 1s commenced at a moderate
speed and Solution B introduced to the reagent bottle at a
rate of approximately 256 mls per hour until all 192 ml of
Solution B 1s delivered mto Solution A. An excess of Solu-
tion B may be prepared to compensate for any solution
losses which may occur in the transfer process. After
completion of this addition and combination of Solution A
with Solution B, the resultant product i1s continued to be
stirred at moderate speed for approximately 24 hours. The
resultant colloidal suspension (sol-gel) 1s ispected for any
abnormal precipitation or agglomeration. If any abnormal
precipitation or agglomeration has occurred, the solution
must be discarded and preparation commenced again.
Approximately 240 mls of the colloidal suspension, that 1s
the resultant sol-gel, 1s delivered to a centrifuge bottle and
centrifuged for 20 minutes at about 500 rpm at room tem-
perature. Following centrifugation, 180 mls of supernatant 1s
discarded without disturbing the sediments. The sediments
are gently resuspended by mixing in a smooth rotating man-
ner for about 30 minutes.

The resulting Ca—P colloidal suspension may be used 1n
a variety of further preparations.

Example 2
Sintering of Ca—P Products

The following sintering process may be carried out in
standard laboratory furnaces of various sizes, capable of
operating at temperatures from ambient up to at least
1100° C., and designed to maintain accurate and stable inter-
nal temperatures, particularly between 800° C. and 1100° C.,
such as Lindberg models 51744 or 894-Blue M. The compo-
nents prepared by any of the procedures described herein are
carefully transferred onto a standard ceramic plate (as is
common practice in the Lindberg oven). The ceramic plate 1s
used as a carrier during the sintering process to facilitate
casy loading and withdrawal of multiple substrates from the
furnace. The furnace temperature 1s set to the temperature
required to achieve the desired ratios of HA:S1TCP. Utilizing
a programmable furnace such as the Lindberg model 894-
Blue M, the furnace may be programmed to hold the desired
temperature, which will normally be selected from the range
800° C. to 1100° C., for a maximum of one hour to ensure
desired diffusion of the selected stabilizing additives. The
ceramic plate carrying the sintered substrates 1s removed at
any time after the iternal furnace temperature has cooled to
an acceptable and safe touch-temperature of approximately
60° C. Individual substrates may then be stored or packaged
for final use.

In accordance with this process a fine or coarse powder,
pellets, three-dimensional shaped pieces, macroporous
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structures, thin films and coatings of the biomaterial com-
pound can be produced on a consistent basis having the
desired composition where variability in the various pro-
cessing parameters have been minimized to ensure such con-
sistency. 5

Example 3
Preparation of Thin Films

To create a thin film on a transparent substrate, quartz
(amorphous silica) substrates were cleaned using water and
chromic acid and subsequently dip coated 1n the colloidal
suspension of Example 1. The substrate needs to be thor-
oughly cleaned to ensure satisfactory film coverage. In the
case of quartz substrates, cleaning 1s achieved by placing the
discs 1n a glass beaker and supplying chromic acid cleaning | .
solution to the glass beaker to cover all discs. The beaker 1s
then covered. The discs are then sonicated 1n a water bath for
1 hour. The acid 1s washed away using tap water for 20
minutes. The residual tap water 1s removed by three changes
of doubly distilled water. After the final change ot double .,
distilled water, every single disc 1s dried with lint-iree towel
and ispected for tlaws 1n the quartz surface. Any residual
particulate on the surface 1s removed as needed with com-
pressed nitrogen or air. The discs are stored 1n covered trays
in an aseptic environment. This method can be used to clean
any type of quartz substrate.

Dip coating was achieved by suction mounting the sub-
strates on a computer controlled linear shide. The mounted
substrates were lowered into the colloidal suspension and
immediately withdrawn at a programmed speed of 2 mm/s. .,
Following dip coating, the substrates were allowed to dry 1n
ambient conditions and were subsequently sintered 1n a pro-
grammable furnace for a period of 1 hour at temperatures
ranging from 800° C. to 1100° C. The sintered thin films had
a uniform translucent appearance characteristic ot a poly- .
crystalline thin film. The thin film had an approximate thick-
ness of 0.5 to 1.0 um with a particle size on the order of 0.2
to 1.0 um.

