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(57) ABSTRACT

A method of producing a product inorganic compound
including: immersing a raw material inorganic compound
having a volume of 107'* m> or more in an electrolyte
aqueous solution or an electrolyte suspension; exchanging
anions in the raw material inorganic compound with anions
in the electrolyte aqueous solution or the electrolyte suspen-
sion; cations in the raw material inorganic compound are
exchanged with cations in the electrolyte aqueous solution
or the electrolyte suspension; or including a component (that
excludes water, hydrogen, and oxygen) in the electrolyte
aqueous solution or the electrolyte suspension not included
in the raw material inorganic compound in the raw material
inorganic compound; and obtaining a product inorganic
compound having a volume of 107'* m® or more from the
raw material inorganic compound.
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METHOD OF PRODUCING PRODUCT
INORGANIC COMPOUND AND PRODUCT
INORGANIC COMPOUND

TECHNICAL FIELD

[0001] The present invention relates to a method of pro-
ducing a product inorganic compound and a product inor-
ganic compound, and more specifically, to a method of
producing a product inorganic compound which is obtained
from a raw material inorganic compound having a volume of
107** m> or more and a solubility of 5 or less with respect
to distilled water or electrolyte aqueous solution without
substantially changing a macro form of the raw material
inorganic compound, and in which at least one component in
the raw material inorganic compound is included, and which
has a composition that is different from a composition of the
raw material inorganic compound, and a product inorganic
compound to be produced.

[0002] Priority is claimed based on Japanese Patent Appli-
cation No. 2014-177564, No. 2014-177565, and No. 2014-
177566, filed Sep. 1, 2014, the contents of which are
incorporated herein by reference.

BACKGROUND ART

[0003] Forms of a product inorganic compound in the
present invention are granules or a block having a volume of
a certain value or more. In general, inorganic compounds in
the form of granules or a block having a volume of a certain
value or more are produced from powders using a sintering
or curing reaction.

[0004] Sintering is a process in which inorganic com-
pound powder is pressed and molded to impart a shape and
is sometimes called calcination, and when a powder com-
pacted body is heated at a lower temperature than a melting
point, inorganic compound elements diffuse through grain
boundaries between particles and the powder solidifies. As
a result of sintering, sinterable grain boundaries are formed
between particles.

[0005] However, the sintering process is not applicable in
some inorganic compounds because thermal decomposition
occurs at a much lower temperature than a melting point. In
addition, the sintering process is a mass energy consumption
type production process which requires a high temperature
of about 1000° C. or more. A low energy consumption type
production process is desired in consideration of reducing an
environmental load. Further, the obtained inorganic com-
pound sintered body may have low functionality because a
surface area of a material decreases and a crystallite size
increases during sintering.

[0006] A curing reaction is a reaction in which a powder
is cured and is known for gypsum, zinc phosphate cement,
apatite cement, calcium hydrogen phosphate cement and the
like. When calcium sulfate hemihydrate powder is mixed
with water, gypsum is cured and is compositionally con-
verted into calcium sulfate dihydrate. When zinc oxide
powder is mixed in phosphoric acid, zinc phosphate cement
is cured to zinc phosphate. Apatite cement is, for example,
a powder in which calcium hydrogen phosphate and tetra-
calcium phosphate, is cured to apatite when mixed with
water. Calcium hydrogen phosphate is, for example, a pow-
der in which p-type tricalcium phosphate and calcium
dihydrogen phosphate, is cured to calcium hydrogen phos-
phate when mixed with water or phosphoric acid.
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[0007] Inorganic compounds are also used for medical
treatment. For example, there are many cases in which bone
defect emerged due to pathological causes or external inju-
ries need to be reconstructed. In reconstruction therapy of
bone defects, it is preferable to densely fill the bone defect
with an artificial bone reconstruction material represented by
an apatite or f-type tricalcium phosphate having excellent
tissue compatibility and osteoconductivity. Artificial bone
reconstruction materials in the form of a block or granules
are currently being clinically applied, but such artificial bone
reconstruction materials are generally produced through
sintering. Also, since the bone is hard tissue, bone recon-
struction materials are sometimes called hard tissue recon-
struction materials and hard tissue reconstruction materials
are sometimes called bone prosthetic materials because they
fill and reconstruct bone defects, but they have basically the
same meaning.

[0008] Calcium carbonate may be used as a bone recon-
struction material in addition to an apatite and f-type
tricalcium phosphate. Calcium carbonate is a skeletal tissue
composition of an invertebrate animal and is produced from
corals, shells, marble and the like. Corals are clinically
applied as bone prosthetic materials also due to the presence
of interconnected porous structure. However, the harvest of
corals causes damage to the environment and problems such
as a cost in finding appropriate corals, a cost for collection,
a cleaning cost, impurity problems, and uniformity problems
are unavoidable in order to use corals as materials for
medical treatment. Therefore, artificial production is pref-
erable.

[0009] As can be seen in plaster, calcium carbonate can be
produced when calcium hydroxide is exposed to carbon
dioxide for curing. However, there is a problem of the
likelihood of there being remaining calcium hydroxide. In
addition, it is necessary to prepare a mold for molding.
[0010] An apatite and tricalcium phosphate which are
bone reconstruction materials are produced by sintering an
apatite powder (Patent Literature 1 and Patent Literature 2).
Recently, it has been found that, when a calcium compound
such as a calcium carbonate block is immersed in a phos-
phoric acid aqueous solution, an apatite block can be pro-
duced without sintering (Patent Literature 3).

[0011] In addition, as a recycling method for gypsum
board, it is known that potassium hydroxide and calcium
sulfate dihydrate react in water and calcium hydroxide
having an average particle size of 0.5 to 5 pm is produced
(Patent Literature 4).

[0012] Similarly, as a recycling method for gypsum board
and the like, it is known that, when gypsum is immersed in
ammonia water or a sodium hydroxide aqueous solution and
carbon dioxide gas is introduced, calcium carbonate is
produced (Patent Literatures 5 and 6).
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SUMMARY OF INVENTION

Problems to be Solved by the Invention

[0019] A product inorganic compound in the form of a
block is generally produced in a sintering process or a curing
reaction in which an inorganic compound powder is heated
at a high temperature. In addition, a product inorganic
compound in the form of granules is produced by pulver-
izing a product inorganic compound in the form of a block.
[0020] However, the sintering process has a large envi-
ronmental load. In addition, this process cannot be applied
for an inorganic compound that is easily thermally decom-
posed. Further, the sintering process may decrease function-
ality of an inorganic compound.

[0021] When a curing reaction is performed for produc-
tion, problems of an environmental load, and thermal
decomposition, and a problem of functional deterioration
due to heat hardly arise, but there are not many inorganic
compound blocks that can be produced by a curing reaction.
[0022] Accordingly, an object of the present invention is to
provide a production method through which it is possible to
produce a product inorganic compound in the form of a
block or granules without sintering causing high energy
consumption and a product inorganic compound.

Solution to Problem

[0023] The inventors conducted various studies and found
a method that can achieve the above object, as a result,
completed the present invention to be described below.

(1) A method of producing a product inorganic compound
including:

[0024] a step A in which a raw material inorganic com-
pound having a volume of 107* m* or more is immersed in
an electrolyte aqueous solution or an electrolyte suspension;
[0025] a step Bl in which anions in the raw material
inorganic compound are exchanged with anions in the
electrolyte aqueous solution or the electrolyte suspension;

[0026] a step B2 in which cations in the raw material
inorganic compound are exchanged with cations in the
electrolyte aqueous solution or the electrolyte suspension; or
[0027] a step B3 in which a component (provided that it
excludes water, hydrogen, and oxygen) in the electrolyte
aqueous solution or the electrolyte suspension that is not
included in the raw material inorganic compound is made to
be included in the raw material inorganic compound; and
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[0028] a step C in which a product inorganic compound
having a volume of 107'* m® or more is obtained from the
raw material inorganic compound,

[0029] wherein the raw material inorganic compound has
a solubility that is greater than 0 and 5 or less with respect
to distilled water at or the electrolyte aqueous solution 20°
C., and

[0030] wherein, in the electrolyte aqueous solution or the
electrolyte suspension in which the raw material inorganic
compound is immersed, at least, elements other than hydro-
gen and oxygen, which are included in the product inorganic
compound but not included in the raw material inorganic
compound are included (provided that it excludes a produc-
tion method in which an apatite without pores with a
diameter of 20 um or more and an aspect ratio of 2 or more
is produced from at least one selected from the group
consisting of calcium sulfate dihydrate, an a-type tricalcium
phosphate, and calcium carbonate, a production method in
which calcium sulfate is immersed in an ammonia or alkali
metal hydroxide-containing aqueous solution, carbon diox-
ide is introduced into the aqueous solution, and calcium
carbonate without pores with a diameter of 20 pm or more
and an aspect ratio of 2 or more is produced, and a
production method in which a product inorganic compound
is calcium hydrogen phosphate without pores with a diam-
eter of 20 pm or more and an aspect ratio of 2 or more).
(2) The method of producing a product inorganic compound
according to (1),

[0031] wherein a porosity of the raw material inorganic
compound is less than 30%.

(3) The method of producing a product inorganic compound
according to (1),

[0032] wherein the raw material inorganic compound is a
porous body having a porosity of 30% or more.

(4) The method of producing a product inorganic compound
according to any one of (1) to (3),

[0033] wherein the raw material inorganic compound is an
interconnected porous body.

(5) The method of producing a product inorganic compound
according to any one of (1) to (4),

[0034] wherein, in the step C, a product inorganic com-
pound which is a porous body with pores having an aspect
ratio of at least 2 or more is obtained.

(6) The method of producing a product inorganic compound
according to any one of (1) to (5),

[0035] wherein the raw material inorganic compound
comprises a compositing material component selected from
the group including an organic substance, a metal and an
inorganic compound other than the raw material inorganic
compound.

(7) The method of producing a product inorganic compound
according to any one of (1) to (6),

[0036] wherein the raw material inorganic compound
comprises an alkaline earth metal.

(8) The method of producing a product inorganic compound
according to any one of (1) to (7),

[0037] wherein the raw material inorganic compound
comprises at least one selected from the group consisting of
calcium sulfate, calcium carbonate, calcium phosphate, a
calcium-containing glass, and a bone.

(9) The method of producing a product inorganic compound
according to any one of (1) to (8),

[0038] wherein the raw material inorganic compound
comprises calcium sulfate anhydrate.
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(10) The method of producing a product inorganic com-
pound according to any one of (1) to (9),

[0039] wherein the raw material inorganic compound is an
artificial material.

(11) The method of producing a product inorganic com-
pound according to any one of (1) to (9),

[0040] wherein the raw material inorganic compound is a
natural material or a material of biological origin.

(12) The method of producing a product inorganic com-
pound according to any one of (1) to (11),

[0041] wherein the electrolyte aqueous solution or the
electrolyte suspension in which the raw material inorganic
compound is immersed comprises an alkaline earth metal,
an alkali metal, or an ammonia compound.

(13) The method of producing a product inorganic com-
pound according to any one of (1) to (12),

[0042] wherein the electrolyte aqueous solution or the
electrolyte suspension in which the raw material inorganic
compound is immersed comprises at least one selected from
the group consisting of carbonate ions, bicarbonate ions,
sulfate ions, hydrogen sulfate ions, hydrogen phosphate
ions, hydroxide ions, and fluoride ions.

(14) The method of producing a product inorganic com-
pound according to any one of (1) to (13),

[0043] wherein a pH of the electrolyte aqueous solution or
the electrolyte suspension in which the raw material inor-
ganic compound is immersed is less than 7.

(15) The method of producing a product inorganic com-
pound according to any one of (1) to (13),

[0044] wherein a pH of the electrolyte aqueous solution or
the electrolyte suspension in which the raw material inor-
ganic compound is immersed is 7 or more.

(16) The method of producing a product inorganic com-
pound according to any one of (1) to (15),

[0045] wherein a temperature at which the raw material
inorganic compound is immersed in the electrolyte aqueous
solution or the electrolyte suspension is less than 100° C.
(17) The method of producing a product inorganic com-
pound according to any one of (1) to (16),

[0046] wherein a temperature at which the raw material
inorganic compound is immersed in the electrolyte aqueous
solution or the electrolyte suspension is 10° C. or less.
(18) The method of producing a product inorganic com-
pound according to any one of (1) to (15),

[0047] wherein a temperature at which the raw material
inorganic compound is immersed in the electrolyte aqueous
solution or the electrolyte suspension is a temperature
exceeding 100° C.

(19) The method of producing a product inorganic com-
pound according to any one of (1) to (18),

[0048] wherein, in the step B1 or step B2, a molar number
of an ion component of an exchange target included in the
electrolyte aqueous solution or the electrolyte suspension is
equal to or greater than a molar number of an ion component
of an exchange target in the raw material inorganic com-
pound.

(20) The method of producing a product inorganic com-
pound according to any one of (1) to (18),

[0049] wherein, in the step B1 or step B2, a molar number
of an ion component of an exchange target included in the
electrolyte aqueous solution or the electrolyte suspension is
less than a molar number of an ion component of an
exchange target in the raw material inorganic compound.
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(21) The method of producing a product inorganic com-
pound according to any one of (1) to (20),

[0050] wherein the step A includes a step al in which an
ion component that is included in the raw material inorganic
compound but not included in the product inorganic com-
pound is removed from the electrolyte aqueous solution or
the electrolyte suspension.

(22) The method of producing a product inorganic com-
pound according to (21),

[0051] wherein the step al is a step in which at least one
method selected from the group consisting of a method in
which a part of all of the electrolyte aqueous solution or the
electrolyte suspension is exchanged with a new electrolyte
aqueous solution or electrolyte suspension, an ion exchange
method, an adsorption method, an electrodialysis method, a
diffusion dialysis method, and an electrolysis method is
used.

(23) The method of producing a product inorganic com-
pound according to any one of (1) to (22),

[0052] wherein, in the step C, a precipitated inorganic
compound layer formed in the steps B1 to B3 forms a porous
body according to a curing reaction in which the plurality of
raw material inorganic compounds are bridged.

(24) A produced product inorganic compound produced by
any one of production methods according to (1) to (23).
(25) A product inorganic compound which is a product
inorganic compound that has a volume of at least 107> m?
or more, comprises at least grain boundaries other than
sinterable grain boundaries, preserves a form without dis-
integrating even if it is immersed in water for 24 hours, and
has substantially the same composition from a surface to the
inside (provided that it excludes a case in which gypsum,
calcium hydrogen phosphate, zinc phosphate, calcium sili-
cate, calcite, or an apatite, without pores with a diameter of
20 pm or more and an aspect ratio of 2 or more is used as
the inorganic compound).

(26) The product inorganic compound according to (24) or
(25), comprising pores with a diameter of 20 um to 3000 um
and a length twice or more of the diameter.

(27) The product inorganic compound according to any one
of (24) to (26),

[0053] wherein the product inorganic compound com-
prises a composition having at least one selected from the
group consisting of a carbonate apatite, vaterite-containing
calcium carbonate, aragonite-containing calcium carbonate,
calcium hydroxide, calcium fluoride, magnesium hydroxide,
and whitlockite (provided that it excludes an apatite without
pores with a diameter of 20 pm or more and an aspect ratio
of 2 or more).

(28) A product inorganic compound which is a product
inorganic compound that has a volume of 107> m® or more,
comprising:

[0054] at least a core portion and a surface layer portion
that covers the core portion,

[0055] wherein the core portion and the surface layer
portion have different compositions,

[0056] wherein an inorganic compound of the surface
layer portion comprises at least grain boundaries other than
sinterable grain boundaries and preserves a form without
disintegrating even if it is immersed in water for 24 hours,
and

[0057] wherein an inorganic compound of the surface
layer portion comprises at least one element included in a
composition of the core portion (provided that it excludes a
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product inorganic compound that comprises a core portion
formed of calcium carbonate that is not an artificial material
and a surface layer portion formed of an apatite).

(29) A product inorganic compound which is a product
inorganic compound that comprises at least a core portion
and a surface layer portion that covers the core portion,
[0058] wherein the product inorganic compound has a
volume of 107 m? or more,

[0059] wherein the core portion and the surface layer
portion have different compositions,

[0060] wherein the core portion has a component the same
as that of a raw material inorganic compound and the surface
layer portion comprises at least grain boundaries other than
sinterable grain boundaries and preserves a form without
disintegrating even if it is immersed in water for 24 hours,
and

[0061] wherein the product inorganic compound com-
prises a component in which anions of the inorganic com-
pound are exchanged with anions of an electrolyte aqueous
solution or an electrolyte suspension, a component in which
cations of the inorganic compound are exchanged with
cations of an electrolyte aqueous solution or an electrolyte
suspension, or a component derived from the electrolyte
aqueous solution or the electrolyte suspension that is not
included in a raw material inorganic compound (provided
that it excludes a product inorganic compound that com-
prises a core portion formed of calcium carbonate that is not
an artificial material and a surface layer portion formed of an
apatite).

(30) The product inorganic compound according to (28) or
29),

[0062] wherein an inorganic compound included at least in
the core portion comprises at least grain boundaries other
than sinterable grain boundaries.

(31) The product inorganic compound according to any one
of (28) or (30),

[0063] wherein an inorganic compound of either or both of
the surface layer portion and the core portion is a calcium
compound.

(32) The product inorganic compound according to any one
of (28) or (31),

[0064] wherein an inorganic compound of either or both of
the surface layer portion and the core portion has a solubility
that is 0.0001 or more and 5 or less at 20° C. with respect
to distilled water.

(33) The product inorganic compound according to any one
of (28) or (32),

[0065] wherein a solubility of the inorganic compound of
the surface layer portion with respect to distilled water at 20°
C. is greater than a solubility of the inorganic compound of
the core portion with respect to distilled water at 20° C.
(34) The product inorganic compound according to any one
of (28) or (32),

[0066] wherein a solubility of the inorganic compound of
the surface layer portion with respect to distilled water at 20°
C. is smaller than a solubility of the inorganic compound of
the core portion with respect to distilled water at 20° C.
(35) The product inorganic compound according to any one
of (28) or (34),

[0067] wherein the inorganic compound of the surface
layer portion comprises at least one selected from the group
consisting of vaterite-containing calcium carbonate, arago-
nite-containing calcium carbonate, whitlockite, calcium
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hydrogen phosphate, calcium sulfate, calcium carbonate,
calcium hydrogen phosphate, calcium hydroxide, and apa-
tite.

(36) The product inorganic compound according to any one
of (28) or (35),

[0068] wherein the inorganic compound of the core por-
tion comprises at least one selected from the group consist-
ing of calcium phosphate, calcium carbonate, calcium sul-
fate, an apatite, a calcium-containing glass, a coral, and a
bone.

(37) The product inorganic compound according to any one
of (28) or (36),

[0069] wherein an average conversion thickness of the
surface layer portion is 1 pm or more.

(38) The product inorganic compound according to any one
of (28) or (37),

[0070] wherein a mass ratio between the core portion and
the surface layer portion (core portion:surface layer portion)
is 97:3 to 50:50.

(39) The product inorganic compound according to any one
of (28) or (38),

[0071] wherein the surface layer portion comprises at least
calcium sulfate hemihydrate and has curability.

(40) The product inorganic compound according to any one
of (28) or (39),

[0072] wherein the surface layer portion comprises gran-
ules containing at least calcium sulfate hemihydrate, and has
curability when an aqueous solution containing at least one
of' sodium ions and sulfate ions is used as a mixing solution.
(41) The product inorganic compound according to any one
of (28) or (40),

[0073] wherein the core portion is a porous body.

(42) The product inorganic compound according to any one
of (28) or (41),

[0074] wherein a support is included in the core portion.
(43) The product inorganic compound according to (42),
[0075] wherein the support comprises at least one selected
from the group consisting of a metal, a polymer, and a
ceramic.

(44) The product inorganic compound according to (43),
[0076] wherein the metal is at least one selected from the
group consisting of titanium, a titanium alloy, stainless steel,
and a cobalt chromium alloy,

[0077] wherein the polymer is at least one selected from
the group consisting of an aromatic polyether ketone, a
polyimide, and a polysulfone, and

[0078] wherein the ceramic is either or both of an alumina
and a zirconia.

(45) The product inorganic compound according to any one
of (42) or (44),

[0079] wherein the support is a porous body.

(46) The product inorganic compound according to any one
of (28) or (41),

[0080] wherein the core portion does not comprise a
support.

(47) A curable composition including:

[0081] a plurality of raw material inorganic compounds
with a volume of 10~!* m?® or more; and

[0082] an electrolyte aqueous solution,

[0083] wherein the curable composition includes a com-
ponent in which the raw material inorganic compound and
the electrolyte aqueous solution react and anions of the
inorganic compound are exchanged with anions of the
electrolyte aqueous solution or the electrolyte suspension or
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cations of the inorganic compound are exchanged with
cations of the electrolyte aqueous solution or the electrolyte
suspension or a component that is not included in the raw
material inorganic compound and is derived from the elec-
trolyte aqueous solution or the electrolyte suspension is to be
formed on a surface of the raw material inorganic compound
and a formed substance bridges the raw material inorganic
compounds to form a porous body.

(48) The curable composition according to (47),

[0084] wherein the formed porous body is an intercon-
nected porous body.

(49) The curable composition according to (47) or (48),
[0085] wherein the raw material inorganic compound is at
least one selected from the group consisting of calcium
phosphate, calcium carbonate, calcium sulfate, calcium
hydroxide, calcium fluoride, calcium silicate, a calcium-
containing glass, a coral, a shell, and a bone.

(50) The curable composition according to any one of (47)
to (49),

[0086] wherein the electrolyte aqueous solution includes
at least one selected from the group consisting of hydrogen
phosphate ions, sulfate ions, and carbonate ions.

(51) The curable composition according to any one of (47)
to (50),

[0087] wherein the formed substance comprises at least
one selected from the group consisting of calcium hydrogen
phosphate, calcium sulfate, and calcium carbonate.

(52) The curable composition according to any one of (47)
to (51),

[0088] wherein the curable composition is a material for
medical treatment.

(53) The curable composition according to any one of (47)
to (52),

[0089] wherein the curable composition is a hard tissue
reconstruction material.

(54) A hard tissue reconstruction material for medical treat-
ment characterized in that it comprises at least a core portion
and a surface layer portion that covers the core portion, in
which the core portion and the surface layer portion have
different compositions, the core portion comprises a calcium
component other than calcium hydrogen phosphate, and the
surface layer portion comprises calcium hydrogen phos-
phate.

(55) The hard tissue reconstruction material for medical
treatment according to (54),

[0090] wherein the calcium component is at least one
selected from the group consisting of calcium phosphate,
calcium carbonate, calcium sulfate, an apatite, a calcium-
containing glass, a coral and a bone.

(56) The hard tissue reconstruction material for medical
treatment according to (54) or (55),

[0091] wherein the calcium component is at least one
selected from the group consisting of artificially produced
calcium phosphate, calcium carbonate, calcium sulfate and
a calcium-containing glass.

(57) The hard tissue reconstruction material for medical
treatment according to any one of (54) or (56),

[0092] wherein the calcium component is at least one
selected from the group consisting of a f-type tricalcium
phosphate, an a-type tricalcium phosphate, a hydroxyapatite
and a carbonate apatite.

(58) The hard tissue reconstruction material for medical
treatment according to any one of (54) or (57),

[0093] wherein the core portion is a porous body.
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(59) The hard tissue reconstruction material for medical
treatment according to any one of (54) or (58),

[0094] wherein an average conversion thickness of the
surface layer portion is 1 pm or more.

(60) The hard tissue reconstruction material for medical
treatment according to any one of (54) or (59),

[0095] wherein a support is included in the core portion.
(61) The hard tissue reconstruction material for medical
treatment according to (60),

[0096] wherein the support comprises at least one selected
from the group consisting of a metal, a polymer and a
ceramic.

(62) The hard tissue reconstruction material for medical
treatment according to (61),

[0097] wherein the metal is at least one selected from the
group consisting of titanium, a titanium alloy, stainless steel
and a cobalt chromium alloy, the polymer is at least one
selected from the group consisting of an aromatic polyether
ketone, a polyimide and a polysulfone, and the ceramic is
either or both of an alumina and a zirconia.

(63) The hard tissue reconstruction material for medical
treatment according to any one of (60) or (62),

[0098] wherein the support is a porous body.

(64) The hard tissue reconstruction material for medical
treatment according to any one of (54) or (59),

[0099] wherein no support is included.

(65) The hard tissue reconstruction material for medical
treatment according to (64),

[0100] wherein it is a bone prosthetic material.

(66) The hard tissue reconstruction material for medical
treatment according to (64) or (65),

[0101] wherein an average volume is 10™** m> or more.
(67) A method of producing the hard tissue reconstruction
material for medical treatment according to any one of (54)
to (66), comprising

[0102] a covering step in which a core portion is brought
into contact with an acidic aqueous solution to form a
surface layer portion,

[0103] wherein the core portion comprises a calcium com-
ponent other than calcium hydrogen phosphate and a pH of
the acidic aqueous solution is 5 or less and the acidic
aqueous solution comprises a phosphate component when
the core portion does not include a phosphate component,
and

[0104] wherein the surface layer portion comprising cal-
cium hydrogen phosphate is formed according to the cov-
ering step.

(68) The method of producing a hard tissue reconstruction
material for medical treatment according to (67),

[0105] wherein the acidic aqueous solution comprises a
phosphate component and a calcium component.

(69) The method of producing a hard tissue reconstruction
material for medical treatment according to (67) or (68),
[0106] wherein a pH of the acidic aqueous solution is 3 or
less.

(70) The method of producing a hard tissue reconstruction
material for medical treatment according to any one of (67)
or (69), further including a surface layer portion adjusting
step in which a part of the calcium hydrogen phosphate
included in the formed surface layer portion is dissolved in
a solvent to adjust a thickness or a form of the surface layer
portion.

(71) A curable composition for forming a calcium hydrogen
phosphate-containing porous body which is a curable com-
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position comprising granules comprising a calcium compo-
nent (provided that it excludes calcium dihydrogen phos-
phate) and in which 70 mass % or more of the granules have
a particle size of 100 pm or more and 10 mm or less.

(72) The curable composition according to (71),

[0107] wherein 70 mass % or more of the granules have a
particle size of 100 pm or more and 3 mm or less.

(73) The curable composition according to (71),

[0108] wherein 90 mass % or more of the granules have a
particle size of 100 pm or more and 10 mm or less.

(74) The curable composition according to any one of (71)
to (73),

[0109] wherein the calcium component is at least one
selected from the group comprising calcium phosphate,
calcium carbonate, calcium sulfate, calcium hydroxide, cal-
cium fluoride, calcium silicate, a calcium-containing glass,
a coral, a shell and a bone.

(75) The curable composition according to any one of (71)
to (74),

[0110] wherein the granules include calcium dihydrogen
phosphate as a phosphate component.

(76) A porous body comprising calcium hydrogen phosphate
produced from any one of the curable compositions accord-
ing to (71) to (75).

(77) A method of producing a porous body which is a
method of producing the porous body according to (76) and
which comprises a step in which the curable composition
according to any one of (71) to (75) is reacted with water to
form calcium hydrogen phosphate, and either or both of the
granules and the water contains a phosphate component.
(78) The method of producing a porous body according to
(77),

[0111] wherein the water is an aqueous solution having a
pH of 4 or less.

(79) The method of producing a porous body according to
(77) or (78),

[0112] wherein the phosphate component is included in
the granules.

(80) The method of producing a porous body according to
(79),

[0113] wherein the phosphate component is included in
surfaces of the granules.

(81) The method of producing a porous body according to
(79) or (80),

[0114] wherein the phosphate component is calcium dihy-
drogen phosphate.

(82) The method of producing a porous body according to
any one of (77) to (79),

[0115] wherein the phosphate component is not included
in the granules but is included in the water.

(83) The method of producing a porous body according to
any one of (77) to (82),

[0116] wherein the water includes a calcium component.
(84) A surface apatitized porous body which is a surface
apatitized porous body produced from the porous body
according to (76) and in which at least a part of calcium
hydrogen phosphate of a surface is apatitized.

(85) The method of producing a porous body according to
(84),

[0117] wherein the apatitization is carbonate apatitization.
(86) A method of producing a surface apatitized porous body
which is a method of producing the surface apatitized porous
body according to (84) and which comprises a step in which
the porous body according to (76) is immersed in an aqueous
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solution having a pH of 8 or more and at least a part of
calcium hydrogen phosphate included in a surface of the
porous body is apatitized.

(87) The method of producing a porous body according to

(86),
[0118] wherein the aqueous solution includes a carbonate
component.

(88) A calcined porous body which is a calcined porous body
produced from the porous body according to (76) and
obtained by calcining the porous body.

(89) A method of producing a calcined porous body which
is a method of producing the calcined porous body accord-
ing to (88) and which includes a step in which the porous
body according to (76) is calcined at 700° C. or higher.
(90) A surface apatitized and calcined porous body which is
a surface apatitized and calcined porous body produced from
the surface apatitized porous body according to (84) and
obtained by calcining the surface apatitized porous body.
(91) A method of producing a surface apatitized and calcined
porous body which is a method of producing the surface
apatitized and calcined porous body according to (90) and
which comprises a step in which the surface apatitized
porous body according to (84) is calcined at 700° C. or
higher.

(92) A bone prosthetic material which comprises a core
portion and a surface layer portion that covers the core
portion and in which the surface layer portion comprises an
apatite, the core portion is an artificial material including
either or both of calcium phosphate, and calcium carbonate
and which have a volume of 107 m* or more.

(93) The bone prosthetic material according to (92),

[0119] wherein the surface layer portion is formed of an
apatite.

(94) The bone prosthetic material according to (92) or (93),
[0120] wherein the apatite is a carbonate apatite.

(95) The bone prosthetic material according to any one of
(92) or (94),

[0121] wherein the core portion is an artificial material
comprising at least one selected from the group consisting of
a-type tricalcium phosphate, f-type tricalcium phosphate,
an artificial apatite whose composition is different from the
apatite included in the surface layer portion, and calcium
carbonate.

(96) The bone prosthetic material according to any one of
(92) or (95),

[0122] wherein the core portion is an artificial material
that comprises calcium carbonate obtained by carbonating
calcium oxide, calcium hydroxide or a mixture thereof.
(97) The bone prosthetic material according to any one of
(92) or (94),

[0123] wherein the core portion is an artificial material
that comprises either or both of calcium phosphate and
calcium carbonate.

(98) The bone prosthetic material according to any one of
(92) or (97),

[0124] wherein a volume ratio between the core portion
and the surface layer portion (core portion:surface layer
portion) is 90:10 to 70:30.

(99) The bone prosthetic material according to any one of
(92) or (98),

[0125] wherein the surface layer portion further includes
calcium hydrogen phosphate.

(100) A method of producing a bone prosthetic material
which is a method of producing the bone prosthetic material
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according to any one of (92) to (98), and which icomprises
an apatite forming step in which an artificial material that
comprises either or both of calcium phosphate and calcium
carbonate and has a volume of 107** m? or more is immersed
in water having a pH of 7 or more to form an apatite on a
surface layer portion, and in which either or both of the
artificial material and the water comprises a phosphate
component.

(101) The method of producing a bone prosthetic material
according to (100),

[0126] wherein the water comprises a carbonate compo-
nent.

(102) A method of producing a bone prosthetic material
which is a method of producing the bone prosthetic material
according to (99), which comprises a pretreatment step in
which an artificial material comprising either or both of
calcium phosphate and calcium carbonate and having a
volume of 107* m® or more is brought into contact with an
aqueous solution having a pH of 5 or less to obtain a
preprocessed artificial material in which calcium hydrogen
phosphate is formed on at least a part of a surface layer
portion of the artificial material, and an apatite forming step
in which the preprocessed artificial material is immersed in
water having a pH of 7 or more to form an apatite on at least
a part of the surface layer portion, and in which either or
both of the artificial material and the aqueous solution
comprise a phosphate component.

(103) The method of producing a bone prosthetic material
according to (102),

[0127] wherein the aqueous solution comprises a phos-
phate component and a calcium component.

Effects of the Invention

[0128] According to the present invention, it is possible to
produce product inorganic compounds in the form of a block
and granules without sintering causing high energy con-
sumption. In addition, it is possible to produce highly active
product inorganic compounds in the form of a block and
granules.

[0129] In particular, when calcium sulfate is used as a raw
material inorganic compound having a solubility of 5 or less,
formation is easy since calcium sulfate has a characteristic
form exhibiting self-curability. In addition, since calcium
sulfate has a melting point of 1460° C., it is possible to easily
produce a porous body inorganic substance using a method
of introducing and incinerating an organic substance.

BRIEF DESCRIPTION OF DRAWINGS

[0130] FIG. 1 shows powder X-ray diffraction patterns of
raw material inorganic compounds 1 to 3 and product
inorganic compounds produced in Examples 1 to 8.

[0131] FIG. 2 shows scanning electron microscope images
of raw material inorganic compounds 1 to 2 and product
inorganic compounds produced in Examples 2 to 5.

[0132] FIG. 3 shows powder X-ray diffraction patterns of
product inorganic compounds produced in Examples 10, 11,
19, and 20.

[0133] FIG. 4 shows Fourier transform infrared spectrums
of a raw material inorganic compound 4, and product
inorganic compounds produced in Examples 19, 20, and 22.
[0134] FIG. 5 shows powder X-ray diffraction patterns of
product inorganic compounds produced in Examples 23 to
28.
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[0135] FIG. 6 shows data obtained through powder X-ray
diffraction performed in Example 27.

[0136] FIG. 7 shows scanning electron microscope images
captured in Example 27.

[0137] FIG. 8 shows data obtained by element analysis
using an energy-dispersive X-ray analyzing device that is
performed in Example 27.

[0138] FIG. 9 shows the results according to an implan-
tation test performed in Example 27.

[0139] FIG. 10 shows Villanueva-Goldner staining results
in an implantation test on a bone defect performed in
Example 27.

[0140] FIG. 11 shows scanning electron microscope
images (a and b) captured in Comparative Example 3 and the
results (¢ and d) in an implantation test.

[0141] FIG. 12 shows data obtained through powder X-ray
diffraction performed in Comparative Example 3.

[0142] FIG. 13 shows data obtained through powder X-ray
diffraction performed in Comparative Example 4.

[0143] FIG. 14 shows scanning electron microscope
images (a and b) captured in Comparative Example 4 and the
results (¢ and d) in an implantation test.

[0144] FIG. 15 shows data obtained through powder X-ray
diffraction performed in Comparative Example 5.

[0145] FIG. 16 shows scanning electron microscope
images (a and b) captured in Comparative Example 5 and the
results (¢ and d) in an implantation test.

[0146] FIG. 17 shows scanning electron microscope
images captured in Example 28.

[0147] FIG. 18 shows data obtained through powder X-ray
diffraction performed in Example 28.

[0148] FIG. 19 shows histopathological images in an
implantation test performed in Example 28.

[0149] FIG. 20 shows data obtained through powder X-ray
diffraction performed in Examples 29 and 30.

[0150] FIG. 21 shows scanning electron microscope
images captured in Examples 29 and 30.

[0151] FIG. 22 shows data obtained through powder X-ray
diffraction performed in Example 31.

[0152] FIG. 23 shows scanning electron microscope
images captured in Example 31.

[0153] FIG. 24 shows data obtained through powder X-ray
diffraction performed in Example 32.

[0154] FIG. 25 shows scanning electron microscope
images captured in Example 32.

[0155] FIG. 26 shows data obtained through powder X-ray
diffraction performed in Example 33.

[0156] FIG. 27 shows scanning electron microscope
images captured in Example 33.

[0157] FIG. 28 shows pictures of p-type tricalcium phos-
phate granules used as a raw material in Example 34 (upper
portion) and produced calcium hydrogen phosphate covered
p-type tricalcium phosphate granules (lower portion) under
a scanning electron microscope.

[0158] FIG. 29 shows X-ray diffraction patterns of cal-
cium hydrogen phosphate covered p-type tricalcium phos-
phate granules produced in Example 34 (upper portion) and
p-type tricalcium phosphate granules used as a raw material
(lower portion).

[0159] FIG. 30 shows pathological tissue section images
of calcium hydrogen phosphate covered p-type tricalcium
phosphate granules produced in Example 34 four weeks
after implantation (upper portion), with no filling in Com-
parative Example 6 (middle portion), and 4 weeks after
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implantation of f-type tricalcium phosphate granules in
Comparative Example 6 (lower portion) in a rat bone defect
model.

[0160] FIG. 31 shows pictures of an a-type tricalcium
phosphate porous body used as a raw material in Example 35
(upper portion) and a produced calcium hydrogen phosphate
covered a-type tricalcium phosphate porous body (lower
portion) under a scanning electron microscope.

[0161] FIG. 32 shows X-ray diffraction patterns of the
calcium hydrogen phosphate covered a-type tricalcium
phosphate porous body produced in Example 35 (upper
portion) and an a-type tricalcium phosphate porous body
used as a raw material (lower portion).

[0162] FIG. 33 shows pictures of hydroxyapatite granules
used as a raw material in Example 36 (upper portion) and
produced calcium hydrogen phosphate covered hydroxyapa-
tite granules (lower portion) under a scanning electron
microscope.

[0163] FIG. 34 shows X-ray diffraction patterns of cal-
cium hydrogen phosphate covered hydroxyapatite granules
produced in Example 36 (upper portion) and hydroxyapatite
granules used as a raw material (lower portion).

[0164] FIG. 35 shows pictures of carbonate apatite gran-
ules used as a raw material in Example 37 (upper portion)
and produced calcium hydrogen phosphate covered carbon-
ate apatite granules (lower portion) under a scanning elec-
tron microscope.

[0165] FIG. 36 shows X-ray diffraction patterns of cal-
cium hydrogen phosphate covered carbonate apatite gran-
ules produced in Example 37 (upper portion) and carbonate
apatite granules used as a raw material (lower portion).
[0166] FIG. 37 shows pictures of calcium carbonate gran-
ules used as a raw material in Example 38 (upper portion)
and produced calcium hydrogen phosphate covered calcium
carbonate granules (lower portion) under a scanning electron
microscope.

[0167] FIG. 38 shows X-ray diffraction patterns of cal-
cium hydrogen phosphate covered calcium carbonate gran-
ules produced in Example 38 (upper portion) and calcium
carbonate granules used as a raw material (lower portion).
[0168] FIG. 39 shows pictures of calcium-containing glass
granules used as a raw material in Example 39 (upper
portion) and produced calcium hydrogen phosphate covered
calcium-containing glass granules (lower portion) under a
scanning electron microscope.

[0169] FIG. 40 shows X-ray diffraction patterns of cal-
cium hydrogen phosphate covered calcium-containing glass
granules produced in Example 39 (upper portion) and cal-
cium-containing glass granules used as a raw material
(lower portion).

[0170] FIG. 41 shows X-ray diffraction patterns of cal-
cium hydrogen phosphate covered calcined bone produced
in Example 40 (upper portion) and a calcined bone used as
a raw material (lower portion).

[0171] FIG. 42 shows a picture (a) of carbonate apatite
granules used for production, a picture (b) of produced cured
bodies and scanning electron microscope images (c and d) in
Example 42.

[0172] FIG. 43 shows powder X-ray diffraction patterns of
carbonate apatite granules (a) used for production, produced
cured bodies (b), and calcium hydrogen phosphate (¢) in
Example 42.
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[0173] FIG. 44 shows X-ray micro CT images obtained
when a cured body is formed on a bone defect of a rat in
Example 42.

[0174] FIG. 45 shows a histopathological image in hema-
toxy-eosin staining in Example 42.

[0175] FIG. 46 shows a scanning electron microscope
image (a) of carbonate apatite powder used for production,
and a picture (b) and a scanning electron microscope image
(c) of produced cured bodies in Comparative Example 15.
[0176] FIG. 47 shows scanning electron microscope
images (a and b) of hydroxyapatite granules used for pro-
duction and scanning electron microscope images (¢ and d)
of produced cured bodies in Example 43.

[0177] FIG. 48 shows powder X-ray diffraction patterns of
hydroxyapatite granules (a) used for production, produced
cured bodies (b) and calcium hydrogen phosphate (¢) in
Example 43.

[0178] FIG. 49 shows a scanning electron microscope
image (a) of hydroxyapatite powder used for production,
and a picture (b) and a scanning electron microscope image
(c) of produced cured bodies in Comparative Example 16.
[0179] FIG. 50 shows a picture (a) of p-type tricalcium
phosphate granules used for production and pictures (b to d)
of produced cured bodies in Example 44.

[0180] FIG. 51 shows powder X-ray diffraction patterns of
[-type tricalcium phosphate granules (a) used for production
in Example 44, produced cured bodies (b to d), and calcium
hydrogen phosphate (e).

[0181] FIG. 52 shows a scanning electron microscope
image (a) of f-type tricalcium phosphate granules used for
production and scanning electron microscope images (c to g)
of produced cured bodies in Example 44.

[0182] FIG. 53 shows a histopathological image in hema-
toxy-eosin staining in Example 44.

[0183] FIG. 54 shows a scanning electron microscope
image (a) of f-type tricalcium phosphate granules used for
production, a scanning electron microscope image (b) of
produced calcium dihydrogen phosphate monohydrate
(hereinafter referred to as “MCPM™: Ca(H,PO,),—H,0)-
adhered § TCP granules and a picture (c) of produced cured
bodies in Example 45.

[0184] FIG. 55 shows powder X-ray diffraction patterns of
[-type tricalcium phosphate granules (a) used for production
in Example 45, produced cured bodies (b), and calcium
hydrogen phosphate (c).

[0185] FIG. 56 shows scanning electron microscope
images (a and b) of produced cured bodies in Example 45.
[0186] FIG. 57 shows a scanning electron microscope
image (a) of f-type tricalcium phosphate granules used for
production, and a picture (b) and a scanning electron micro-
scope image (c) of produced cured bodies in Comparative
Example 19.

[0187] FIG. 58 shows a picture (a) and a scanning electron
microscope image (b) of a-type calcium phosphate foam
granules used for production, and a picture (c¢) and a
scanning electron microscope image (d) of produced cured
bodies in Example 46.

[0188] FIG. 59 shows powder X-ray diffraction patterns of
a-type calcium phosphate foam granules (a) used for pro-
duction, produced cured bodies (b) and calcium hydrogen
phosphate (c¢) in Example 46.

[0189] FIG. 60 shows a picture (a) of a-type tricalcium
phosphate spheres used for production, and a picture (b), a
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micro CT image (c), and a cross-sectional micro CT image
(d) of produced cured bodies, in Example 47.

[0190] FIG. 61 shows powder X-ray diffraction patterns of
a-type tricalcium phosphate spheres (a) used for production,
produced cured bodies (b), and calcium hydrogen phosphate
(c) in Example 47.

[0191] FIG. 62 shows pictures of a-type tricalcium phos-
phate spheres for cured bodies produced in Example 47
between spheres under a scanning electron microscope.
[0192] FIG. 63 shows a scanning electron microscope
image (a) of a-type tricalcium phosphate powder used for
production, and a picture (b) and a scanning electron micro-
scope image (c) of produced cured bodies in Comparative
Example 21.

[0193] FIG. 64 shows a picture (a) and a scanning electron
microscope image (c¢) of cancellous bone granules used for
production, and a picture (b) and a scanning electron micro-
scope image (d) of produced cured bodies in Example 48.
[0194] FIG. 65 shows powder X-ray diffraction patterns of
cancellous bone granules (a) used for production, produced
cured bodies (b), and calcium hydrogen phosphate (¢) in
Example 48.

[0195] FIG. 66 shows a picture (a) of calcium-containing
glass granules used for production and a picture (b) of
produced cured bodies in Example 49.

[0196] FIG. 67 shows a scanning electron microscope
image (a) of cancellous bone granules used for production
and scanning electron microscope images (b and c) of
produced cured bodies in Example 49.

[0197] FIG. 68 shows powder X-ray diffraction patterns of
calcium-containing glass granules (a) used for production,
produced cured bodies (b), and calcium hydrogen phosphate
(c) in Example 49.