Example 4
Preparation of Ca—P Powder with No Introduced Additives *"
Following the procedures for the formation and aging of
the colloidal suspension of Example 1, the colloid was pro-
cessed to the stage of reducing the volume by centrifugation.
The precipitate was dried for approximately 5 hours at 100°
C. and sintered for one hour 1n an open alumina crucible 1n
air at a temperature of 1000° C. A fine powder was formed

through mechanical grinding of the sintered maternial 1n a
motorized mortar and pestle (Retsch Model RM 100 USA).

45

Example 5 50
Preparation of Ca—P Powder with Silicon as the Introduced
Additive

Following the procedures for the formation and aging of
the colloidal suspension of Example 1, the colloid was pro-
cessed to the stage of reducing the volume by centrifugation. 55
In order to retain the colloidal sol characteristics, the silicon
additive was 1ntroduced as a sol-gel metal-organic precursor

in an organic carrier. The precursor was either tetrapropyl
orthosilicate (S1(OC,H-), or TPOS) or tetracthyl orthosili-

cate (S1{OC,H.), or TEOS). Addition was accomplished by 60
creating a sol using a precursor carrier such as
2-methoxyethanol (CH,OCH,CH,OH or 2Me) or 2-4 pen-
tanedione (CH,COCH,COCH, or ACAC). The action of the
carrier was to ensure that the additive did not precipitate
upon addition to an aqueous solution having a pH similar to 65
that of the Ca—P colloidal suspension. This ensured that the
additive was unmiformly mixed within the colloid to create a
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single precipitate rather than two distinct precipitates. Pre-
cipitation of the additive was examined in a separate experi-
ment with aqueous solutions. For the silicon compounds,
precipitation was mimmal for 2Me, ACAC and even 11 no
carrier was employed. The precipitate with mntroduced sili-
con was dried for approximately 5 hours at 100° C. and
sintered for one hour 1n an open alumina crucible 1n air at a
temperature of 1000° C. A fine powder was formed through
mechanical grinding of the sintered material 1n a motorized
mortar and pestle (Retsch Model RM100 USA). The pres-
ence ol the additive within the sintered ceramics was
checked by wet chemical analysis.

Example 6
Preparation of Ca—P Powder with Titanium as the Intro-
duced Additive

Following the procedures for the formation and aging of
the colloidal suspension of Example 1, the colloid was pro-
cessed to the stage of reducing the volume by centrifugation.
In order to retain the colloidal sol characteristics, the tita-
nium additive was introduced as a sol-gel metal-organic pre-
cursor in an organic carrier. The precursor was titanmium
n-propoxide (T1{(OC;H-),). Addition was accomplished by

creating a sol using a precursor carrier such as
2-methoxyethanol (CH,OCH,CH,OH or 2Me) or 2-4 pen-

tanedione (CH,COCH,COCH; or ACAC). ACAC was used
in particular for its strong chelating action. Precipitation of
the additive was examined in a separate experiment with
aqueous solutions. For titanium n-propoxide, precipitation
of the additive occurred for both no carrier and 2Me, but not
for ACAC. The precipitate with introduced titanium was
dried for approximately 5 hours at 100° C. and sintered for
one hour 1n an open alumina crucible 1n air at a temperature
of 1000° C. A fine powder was formed through mechanical
ogrinding of the sintered material 1n a motorized mortar and
pestle (Retsch Model RM 100 USA). The presence of the
additive within the sintered ceramics was checked by wet
chemical analysis.

Example 7
Preparation of Ceramic Pellets

Ceramic pellets were formed from previously sintered
powder that had been prepared according to Examples 4, 5,
or 6, using a small amount of the concentrated colloid sus-
pension mixed 1nto the sintered powder as a binding agent.
The powders were unmiaxially pressed into pellets with a
pressure of 1x10° N/M?[15,000 psi]. The final pellets were
sintered for one hour 1n air at a temperature of 1000° C. to
create ceramic components with the desired characteristics.
Following thermal processing, the pellet density was
approximately 1.5 g/cm”, and the pellet exhibited a uniform
microporosity throughout the structure.