[0198] FIG. 69 shows a scanning electron microscope
image (a) of calcium carbonate granules used for production,
and a scanning electron microscope image (b) and a micro
CT image (c) of surfaces of produced cured bodies in
Example 50.

[0199] FIG. 70 shows powder X-ray diffraction patterns of
calcium carbonate granules (a) used for production, pro-
duced cured bodies (b), and calcium hydrogen phosphate (c)
in Example 50.

[0200] FIG. 71 shows scanning electron microscope
images of surfaces of cured bodies (a to ¢) before they are
immersed in a sodium hydrogen carbonate aqueous solution
produced and surfaces of cured bodies (d to f) after immer-
sion in Example 51.

[0201] FIG. 72 shows powder X-ray diffraction patterns of
carbonate apatite granules (a) used for production, cured
bodies (b) before they are immersed in a sodium hydrogen
carbonate aqueous solution prepared using a 1 M calcium-
phosphoric acid aqueous solution and cured bodies (c) after
immersion and calcium hydrogen phosphate (d) in Example
51.

[0202] FIG. 73 shows an X-ray micro CT image (a) and
picture (c) 1 month after the cured body before being
immersed in a sodium hydrogen carbonate aqueous solution
prepared using a 1 M calcium-phosphoric acid aqueous
solution was implanted in a bone defect of a Japanese white
house rabbit and an X-ray micro CT image (b) and a picture
(d) 1 month after implantation of the cured body after
immersion in Example 51.

[0203] FIG. 74 shows scanning electron microscope
images of a-type tricalcium phosphate spheres (a and b)
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used for production and produced cured bodies (c) before
heat treatment and cured bodies (d) after heat treatment in
Example 52.

[0204] FIG. 75 shows powder X-ray diffraction patterns of
a-type tricalcium phosphate spheres (a) used for production,
produced cured bodies (b) before heat treatment and cured
bodies (c) after heat treatment and calcium hydrogen phos-
phate (d) in Example 52.

[0205] FIG. 76 shows pictures of hydroxyapatite granules
(a raw material inorganic compound 9) used for production
and interconnected porous bodies produced by curing and a
scanning electron microscope image of interconnected
porous bodies produced by curing in Example 53.

[0206] FIG. 77 shows data obtained through powder X-ray
diffraction performed in Examples 53 to 58.

[0207] FIG. 78 shows pictures of hydroxyapatite granules
(a raw material inorganic compound 9) used for production
and interconnected porous bodies produced according to
curing and a scanning electron microscope image of inter-
connected porous bodies produced by curing in Example 54.
[0208] FIG. 79 shows pictures of p-type tricalcium phos-
phate granules (the raw material inorganic compound 4)
used for production and interconnected porous bodies pro-
duced according to curing and scanning electron microscope
images of interconnected porous bodies produced by curing
in Example 55.

[0209] FIG. 80 shows pictures of p-type tricalcium phos-
phate granules (the raw material inorganic compound 4)
used for production and interconnected porous bodies pro-
duced according to curing, and scanning electron micro-
scope images of interconnected porous bodies produced by
curing in Example 56.

[0210] FIG. 81 shows pictures of carbonate apatite gran-
ules (a raw material inorganic compound 8) used for pro-
duction and interconnected porous bodies produced by cur-
ing, and scanning electron microscope images of
interconnected porous bodies produced by curing in
Example 57.

[0211] FIG. 82 shows pictures of carbonate apatite gran-
ules (a raw material inorganic compound 8) used for pro-
duction and interconnected porous bodies produced by cur-
ing, and scanning electron microscope images of
interconnected porous bodies produced by curing in
Example 58.

DESCRIPTION OF EMBODIMENTS

[0212] Preferable examples of the present invention will
be described below but the present invention is not limited
to the following examples. Additions, omissions, substitu-
tions and other modifications of the configuration can be
made without departing from the scope of the present
invention.

[Raw Material Inorganic Compound]

[0213] A raw material inorganic compound used in the
present invention has a volume that is 10~ m* or more and
has a solubility that is 5 or less at 20° C. with respect to water
and an electrolyte aqueous solution in which the compound
is immersed. The raw material inorganic compound may
comprise only a raw material inorganic compound or the raw
material inorganic compound may be combined with at least
one of a compositing material compound and a support. The
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compositing material component is an organic substance, a
metal, or an inorganic compound other than the raw material
inorganic compound.

[0214] In addition, the raw material inorganic compound
used in the present invention may include a single compo-
sition.

[Product Inorganic Compound]

[0215] A product inorganic compound produced in the
present invention comprises an inorganic compound of
which at least one of a cation component and an anion
component of the raw material inorganic compound is the
same as that of the product inorganic compound and of
which a composition is different therefrom. In addition, the
product inorganic compound used in the present invention
may comprise a single composition.

[0216] As will be described below, in the product inor-
ganic compound of the present invention, since an inorganic
compound of which at least one of a cation component and
an anion component of a raw material inorganic compound
is the same as that of the product inorganic compound and
of which a composition is different therefrom is an inorganic
compound that is precipitated from ion components gener-
ated when the raw material inorganic compound is dissolved
and ion components in an electrolyte aqueous solution, it is
called a precipitated inorganic compound.

[0217] The product inorganic compound may comprise
only a precipitated inorganic compound or comprise a
precipitated inorganic compound formed on a surface of the
raw material inorganic compound and an unreacted raw
material inorganic compound inside the precipitated inor-
ganic compound.

[0218] When the product inorganic compound comprises
only a precipitated inorganic compound, the product inor-
ganic compound has a volume that is at least 107'* m® or
more, comprises at least grain boundaries other than sinter-
able grain boundaries, and preserves a form without disin-
tegrating even if it is immersed in water for 24 hours, and
has substantially the same composition from the surface to
the inside.

[0219] Such a product inorganic compound preferably
comprises a composition containing at least one selected
from the group consisting of a carbonate apatite, vaterite-
containing calcium carbonate, aragonite-containing calcium
carbonate, calcium hydroxide, calcium fluoride, magnesium
hydroxide, and whitlockite.

[0220] When the product inorganic compound comprises
a precipitated inorganic compound formed on a surface of a
raw material inorganic compound and an unreacted raw
material inorganic compound inside a precipitated inorganic
compound, since the unreacted raw material inorganic com-
pound is covered with the precipitated inorganic compound,
it may have a core-shell structure. In this case, the unreacted
raw material inorganic compound is referred to as a core
portion, and the precipitated inorganic compound is referred
to as a surface layer portion. Also, it is not necessary for the
precipitated inorganic compound to completely cover the
surface of the unreacted raw material inorganic compound.
For example, even if a precipitated inorganic compound is
formed on one side of a plate-like raw material inorganic
compound, the unreacted raw material inorganic compound
is referred to as a core portion, and the precipitated inorganic
compound is referred to as a surface layer portion.
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[0221] Such a product inorganic compound has a volume
that is 107 m> or more, comprises at least a core portion
and a surface layer portion that covers the core portion and
the core portion and the surface layer portion have different
compositions, and the surface layer portion includes an
inorganic compound that comprises at least grain boundaries
other than sinterable grain boundaries and preserves a form
without disintegrating even if it is immersed in water for 24
hours, and the inorganic compound of the surface layer
portion comprises at least one element included in a com-
position of the core portion.

[0222] In addition, such a product inorganic compound
comprises at least a core portion and a surface layer portion
that covers the core portion, and has a volume that is 1073
m> or more, and the core portion and the surface layer
portion have different compositions, and the core portion has
a component the same as that of a raw material inorganic
compound and the surface layer portion comprises at least
grain boundaries other than sinterable grain boundary and
preserves a form without disintegrating even if it is
immersed in water for 24 hours and comprises a component
in which anions of the inorganic compound are exchanged
with anions of an electrolyte aqueous solution or an elec-
trolyte suspension, a component in which cations of the
inorganic compound are exchanged with cations of an
electrolyte aqueous solution or an electrolyte suspension, or
a component that is not included in the raw material inor-
ganic compound and derived from an electrolyte aqueous
solution or an electrolyte suspension.

[0223] The precipitated inorganic compound is an inor-
ganic compound that is obtained when a raw material
inorganic compound is immersed in an electrolyte aqueous
solution or an electrolyte suspension, and is an inorganic
compound in which an anion component in the raw material
inorganic compound and an anion component in the elec-
trolyte aqueous solution or the electrolyte suspension are
exchanged, an inorganic compound in which a cation com-
ponent in the raw material inorganic compound and a cation
component in the electrolyte aqueous solution or the elec-
trolyte suspension are exchanged, or an inorganic compound
comprising a component (provided that it excludes water,
hydrogen, and oxygen) in the electrolyte aqueous solution or
the electrolyte suspension that is not included in the raw
material inorganic compound is included.

[Core Portion]

[0224] In the present invention, at least an inorganic
compound included in the core portion preferably comprises
at least grain boundaries other than sinterable grain bound-
aries. In addition, one or both of inorganic compounds of the
surface layer portion and the core portion are preferably
calcium compounds and inorganic compounds of the core
portion preferably comprise at least one selected from the
group consisting of calcium phosphate, calcium carbonate,
calcium sulfate, an apatite, a calcium-containing glass, a
coral, and a bone.

[0225] The core portion may or may not comprise a
support therein.

[Surface Layer Portion]

[0226] In the present invention, inorganic compounds of
the surface layer portion preferably comprise at least one
selected from the group consisting of vaterite-containing
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calcium carbonate, aragonite-containing calcium carbonate,
whitlockite, calcium hydrogen phosphate, calcium sulfate,
calcium carbonate, calcium hydrogen phosphate, calcium
hydroxide, and apatite. In addition, the surface layer portion
comprises at least calcium sulfate hemihydrate and may
have curability. Further, the surface layer portion may com-
prise granules containing at least calcium sulfate hemihy-
drate, and may have curability when an aqueous solution
containing at least one of sodium ions and sulfate ions is
used as a mixing solution.

[Core Portion:Surface Layer Portion]

[0227] In the product inorganic compound comprising at
least a core portion and a surface layer portion, the release
of inorganic ions from the core portion or the surface layer
portion may be expected. When a solubility of the core
portion is greater than a solubility of the surface layer
portion, the release of inorganic ions from the core portion
for a relatively long period of time may be expected in many
cases. On the other hand, when a solubility of the surface
layer portion is greater than a solubility of the core portion,
the release of inorganic ions from the surface layer portion
for a relatively short period of time is expected. For
example, calcium ions released from the core portion or the
surface layer portion activate cells such as osteoblasts. In
order to provide such a function, a mass ratio between the
core portion and the surface layer portion (core portion:
surface layer portion) is preferably 97:3 to 50:50, more
preferably 97:5 to 50:40, and particularly preferably 97:10
to 50:30.

[Production Method]

[0228] In the present invention, an electrolyte aqueous
solution or an electrolyte suspension that comprises a com-
ponent that is a constituent component of a precipitated
inorganic compound included in at least a product inorganic
compound but is not a constituent component of a raw
material inorganic compound as a cation component or an
anion component is used.

[0229] When the raw material inorganic compound is
immersed in the electrolyte aqueous solution or the electro-
lyte suspension, a precipitated inorganic compound is pro-
duced and a product inorganic compound is produced as a
result.

[0230] In order to understand the content of the present
invention, a basic mechanism of the present invention will
be described. Note that a production mechanism has not
been completely clarified. In addition, the present invention
is not limited by the mechanism.

[0231] Here, in order to demonstrate the superiority when
calcium sulfate is used as a raw material inorganic com-
pound, a case in which an interconnected porous calcium
sulfate body is produced from calcium sulfate hemihydrate
and polymer-short fibers, and the interconnected porous
calcium sulfate body is used as a raw material to produce an
interconnected porous calcium carbonate body will be
exemplified. Also, in this example, calcium sulfate is a raw
material inorganic compound. In this example, the raw
material inorganic compound is not combined with a com-
positing material component and a support.
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<Process of Producing a Raw Material Inorganic
Compound: Production of an Interconnected Porous
Calcium Sulfate Porous Body>

[0232] When calcium sulfate hemihydrate is mixed with
water, it is cured and forms gypsum dihydrate. Therefore,
when calcium sulfate hemihydrate is mixed with polymer-
short fibers, calcium sulfate dihydrate containing polymer-
short fibers can be produced.

[0233] One of features of calcium sulfate is thermal sta-
bility. When calcium sulfate dihydrate is heated, for
example, at 700° C., it becomes calcium sulfate anhydrate
but does not thermally decompose.

[0234] On the other hand, polymer-short fibers are incin-
erated. As a result, a porous calcium sulfate anhydrate body
is produced. When a content of short fibers is adjusted, short
fibers are brought into contact with each other and an
interconnected porous calcium sulfate anhydrate body is
produced. Calcium sulfate anhydrate is a compound having
a solubility at 20° C. that is greater than 0 and less than 5.

<Process of Immersing a Raw Material Inorganic
Compound in an Electrolyte Aqueous Solution or an
Electrolyte Suspension>

[0235] The raw material inorganic compound is immersed
in an electrolyte aqueous solution or an electrolyte suspen-
sion. Here, a production method in which a compound is
immersed in a sodium carbonate aqueous solution will be
exemplified.

[0236] A solubility of calcium sulfate anhydrate is about
0.3. Therefore, when calcium sulfate anhydrate is immersed
in 100 g of water, calcium ions and sulfate ions correspond-
ing to about 0.3 g of calcium sulfate dihydrate are dissolved
in water as shown in Formula (1).

[Chem. 1]
CaSO,-->Ca®*+50,%~ 1)
[0237] Also, actually, there is calcium sulfate dihydrate

whose solubility is lower than calcium sulfate anhydrate.
There is a possibility of calcium sulfate anhydrate being
hydrated to become calcium sulfate dihydrate. However, for
the sake of simplicity, a mechanism will be described herein
overlooking the presence of calcium sulfate dihydrate.
[0238] At a stage in which calcium sulfate anhydrate is
dissolved, when other ions are not present in water, calcium
sulfate anhydrate gradually reaches dissolution equilibrium
and no additional reaction will occur.

[0239] However, when sodium carbonate is dissolved in
water, sodium carbonate is ionized as shown in Formula (2)
to form sodium ions and carbonate ions, and an equilibrium
is established between reactions of calcium ions and car-
bonate ions.

[Chem. 2]
Na,CO;-->2Na*+C0O;2~ )
[0240] Calcium carbonate has a solubility that is about

0.002, which is significantly lower than calcium sulfate
anhydrate. Therefore, calcium ions dissolved from calcium
sulfate anhydrate are precipitated as calcium carbonate as
shown in Formula (3).

[Chem. 3]

Ca?*+C0O42-->CaCO; 3)
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[0241] In addition, since calcium ions are dissolved from
a surface of calcium sulfate anhydrate, calcium carbonate is
precipitated on a surface of calcium sulfate anhydrate. It is
considered that the dissolution reaction and precipitation
reaction continuously occur, and calcium sulfate anhydrate
having a high solubility is compositionally converted into
calcium carbonate having a lower solubility than calcium
sulfate anhydrate, while preserving a macro form. Also,
since a calcium carbonate crystal is precipitated, a micro
form at a crystal size level is not preserved.

[0242] In this manner, since the raw material inorganic
compound is partially dissolved in an electrolyte aqueous
solution or an electrolyte suspension, and a new inorganic
compound is precipitated from a component of a raw
material inorganic compound and a component of an elec-
trolyte, an inorganic compound in the newly formed product
inorganic compound is referred to as a precipitated inorganic
compound in the present invention.

[0243] When calcium sulfate is immersed in a sodium
carbonate aqueous solution, calcium sulfate is composition-
ally converted into calcium carbonate while preserving a
macro form. This is due to the fact that a solubility of
calcium carbonate with respect to an electrolyte solution in
which it is immersed is lower than a solubility of calcium
sulfate, and a concentration of sulfate ions in the electrolyte
aqueous solution increases with the progress of the reaction.
As a result, a formation reaction of calcium sulfate shown in
Formula (4) also partially progresses. Carbonate ions and
sulfate ions competitively react, but the reaction shown in
Formula (4) is removed by removing sulfate ions from an
electrolyte. Therefore, it is possible to produce a product
inorganic compound having a higher purity from the raw
material inorganic compound and produce a product inor-
ganic compound in a shorter period of time.

[0244] In addition, according to the reaction shown in
Formula (3), a concentration of carbonate ions in the elec-
trolyte aqueous solution decreases. As a result, a rate of the
precipitation reaction of Formula (3) decreases. When the
electrolyte suspension is used in place of the electrolyte
aqueous solution, this is preferable because carbonate ions
are supplied to the electrolyte aqueous solution according to
the reaction of Formula (2).

[Chem. 4]
Ca?*+S0,2-->CaS0, 4)

[0245] In order to remove sulfate ions from an electrolyte
aqueous solution or an electrolyte suspension, a method in
which an electrolyte aqueous solution or an electrolyte
suspension is exchanged with a new sodium carbonate
aqueous solution during production, a method in which an
ion exchange resin is added to an electrolyte aqueous
solution or an electrolyte suspension, an adsorption method,
an electrodialysis method, a diffusion dialysis method, an
electrolysis method and the like are effective.

[0246] A temperature of an electrolyte aqueous solution or
an electrolyte suspension is very important because it greatly
influences properties of a product inorganic compound.
Although details will be described below, in general, when
the temperature of the electrolyte aqueous solution or the
electrolyte suspension is high, since stability is high, a
product inorganic compound having excellent stability is
produced. On the other hand, when the temperature of the
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electrolyte aqueous solution or the electrolyte suspension is
low, a product inorganic compound having high reactivity is
produced.

<Product Inorganic Compound to be Produced>

[0247] The product inorganic compound is an intercon-
nected porous calcium carbonate body in which a sulfate ion
component that is an anion component of calcium sulfate
serving as a raw material inorganic compound and an anion
component of sodium carbonate serving as an electrolyte are
exchanged.

[0248] Note that, in the present invention, when a time for
which a raw material inorganic compound is immersed in an
electrolyte aqueous solution is set or when a molar ratio
between a raw material inorganic compound and an elec-
trolyte included in an electrolyte aqueous solution is
adjusted, it is possible to produce a product inorganic
compound whose surface composition and internal compo-
sition are different.

[0249] For example, when calcium carbonate granules are
immersed in a disodium hydrogen phosphoric acid aqueous
solution, which is an electrolyte aqueous solution, calcium
carbonate is dissolved and calcium ions and carbonate ions
are released. As a result, while phosphate ions, sodium ions,
calcium ions, and carbonate ions coexist in an electrolyte
aqueous solution, since the electrolyte aqueous solution is
supersaturated with a carbonate apatite, the carbonate apatite
is formed on surfaces of calcium carbonate granules.
[0250] If the reaction continues under conditions in which
sufficient electrolyte components are included, when car-
bonate apatite granules are immersed in an electrolyte
aqueous solution or an electrolyte suspension, calcium car-
bonate granules are compositionally changed to a carbonate
apatite while preserving their forms. However, when a
reaction time and the like are controlled, it is possible to
produce a product inorganic compound in which calcium
carbonate granules are covered with a carbonate apatite.
That is, it is possible to produce a product inorganic com-
pound whose core portion is calcium carbonate and whose
surface layer portion is a carbonate apatite. In addition, a
core-shell type product inorganic compound can be pro-
duced even when a molar number of an ion component of an
exchange target included in the electrolyte aqueous solution
or the electrolyte suspension is less than a molar number of
an ion component of an exchange target in the raw material
inorganic compound. Such a product inorganic compound
becomes an extremely highly functional product according
to a combination.

[0251] When calcium carbonate having a solubility that is
greater than a carbonate apatite becomes a core portion and
a carbonate apatite having a solubility that is lower than
calcium carbonate and having excellent osteoconductivity
becomes a surface layer portion, osteoconductivity is sig-
nificantly improved compared to when a carbonate apatite is
used alone.

[0252] Although this mechanism has not been clarified,
calcium released from calcium carbonate is speculated to
activate osteoblasts.

[0253] Also, due to a high adsorption property of a car-
bonate apatite, when a natural material such as a littleneck
clam having a composition of calcium carbonate is used as
a raw material inorganic compound, it is not possible to
produce a product inorganic compound having excellent
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tissue compatibility. Therefore, when a carbonate apatite is
produced, it is necessary to use an artificial material as a raw
material.

[0254] If a solubility of the core portion is greater than a
solubility of the surface layer portion, if the product inor-
ganic compound is implanted in vivo, a component of the
core portion is released through the surface layer portion and
osteoblasts may be activated. On the other hand, even if a
solubility of the core portion is lower than a solubility of the
surface layer portion, cells may be activated according to the
same mechanism.

[0255] For example, when B-type tricalcium phosphate is
immersed in a sodium hydrogen carbonate aqueous solution,
which is an electrolyte aqueous solution, it is possible to
produce a product inorganic compound whose core portion
is P-type tricalcium phosphate and whose surface layer
portion is calcium carbonate. When the product inorganic
compound is implanted in a bone defect, calcium carbonate
having a high solubility is dissolved and calcium ions are
released. Osteoblasts are activated due to calcium ions, and
bone grows on p-type tricalcium phosphate which is an
osteoconductive material. An osteoconduction speed thereof
is accelerated compared to when p-type tricalcium phos-
phate is used alone.

[0256] An interconnected porous body is formed accord-
ing to the same mechanism as the dissolution and precipi-
tation mechanism according to the raw material inorganic
compound described above.

[0257] For example, -type tricalcium phosphate granules
serving as a raw material inorganic compound are immersed
in acidic calcium phosphate serving as an electrolyte aque-
ous solution.

[0258] A solubility of p-type tricalcium phosphate is 5 or
less. Therefore, when f-type tricalcium phosphate is
immersed in an acidic calcium phosphoric acid aqueous
solution, calcium ions and phosphate ions are dissolved in
water as shown in Formula (5).

[Chem. 5]
Caz(PO,)»—->3Ca2 2P0, ®
[0259] However, the acidic calcium phosphoric acid aque-

ous solution, which is an electrolyte solution in which f-type
tricalcium phosphate is dissolved, is supersaturated with
calcium hydrogen phosphate, and calcium hydrogen phos-
phate is precipitated from the electrolyte solution as shown
in Formula (6).

[Chem. 6]
Ca?*+H*+P0,*2H,0-->CaHPO,2H,0 (6)
[0260] When calcium ions and phosphate ions are sup-

plied from p-type tricalcium phosphate serving as a raw
material inorganic compound, surfaces of f-type tricalcium
phosphate granules have the highest degree of supersatura-
tion with respect to calcium hydrogen phosphate and the
p-type tricalcium phosphate granules are covered with cal-
cium hydrogen phosphate. In this case, when there are a
plurality of f-type tricalcium phosphate granules and p-type
tricalcium phosphate close to each other, calcium hydrogen
phosphate serving as a precipitated inorganic compound is
precipitated so that B-type tricalcium phosphate granules are
bridged. Since calcium hydrogen phosphate covering f-type
tricalcium phosphate granules does not completely occupy a
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space formed by the p-type tricalcium phosphate granules,
an interconnected porous body is formed.
[0261] Configurations will be described below.

<Inorganic Compound>

[0262] The inorganic compound is a compound other than
organic complexes in which carbon atoms are assembled as
a skeleton.

<Volume of Raw Material Inorganic Compound>

[0263] In the present invention, a raw material inorganic
compound having a volume of 107'* m® or more is used. In
the present invention, a volume is defined as an amount of
a raw material inorganic compound occupying a three-
dimensional space. Therefore, even in a porous body, an
apparent volume including air and the like inside the porous
body is referred to as a volume in the present invention.
Even if the volume of the raw material inorganic compound
is less than 107* m?, it is possible to produce a product
inorganic compound by a production method similar to that
of the present invention. However, if the volume is small, a
difference from a powder is substantially small, and useful-
ness is low.

[0264] In addition, when the volume of the raw material
inorganic compound is less than 107 m?, serious problems,
for example, triggering of inflammatory responses, may
occur in medical material applications.

<Preferable Volume of Raw Material Inorganic Compound
in the Present Invention>

[0265] In the present invention, the volume of the raw
material inorganic compound is 107'* m® or more, prefer-
ably 1072 m® or more, more preferably 107! m® or more,
and most preferably 10* m® or more. In consideration of
operability, a hard tissue reconstruction material has a vol-
ume that is preferably 1072 m® or more.

<Content of a Raw Material Inorganic Compound Having a
Preferable Constant Volume or More in the Present
Invention>

[0266] In the present invention, since an essential require-
ment includes that a product inorganic compound having a
volume of 10™* m? or more is produced from a raw material
inorganic compound having a volume of 107 m® or more,
a product inorganic compound having a volume of 107> m?
or more can be produced from at least one raw material
inorganic compound having a volume of 107'* m* or more,
but mixing in of an inorganic compound having a volume of
less than 107'* m® in production is not excluded.

[0267] However, in consideration of efficiency of produc-
tion and functionality, in the raw material inorganic com-
pound, a content of an inorganic compound of 107** m? or
more or an inorganic compound having a determined con-
stant volume or more is preferably 10 weight % or more,
more preferably 50 weight % or more, and most preferably
90 weight % or more.

<A Preferable Form of a Raw Material Inorganic
Compound: Porous Body>

[0268] A form of the raw material inorganic compound of
the present invention is not particularly limited. Any form
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such as a cubic shape, a columnar shape, a spherical shape,
and an irregular shape is selected according to applications
of products.

[0269] Meanwhile, it is desirable that a product inorganic
compound such as a hard tissue reconstruction material for
medical treatment have a porous body in some cases. This is
because the merit of the porous body is extremely great in
that cells can penetrate into the hard tissue reconstruction
material. In particular, an interconnected porous body is
particularly preferable because cells easily penetrate into the
hard tissue reconstruction material. When a product inor-
ganic compound is used as an adsorbent other than a hard
tissue reconstruction material for medical treatment, a
porous body and particularly an interconnected porous body
is preferable in some cases.

<Porous Body>

[0270] A porous body is also called a porous material and
refers to a material having many pores therein. On the other
hand, a dense body refers to a material having no pores
therein. In the present invention, a body having an apparent
porosity of 30% or more is defined as a porous body and a
body having an apparent porosity of less than 30% is defined
as a dense body. The apparent porosity is calculated from an
apparent volume and a mass of the material. An apparent
volume of the material is calculated from external dimen-
sions and the like. That is, although a pore portion may not
be included in a volume of the material; for an apparent
volume, pores inside or on a surface of the material are
included in the apparent volume. A mass if the material was
a dense body is calculated from an apparent volume and a
density of the material. A porosity is calculated from a mass
of the material and the calculated mass. The porosity can be
measured using micro CT and the like.

<Desirable Pores>

[0271] When cells and the like are expected to penetrate
into a product inorganic compound, not only the porosity but
also a shape of pores are important in some cases. One of
important factors for the shape of the pores is a diameter of
the pores. In consideration of invasion of cells, the diameter
of the pores is preferably 20 um or more and 3000 pm or
less, more preferably 50 uM or more and 1000 pum or less,
and most preferably 100 pm or more and 500 pm or less.
[0272] Inaddition, an aspect ratio is important in the shape
of the pore. The aspect ratio is a ratio of a length of a major
axis to a length of a short axis of a pore. The aspect ratio is
preferably 2 or more, more preferably 5 or more, and most
preferably 10 or more.

[0273] In order to form a pore having a high aspect ratio,
a method in which a fibrous pore forming material is mixed
into a raw material, and the pore forming material is
incinerated and thus removed from the raw material is one
of suitable methods.

<Interconnected Porous Body>

[0274] Among porous bodies, a body in which pores are
connected is an interconnected porous body. When light is
introduced from one side of a material, interconncting pores
can be determined based on whether the light is observed
from the other side due to irregular reflection of the light at
pore walls.
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<Solubility of a Raw Material Inorganic Compound>

[0275] A solubility is a value of a mass [g] of a solute
soluble in 100 g of a solvent at a certain temperature and is
generally an absolute number, but is defined as a mass [g] of
an inorganic compound soluble in 100 g of distilled water or
an electrolyte aqueous solution at 20° C. in the present
invention. When describing simply using solubility, this will
refer to solubility in distilled water at 20° C. below.

[0276] A solubility of the raw material inorganic com-
pound used in the present invention is greater than 0, and
preferably 0.0001 or more and 5 or less. That is, a raw
material inorganic compound that dissolves at 5 g or less in
100 g of distilled water or an electrolyte aqueous solution at
20° C. is used as a raw material inorganic compound in the
present invention.

<Preferable Solubility of a Raw Material Inorganic
Compound>

[0277] A solubility of the raw material inorganic com-
pound is greater than 0, and 5 or less and preferably 4 or less,
and more preferably 2 or less, and a solubility is most
preferably 1 or less.

[0278] In the present invention, as a raw material inor-
ganic compound having a solubility that is greater than 0 and
5 or less, calcium sulfate dihydrate, calcium sulfate hemi-
hydrate, calcium sulfate anhydrate, calcium hydrogen phos-
phate dehydrate (dicalcium phosphate dihydrate), calcium
hydrogen phosphate anhydrate, tricalcium phosphate, and
the like may be exemplified.

<Preferable Raw Material Inorganic Compound: Curable
Material>

[0279] In the present invention, it is possible to produce a
product inorganic compound without substantially changing
a macro form of a raw material inorganic compound.
Accordingly, formation of a form of the raw material inor-
ganic compound may be important.

[0280] In consideration of formation of a form of a raw
material inorganic compound, an inorganic compound
formed according to curing is a raw material inorganic
compound that is extremely excellent as a raw material
inorganic compound in the present invention.

[0281] As the inorganic compound formed according to
curing, calcium sulfate may be exemplified. When calcium
sulfate hemihydrate is mixed with water, it is cured to form
calcium sulfate dihydrate as shown in Formula (7).

[Chem. 7]
CaS0,40.5H,0+1.5H,0-->CaS0,2H,0 (7
[0282] Calcium hydrogen phosphate formed from a cal-

cium hydrogen phosphate cement is also an excellent raw
material inorganic compound. For example, as shown in
Formula (8), a mixture of calcium dihydrogen phosphate
and tricalcium phosphate is cured to form calcium hydrogen
phosphate dihydrate.

[Chem. &]

Ca(H,P0,) HyO+H,0+Cay(PO,),-->CaHPO, 21,0 ®)
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<Preferable Raw Material Inorganic Compound>

[0283] In the present invention, a raw material inorganic
compound preferably comprises an alkaline earth metal,
more preferably comprises at least one selected from the
group consisting of calcium sulfate, calcium carbonate,
calcium phosphate, a calcium-containing glass, and a bone,
and particularly preferably comprises calcium sulfate anhy-
drate.

<Preferable Raw Material Inorganic Compound: High
Temperature Stability>

[0284] In the present invention, it is possible to produce a
product inorganic compound without substantially changing
a macro form of a raw material inorganic compound.
Accordingly, formation of a form of a raw material inorganic
compound may be important.

[0285] In the product inorganic compound, a porous body,
and particularly, an interconnected porous body and the like
may be important. In order to produce an inorganic com-
pound porous body as the product inorganic compound, it is
necessary to produce a raw material inorganic compound
porous body.

[0286] One of methods of producing the raw material
inorganic compound porous body includes incineration of a
pore forming material. Specifically, a polymer-pore forming
material is introduced into a raw material inorganic com-
pound and the obtained raw material inorganic compound
including the polymer-pore forming material is calcined,
and thus the polymer-pore forming material is incinerated.
As a result, a porous body inorganic compound can be
produced.

[0287] Therefore, a stable raw material inorganic com-
pound that is not decomposed at high temperatures is an
excellent raw material inorganic compound. The raw mate-
rial inorganic compound is preferably stable at 700° C. or
higher at which a polymer-pore forming material is incin-
erated, more preferably stable at 800° C. or higher, and most
preferably stable at 900° C. or higher.

[0288] As the raw material inorganic compound having
excellent high temperature stability, tricalcium phosphate,
tetracalcium phosphate, and calcium sulfate may be exem-
plified.

[0289] Since calcium sulfate exhibits self-curability and is
an inorganic compound having high temperature stability, it
is particularly excellent as the raw material inorganic com-
pound of the present invention.

<Particularly Preferable Raw Material Inorganic Compound
in the Present Invention>

[0290] A particularly preferable raw material inorganic
compound in the present invention is an inorganic com-
pound having both curability and high temperature stability,
and calcium sulfate may be exemplified.

[0291] When calcium sulfate hemihydrate powder is
mixed-with water, it is cured to form calcium sulfate dihy-
drate. The calcium sulfate cured body is dehydrated under
thermally stable conditions and is stable at 1000° C.
although it becomes calcium sulfate hemihydrate or calcium
sulfate anhydrate.
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<Preferable Raw Material Inorganic Compound in the
Present Invention: A Naturally Derived Material and a
Material of Biological Origin>

[0292] As the raw material inorganic compound of the
present invention, naturally derived materials or materials of
biological origin other than artificial materials such as a
bone, a calcined bone, a shell, and a coral can be selected.
For example, when a bone prosthetic material is produced,
a form of bone is ideal and a composition that can be
converted while preserving the form of the bone is of great
significance.

<Preferable Raw Material Inorganic Compound in the
Present Invention: Artificial Material>

[0293] Meanwhile, materials other than artificial materials
such as materials of biological origin and naturally-derived
materials often include impurities, and are not suitable for
producing a product inorganic compound. In addition,
organic materials are included in many cases. When such an
organic material inhibits dissolution of a raw material inor-
ganic compound, a product inorganic compound may be not
easily produced. In this case, an artificial material is pref-
erable as the raw material inorganic compound.

<Raw Material Inorganic Compound
Compositing Material Component>

[0294] In order to increase a mechanical strength of a
product inorganic compound, an inorganic compound and a
composite material may be combined. The composite mate-
rial is an organic substance, a metal, or an inorganic com-
pound other than a raw material inorganic compound. In this
case, a raw material inorganic compound can be combined
with a composite material in a raw material inorganic
compound in advance.

Including a

<Electrolyte Aqueous Solution or Electrolyte Suspension>

[0295] In the present invention, a raw material inorganic
compound is treated using an electrolyte aqueous solution or
an electrolyte suspension including a component which is
not a constituent component of the raw material inorganic
compound as cations or anions, and is defined as a com-
pound that is ionized into cations and anions when an
electrolyte is dissolved in distilled water in the present
invention.

[0296] The electrolyte aqueous solution or electrolyte sus-
pension in which a raw material inorganic compound is
immersed preferably comprises an alkaline earth metal, an
alkali metal, or an ammonia compound. In addition, the
electrolyte aqueous solution or the electrolyte suspension
preferably comprises at least one selected from the group
consisting of carbonate ions, hydrogen carbonate ions, sul-
fate ions, hydrogen sulfate ions, hydrogen phosphate ions,
hydroxide ions, and fluoride ions.

[0297] In particular, in the electrolyte in the present inven-
tion, as a compound that includes a carbonate compound, a
fluorine compound, a chloride, and a hydroxide compound;
and sodium carbonate, sodium hydrogen carbonate, sodium
hydroxide, potassium hydroxide, ammonia, sodium fluoride,
potassium fluoride, and ammonium fluoride may be exem-
plified.

[0298] In the electrolyte aqueous solution or the electro-
lyte suspension used in the present invention, at least,
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elements other than hydrogen and oxygen, which are
included in a product inorganic compound but not included
in a raw material inorganic compound are included.

[0299] Since an aqueous solution includes hydrogen and
oxygen, if hydrogen or oxygen is not included in the raw
material inorganic compound and hydrogen or oxygen is
included in the product inorganic compound, determination
of whether it is derived from an electrolyte is unclear.
Therefore, even if hydrogen or oxygen is not included in the
raw material inorganic compound, hydrogen or oxygen is
included in the product inorganic compound, and hydrogen
or oxygen is included in an electrolyte, when elements other
than hydrogen and oxygen, which are included in the
product inorganic compound but not included in the raw
material inorganic compound, are not included, they are
outside the scope of the present invention.

<pH of an Electrolyte Aqueous Solution or an Electrolyte
Suspension>

[0300] In the present invention, a pH of the electrolyte
aqueous solution or an electrolyte suspension may be pref-
erably less than 7. When a pH is less than 7, a solubility of
a raw material inorganic compound is generally high. There-
fore, a production time is reduced in many cases. In par-
ticular, when calcium hydrogen phosphate is formed on at
least a surface of a product inorganic compound, it is
necessary for a pH of the electrolyte aqueous solution to be
set to less than 7. This is because calcium hydrogen phos-
phate is stable only when a pH is less than 7. When a product
composition comprising calcium hydrogen phosphate on at
least a surface is produced, essential conditions include that
a pH of the electrolyte aqueous solution be less than 7, a pH
is preferably 5 or less, a pH is more preferably 3 or less, and
a pH is particularly preferably 2 or less. In addition, when
calcium sulfate is formed on at least a surface of a product
inorganic compound, a pH of the electrolyte aqueous solu-
tion is preferably less than 7, a pH is more preferably 5 or
less, and a pH is particularly preferably 2 or less. Although
a mechanism by which a pH is preferably less than 7 when
calcium sulfate is formed on at least a surface of a product
inorganic compound from a raw material inorganic com-
pound for production has not been adequately clarified, it is
considered to be caused by pH dependence of the solubility
of the raw material inorganic compound and calcium sulfate.
[0301] In addition, in the present invention, a pH of the
electrolyte aqueous solution or the electrolyte suspension
may be preferably 7 or more. When a pH is 7 or more, since
a solubility of a raw material inorganic compound is gen-
erally low and there is less need to strictly control a
production time, there is an advantage that an exact product
inorganic compound can be produced. In particular, when
apatite is formed on at least a surface of a product inorganic
compound, a pH of the electrolyte aqueous solution is
preferably 7 or more. This is because apatite is stable at a pH
of 7 or more. When a product composition including at least
a surface is produced, a pH of the electrolyte aqueous
solution is preferably 7 or more, a pH is more preferably 9
or more, and a pH is particularly preferably 11 or more.
When calcium carbonate is formed on at least a surface of
a product inorganic compound, a pH of the electrolyte
aqueous solution is preferably 7 or more for the same reason.
This is because calcium carbonate is stable at a pH of 7 or
more. When a product composition including at least a
surface is produced, a pH of the electrolyte aqueous solution
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is preferably 7 or more, a pH is more preferably 9 or more,
and a pH is particularly preferably 11 or more.

<Molar Ratio Between a Raw Material Inorganic Compound
and an Electrolyte>

[0302] In the present invention, supply of an electrolyte
component into an aqueous solution is performed by dis-
solving or suspending an electrolyte in an aqueous solution.
[0303] Since a part of the electrolyte component is used as
a component of the product inorganic compound, an amount
of an electrolyte added to the aqueous solution is controlled
according to a molar ratio with respect to the raw material
inorganic compound.

[0304] When a product inorganic compound in which
anions of the raw material inorganic compound and anions
of the electrolyte are completely exchanged is produced, a
molar number of an anion component of an exchange target
included in the electrolyte aqueous solution or the electro-
lyte suspension is preferably equal to or greater than a molar
number of anions of an exchange target in the raw material
inorganic compound.

[0305] On the other hand, depending on the product inor-
ganic compound, it may be necessary to produce a nonsin-
gular composition compound in which a part of a raw
material inorganic compound is set to a core structure and
the outside thereof is covered with another inorganic com-
pound. That is, a product inorganic compound in which an
unreacted inorganic compound is covered with a precipi-
tated inorganic compound may be necessary.

[0306] Such a product inorganic compound can be pro-
duced by adjusting a time for immersing a raw material
inorganic compound in an electrolyte aqueous solution, and
can also be produced by adjusting a molar ratio between the
raw material inorganic compound and the electrolyte.
[0307] For example, when a core shell type product inor-
ganic compound in which anions of a raw material inorganic
compound and anions of an electrolyte are exchanged on a
surface of the raw material inorganic compound is produced,
a molar number of ions of an exchange target included in the
electrolyte aqueous solution or the electrolyte suspension is
preferably less than a molar number of ions of an exchange
target in the raw material inorganic compound.

<Concentration of an Electrolyte>

[0308] A concentration of an electrolyte influences a rate
of'a reaction with a raw material inorganic compound and an
electrolyte having a higher concentration has a higher reac-
tion rate. This is due to the fact that, when a product
inorganic compound is produced, ions eluted from the raw
material inorganic compound and ions of the electrolyte
react in an electrolyte aqueous solution and are precipitated
on a surface of the raw material inorganic compound. For
precipitation, the product of ion concentrations of compo-
nents of the product inorganic compound should be equal to
or greater than the solubility product of the product inor-
ganic compound. Therefore, a higher concentration of the
electrolyte is preferable.

<Temperature of an Electrolyte Aqueous Solution>

[0309] In a stage in which a raw material inorganic com-
pound is immersed in an electrolyte aqueous solution, since
the raw material inorganic compound is dissolved, and a
component thereof is provided as ions in an aqueous solu-
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tion, there is basically no need to limit immersion condi-
tions. However, in consideration of production costs, a raw
material inorganic compound is preferably immersed in the
electrolyte aqueous solution at less than 100° C. In consid-
eration of energy costs, a temperature of the electrolyte
aqueous solution is more preferably 90° C. or less, more
preferably 70° C. or less, and particularly preferably 10° C.
or less.

[0310] In addition, depending on the product inorganic
compound, high reactivity may be desired. In this case, a
temperature at which a compound is immersed in the
electrolyte aqueous solution or an electrolyte suspension is
preferably greater than 100° C.

[0311] In general, when a raw material inorganic com-
pound is immersed in a high temperature electrolyte aqueous
solution, since a large amount of crystals is precipitated, a
product inorganic compound having low reactivity and
excellent stability is obtained. On the other hand, when a raw
material inorganic compound is immersed in a low tempera-
ture electrolyte aqueous solution, since a small amount of
crystals is precipitated, a product inorganic compound hav-
ing high reactivity is obtained.

[0312] In particular, when calcium carbonate or a carbon-
ate apatite is to be formed on at least a surface of the product
inorganic compound, functions of the product inorganic
compound are significantly different depending on a tem-
perature of the electrolyte aqueous solution.

[0313] Calcium carbonate has various forms such as a
vaterite, aragonite, and calcite. Vaterite is the most unstable
polymorph and is formed when a temperature of the elec-
trolyte aqueous solution is 10° C. or less. Therefore, when
a product inorganic compound including vaterite-containing
calcium carbonate is produced, it is necessary to set a
temperature of an electrolyte to be 10° C. or less. Aragonite
is the next most unstable polymorph to vaterite and is
formed at 90° C. or less. Therefore, when a product inor-
ganic compound including aragonite-containing calcium
carbonate is produced, it is necessary to set a temperature of
an electrolyte to 90° C. or less. Calcite is the most stable
phase among polymorphs of calcium carbonate. When a
stable product inorganic compound is produced, calcite is
preferably used as a polymorph of calcium carbonate. Cal-
cium carbonate is generally formed even when a tempera-
ture of the electrolyte aqueous solution is 10° C. or less.
However, when a more stable calcium carbonate having a
different crystallinity is produced, it is necessary to use an
electrolyte aqueous solution at greater than 100° C. for
production. When a product inorganic compound including
calcium carbonate having higher reactivity is produced, it is
necessary to use an electrolyte aqueous solution at 90° C. or
less and more preferably at 10° C. or less.

[0314] When a product inorganic compound including a
carbonate apatite on at least a surface of the product inor-
ganic compound is produced, a temperature of the electro-
Iyte is extremely important. This is because reactivity of a
carbonate apatite changes significantly depending on crys-
tallinity and crystallinity can be controlled by the tempera-
ture. When a carbonate apatite having high activity is
produced, an electrolyte aqueous solution at 90° C. or less is
preferably used, an electrolyte aqueous solution at 50° C. or
less is more preferably used, and an electrolyte aqueous
solution at 10° C. or less is most preferably used.
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<Crystallite Size>

[0315] As an indicator of stability or reactivity of a
product inorganic compound, a crystallite size is used. When
a crystallite size is larger, a stable product inorganic com-
pound is obtained. When a crystallite size is smaller, a
product inorganic compound having higher reactivity is
obtained.