Example 8
Preparation of Macroporous Structures

Sintered powder that had been prepared according to
Examples 4, 5, or 6, was sieved using a motorized sieve
shaker (Retsch Model AS200 BASIC USA). Powder having
a particle size of =325 Mesh was collected and subsequently
suspended 1n water to form a slurry. The interior and exterior
surfaces of a preformed piece of open cell (reticulated) poly-
urethane foam were completely coated by immersing the
foam 1n the slurry. The slurry-coated component was then
allowed to dry and was subsequently sintered at 1000° C. for
1 hour. During thermal processing, the foam was removed
from the structure through pyrolysis. Importantly, the shape
of the final ceramic component replicates the original shape
of the foam, including the open-cell structure.
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In the preparation of these components, the pore density
ol the foam was selected to produce the required pore size 1n
the ceramic. Typical pore sizes prepared were 1n the range of
45 to 80 pores per inch. The coating of the foam was man-
aged to ensure complete coverage of the foam without clog-
ging of the cells. The duration and temperature of the ther-
mal processing were selected to ensure pyrolysis of the foam
and to obtain the desired physical properties of the resulting
macroporous structure.

An alternate method for the formation of a macroporous
structure 1s to introduce styrene balls of a desired size 1nto
the powder being prepared according to Examples 4, 5 or 6.
The mixture 1s combined with a binder, such as a PVA
(polyvinyl alcohol) solution, and uniaxially pressed into pel-
lets. A pressing pressure of 1x10° N/m” [15,000 psi] was
selected so as to not extrude the styrene during compression.
The pellets were subsequently sintered at 1000° C. for one
hour during which the styrene was removed through pyroly-
S1S.

Example 9
Preparation of Drug Carrier with Associated Pharmaceutical
Agent

Depending on application requirements, either the powder
of Example 5 or the macroporous structure of Example 8
was sterilized using ethylene oxide or similar approved
medical device sterilization technique. In a laminar flow
hood, a liquid drug volume was made up according to dosing
requirements. In the case of the agent BCSF™ (Bone Cell
Stimulating Factor), this required addition of sterile normal
saline (0.9% NaCl) to previously lyophilized stored aliquots
of the drug, at room temperature. Following reconstitution,
the drug was either mixed by gentle agitation with the
powder, or slowly dispensed over the surface of the
macroporous structure.

Recognizing the natural protein avidity of the bioceramic
material, a period of 5 minutes was allowed for the drug to
percolate and bind to either the powder or the macroporous
structure. Following this period, the preparation was ready
for direct patient admimstration as a therapeutic device or
for use as a tissue-engineering scatiold.

In the case of therapeutic administration of the powder-
based preparation, a predetermined volume of the suspen-
sion (powder plus attached pharmaceutical agent) was
injected percutaneously at the desired skeletal site.

In the case of therapeutic administration of macroporous
structures, surgical intervention was required to implant the
device at skeletal sites in order to effect subsequent bone
repair.

Example 10
Commercial Reference Materials

The commercially available HA (cHA), o-TCP, 3-TCP,
calcium silicate and silica materials listed 1n Table 1 (below)
were used as reference standards for the analytical tech-
niques performed 1n the evaluation of the internally prepared
mHA and S1-mHA materials described 1n this study.

TABL

(L]

1

List of Matenals Used For Experimental Samples and Reference Standards

Commercial

Materials Source

Commercial HA CHA Aldrich #28,939-6 Lot#04302TQ)
a-TCP aTCP Supelco Inc #3-3910 Lot#200792
p-TCP B-TCP Fluka #21238 Analysis#357352/1 14996
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TABLE 1-continued

List of Materials Used For Experimental Samples and Reference Standards

Calcium silicate CaS105;  Aldrich #37,266-8 Lot#00714LN

Silica S10, PPG Industries Inc. #63231674 Lot#9-134

Internally Prepared

Materials Preparation Technique

Microporous HA MHA  Powder prepared from the thermal
processing of the colloid 1n
equation (1)

S1-TCP + mHA Si-mHA Powder prepared from the thermal
processing of the colloid 1n
equation (1) where Si 1s the
introduced additive