[0316] When a product inorganic compound including
calcium carbonate having excellent reactivity is used, a
crystallite size of calcite is preferably less than 110 nm, more
preferably 105 nm or less, and most preferably 100 nm or
less. When a product inorganic compound including calcium
carbonate having excellent stability is used, a crystallite size
of calcite is preferably 110 nm or more, more preferably 130
nm or more, and most preferably 150 nm or more.

[0317] When a product inorganic compound including a
carbonate apatite having excellent reactivity is used, a
crystallite size of a carbonate apatite is preferably less than
100 nm, more preferably 50 nm or less, and most preferably
30 nm or less. When a product inorganic compound includ-
ing a carbonate apatite having excellent stability is used, a
crystallite size of a carbonate apatite is preferably 110 nm or
more, more preferably 130 nm or more, and most preferably
150 nm or more.

<Product Inorganic Compound>

[0318] In the present invention, a volume of a product
inorganic compound is 107** m*® or more.

[0319] Inaddition, a composition of the product inorganic
compound needs to include a component in which an anion
component of a raw material inorganic compound and an
anion component of an electrolyte are exchanged, a com-
ponent in which a cation component of a raw material
inorganic compound and a cation component of an electro-
Iyte are exchanged, or a component (provided that it
excludes water, hydrogen, and oxygen) that is not included
in a raw material inorganic compound but is included in an
electrolyte aqueous solution or an electrolyte suspension.
[0320] An amount of a component in which an anion
component of a raw material inorganic compound and an
anion component of an electrolyte are exchanged, a com-
ponent in which a cation component of a raw material
inorganic compound and a cation component of an electro-
lyte are exchanged, or an electrolyte component (excluding
water, hydrogen, and oxygen) that is not included in a
composition of a raw material inorganic compound, which is
included in the product inorganic compound, is not particu-
larly defined. However, substantially, a component in which
an anion component of a raw material inorganic compound
and an anion component of an electrolyte are exchanged, a
component in which a cation component of a raw material
inorganic compound and a cation component of an electro-
lyte are exchanged, or an electrolyte component (excluding
water, hydrogen, and oxygen) that is not included in a
composition of a raw material inorganic compound needs to
be included in the product inorganic compound.

[0321] When it is described that a component is substan-
tially included, adsorption or adhesion is excluded. When
the product inorganic compound includes a component in
which an anion component of a raw material inorganic
compound and an anion component of an electrolyte are
exchanged or a component in which a cation component of
a raw material inorganic compound and a cation component
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of an electrolyte are exchanged, a content of the component
in which an anion component of a raw material inorganic
compound and an anion component of an electrolyte are
exchanged or the component in which a cation component of
a raw material inorganic compound and a cation component
of an electrolyte are exchanged is preferably 1 weight % or
more, more preferably 5 weight % or more and most
preferably 10 weight % or more.

[0322] When an electrolyte component (provided that it
excludes water, hydrogen, and oxygen) that is not included
in a composition of the raw material inorganic compound is
included in the product inorganic compound, a content of the
electrolyte component (provided that it excludes water,
hydrogen, and oxygen) that is not included in the compo-
sition of the raw material inorganic compound is preferably
0.1 weight % or more, more preferably 0.5 weight % or
more, and most preferably 1 weight % or more.

[0323] Compounds in the present invention are as follows.

<Apatite>

[0324] The apatite in the present invention is a compound
whose basic structure is Ca,o(PO,)s(OH), and includes
apatite of which a part is substituted with another element or
void.

<Carbonate Apatite>

[0325] The carbonate apatite in the present invention is
apatite in which a part or all of phosphate groups or hydroxyl
groups of an apatite are substituted with a carbonate group.
Apatite in which a phosphate group is substituted with a
carbonate group is referred to as a B-type carbonate apatite,
apatite in which a hydroxyl group is substituted with a
carbonate group is referred to as an A-type carbonate apatite.
Also, when a phosphate group is substituted with a carbon-
ate group, Na, K, and the like are often included in a crystal
structure, and a compound in which a part of a carbonate
apatite is substituted with another element or void is also
defined as a carbonate apatite.

<Hydroxide Compound>

[0326] The hydroxide compound in the present invention
is synonymous with hydroxide and refers to a compound
including a hydroxide ion (OH™) as an anion. Here, while
ammonia (NH;) does not include a hydroxide ion as an
anion, since it becomes ammonium hydroxide (NH,OH) in
water, it is defined as a hydroxide compound. As the
hydroxide compound, sodium hydroxide (NaOH) and potas-
sium hydroxide (KOH) may be exemplified.

<Calcium Sulfate>

[0327] The calcium sulfate in the present invention is a
compound including CaSQO, as a composition, and includes
an anhydride and hydrates such as a hemihydrate, and a
dihydrate.

<Calcium Hydrogen Phosphate>

[0328] The calcium hydrogen phosphate in the present
invention is calcium orthophosphate including CaHPO,, as a
composition, and includes an anhydride and hydrates such
as a dihydrate.

Sep. 7, 2017

<Tricalcium Phosphate>

[0329] The tricalcium phosphate in the present invention
is calcium orthophosphate including Ca;(PO,), as a repre-
sentative composition. There is no limitation to an a-type, a
p-type, and the like. In addition, a compound in which some
calcium ions are substituted with another metal ion such as
a sodium or potassium ion is included.

<Whitlockite>

[0330] The whitlockite in the present invention is calcium
phosphate which has a crystal structure similar to that of
[p-type tricalcium phosphate and in which some calcium ions
may be substituted with magnesium, zinc, sodium, or potas-
sium. In addition, some PO,’s are often substituted with
HPO,. In the present invention, a compound which has a
crystallographic tricalcium phosphate structure and in which
HPO, is recognized is defined as whitlockite.

[0331] Analysis is performed by a general method. For
example, regarding the inclusion of a metal other than
calcium, atomic absorption analysis, ICP spectroscopic
analysis, colorimetric analysis, fluorescent X-ray analysis,
or the like is performed. In addition, regarding the inclusion
of hydrogen phosphate, infrared spectroscopy analysis, lig-
uid chromatographic analysis of pyrophosphates that are
formed by heating, or the like is performed.

<Tetracalcium Phosphate>

[0332] The tetracalcium phosphate according to the pres-
ent invention is calcium orthophosphate including Ca,(PO,)
,O as a representative composition.

<Calcium Carbonate>

[0333] The calcium carbonate in the present invention is a
compound including CaCO; as a representative composi-
tion. In addition, a compound in which some calcium ions
are substituted with another metal ion such as a sodium or
magnesium ion is included.

<Calcium Hydroxide>

[0334] The calcium hydroxide in the present invention is
a compound including Ca(OH), as a representative compo-
sition.

<Calcium Fluoride>

[0335] The calcium fluoride in the present invention is a
compound including CaF, as a representative composition.

<Carbonate Compound>

[0336] The carbonate compound in the present invention
is a compound including a carbonate ion (CO,*7). Sodium
hydrogen carbonate (NaHCO;), sodium carbonate
(Na,CO,), potassium hydrogen carbonate (KHCO;), potas-
sium carbonate (K,CO;), ammonium hydrogen carbonate
((NH,HCO;), ammonium carbonate ((NH,),CO,), calcium
carbonate (CaCO;), and lithium carbonate (I.i,CO;) may be
exemplified.
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<Fluoride>

[0337] The fluoride in the present invention is a compound
including a fluorine ion (F7) as an anion. Sodium fluoride
(NaF), potassium fluoride (KF), and the like may be exem-
plified.

[0338] In the present invention, a solubility of the raw
material inorganic compound is 5 or less. This is because it
is necessary to balance dissolution of the raw material
inorganic compound and a precipitation reaction of the
precipitated inorganic compound. For example, calcium
chloride is an inorganic compound, but its solubility in water
at 20° C. is 74.5 g and it is a raw material inorganic
compound outside the scope of the present invention. Even
if calcium chloride is compacted to form a block, when the
block is immersed, for example, in a sodium carbonate
aqueous solution, a calcium carbonate powder can be pro-
duced and a calcium carbonate block cannot be produced. It
is assumed that, since a solubility of calcium chloride is
greater than 5, a dissolution rate in water is high, and crystal
growth of calcium carbonate does not occur on a surface of
a calcium chloride powder compacted body.

<Substantial Macro Form>

[0339] In the present invention, it is possible to produce a
product inorganic compound without substantially changing
a macro form of a raw material inorganic compound. The
phrase “without substantially changing a macro form of a
raw material inorganic compound” defined in the present
invention means that, when a raw material inorganic com-
pound and a product inorganic compound are compared,
both are macroscopically identical or macroscopically simi-
lar.

[0340] In addition, “macroscopically identical” in the
present invention is defined as a case in which, when a raw
material inorganic compound and a product inorganic com-
pound three dimensionally overlap to the highest degree, a
non-overlapping volume is 30% or less of a volume of the
raw material inorganic compound. Also, a volume and a
form are measured using a product inorganic compound that
is produced when a raw material inorganic compound is left
in an electrolyte aqueous solution or an electrolyte suspen-
sion. When a form of a raw material inorganic compound is
changed due to rolling or the like, it is excluded from the
measurement target.

[0341] In addition, in the present invention, it is possible
to form an interconnected porous body by bridging a plu-
rality of raw material inorganic compound granules using a
precipitated inorganic compound formed on a surface of the
raw material inorganic compound. In this case, the preserv-
ing of a macro form is satisfied for an individual raw
material inorganic compound and one granule that forms a
product inorganic compound including an individual pre-
cipitated inorganic compound and an internal unreacted
inorganic compound, but it is clear that it is not possible to
preserve a macro form for a porous body to be produced.

<Preferable Aggregate Form of Raw Material Inorganic
Compounds>

[0342] A raw material inorganic compound is immersed in
an electrolyte aqueous solution. Therefore, it is necessary to
preserve a form that does not collapse even when the raw
material inorganic compound is immersed in the electrolyte
aqueous solution. Since an inorganic powder powder com-
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pacted body collapses when immersed in an electrolyte,
generally, it is not used as the raw material inorganic
compound. As the raw material inorganic compound, a
compound in which crystals are linked and cured or a
sintered compound, which has excellent form stability in an
electrolyte aqueous solution, is preferable. It is determined
whether a compound can be used as a raw material inorganic
compound according to whether the compound is able to
maintain a volume of 107**> m® or more when immersed in
an electrolyte aqueous solution.

<A Preferable Combination of a Raw Material Inorganic
Compound and a Product Inorganic Compound>

[0343] In the present invention, a raw material inorganic
compound having a solubility of 5 or less is immersed in an
electrolyte aqueous solution, and a product inorganic com-
pound having a lower solubility with respect to the electro-
lyte than the raw material inorganic compound in the elec-
trolyte aqueous solution is produced. In this case, the
product inorganic compound is preferably the only inorganic
compound having a lower solubility than a raw material
inorganic compound in the electrolyte aqueous solution.
[0344] For example, when a calcium carbonate block is
produced, a combination of a calcium sulfate block and
sodium carbonate is an excellent combination of a raw
material inorganic compound and an electrolyte aqueous
solution.

[0345] When a calcium carbonate block is produced from
a calcium sulfate block, since a component that is included
in the calcium carbonate block but is not included in the
calcium sulfate block is a carbonate component, the calcium
sulfate block is immersed in an electrolyte aqueous solution
including a carbonate component, for example, a sodium
carbonate aqueous solution. As a result, as described above,
the calcium sulfate block becomes the calcium carbonate
block while substantially maintaining a macro form. This
reaction is expressed by Formula (9) based on Formula (1)
to Formula (3). Here, since sodium sulfate has a high
solubility and dissolves in water, it is not included in the
product inorganic compound. That is, since calcium carbon-
ate which is a product inorganic compound is the only
inorganic compound having a lower solubility than calcium
sulfate dihydrate which is a raw material inorganic com-
pound in a sodium carbonate aqueous solution, it is possible
to produce a high purity calcium carbonate block.

[Chem. 9]
CaSO4+Na,CO5-->CaCO3+Na, SO, ©
[0346] On the other hand, when a calcium carbonate block

is produced using a calcium hydrogen phosphate dihydrate
block as a raw material inorganic compound, since a com-
ponent that is included in the calcium carbonate block but is
not included in a calcium hydrogen phosphate block is a
carbonate component, the calcium hydrogen phosphate
block is immersed in an electrolyte aqueous solution includ-
ing a carbonate component, for example, a sodium carbonate
aqueous solution.

[0347] Calcium hydrogen phosphate dissolves in an aque-
ous solution and provides calcium ions, phosphate ions, and
the like to an electrolyte aqueous solution as shown in
Formula (10). While calcium ions provided from the cal-
cium hydrogen phosphate dihydrate block react with car-
bonate ions in the electrolyte aqueous solution to produce a
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calcium carbonate block as shown in Formula (3), phosphate
ions are also provided from calcium hydrogen phosphate
and apatite is also precipitated as shown in Formula (11).
Also, when carbonate ions are present, a carbonate apatite
rather than hydroxyapatite is precipitated, but hydroxyapa-
tite will be described for the sake of simplicity. The forma-
tion reactions of the calcium carbonate and the apatite are
competitive reactions. Therefore, it is not always easy to
produce a high purity calcium carbonate block. That is, since
calcium carbonate is a product inorganic compound but also
apatite is an inorganic compound having a lower solubility
than calcium hydrogen phosphate dihydrate which is a raw
material inorganic compound in a sodium carbonate aqueous
solution, an apatite is also generated and it is not always easy
to produce a high purity calcium carbonate block.

[Chem. 10]
CaHPO,2H,0-->Ca?*+H*+PO,> +2H,0 (10)
Ca?*+6P0,*20H-->Ca((PO,)((OH), (11)

<Preferable Product Inorganic Compound>

[0348] In the present invention, it is possible to produce a
product inorganic compound without substantially changing
a macro form of a raw material inorganic compound. In
consideration of effectiveness thereof, a calcium carbonate
block or the like is a particularly preferable product inor-
ganic compound.

[0349] As described above, calcium carbonate is a skeletal
tissue composition of an invertebrate animal, and is clini-
cally applied as a bone prosthetic material. However, col-
lecting natural calcium carbonates such as corals causes
damage to the environment and impurity problems are
unavoidable. In addition, it is possible to produce a calcium
carbonate block by exposing calcium hydroxide to carbon
dioxide for curing. However, in this case, it is difficult to
introduce a pore forming material which is an organic
substance. This is because calcium carbonate starts to
decompose at 620° C. in air and is completely decomposed
into calcium oxide at 770° C. A polyurethane, polymethyl
methacrylic acid and the like which are used as a pore
forming material are not incinerated at 620° C. at which
decomposition of calcium carbonate starts and are insuffi-
ciently incinerated. Therefore, it is difficult to produce
calcium carbonate in which pores are controlled.

[0350] Meanwhile, calcium sulfate exhibits self-curability
and has high stability at high temperatures. Therefore, when,
for example, a polyurethane serving as a pore forming
material is introduced into calcium sulfate hemihydrate
slurry and cured, and the polyurethane is incinerated at
1000° C., it is possible to produce a calcium sulfate porous
body. When this calcium sulfate porous body is immersed in
a sodium carbonate electrolyte aqueous solution, it is pos-
sible to produce a calcium carbonate porous body while
preserving a macro form. Therefore, in the present inven-
tion, a method of producing a calcium carbonate block from
a calcium sulfate block or the like is particularly useful when
compared with other calcium carbonate production methods.
[0351] In addition, calcium hydroxide is also preferable as
a product inorganic compound. In the case of calcium
hydroxide, it is extremely difficult to produce calcium
hydroxide having a block form and a volume of 107! m> or
more by a method other than the production method of the
present invention.
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[0352] In addition, calcium fluoride is also preferable as a
product inorganic compound. Calcium fluoride is collected
as fluorite in nature, but is unavoidably contaminated by
impurities, and it is necessary to produce an artificial cal-
cium fluoride. A highly functional lens is one of applications
of calcium fluoride and uses a property of calcium fluoride
transmitting light with a wide range of wavelengths from
ultraviolet light to infrared light. A lens including calcium
fluoride as a composition is called a fluorite lens. In order to
produce a highly functional fluorite lens, a chemically
synthesized calcium fluoride block with less impurities is
necessary. It is difficult to produce calcium fluoride having
a block body by other production methods and production of
calcium fluoride in the present invention is highly useful.

<Curable Composition>

[0353] In the present invention, a curable composition
comprises a plurality of raw material inorganic compounds
having a volume of 10™'* m* or more and an electrolyte
aqueous solution. A component in which the raw material
inorganic compound and the electrolyte aqueous solution
react and anions of the inorganic compound are exchanged
with anions of the electrolyte aqueous solution or the
electrolyte suspension or cations of the inorganic compound
are exchanged with cations of the electrolyte aqueous solu-
tion or the electrolyte suspension or a component that is not
included in the raw material inorganic compound and is
derived from the electrolyte aqueous solution, or the elec-
trolyte suspension is formed on a surface of the raw material
inorganic compound and the formed substance bridges the
raw material inorganic compoundes to form a porous body.
[0354] The porous body to be formed is preferably an
interconnected body and preferably comprises at least one
selected from the group consisting of calcium hydrogen
phosphate, calcium sulfate, and calcium carbonate. In addi-
tion, the raw material inorganic compound is preferably at
least one selected from the group consisting of calcium
phosphate, calcium carbonate, calcium sulfate, calcium
hydroxide, calcium fluoride, calcium silicate, a calcium-
containing glass, a coral, a shell, and a bone. The electrolyte
aqueous solution preferably comprises at least one selected
from the group consisting of hydrogen phosphate ions,
sulfate ions, and carbonate ions.

[0355] In the present invention, the curable composition is
preferably used as a material for medical treatment, and
specifically, more preferably used as a hard tissue recon-
struction material.

<<A Hard Tissue Reconstruction Material for Medical
Treatment and a Method of Producing the Same>>

[A Hard Tissue Reconstruction Material for Medical
Treatment]

[0356] A hard tissue reconstruction material for medical
treatment of the present invention comprises at least a core
portion and a surface layer portion that covers the core
portion. The core portion and the surface layer portion have
different compositions. The core portion comprises a cal-
cium component other than calcium hydrogen phosphate,
and the surface layer portion comprises calcium hydrogen
phosphate.

[0357] The hard tissue reconstruction material for medical
treatment may be used as, for example, an implant material
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for hard tissue reconstruction or a bone prosthetic material.
The hard tissue reconstruction material for medical treat-
ment is preferably used as a bone prosthetic material.
[0358] Configurations will be described below.

<(1) Including at L.east a Core Portion and a Surface Layer
Portion that Covers the Core Portion>

[0359] In the hard tissue reconstruction material for medi-
cal treatment of the present invention, “including at least a
core portion and a surface layer portion that covers the core
portion” is an essential requirement. Therefore, a hard tissue
reconstruction material for medical treatment having no
covering portion is not included in the present invention.
[0360] Meanwhile, in the hard tissue reconstruction mate-
rial for medical treatment of the present invention, tissue
compatibility or osteoconductivity is mainly controlled by
the inclusion of the surface layer portion or the core portion.
Therefore, at least the core portion and the surface layer
portion that covers the core portion are included. In addition
to the core portion and the surface layer portion, for
example, a support may be provided inside the core portion.
The support will be described below.

[0361] In addition, the core portion may have a single
phase or a plurality of phases.

<(2) a Core Portion and a Surface Layer Portion that have
Different Compositions>

[0362] In the hard tissue reconstruction material for medi-
cal treatment of the present invention, “a core portion and a
surface layer portion that have different compositions™ is an
essential requirement. Since the surface layer portion
includes calcium hydrogen phosphate, it is necessary for the
core portion not to include calcium hydrogen phosphate or
to have a lower concentration of calcium hydrogen phos-
phate than the surface layer portion. That is, a case in which
a divided surface layer portion and core portion have com-
positions with the same concentration of calcium hydrogen
phosphate is outside the scope of the present invention.

<(3) Including Calcium Hydrogen Phosphate in a Surface
Layer Portion>

[0363] In the present invention, it is necessary to include
calcium hydrogen phosphate in the surface layer portion,
which is fundamental to the present invention.

[0364] Calcium hydrogen phosphate in the present inven-
tion is a calcium orthophosphate component whose basic
composition is CaHPO,, and an anhydride and a dihydrate
may be exemplified. Calcium hydrogen phosphate formed in
an aqueous solution of pH 4 or less is often calcium
hydrogen phosphate dihydrate (CaHPO,.2H,0). However,
calcium hydrogen phosphate in the present invention also
includes calcium hydrogen phosphate anhydride (CaHPO,).
[0365] Unlike calcium hydrogen phosphate dihydrate,
since calcium hydrogen phosphate anhydrate is not
hydrated, it has excellent stability. Therefore, a hard tissue
reconstruction material for medical treatment in which cal-
cium hydrogen phosphate dihydrate is formed on the surface
layer portion may be heated to form calcium hydrogen
phosphate anhydrate.

[0366] In the present invention, inclusion of calcium
hydrogen phosphate in the surface layer portion is required
to dissolve calcium hydrogen phosphate in a body fluid and
increase a calcium concentration and a phosphate concen-
tration of the surroundings of the hard tissue reconstruction
material for medical treatment or a bone defect. In this
mechanism, it is not necessary for the surface layer portion
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to be completely calcium hydrogen phosphate, and a com-
position of the surface layer portion may be substantially
calcium hydrogen phosphate. This is because, even when the
core portion is not completely covered with calcium hydro-
gen phosphate, when the hard tissue reconstruction material
for medical treatment of the present invention is implanted
in a bone defect, calcium hydrogen phosphate is dissolved in
a body fluid so that a calcium concentration and a phosphate
concentration of the surroundings of the hard tissue recon-
struction material for medical treatment or the bone defect
increase.

[0367] However, in order to increase a calcium concen-
tration and a phosphate concentration of the surroundings of
the hard tissue reconstruction material for medical treatment
or the bone defect to a high level, calcium hydrogen phos-
phate preferably covers 50% or more of a surface area of the
core portion, more preferably 80% or more, and most
preferably completely covers it.

[0368] In the present invention, a thickness of the surface
layer portion is not limited for the same reason for which a
proportion of a core portion covered with calcium hydrogen
phosphate is not limited.

[0369] However, in order for calcium hydrogen phosphate
to be dissolved in a body fluid and to increase a calcium
concentration and a phosphate concentration of the sur-
roundings of the hard tissue reconstruction material for
medical treatment or the bone defect, an average converted
thickness of the surface layer portion is preferably 1 um or
more, more preferably 5 um or more, and most preferably 20
uM or more.

[0370] In the present invention, the average conversion
thickness of the surface layer portion is an average thickness
of calcium hydrogen phosphate which is a composition of
the surface layer portion. For example, when 80% of the
core portion is covered with calcium hydrogen phosphate
with a thickness of 10 pm and 20% thereof is not covered,
the average conversion thickness is 8 pm.

[0371] In addition, an upper limit of the thickness of the
surface layer portion is not particularly limited. In consid-
eration of adhesiveness with the core portion or a mechani-
cal strength, 500 pm or less is preferable, 200 pl or less is
more preferable, and 100 um or less is most preferable.
<(4) Including a Calcium Component Other than Calcium
Hydrogen Phosphate in a Core Portion>

[0372] In a material of the present invention, including a
calcium component other than calcium hydrogen phosphate
in the core portion is also an essential requirement. A
mechanism by which a material satistying a requirement that
a core portion include a calcium component other than
calcium hydrogen phosphate has excellent osteoconductiv-
ity and tissue compatibility has not been completely clari-
fied. Although the mechanism does not limit the present
invention, it is speculated to be related to the fact that
calcium is one constituent component of an inorganic com-
position of bone and calcium plays an important role in
osteogenesis.

[0373] The calcium component herein is defined as a
compound including calcium. As the calcium component,
calcium carbonate, calcium sulfate, an apatite, tricalcium
phosphate, tetracalcium phosphate, calcium hydrogen phos-
phate, calcium silicate, a calcium-containing glass, and a
bone may be exemplified. Among these, a required calcium
component to be included in the core portion is a calcium
component other than calcium hydrogen phosphate. The
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calcium component may be a single calcium compound or a
mixture of a plurality of calcium compounds.

[0374] A solubility of the core portion including a calcium
component is preferably lower than a solubility of calcium
hydrogen phosphate of the surface layer portion.

[0375] The calcium component is preferably at least one
selected from the group consisting of calcium phosphate,
calcium carbonate, calcium sulfate, an apatite, a calcium-
containing glass, a coral and a bone, more preferably at least
one selected from the group consisting of artificially pro-
duced calcium phosphate, calcium carbonate, calcium sul-
fate and a calcium-containing glass, and most preferably at
least one selected from the group consisting of a f-type
tricalcium phosphate, an a-type tricalcium phosphate, a
hydroxyapatite and a carbonate apatite. These calcium com-
ponents are materials that have already been reported or are
anticipated to have usefulness as bone prosthetic materials.
[0376] Calcium phosphate in the present invention is a salt
of phosphoric acid and calcium. Calcium orthophosphate,
calcium metaphosphate, and condensed calcium phosphate
may be exemplified. Since calcium orthophosphate exhibits
relatively excellent osteoconductivity and tissue compatibil-
ity, calcium orthophosphate is preferable among calcium
phosphates.

[0377] Calcium orthophosphate in the present invention is
a salt of orthophosphoric acid and calcium. For example,
tetracalcium phosphate, apatites including hydroxyapatite
and a carbonate apatite, a-type tricalcium phosphate, and
p-type tricalcium phosphate may be exemplified.

[0378] Among calcium orthophosphates, an apatite and
tricalcium phosphate are particularly preferable because
they are known to have excellent osteoconductivity and
tissue compatibility.

[0379] Apatite in the present invention is a compound
whose basic structure is A,,(BO,)sC,. Examples of A
include Ca®*, Cd**, Sr**, Ba**, Pb**, Zn**, Mg?*, Mn*",
Fe?*, Ra**, H*, H,0*%, Na*, K*, AL>*, Y%, Ce*, Nd&**,
La**, C*, and a void. Examples of BO, include PO,*~,
CO,*>, Cr0,>", AsO,>~, VO, U0, S0,>, Si0,*,
Ge0,*, and a void. Examples of C include OH-, OD~, F,
Br~, BO*", CO,*", O*", and a void. In the present invention,
the core portion including at least calcium is an essential
requirement, at least some A’s need to be calcium.

[0380] Note that A,,(BO,)sC, is a structural formula of
apatite, and Ca, ,(PO,)s(OH), is a basic structural formula of
a calcium phosphate-based apatite. However, the present
invention is not limited to the basic structural formulas. For
example, in the case of calcium phosphate-based apatite,
Ca-deficient apatite Ca,,_(HPO,){PO,)s +(OH), 4, a car-
bonate apatite, and substitute apatite are known, and all of
these are apatites defined in the present invention.

[0381] Among apatites in the present invention, an apatite
including a hydroxyl group is referred to as a hydroxyapa-
tite. A representative structure of hydroxyapatite is Ca,,
(PO,)s(OH), that is described above as a basic structural
formula of calcium phosphate-based apatite.

[0382] Among apatites defined in the present invention, an
apatite including a carbonate group is referred to as a
carbonate apatite, which is generally an apatite in which
some or all of phosphate groups or hydroxyl groups of the
calcium phosphate-based apatite are substituted with a car-
bonate group. An apatite in which a phosphate group is
substituted with a carbonate group is referred to as a a
B-type carbonate apatite. An apatite in which a hydroxyl
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group is substituted with a carbonate group is referred to as
an A-type carbonate apatite. Here, according to the substi-
tution of a phosphate group with a carbonate group, in order
to obtain a charge balance for an apatite, Na, K or the like
is often included in a crystal structure. In the present
invention, a carbonate apatite in which a part of a carbonate
apatite is substituted with another element or void is also
defined as a carbonate apatite. A carbonate apatite is one
type of apatite. Carbonate apatites include an apatite includ-
ing a hydroxyl group. In the present invention, in order to
distinguish between hydroxyapatites and a carbonate apatite,
when there is a need to distinguish an apatite as a hydroxy-
apatite or a carbonate apatite, masses of hydroxyl groups and
carbonate groups in the apatite are compared. When a mass
of hydroxyl groups of the apatite is greater than a mass of
carbonate groups, the apatite is classified as a hydroxyapa-
tite. When a mass of carbonate groups of the apatite is equal
to or greater than that of hydroxyl groups, the apatite is
classified as a carbonate apatite.

[0383] Apatite is known as a material having excellent
tissue compatibility and osteoconductivity and is a typical
bone prosthetic material. Both hydroxyapatites and carbon-
ate apatites have excellent tissue compatibility and osteo-
conductivity, and the carbonate apatite is known to have
better osteoconductivity. In addition, in general, hydroxy-
apatite cannot replace bone or takes a considerably long time
to replace bone. However, a carbonate apatite replaces bone.
Therefore, a carbonate apatite is preferably used to satisfy
“quickly replacing bone” which is one desirable property of
a hard tissue reconstruction material for medical treatment.
[0384] Hydroxyapatite and carbonate apatite granules are
produced by a known method.

[0385] The “tricalcium phosphate” in the present inven-
tion is one calcium orthophosphate component whose rep-
resentative composition is Ca;(PO,), and includes a com-
pound in which some calcium ions are substituted with
another metal ion such as a sodium or potassium ion.
Tricalcium phosphate includes a high temperature stable
phase a-type tricalcium phosphate and a low temperature
stable phase p-type tricalcium phosphate. Although an
a'-type tricalcium phosphate is also known, a'-type trical-
cium phosphate is also defined as a-type tricalcium phos-
phate in the present invention.

[0386] a-type tricalcium phosphate and p-type tricalcium
phosphate have the same composition, but their solubilities
greatly differ, and behaviors in vivo are totally different.
p-type tricalcium phosphate has a low solubility and is
clinically applied as a bone replacement material. Therefore,
p-type tricalcium phosphate is generally more preferable
than a-type tricalcium phosphate.

[0387] On the other hand, a-type tricalcium phosphate has
a high solubility and is used as a component of bioactive
cement. However, when an amount of bone defect is not
large or in the case of a porous body, a-type tricalcium
phosphate may be preferably used for the core portion rather
than p-type tricalcium phosphate.

[0388] A method of producing tricalcium phosphate gran-
ules or a tricalcium phosphate block is not particularly
defined, but a known method is generally used. For example,
a calcium hydrogen carbonate powder and a calcium hydro-
gen phosphate powder may be mixed such that a molar ratio
between calcium and phosphorus is 3:2 and compacted. In
the case of a-type tricalcium phosphate, calcination is
performed at 1,200° C. that is a higher temperature than
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1,180° C. that is an a.-13 phase transition temperature. In the
case of P-type tricalcium phosphate, calcination is per-
formed at 1000° C. that is a lower temperature than 1,180°
C. that is an o-f§ phase transition temperature.

[0389] The calcium carbonate in the present invention is
one calcium component whose basic composition is CaCO;.
In addition, a compound in which some Ca is substituted
with another element such as Mg is also defined as the
calcium carbonate in the present invention.

[0390] As the carbonate apatite, polymorphs such as cal-
cite, vaterite, and aragonite are known. However, in the
present invention, a type of polymorph is not limited.
[0391] However, behaviors of the carbonate apatite in vivo
differ according to the polymorph. Vaterite has excellent
bioabsorbability because it has a high solubility and disso-
Iution rate. Since calcite has a lower solubility and dissolu-
tion rate than vaterite, it is useful when slower bone replace-
ment than that with vaterite is desired. In addition, aragonite
has an intermediate solubility and dissolution rate between
calcite and vaterite, and is useful when an intermediate bone
replacement rate between them is desired.

[0392] A method of producing calcium carbonate granules
or a calcium carbonate block is not particularly defined but
a known method is generally used. For example, a calcium
hydroxide powder compacted body may be exposed to
carbon dioxide for production and calcium carbonate may be
sintered under a carbon dioxide gas atmosphere for produc-
tion.

[0393] The calcium sulfate according to the present inven-
tion is one calcium component whose basic composition is
CaSO,, and a hemihydrate and a dihydrate are also known.
Both are produced by a known method.

[0394] The calcium-containing glass in the present inven-
tion is one calcium component, and is a calcium-containing
glass or glass ceramic, and is produced by a known method
in which a calcium-containing glass component is melted
and rapidly cooled. Calcium-containing crystallized glass
obtained by pulverizing, calcining and crystallizing calcium-
containing glass is also defined as the calcium-containing
glass in the present invention. Na,0O—CaO—SiO,—P,05-
based glass (representative composition includes Na,O at
24.5 mass %, CaO at 24.5 mass %, SiO, at 45 mass %, and
P,O; at 6 mass %) called Bioglass (registered trademark)
and crystallized glass (representative composition includes
MgO at 4.6 mass %, CaO at 44.7 mass %, SiO, at 34.0 mass
%, P,O5 at 16.2 mass %, and CaF, at 0.5 mass %) called
Cerabone (registered trademark) A-W may be exemplified.
These calcium-containing glasses are produced by a known
method.

[0395] Coral is known to include calcium carbonate as an
inorganic main component. In the present invention, coral or
a material treated with coral is defined as one of calcium
components. Treatment of coral includes cleaning and
removal of organic substances. A component obtained by
treating coral and including no calcium is outside the scope
of the present invention.

[0396] Bone includes calcium. In the present invention,
bone and treated bone are defined as one of calcium com-
ponents. An autograft bone collected from one, an allograft
bone collected from a human other than one, and a xenograft
bone collected from an animal other than a human may be
exemplified. In addition, a calcined bone and a freeze-dried
bone which have been subjected to a calcination process and
a freeze-drying process in order to inhibit an antigen-

Sep. 7, 2017

antibody reaction are included. In both, an inorganic com-
position is a carbonate apatite and includes calcium. Among
bones called demineralized freeze-dried bones, a bone in
which calcium is completely removed is a bone in which an
inorganic component is completely removed from a bone
and does not correspond to a bone in the present invention.
On the other hand, among bones called demineralized
freeze-dried bone, a demineralized freeze-dried bone in
which calcium is partially removed and calcium remains is
a bone of the present invention.

<Support>

[0397] The hard tissue reconstruction material for medical
treatment of the present invention may include a support
inside the core portion. The support is generally used to
increase a mechanical strength. As a composition of the
support, a metal, a polymer, and a ceramic may be exem-
plified.

[0398] Metals are materials that are generally used for
dental implants and are often the first choice since they have
a high mechanical strength. Since a material of the present
invention is used as a support, the material is not particularly
limited. However, in consideration of ensuring safety when
the surface layer portion and the core portion are dissolved
due to severe infection and the like and the support is
exposed in vivo, titanium, a titanium alloy, stainless steel,
and a cobalt chromium alloy are preferable. In particular,
titanium or a titanium alloy is a more preferable material
because it has good compatibility with a calcium compo-
nent.

[0399] A polymer may be preferable as the support
because it has excellent flexibility. Since requirements of the
support vary depending on cases, a type of polymer is not
limited. In consideration of a mechanical function, an aro-
matic polyether-ketone, a polyimide, and a polysulfone are
preferable.

[0400] An aromatic polyether ketone is a polymer having
a linear polymer structure in which benzene rings is linked
by an ether and a ketone. Polyether ether ketone (PEEK),
polyether ketone (PEK), polyether ether ketone ketone
(PEEKK), and polyether ketone ester may be exemplified.
[0401] A polyimide is a general term for polymers includ-
ing an imide bond in its repeating unit. In consideration of
mechanical properties, an aromatic polyimide such as Kap-
ton H in which an aromatic compound is directly connected
by an imide bond is preferable.

[0402] A polysulfone is a polymer including a sulfonyl
group in its repeating structure. In consideration of mechani-
cal properties, a polymer including an aromatic group is
preferable.

[0403] A ceramic may be preferable as the support
because it has excellent tissue compatibility. Since require-
ments of the support vary depending on cases, a type of
ceramic is not limited. In consideration of a mechanical
function, an alumina and a zirconia are preferable.

<Size>

[0404] Among hard tissue reconstruction materials for
medical treatment, since an implant material for hard tissue
reconstruction needs structure, there is no limitation on the
size of pieces thereof.

[0405] Among hard tissue reconstruction materials for
medical treatment, a bone prosthetic material is also used in
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the form of granules or a block. Surprisingly, it has been
found that a bone prosthetic material of the present invention
having a small size causes an inflammatory response.
Although the mechanism has not been adequately clarified,
when the size of the bone prosthetic material is small, since
a specific surface area of the bone prosthetic material is
large, due to dissolution of calcium hydrogen phosphate on
a surface layer, a concentration of calcium, a concentration
of phosphate, and a pH are likely to be changed by a great
amount.

[0406] As results of extensive studies, it was found that,
when a volume is 10™* m*® or more, no inflammatory
response was caused. In consideration of ensuring high level
safety, a volume is more preferably 10-'? m® or more and
most preferably 10™'* m® or more.

<Porous Body>

[0407] A form of a material of the present invention is not
particularly limited. At least one of the core portion and the
support may be preferably a porous body.

[0408] In particular, when the bone prosthetic material of
the present invention is used for a case in which bone
replacement is desired, the core portion is preferably a
porous body and more preferably an interconnected porous
body. It is speculated that cells invade into the bone pros-
thetic material.

[Method of Producing a Hard Tissue Reconstruction
Material for Medical Treatment]

[0409] A method of producing a hard tissue reconstruction
material for medical treatment of the present invention
comprises a covering step in which a core portion is brought
in contact with an acidic aqueous solution to form a surface
layer portion. The core portion comprises a calcium com-
ponent other than calcium hydrogen phosphate. The acidic
aqueous solution has a pH that is 5 or less. The acidic
aqueous solution comprises a phosphate component when
the core portion does not include a phosphate component.
According to the covering step, a surface layer portion
including calcium hydrogen phosphate is formed.

[0410] In addition, preferably, the method of producing a
hard tissue reconstruction material for medical treatment of
the present invention further comprises a surface layer
portion adjusting step in which a part of the calcium hydro-
gen phosphate included in the formed surface layer portion
is dissolved in a solvent to adjust a thickness or a form of the
surface layer portion.

[0411] The method of producing a hard tissue reconstruc-
tion material for medical treatment of the present invention
is not limited by a mechanism of action thereof, and it is
conceivable that a part of a composition of the core portion
and a part of components of the acidic aqueous solution may
undergo a dissolution and precipitation type reaction and
thus a surface layer portion including calcium hydrogen
phosphate may be formed to cover a surface of the core
portion.

[0412] Among calcium phosphates, calcium hydrogen
phosphate needs to be stable in an aqueous solution having
a pH of 5 or less. In addition, in order to form calcium
hydrogen phosphate, a phosphate component and a calcium
component are required as raw materials.

[0413] Therefore, if the core portion includes not only a
calcium component but also a phosphate component, when
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the core portion comes in contact with an acidic aqueous
solution, a phosphate component, a calcium component, and
an acidic environment necessary for forming calcium hydro-
gen phosphate are provided. Therefore, for example, it is
possible to produce the hard tissue reconstruction material
for medical treatment of the present invention by performing
immersion in an acidic aqueous solution including neither a
phosphate component nor a calcium component such as
hydrochloric acid.

[0414] On the other hand, when the core portion does not
comprise phosphate, even when a material of the core
portion is brought into contact with an acidic solution having
a pH of 5 or less, a phosphate component necessary for
forming calcium hydrogen phosphate is not supplied to a
reaction site. Therefore, in order to form calcium hydrogen
phosphate, it is necessary to bring the core portion into
contact with an acidic aqueous solution including a phos-
phate component for production.

[0415] For example, when hard tissue reconstruction
material granules for medical treatment in which p-type
tricalcium phosphate granules are used for the core portion
and a composition of at least a part of the surface layer
portion is calcium hydrogen phosphate are produced, the
p-type tricalcium phosphate granules are immersed in an
acidic aqueous solution. The B-type tricalcium phosphate
immersed in the acidic aqueous solution is dissolved in the
acidic aqueous solution from the surface, and calcium ions
and phosphate ions are released in the acidic aqueous
solution. In addition, hydrogen ions are provided from the
acidic aqueous solution. When the core portion comprises
p-type tricalcium phosphate, since phosphate ions and cal-
cium ions are supplied according to the dissolution of the
core portion, it is not necessary for the acidic aqueous
solution to include phosphate ions.

[0416] The B-type tricalcium phosphate granules are dis-
solved in an acidic aqueous solution. As a result, an acidic
aqueous solution near the core portion becomes supersatu-
rated with calcium hydrogen phosphate, and calcium hydro-
gen phosphate dihydrate is precipitated on a surface of the
p-type tricalcium phosphate granules to form the surface
layer portion. As a result, a hard tissue reconstruction
material granule for medical treatment in which the core
portion includes B-type tricalcium phosphate and the surface
layer portion includes calcium hydrogen phosphate is pro-
duced.

[0417] The hard tissue reconstruction material for medical
treatment of the present invention can be produced by
bringing a core portion into contact with an aqueous solution
satisfying the requirements of both (1) being an acidic
aqueous solution including both a phosphate component and
a calcium component in compositions of a core portion and
an acidic aqueous solution, and (2) being an acidic aqueous
solution having a pH of 5 or less. However, in order to
efficiently form calcium hydrogen phosphate on the surface
layer portion, concentrations of a phosphate component and
a calcium component around the core portion preferably
increase. Therefore, a production method in which a core
portion is brought into contact with an aqueous solution
satisfying the requirements of both (1) being an acidic
aqueous solution including both a phosphate component and
a calcium component in compositions of a core portion and
an acidic aqueous solution, and (2) being an acidic aqueous
solution having a pH of 5 or less is preferable.
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[0418] Since calcium hydrogen phosphate is stable in an
acidic aqueous solution having a pH of 5 or less, it is
necessary for a pH of the acidic aqueous solution to be
brought into contact with the core portion to be 5 or less.
[0419] However, in order to more efficiently form calcium
hydrogen phosphate on a surface layer of the core portion,
a pH is preferably 4.5 or less, a pH is more preferably 4 or
less, and a pH is most preferably 3 or less.

[0420] On the other hand, if a pH of an acidic aqueous
solution when it is brought into contact with the core portion
is too low, calcium dihydrogen phosphate rather than cal-
cium hydrogen phosphate is in a thermodynamically stable
phase. Therefore, when the acidic aqueous solution comes in
contact with the core portion, a pH of the acidic aqueous
solution is desirably 1.5 or more which is a range in which
calcium hydrogen phosphate is stable. However, the calcium
component of the core portion is often an alkaline salt.
Therefore, when a calcium component of the core portion
comes in contact with an acidic aqueous solution, the
calcium component is dissolved and a pH of the acidic
aqueous solution increases. Therefore, in the present inven-
tion, a lower limit of a pH of the acidic aqueous solution is
not determined. However, in order to efficiently form cal-
cium hydrogen phosphate on a surface on the core portion,
a pH is preferably 1 or more, a pH is more preferably 1.5 or
more, and a pH is most preferably 2 or more.

[0421] In the present invention, a phosphate concentration
and a calcium concentration in the acidic aqueous solution
are not particularly limited because they are imparted from
the core portion as described above. However, in consider-
ation of efficient production, it is desirable that a solution be
saturated with calcium hydrogen phosphate. When a solu-
bility of calcium hydrogen phosphate measured when a
temperature, a solvent and the like are determined is set as
C, and a dissolution concentration of a prepared calcium
phosphate solution with respect to calcium hydrogen phos-
phate is set as C;, a degree of saturation is defined as
0=(C,-C,)/C,. The degree of saturation is preferably 0.5 or
less, more preferably 0.1 or less, and most preferably 0.0 or
less. Also, when o is 0.0, it indicates that a solution is in a
saturated state. When o is a negative value, it indicates that
a solution is in a supersaturated state.