Example 11

Analytical Techniques

X-ray diffraction (XRD) spectra of thin films were
acquired using a glancing angle (GA-XRD) technique with
an angle of incidence 0=2°, whereas powders were exam-
ined using conventional 0-20 geometry. The source was a 12
kW Rigaku rotating anode XRD generator fitted with a Cr
target for improved peak resolution. The glancing angle
geometry significantly reduced the contribution from the
substrate. For convenience of comparison to other literature,
all spectra were converted to that expected for a Cu anode
using the following relationship: sin(0, )=(A,. /A )sin
(0.,), where A.,=1.54056 A and A.32 2.28970 A. The
phase composition was determined by comparing acquired
spectra with peaks 1dentified in the Joint Committee on Pow-
der Difiraction Standards (JCPDS) database of standards
(JCPDS-International Centre for Diffraction Data and
American Society for Testing and Matenals. Powder Dii-
fraction File (Inorganic and Organic). Swarthmore, Pa.
JCPDS-International Centre for Diffraction Data. 1999). Of
particular relevance to this study are the XRD spectra of HA
(JCPDS #9-432), o-TCP (JCPDS #9-348) and p-TCP
(JCPDS #9-169). Following the collection of XRD data, the
background noise was subtracted and the integrated mtensi-
ties of peaks distinguishable as HA, o-TCP or -TCP were
calculated. These values were then used to determine the
percentage phase composition (plus or minus 5%).

Optical microscopy, scanning electron microscopy (SEM
using a JEOL JSM 840) and transmission electron micros-

copy (T

'EM, using a Philips CM20) were performed to
assess the surface and bulk morphology. Chemical analysis
of the samples was carried out by wet chemical methods and
neutron activation analysis. Wide-line nuclear magnetic
resonance (NMR) experiments on ~”Si were accomplished
using a Bruker NMR CXP 200 MHz spectrometer with
magic angle spinning using a pulse width of 5 ms and a pulse
delay of 20 s. Infrared spectroscopy (IR) of powders using a
KBr pellet technique utilized a BOMEM MB-120 spectrom-
cter. Approximately 2 mg of sample and approximately 200
mg of KBr were ground and pressed in a 6 mm diameter die
at 10 tonnes for 1 minute to produce uniform discs for analy-
S18S.

A particle size analysis of the Ca—P colloid at various
stages ol processing was made by observation of 633 nm
He—Ne laser light scattered at various angles. Samples were
prepared by adding 10 drops of the precipitated solution to 4
ml. ammoniated water (one part 30% NH,OH mixed with
five parts water) having a pH greater than 10. Results from
these suspensions were reproducible for equivalent samples
and stable over time. The power spectrum of the scattered
light at a known angle was fitted to a Lorentzian distribution
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and analyzed by standard methods using a solution viscosity
of 8.9x10* kg m~'s™" and refractive index of 1.3312 (Clark,

N., H. Lunacek and G. Benedek. Am J Phys 38(5) 1970; pp.
575-85 and Schumacher, R. Am J Phys 54(2) 1986; pp.
137-41).

Although preferred embodiments have been described
herein 1n detail, it 1s understood by those skilled in the art
that variations may be made thereto without departing from
the scope of the invention as defined by the appended claims.

TABL

.
-, 2
—

Summary of Effective Ionic Radius and Ionic Crystal

Radius for Various Elements

Coordination Ionic Crystal Effective Ionic
Ion Number (CN) Radius (CR) Radius (IR)
B3 4 0.25 0.11
6 0.41 0.27
Ba’t 6 1.49 1.35
R 1.56 1.42
Ca’t 6 1.14 1.00
R 1.26 1.12
Co’t 6 1.15 1.01
R 1.28 1.14
La’t 6 1.17 1.03
R 1.30 1.16
Mg+ 4 0.71 0.57
6 0.85 0.72
R 1.03 0.89
p>t 4 0.31 0.17
6 0.52 0.38
Set 6 0.89 0.75
R 1.01 0.87
4 0.40 0.26
Sitt 6 0.54 0.40
Tit* 4 0.56 0.42
6 0.75 0.61
R 0.88 0.74
Yo+ 6 1.04 0.90
R 1.16 1.02
Zr+ 4 0.73 0.59
6 0.86 0.72
R 0.98 0.84

Data from: Shannon, R. D., Acta Cryst. (1976) A32,751

We claim:

1. An 1solated bioresorbable biomaterial compound com-
prising calcium, oxygen and phosphorous, wherein a portion
of at least one of said elements 1s substituted with an element
[having an ionic radius of approximately 0.1 to 0.6 A] Si**,
wherein said compound has a microporous structure.

[2. The biomaterial compound as claimed in claim 1,
wherein a portion of the phosphorous 1s substituted by at
least one element having an 1onic radius of approximately
0.1t0 0.4 A]

3. The biomaterial compound as claimed 1n claim 2, fur-
ther comprising an additional element having an effective
charge to compensate any imbalance of charge resulting
from the partial substitution of phosphorous.

[4. The biomaterial compound as claimed in claim 1,
wherein said element is silicon.]