[0422] In the present invention, even if a suspension is
used in place of an aqueous solution, it is substantially the
same because the core portion reacts with the aqueous
solution. Therefore, the core portion may be brought into
contact with a suspension for production.

[0423] In addition, in the present invention, even if an
alcohol or the like is added to an acidic aqueous solution, it
is substantially the same as an acidic aqueous solution. This
is because calcium ions, phosphate ions and the like do not
easily dissolve in an alcohol and water is substantially
responsible for a reaction.

[Action and Effect]

[0424] A mechanism by which the hard tissue reconstruc-
tion material for medical treatment of the present invention
excellently satisfies requirements of desirable properties of
a hard tissue reconstruction material for medical treatment
of the above hard tissue reconstruction material for medical
treatment has not been completely clarified. The present
invention is not limited to a mechanism of action in which
the hard tissue reconstruction material for medical treatment
of the present invention has excellent osteoconductivity.
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[0425] However, a mechanism by which the hard tissue
reconstruction material for medical treatment of the present
invention is a hard tissue reconstruction material for medical
treatment that highly satisfies requirements of desirable
properties of a hard tissue reconstruction material for medi-
cal treatment including (1) excellent tissue compatibility, (2)
excellent osteoconductivity, (3) quickly replacing bone, (4)
exhibiting an appropriate mechanical strength, and (5) being
able to be produced at low cost is speculated to be as
follows.

[0426] A presumed mechanism by which a material of the
present invention has excellent desirable properties for a
hard tissue reconstruction material for medical treatment
will be described below.

<(1) Excellent Tissue Compatibility>

[0427] The hard tissue reconstruction material for medical
treatment of the present invention is a hard tissue recon-
struction material for medical treatment, satisfying all
requirements of (1) comprising at least a surface layer
portion and a core portion, (2) having a surface layer portion
and a core portion that have different compositions, (3)
having a composition of a surface layer portion that is
calcium hydrogen phosphate, and (4) having a core portion
that comprises a calcium component. Therefore, a compo-
sition of the surface layer portion is calcium hydrogen
phosphate. The hard tissue reconstruction material for medi-
cal treatment is implanted in vivo and used. It is known that
tissue compatibility depends on a composition of the surface
layer. It is also known that calcium hydrogen phosphate has
excellent tissue compatibility.

[0428] When calcium hydrogen phosphate of the surface
layer portion is absorbed or dissolves, a material of the core
portion comes into contact with the human body. However,
in the material of the present invention, the core portion is
a material including a calcium component, and it is known
that a material including a calcium component has generally
excellent tissue compatibility. In addition, if a support is
included, the support is produced using a material that does
not exhibit a detrimental effect on tissues such as titanium,
a titanium alloy, stainless steel, and a cobalt chromium alloy.
[0429] Since materials of both of the surface layer portion
and the core portion or all of materials of the surface layer
portion, the core portion, and the support are materials
having excellent tissue compatibility, it is speculated that a
desirable property of a hard tissue reconstruction material
for medical treatment which is “(1) excellent tissue com-
patibility” will be satisfied.

<(2) Excellent Osteoconductivity>

[0430] The reason why the hard tissue reconstruction
material for medical treatment of the present invention
highly satisfies “(2) excellent osteoconductivity,” which is
an important desirable property of a hard tissue reconstruc-
tion material for medical treatment is speculated to be that
a composition of the surface layer portion of the hard tissue
reconstruction material for medical treatment of the present
invention is calcium hydrogen phosphate and the core
portion is a material including a calcium component such as
an apatite, calcium phosphate, and calcium carbonate.

[0431] Calcium hydrogen phosphate is a calcium phos-
phate which has a relatively high solubility and dissolves
when it is implanted in vivo and phosphate ions and calcium
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ions are provided to a surface of the hard tissue reconstruc-
tion material for medical treatment. “(2) Excellent osteo-
conductivity” is speculated to be obtained by either or both
of phosphate ions and calcium ions that activate osteoblasts.
This mechanism is similar to that of a highly osteoconduc-
tive biphasic calcium phosphate including a hydroxyapatite
and a B-type tricalcium phosphate. However, since calcium
hydrogen phosphate is a more highly acidic calcium phos-
phate than f-type tricalcium phosphate, improvement of
osteoconductivity due to combining this was not considered.
However, surprisingly, it is found that osteoconductivity is
improved by covering with calcium hydrogen phosphate
which is a highly acidic calcium phosphate.

[0432] In addition, in a biphasic calcium phosphate
including a hydroxyapatite and a B-type tricalcium phos-
phate, it is considered that it is necessary for the hydroxy-
apatite and the p-type tricalcium phosphate to come in
contact with a body fluid at the same time. This is considered
to be caused by the fact that phosphate ions and calcium ions
released while the f-type tricalcium phosphate dissolves
activate osteoblasts, and at the same time, osteoblasts need
to be adhered to a hydroxyapatite having excellent osteo-
conductivity.

[0433] However, surprisingly, it is found that a material
covered with calcium hydrogen phosphate that dissolves in
vivo exhibits excellent osteoconductivity.

[0434] A mechanism by which the hard tissue reconstruc-
tion material for medical treatment of the present invention
exhibits excellent osteoconductivity may be due to an effect
obtained when an apatite including a biological component
is formed on a core portion surface in addition to the
above-described mechanism in which phosphate ions and
calcium ions from calcium hydrogen phosphate activate
osteoblasts. That is, calcium hydrogen phosphate of the
surface layer portion of the hard tissue reconstruction mate-
rial for medical treatment of the present invention dissolves
in vivo, and calcium ions and phosphate ions are provided
near the hard tissue reconstruction material for medical
treatment. The body fluid has a buffering effect and also
includes carbonate ions and a physiologically active sub-
stance. The surroundings of the hard tissue reconstruction
material for medical treatment of the present invention are
supersaturated with a carbonate apatite. As a result, a
carbonate apatite or an amorphous calcium phosphate
including a physiologically active substance is precipitated
on a surface of the hard tissue reconstruction material for
medical treatment of the present invention. The carbonate
apatite has superior osteoconductivity to the hydroxyapatite.
In addition, a carbonate apatite or an amorphous calcium
phosphate including a physiologically active substance has
greater osteoconductivity than a material including no physi-
ologically active substance.

[0435] “(2) Excellent osteoconductivity” is considered to
be satisfied according to such a mechanism.

<(3) Quickly Replacing Bone>

[0436] “(3) Quickly replacing bone,” which is an impor-
tant desirable property of a hard tissue reconstruction mate-
rial for medical treatment, is obtained because calcium
hydrogen phosphate of the surface layer portion is a bioab-
sorbable material when there is no non-bioabsorbable sup-
port and the core portion is a bioabsorbable material.
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<(4) Exhibiting an Appropriate Mechanical Strength>

[0437] “(4) Exhibiting an appropriate mechanical
strength,” which is an important desirable property of a hard
tissue reconstruction material for medical treatment, is
obtained according to an appropriate mechanical strength of
the core portion, a link between the surface layer portion and
the core portion, and a mechanical strength of the surface
layer portion in the case of a bone prosthetic material.
Therefore, it is necessary to select a calcium-containing
material with an appropriate mechanical strength for the
core portion. While calcium hydrogen phosphate has a
mechanical strength that is not so high, it is sufficient when
it is used for the surface layer portion. When the core portion
and calcium hydrogen phosphate are not linked, the surface
layer portion separates from the core portion, and a mechani-
cal strength of the hard tissue reconstruction material for
medical treatment as a whole is not able to be guaranteed.
However, when calcium hydrogen phosphate and the core
portion are linked, an appropriate mechanical strength of the
hard tissue reconstruction material for medical treatment is
ensured.

[0438] In the case of a hard tissue implant material,
mechanical properties of a support are important. In addi-
tion, a bonding strength between the support and the core
portion is one important factor. Further, factors necessary for
a bone prosthetic material for medical treatment are
required.

<(5) being Able to be Produced at Low Cost>

[0439] “(5) Being able to be produced at low cost,” which
is an important desirable property of a hard tissue recon-
struction material for medical treatment, is obtained when
production can be performed according to a simple produc-
tion process without using an expensive BMP or bFGF.

<<A Curable Inorganic Compound, a Porous Body, and a
Method of Producing the Same, a Surface Apatitized Porous
Body and a Method of Producing the Same, a Calcined
Porous Body and a Method of Producing the Same, and a
Surface Apatitized Calcined Porous Body and a Method of
Producing the Same>>

[Curable Composition for Forming a Calcium Hydrogen
Phosphate-Containing Porous Body]

[0440] A curable composition for forming a calcium
hydrogen phosphate-containing porous body of the present
invention is a curable composition comprising granules
containing a calcium component (provided that it excludes
calcium dihydrogen phosphate), in which 70 mass % or
more of the granules have a particle size of 100 um or more
and 10 mm or less.

[0441] Configurations will be described below.
<Granules>
[0442] A curable composition of the present invention

includes granules containing a calcium component (pro-
vided that it excludes calcium dihydrogen phosphate is
excluded).

[0443] In a general curable composition, a powder is used
rather than granules. However, in the present invention,
granules are selected.
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(Particle Size)

[0444] A granule generally refers to a particle whose
particle size is greater than a that of a powder. Since the
object of the present invention is formation of a porous body,
the size of the granules is important. Therefore, in the
present invention, a particle having a size of 100 um or more
is defined as a granule. In general, while a particle having a
size of less than 100 um is also referred to as a granule, this
particle is excluded from the scope of the present invention.

[0445] When the curable composition of the present
invention is used, it is necessary to cure granules to form
pores between the granules and granules are brought into
contact with water and cured. As a method of bringing them
in contact with water, for example, a method in which water
is dropped after granules are filled into a bone defect, and the
granules are brought into contact with water and cured, and
a method in which granules are mixed with water before
they are filled into a bone defect and the granules are brought
into contact with water and cured may be exemplified. That
is, granules are dispersed in water and a calcium component
and a phosphate component are reacted under an acidic
environment, calcium hydrogen phosphate is formed and the
granules are cured. Therefore, as the curable composition of
the present invention, for example, a form of a combination
of granules including a calcium component and water
including a phosphate component may be exemplified.

[0446] In addition, a phosphate component necessary for
a curing reaction between granules is provided between the
granules, is brought into contact with a body fluid or other
moisture, and thus the granules can be cured. Therefore, the
curable composition of the present invention may have a
form in which granules are included but water is not
included.

[0447] The particle size of the granules of the present
invention is defined according to whether the granules pass
through mesh openings of a sieve with a particle size.

[0448] For example, a particle size of granules that pass
through a sieve having a mesh opening of 500 um but do not
pass through a sieve having a mesh opening of 100 pm is
defined as a size greater than 100 um and smaller than 500
pm.

[0449] Since the form of the particles is not necessarily a
spherical shape, it is not possible to completely control a
particle size using a sieve. However, in the present inven-
tion, as described above, according to whether they pass
through a sieve, granules or a powder is defined and a
particle size of granules is defined.

[0450] Since a porous body is formed by linking granules
by a curing reaction, the size of the granules is important in
the curable composition. When the particle size of the
granules is less than 100 uM, pores may become smaller and
invasion by cells or a body fluid may be insufficient. On the
other hand, when a volume of granules is greater than 10
mm, applicable bone defects are limited and practicality is
low.

[0451] In consideration of formation of a porous body, 70
mass % or more of granules have a particle size of 100 pm
or more and 10 mm or less. 70 mass % or more of granules
preferably have a particle size of 200 um or more and 3 mm
or less, more preferably have a particle size of 250 pm or
more and 2.5 mm or less, and most preferably have a particle
size of 300 um or more and 2 mm or less.
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[0452] In order to efficiently form an interconnected
porous body, it is preferable that particle sizes of individual
granules be similar.

[0453] When granules are classified into a group of 100
um or more and 300 um or less, a group of greater than 300
um and 600 um or less, a group of greater than 600 um and
1 mm or less, a group of greater than 1 mm and 2 mm or less,
a group of greater than 2 mm and 3 mm or less, or a group
of greater than 3 mm and 10 mm or less, a mass of granules
included in any group is preferably 50% or more, more
preferably 70% or more and most preferably 90% or more
with respect to the total number of granules.

[0454] Since a pore is formed in an interval between a
granule and a granule by linking the granules, the size of the
granules is important. However, when a pore formed in an
interval between a granule and a granule is filled with a
powder, a part or all of the pore may be blocked. Therefore,
70 mass % or more of granules have a particle size of 100
pm or more and 10 mm or less.

[0455] However, in consideration of effective formation of
the pores, 80 mass % or more of granules preferably have a
particle size of 100 um or more and 10 mm or less, 90 mass
% or more of granules more preferably have a particle size
of 100 pm or more and 10 mm or less, and 95 mass % or
more of granules most preferably have a particle size of 100
pm or more and 10 mm or less.

[0456] Similarly in the case in which particle sizes are
classified into a particle size of 200 um or more and 3 mm
or less, a particle size of 250 um or more and 2.5 mm or less,
or a particle size of 300 pm or more and 2 mm or less, 80
mass % or more of granules are preferably in such a range,
90 mass % or more of granules are more preferably in such
a range, and 95 mass % or more of granules are most
preferably in such a range.

[0457] The shape of the granules is not particularly lim-
ited. However, in consideration of formation of intercon-
necting pores, a spherical shape or a shape having a protru-
sion structure such as a tetrapod and a foam granule are
preferable.

[0458] Foam granules are obtained, for example, by crush-
ing porous body foam into a granular form, and are useful
when a high porosity filling material is prepared. For
example, porous body foams in the following literature may
be exemplified.

[0459] Satoshi Karashima, Akari Takeuchi, Shigeki Mat-
suya, Koh-ichi Udoh, Kiyoshi Koyano, Kunio Ishikawa.
Fabrication of low-crystallinity hydroxyapatite foam based
on the setting reaction of a-tricalcium phosphate foam. J
Biomed Mater Res. 2009, VoL.. 88A, pp. 628-633.

[0460] For granules to be porous body is effective when a
porous body obtained from the curable composition of the
present invention is expected to be replaced to bone. A
porous body form of granules is preferably an intercon-
nected porous body, but an independent porous body may be
effective.

[0461] In the present invention, a volume of granules
necessary for a purpose of forming an interconnected porous
body between granules by linking the granules to each other
is an essential requirement.

[0462] In order to achieve this purpose, a porosity formed
by space other than granules is preferably 20% or more,
more preferably 40% or more, and most preferably 60% or
more.
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[0463] (Calcium Component)

[0464] Granules include a calcium component (provided
that calcium dihydrogen phosphate is excluded).

[0465] A role of granules in the curable composition is for
forming pores between granules by the granules being
linked. In order to link granules by calcium hydrogen
phosphate, it is necessary for granules to be brought into
contact with an aqueous solution having a pH of 4 or less and
dissolved and at least calcium ions need to be supplied to a
reaction site. Accordingly, calcium hydrogen phosphate is
formed on a surface of the granule. Gaps between granules
are cured by bridging by calcium hydrogen phosphate.
[0466] Therefore, including a calcium component is an
essential requirement of granules included in the curable
composition.

[0467] The calcium component is a calcium-containing
compound (provided that calcium dihydrogen phosphate is
excluded) or a mixture including such a compound. As the
calcium component, calcium phosphate, calcium carbonate,
calcium sulfate, calcium hydroxide, calcium fluoride, cal-
cium silicate, a calcium-containing glass, a coral, a shell and
a bone may be exemplified.

[0468] Including calcium in granules is an essential
requirement. However, in consideration of tissue compat-
ibility of a cured body, and mechanical properties, and
production of an interconnected porous body by post pro-
cessing, tetracalcium phosphate, an apatite, tricalcium phos-
phate, calcium carbonate, calcium sulfate, calcium meta-
phosphate, calcium pyrophosphate, a calcium-containing
glass, and a bone are preferable.

[0469] Among these, a hydroxyapatite, a carbonate apa-
tite, an o-type tricalcium phosphate, a f-type tricalcium
phosphate, a calcium-containing glass, and a bone are more
preferable, and a carbonate apatite, a f-type tricalcium
phosphate and a bone are most preferable.

[0470] Among granules, f-type tricalcium phosphate, a
carbonate apatite and bone (an isolated bone) are known to
replace bone by remodeling in a bone defect and integrating
with an existing bone. When it is desired for a cured body
to replace bone in vivo, p-type tricalcium phosphate, a
carbonate apatite and bone are preferable.

[0471] Tetracalcium phosphate is a compound whose
basic structure is Ca,(PO,),0, and is obtained, for example,
when calcium carbonate serving as a calcium compound and
secondary calcium hydrogen phosphate (CaHPO,) serving
as a phosphate component are mixed such that a molar ratio
between calcium and phosphate is 2.0 and calcined at 1500°
C.

[0472] In general, since a block form tetracalcium phos-
phate is produced by calcination, it is possible to adjust a
particle size when pulverizing is performed. It is possible to
produce tetracalcium phosphate having a desired volume by
adjusting pulverizing conditions and by simply sieving as
necessary.

[0473] Among apatites, hydroxyapatites have a basic
structure of Ca, ,(PO,)¢(OH), and include apatites of which
a part is substituted with another element or void.

[0474] A carbonate apatite is an apatite in which some or
all of phosphate groups or hydroxyl groups of a hydroxy-
apatite are substituted with a carbonate group. An apatite in
which a phosphate group is substituted with a carbonate
group is referred to as a B-type carbonate apatite. An apatite
in which a hydroxyl group is substituted with a carbonate
group is referred to as an A-type carbonate apatite. Also,
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when a phosphate group is substituted with a carbonate
group, Na, K and the like are often included in a crystal
structure and thus the carbonate apatite includes a carbonate
apatite in which a part thereof is substituted with another
element or void.

[0475] A carbonate apatite is considered to be an apatite in
which a part of a hydroxyapatite is substituted with a
carbonate group. However, in the present invention, in order
to distinguish a bone replacement material, an apatite com-
prising a carbonate group is defined as a carbonate apatite.
[0476] Among apatites, in consideration of tissue compat-
ibility and osteoconductivity, a hydroxyapatite and a car-
bonate apatite are preferable. In consideration of bone
replacement, a carbonate apatite is more preferable. A
carbonate apatite replaces bone by bone remodeling.
[0477] Hydroxyapatite and carbonate apatite granules are
produced by known methods.

[0478] Tricalcium phosphate is a calcium phosphate com-
ponent whose representative composition is Ca,(PO,), and
includes a compound in which some calcium ions are
substituted with another metal ion such as a sodium ion.
Tricalcium phosphate includes a high temperature stable
phase o'-type tricalcium phosphate, an a-type tricalcium
phosphate and a low temperature stable phase f-type trical-
cium phosphate.

[0479] A method of producing tricalcium phosphate gran-
ules or a tricalcium phosphate block is not particularly
defined, but a known method is generally used. For example,
a calcium hydrogen carbonate powder and a calcium hydro-
gen phosphate powder may be mixed such that a molar ratio
between calcium and phosphorus is 3:2 and compacted. In
the case of a-type tricalcium phosphate, calcination is
performed at 1200° C. In the case of p-type tricalcium
phosphate, calcination is performed at 1000° C. It is possible
to adjust a particle size when pulverizing is performed when
a sintered body is pulverized to produce granules. It is
possible to produce tricalcium phosphate having a desired
volume by adjusting pulverizing conditions or sieving as
necessary.

[0480] While it is possible to form a porous body using
either a-type tricalcium phosphate or P-type tricalcium
phosphate, a-type tricalcium phosphate has high solubility
in vivo and often dissolves before bone is formed. On the
other hand, while f-type tricalcium phosphate is known to
have inferior reactivity to a-type tricalcium phosphate, since
a solubility in vivo is appropriate, p-type tricalcium phos-
phate is clinically applied as a bone replacement material.
Therefore, in the present invention, when a porous body for
replacing bone is produced, f-type tricalcium phosphate is
more preferable.

[0481] Calcium carbonate is a compound whose basic
composition is CaCOj;. Polymorphs such as calcite, vaterite,
and aragonite are known. However, in the present invention,
a type of polymorph is not limited. In addition, a compound
in which some of Ca is substituted with another element
such as Mg is also defined as calcium carbonate in the
present invention.

[0482] A method of producing calcium carbonate granules
or a calcium carbonate block is not particularly defined but
a known method is generally used. For example, a calcium
hydroxide powder compacted body may be exposed to
carbon dioxide for production and calcium carbonate may be
sintered under a carbon dioxide gas atmosphere for produc-
tion.
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[0483] The calcium sulfate according to the present inven-
tion is a compound whose basic composition is CaSO, and
a hemihydrate and a dihydrate are also known. Both are
produced by a known method.

[0484] Calcium metaphosphate is a calcium salt of
metapyrophosphoric acid (PO;) which is a condensed pyro-
phosphate. Calcium metaphosphate and the like may be
exemplified.

[0485] Calcium pyrophosphate is a calcium salt of pyro-
phosphoric acid which is a condensed pyrophosphate. Cal-
cium pyrophosphate (CaP,0,) and the like may be exem-
plified.

[0486] A calcium-containing glass is a calcium-containing
glass or glass ceramic and is produced by a known method
in which a calcium-containing glass component is melted
and rapidly cooled. Calcium-containing crystallized glass
obtained by pulverizing, calcining and crystallizing calcium-
containing glass is also defined as a calcium-containing
glass in the present invention. Na,0O—CaO—SiO,—P,05-
based glass (representative composition includes Na,O at
24.5 mass %, CaO at 24.5 mass %, SiO, at 45 mass %, and
P,O5 at 6 mass %) called Bioglass (registered trademark)
and crystallized glass (representative composition includes
MgO at 4.6 mass %, CaO at 44.7 mass %, SiO, at 34.0 mass
%, P,O5 at 16.2 mass %, and CaF, at 0.5 mass %) called
Cerabone (registered trademark) A-W may be exemplified.
These calcium-containing glasses are produced by a known
method.

[0487] Bone is defined as a calcium-containing bone. An
autogenic bone collected from one, an allogeneic bone
collected from a human other than one, and a heterogenic
bone collected from an animal other than a human may be
exemplified. In addition, a calcined bone and a freeze-dried
bone which have been subjected to a calcination process and
a freeze-drying process in order to inhibit an antigen-
antibody reaction are included.