[5. The biomaterial compound as claimed in claim 1,
wherein said compound has a microporous structure.}

6. The biomaterial compound as claimed in claim [5] /
wherein said compound 1s formed as a macroporous struc-
ture comprising an open cell construction with ntercon-
nected voids having a pore size of approximately 50 to 1000
microns.

7. The biomaterial compound as claimed 1 claim 6
wherein said macroporous structure 1s formed by coating
said compound onto a reticulated polymer and subsequently
removing said polymer through pyrolysis.
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8. The biomaterial compound as claimed in claim 5,
wherein said compound has a nanoporous structure.

9. The biomaterial compound as claimed 1n claims 1,
wherein said compound exhibits monoclinic pseudo-
rhombic symmetry and 1s in the monoclinic space group
P2,/a.

10. The biomaterial compound as claimed in claim 1,
wherein said compound 1s resorbed by the cellular activity of
osteoclasts and promotes the generation of new mineralized
bone matrix by the activity of osteoblasts.

11. The biomaterial compound as claimed 1n claim 10,
wherein said compound 1s progressively replaced with natu-
ral bone 1n vivo.

12. The biomaterial compound as claimed in claim 10,
wherein said compound 1s essentially insoluble 1n biological
media at human physiological pH of 6.4-7.3.

13. A biomaterial compound as claimed in claim 1,
wherein the calcium to phosphorous atomic ratio 1s less than
1.67.

[14. The biomaterial compound as claimed in claim 1,
wherein said element is boron.]

15. A biomaterial compound comprising calcium, oxygen
and phosphorous, wherein at least one of said elements 1s
substituted with an element having an 1onic radius of
approximately 0.1 to 1.1 A and wherein said compound is
selected from the group consisting of Ca,
(Po.750910.2503 575)> and Caz(Py 5375516 062503 96575)--

16. A biomaterial composition comprising the compound
as claimed 1n claim 1 and further comprising monoclinic
hydroxyapatite.

17. A biomaterial composition comprising the biomaterial
compound as claimed in claim 12 and further comprising
collagen.

18. A biomaterial compound having the formula:

(C a‘)f { (P 1-x— —szCyDz) O ¥ }2

wherein B, C and D are selected from those elements
having an ionic radius of approximately 0.1 to 0.4 A
and selected from the group comsisting of silicon and
boron;

X 1s greater than or equal to zero but less than 1;

y 1s greater than or equal to zero but less than 1;

7 1s greater than or equal to zero but less than 1;

X+y+z 15 greater than zero but less than 1;

1 1s greater than or equal to 2 but less than or equal to 4;
and

1 1s equal to 4-0, where o 1s greater than or equal to zero
but less than or equal to 1.

19. The biomaterial compound as claimed 1n claim 18,
wherein o 1s determined by charge compensation of the ele-
ments present 1in the compound.

20. The biomaterial compound as claimed 1n claim 18,
wherein B 1s silicon.

21. The biomaterial compound as claimed 1n claim 18,
wherein B 1s boron.

22. A biomaterial composition comprising the biomaterial
compound as claimed 1n claim 18 and further comprising at
least one calcium material selected from the group consist-
ing of calcium hydroxyapatite, a.-TCP, 3-TCP, octacalcium
phosphate, tetracalcium phosphate, dicalcium phosphate and
calcium oxide.

23. The biomaterial composition as claimed 1n claim 22,
wherein said composition comprises calcium hydroxyapatite
and said composition 1s characterized by those peaks 1n the
x-ray diffraction spectrum of FI1G. 9.
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24. The biomaterial composition as claimed 1n claim 22,
wherein B 1s silicon and wherein said compound 1s mixed

with calcium hydroxyapatite in a ratio of approximately
20:80 to 80:20.

25. The biomaterial composition as claimed 1n claim 22
wherein said composition additionally comprises an additive
to increase the mechanical toughness and strength of said
biomaterial composition.

26. The biomaterial composition as claimed in claim 22,
wherein said composition exists as a physical mixture or a
solid solution.

36

27. A composition as claimed in claim 22, wherein [the}
said composition exists as a fine or coarse powder, pellets,
three-dimensional shaped pieces, macroporous structures
[and] o7 coatings.

28. A composition as claimed 1n claim 22, wherein said
composition 1s resorbed by the cellular activity of osteo-

clasts and promotes the generation of new mineralized bone
matrix by the activity of osteoblasts.
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