[0488] In both, an inorganic composition is a carbonate
apatite and includes calcium. Among bones called demin-
eralized freeze-dried bones, a bone in which calcium is
completely removed is a bone in which an inorganic com-
ponent is completely removed from a bone and does not
correspond to a bone in the present invention. On the other
hand, among bones called demineralized freeze-dried bones,
a demineralized freeze-dried bone in which calcium is
partially removed and calcium remains is a bone of the
present invention.

[0489] As a calcium component in the granules, only one
type may be included or a combination of two or more types
may be included.

[0490] (Calcium Dihydrogen Phosphate)

[0491] Preferably, the granules further comprise calcium
dihydrogen phosphate.

[0492] Calcium dihydrogen phosphate is Ca(H,PO,),.
Calcium dihydrogen phosphate monohydrate Ca(H,PO,),.
H,O and calcium dihydrogen phosphate anhydrate
Ca(H,PO,), are known and these are referred to as calcium
dihydrogen phosphate without being distinguished in the
present invention.

[0493] In addition, calcium dihydrogen phosphate may
also be referred to as primary calcium phosphate.

[0494] When the curable composition of the present
invention is used, even if granules do not come into contact
with an aqueous solution having a pH of 4 or less, if calcium
dihydrogen phosphate and a calcium component coexist in
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the granules, the curable composition is cured according to
contact with a body fluid, physiological saline, or distilled
water. This is because, as can be understood from the fact
that calcium dihydrogen phosphate is a salt of a dihydrogen
phosphate ion (H,PO,7), calcium dihydrogen phosphate is a
readily soluble acidic calcium phosphate.

[0495] When granules and calcium dihydrogen phosphate
coexist, when the calcium dihydrogen phosphate dissolves,
for example, in contact with distilled water, a pH of a
reaction site becomes 4 or less. Calcium ions are supplied to
a reaction site when some of the granules dissolve, and
calcium ions and hydrogen phosphate ions are supplied to
the reaction site according to the dissolution of the calcium
dihydrogen phosphate.

[0496] When a concentration product of calcium ions and
hydrogen phosphate ions exceeds a concentration product of
calcium hydrogen phosphates, a solution of the reaction site
is supersaturated with calcium hydrogen phosphate dihy-
drate (CaHPO,.2H,0) that has the most thermodynamically
stable phase in an acidic range of a pH of 4 or less, and
calcium ions and phosphate ions are precipitated on surfaces
of granules as calcium hydrogen phosphate. Since calcium
dihydrogen phosphate is also precipitated on a surface on
which granules come in contact with each other, a granule
and another granule are bridged by calcium hydrogen phos-
phate and the granules are cured.

[Porous Body]

[0497] The porous body of the present invention is a
porous body that is produced from the above-described
curable composition and comprises calcium hydrogen phos-
phate.

[0498] Granules are cured to form an interconnected
porous body in which calcium hydrogen phosphate is
formed on surfaces of the granules and in gaps between the
granules. The body is effective for a treatment through
which a bone defect is directly reconstructed by performing
curing inside the bone defect. However, the body can be
used as scaffold of a regenerative drug by being cured ex
vivo.

[0499] (Calcium Hydrogen Phosphate)

[0500] Calcium hydrogen phosphate is a compound whose
basic composition is CaHPO, and an anhydride and a
dihydrate are known. Calcium hydrogen phosphate formed
in an aqueous solution having a pH of 4 or less is often
calcium hydrogen phosphate dihydrate (CaHPO,.2H,0),
and is calcium hydrogen phosphate anhydride (CaHPO,)
according to temperature conditions.

[0501] (Production Method)

[0502] A method of producing a porous body comprises a
step in which the above-described curable composition is
dispersed in water and calcium hydrogen phosphate is
formed, and either or both of granules included in the
curable composition and the water include a phosphate
component. In the production method, granules are linked
by calcium hydrogen phosphate formed by reacting a cal-
cium component included in the granule with the phosphate
component and the curable composition is cured.

[0503] Here, as a method in which a curable composition
is dispersed in water, a method in which water is dropped
after granules are filled into a bone defect and a method in
which granules are mixed with water before they are filled
into a bone defect—may be exemplified.
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[0504] In order to form calcium hydrogen phosphate, it is
necessary to satisfy the two conditions that a component for
forming calcium hydrogen phosphate be supplied to a reac-
tion site and a pH of the reaction site be a pH at which
calcium hydrogen phosphate is formed.

[0505] In order to supply a component for forming cal-
cium hydrogen phosphate to a reaction site, it is necessary
to supply a component which is CaHPO, that is a basic
chemical formula of calcium hydrogen phosphate to the
reaction site. That is, it is necessary to include both a calcium
component and a phosphate component in a combination of
granules and liquid components.

[0506] In the present invention, since granules include a
calcium component, if either or both of granules and water
include a phosphate component, it is possible to form
calcium hydrogen phosphate. Therefore, a phosphate com-
ponent may not be included in granules but be present in
water, a phosphate component may be present in granules
but may not be present in water, and a phosphate component
may be present both in granules and water.

[0507] In addition, the phosphate component is preferably
calcium dihydrogen phosphate. Also, more preferably, cal-
cium dihydrogen phosphate is present in granules. Also,
particularly preferably, calcium dihydrogen phosphate is
present in surfaces of granules.

[0508] Also, calcium hydrogen phosphate includes hydro-
gen in addition to calcium and phosphate. However, since
hydrogen is supplied from water, there is no need to consider
hydrogen in general. In addition, when a pH is 4 or less,
phosphate is present as a hydrogen phosphate ion (HPO,>").
Therefore, when both a calcium component and a phosphate
component are included in a combination of granules and
liquid components, this is substantially the same as when all
constituent components of calcium hydrogen phosphate are
included.

[0509] In order to form calcium hydrogen phosphate
according to a reaction between granules and water, the
reaction site needs to be supersaturated with calcium hydro-
gen phosphate and water preferably includes both calcium
and phosphate. In addition, more preferably, the product of
a calcium concentration and a phosphate concentration is
high.

[0510] That is, when a calcium ion concentration and a
hydrogen phosphate ion concentration of the reaction site
exceed the solubility product of calcium hydrogen phos-
phate, a solution is supersaturated with calcium hydrogen
phosphate, and calcium hydrogen phosphate is precipitated
on surfaces of granules. Since calcium hydrogen phosphate
is formed on surfaces of granules, it is also formed between
granules, and it is speculated that the granules are cured by
granules being bridged by calcium hydrogen phosphate.
[0511] In order to form calcium hydrogen phosphate, a pH
of' the reaction site is preferably 2 or more and 4 or less. This
is because a pH at which calcium hydrogen phosphate is in
a stable phase is 2 or more and 4 or less. When a pH is
greater than 4, an apatite is in a stable phase. When a pH is
lower than 2, calcium dihydrogen phosphate is in a stable
phase. Therefore, a pH of water is preferably 4 or less.
[0512] Calcium dihydrogen phosphate is Ca(H,PO,),.
Calcium dihydrogen phosphate monohydrate Ca(H,PO,)
,—H,0 and calcium dihydrogen phosphate anhydrate
Ca(H,PO,), are known and these are referred to as calcium
dihydrogen phosphate without being distinguished in the
present invention.
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[0513] In addition, calcium dihydrogen phosphate may
also be referred to as primary calcium phosphate.

[0514] Calcium hydrogen phosphate is formed when a pH
is 4 or less. However, in consideration of clinical operability,
a curing time is preferably within 30 minutes. Therefore,
formation of calcium hydrogen phosphate should proceed
quickly. In addition, when a certain amount of calcium
hydrogen phosphate or more is not formed, linking between
granules becomes insufficient. As a result, a mechanical
strength of a cured body is reduced.

[0515] When a pH of the reaction site is low, a supply
amount of a calcium component or a calcium component
and a phosphate component based on the dissolution of
granules increases. As a result, it is advantageous in short-
ening a curing time and formation of a large amount of
calcium hydrogen phosphate.

[0516] Therefore, a pH of water is preferably 3.5 or less,
more preferably 3 or less, and most preferably 2.5 or less.

[0517] When a pH is lower than 2, calcium hydrogen
phosphate is in an unstable phase and calcium dihydrogen
phosphate (Ca(H,PO,),.H,0O) is in a stable phase. There-
fore, a pH of the reaction site is preferably 2 or more.
However, since calcium hydrogen phosphate is formed on
surfaces of granules including a calcium component, it is
almost impossible to measure a pH of the reaction site. In
addition, even if a pH of water is lower than 2, a pH
increases as calcium-containing granules dissolve. There-
fore, even if a pH of water is lower than 2, since calcium
hydrogen phosphate is formed according to a reaction with
granules including a calcium component, setting a lower
limit of a pH of water is not always suitable.

[0518] Meanwhile, in consideration of a detrimental effect
on tissue due to water that comes in contact with tissues, a
pH of water is preferably 0.3 or more, more preferably 0.5
or more and most preferably 0.7 or more.

[0519] If granules include not only a calcium component
but also a phosphate component such as p-type tricalcium
phosphate (Ca;(PO,),), when they come in contact with an
aqueous solution having a pH of 4 or less, some of tricalcium
phosphate granules dissolve, and calcium ions and hydrogen
phosphate ions are supplied to the reaction site. When a
concentration product of calcium ions and hydrogen phos-
phate ions exceeds the solubility product of calcium hydro-
gen phosphate, a solution of the reaction site is supersatu-
rated with calcium hydrogen phosphate dihydrate (CaHPO,.
2H,0) that is thermodynamically in the most stable phase in
an acidic range of a pH of 4 or less, and calcium ions and
hydrogen phosphate ions are precipitated on surfaces of
granules as calcium hydrogen phosphate. Since calcium
hydrogen phosphate is also precipitated on a surface on
which granules come in contact with each other, a granule
and another granule are bridged by calcium hydrogen phos-
phate and the granules are cured.

[0520] If granules do not include a phosphate component
such as calcium carbonate granules, when they are brought
into contact with an aqueous solution having a pH of 4 or
less and cured, it is necessary to include a phosphate
component in the aqueous solution. As described above, this
is because a curing reaction of granules is due to the
formation of calcium hydrogen phosphate dihydrate and it is
necessary to supply a phosphate component necessary for
forming calcium hydrogen phosphate dihydrate from an
aqueous solution.
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[0521] For example, when calcium carbonate granules
including no phosphate component are brought into contact
with water including a phosphate component and having a
pH 4 or less, some of calcium carbonate granules dissolve
and calcium ions are supplied to the reaction site. On the
other hand, hydrogen phosphate ions are supplied from
water including a phosphate component.

[0522] When a concentration product of calcium ions and
hydrogen phosphate ions exceeds the solubility product of
calcium hydrogen phosphate, a solution of the reaction site
is supersaturated with calcium hydrogen phosphate dihy-
drate (CaHPO,.2H,0O) that is thermodynamically in the
most stable phase in an acidic range of a pH of 4 or less, and
calcium ions and hydrogen phosphate ions are precipitated
on surfaces of calcium carbonate granules as calcium hydro-
gen phosphate. When calcium hydrogen phosphate is also
precipitated on a surface on which calcium carbonate gran-
ules come in contact with each other, a calcium carbonate
granule and another calcium carbonate granule are bridged
by calcium hydrogen phosphate and thus the calcium car-
bonate granules are cured.

[0523] Even if granules do not come into contact with an
aqueous solution having a pH of 4 or less, if calcium
dihydrogen phosphate coexists, curing is performed due to
contact with a body fluid, physiological saline, or distilled
water. This is because, as can be understood from the fact
that calcium dihydrogen phosphate is a salt of a dihydrogen
phosphate ion (H,PO,7), calcium dihydrogen phosphate is a
readily soluble acidic calcium phosphate.

[0524] When granules and calcium dihydrogen phosphate
coexist, when the calcium dihydrogen phosphate dissolves,
for example, in contact with distilled water, a pH of a
reaction site becomes 4 or less. Calcium ions are supplied to
the reaction site when some of the granules dissolve, and
calcium ions and hydrogen phosphate ions are supplied to
the reaction site according to the dissolution of the calcium
dihydrogen phosphate.

[0525] When a concentration product of calcium ions and
hydrogen phosphate ions exceeds a concentration product of
calcium hydrogen phosphates, a solution of the reaction site
is supersaturated with calcium hydrogen phosphate dihy-
drate (CaHPO,.2H,0) that has the most thermodynamically
stable phase in an acidic range of a pH of 4 or less, and
calcium ions and phosphate ions are precipitated on surfaces
of granules as calcium hydrogen phosphate. Since calcium
dihydrogen phosphate is also precipitated on a surface on
which granules come in contact with each other, a granule
and another granule are bridged by calcium hydrogen phos-
phate and the granules are cured.

[0526] Calcium hydrogen phosphate is in a stable phase
when a phosphate component and a calcium component are
present in a reaction site and a pH is 2 or more and 4 or less.
However, in order for calcium hydrogen phosphate to be
precipitated, an aqueous solution in the reaction site needs to
be supersaturated with calcium hydrogen phosphate. For
supersaturation, a product of a calcium ion concentration, a
phosphate ion concentration, and a hydrogen ion concentra-
tion in the reaction site needs to be greater than the solubility
product of calcium hydrogen phosphate. When calcium-
containing granules include a calcium component and a
phosphate component, both a calcium component and a
phosphate component are supplied to the reaction site
according to a reaction with water, and the reaction site
becomes quickly supersaturated with calcium hydrogen
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phosphate. In addition, in order to obtain a high degree of
supersaturation, water preferably includes a calcium com-
ponent, and more preferably includes both a calcium com-
ponent and a phosphate component.

[0527] The curable composition is used as follows. Cal-
cium ions and hydrogen phosphate ions are supplied so that
a solution of a reaction site is supersaturated with calcium
hydrogen phosphate in a pH range in which calcium hydro-
gen phosphate is thermodynamically in the most stable
phase. Therefore, calcium hydrogen phosphate is formed on
surfaces of granules and granules are cured by the granules
being bridged by calcium hydrogen phosphate. Therefore, in
a combination of granules and an aqueous solution having a
pH of 4 or less, supply of a calcium component and a
phosphate component to the reaction site is an essential
requirement. However, a case in which a calcium component
and a phosphate component are included in granules and a
calcium component and a phosphate component are addi-
tionally included in an aqueous solution has no problems,
and is actually preferable. This is because it is possible to
supply a larger amount of a calcium component and a
hydrogen phosphate component to the reaction site or supply
more quickly them. As a result, a concentration product of
calcium ions and hydrogen phosphate ions exceeds the
solubility product of calcium hydrogen phosphate more
quickly. A solution of the reaction site is supersaturated with
calcium hydrogen phosphate dihydrate (CaHPO,.2H,O)
that is thermodynamically in the most stable phase in an
acidic range of a pH of 4 or less, and calcium ions and
hydrogen phosphate ions are precipitated on surfaces of
granules as calcium hydrogen phosphate.

[0528] For the same reason, water used in the curing
reaction preferably includes at least one of phosphate and
calcium. Even if water does not include a phosphate com-
ponent or a calcium component, when some of the granules
dissolve in water, calcium ions are supplied to the reaction
site from granules. When granules include not only a cal-
cium component but also a phosphate component, some of
the granules dissolve in water, and calcium ions and hydro-
gen phosphate ions are supplied to the reaction site from the
granules. When a concentration product of calcium ions and
hydrogen phosphate ions of the reaction site exceeds the
solubility product of calcium hydrogen phosphate, a solution
of the reaction site is supersaturated with calcium hydrogen
phosphate dihydrate (CaHPO,.2H,0) that is thermodynami-
cally in the most stable phase in an acidic range of a pH of
4 or less, and calcium ions and hydrogen phosphate ions are
precipitated on surfaces of granules as calcium hydrogen
phosphate. However, when water includes neither phosphate
nor calcium, it takes time until a concentration product of
calcium ions and hydrogen phosphate ions in a solution that
functions as a reaction site exceeds the solubility product of
calcium hydrogen phosphate.

[0529] When water includes at least one of phosphate and
calcium, it is advantageous to increase a concentration
product of calcium ions and hydrogen phosphate ions, and
calcium hydrogen phosphate is quickly precipitated. There-
fore, water preferably includes at least one of phosphate and
calcium.

[0530] For the same reason, water preferably includes
phosphate and calcium. This is because, when an aqueous
solution functioning as a reaction site initially includes
phosphate and calcium, a concentration product of calcium
ions and hydrogen phosphate ions of the reaction site easily
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exceeds the solubility product of calcium hydrogen phos-
phate, and calcium hydrogen phosphate is easily precipi-
tated.

[0531] Even if calcium and phosphate are present in an
aqueous solution having a pH of 4 or less in which calcium
hydrogen phosphate is thermodynamically in the most stable
phase, no calcium hydrogen phosphate is precipitated from
the solution until a product of a calcium ion concentration
and a hydrogen phosphate ion concentration exceeds the
solubility product of calcium hydrogen phosphate. That is,
when a product of a calcium ion concentration and a
hydrogen phosphate ion concentration of the reaction site is
smaller than the solubility product of calcium hydrogen
phosphate, the reaction site is unsaturated with calcium
hydrogen phosphate.

[0532] When a product of a calcium ion concentration and
a hydrogen phosphate ion concentration of the reaction site
is equal to the solubility product of calcium hydrogen
phosphate, the reaction site is saturated with calcium hydro-
gen phosphate.

[0533] When a product of a calcium ion concentration and
a hydrogen phosphate ion concentration of the reaction site
is smaller than the solubility product of calcium hydrogen
phosphate, the reaction site is supersaturated with calcium
hydrogen phosphate.

[0534] A degree of saturation with respect to a salt in a
solution is represented by a common logarithm of a value
obtained by dividing an activity product of a salt in a
solution by the solubility product of a salt (a dissolution
equilibrium constant of a salt), that is, a degree of saturation
with respect to a salt=[.og(an activity product of a salt in a
solution+the solubility product of a salt).

[0535] In this case, when a value of a degree of saturation
of a salt is a positive value, a solution is supersaturated with
the salt. When a value of a degree of saturation is zero, a
solution is saturated with a salt. When a degree of saturation
has a negative value, a solution is unsaturated with a salt.
Also, an activity is obtained by multiplying an activity
coeflicient of a salt by a concentration of a salt and is an ion
concentration of a salt that is substantially involved in a
precipitation reaction.

[0536] When water includes phosphate and calcium, this
is preferable in consideration of a precipitation ability of
calcium hydrogen phosphate. However, in order to precipi-
tate a larger amount of calcium hydrogen phosphate, ideally,
water is supersaturated or saturated with calcium hydroxide;
that is, a degree of saturation of water with respect to
calcium hydrogen phosphate is positive or zero.

[0537] Avalue of a degree of saturation of the reaction site
is preferably -1 or more and a value of a degree of saturation
is more preferably -0.5 or more.

[0538] Inthe curable composition of the present invention,
calcium ions and hydrogen phosphate ions are supplied so
that a solution of a reaction site is supersaturated with
calcium hydrogen phosphate in a pH range in which calcium
hydrogen phosphate is thermodynamically in the most stable
phase. Therefore, calcium hydrogen phosphate is formed on
surfaces of granules and granules are cured by granules
being bridged by calcium hydrogen phosphate.

[0539] Therefore, even if there is no aqueous solution
having a pH of 4 or less, the curable composition of the
present invention is formed in a combination of granules and
calcium dihydrogen phosphate. This is because calcium
dihydrogen phosphate is a water-soluble acidic calcium
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phosphate salt. That is, calcium dihydrogen phosphate is
dissolved when it comes in contact with a body fluid,
physiological saline, or water and forms an aqueous solution
having a pH of 4 or less. The granules dissolve in an aqueous
solution having a pH of 4 or less formed by dissolution of
calcium dihydrogen phosphate. A product of a calcium ion
concentration and a hydrogen phosphate ion concentration
of'the aqueous solution serving as a reaction site exceeds the
solubility product of calcium hydrogen phosphate and cal-
cium hydrogen phosphate is precipitated on surfaces of
calcium granules. Granules are cured by the granules being
bridged by the precipitated calcium hydrogen phosphate.
[0540] When a curable composition includes a combina-
tion of granules and calcium dihydrogen phosphate, water is
not necessary for a curing reaction. When the curable
composition including a combination of granules and cal-
cium dihydrogen phosphate is filled into a bone defect, it is
cured by a body fluid and the like and it is particularly useful
in consideration of clinical applications.

[0541] When the curable composition of the present
invention comprises calcium dihydrogen phosphate, a por-
tion in which calcium dihydrogen phosphate is present is not
particularly limited. A case in which it is mixed with
granules as a powder, a case in which it is mixed with
granules as a granule, a case in which it is adhered to
surfaces of granules, and a case in which it is suspended in
water may be exemplified.

[0542] Calcium dihydrogen phosphate granules are pro-
duced by a known granule preparation method such as
compacting, gently pulverizing and sieving. Compared to
when calcium dihydrogen phosphate is used as a powder,
when calcium dihydrogen phosphate granules are used, it is
possible to produce a curable composition having a high
bulk density and excellent operability is provided. In addi-
tion, compared to when a calcium dihydrogen phosphate
powder is used, since it takes time until dissolution is
completed, a curing reaction can continue for a relatively
long period of time, a time in which operation is possible
increases, and calcium hydrogen phosphate is formed even
after initial curing. Therefore, there is an advantage such as
an increase in a mechanical strength of a cured body.
[0543] In particular, when a particle size of calcium dihy-
drogen phosphate granules is 100 uM or more, this is
preferable since operability is improved, and a time in which
operation is possible and a mechanical strength of a cured
body significantly increase.

[0544] When calcium dihydrogen phosphate is adhered to
granules, it is useful to quickly precipitate calcium hydrogen
phosphate and uniformly precipitate calcium hydrogen
phosphate on surfaces of granules. A production method in
which calcium dihydrogen phosphate is adhered to surfaces
of granules is not particularly limited. For example, a
method in which granules including a calcium component is
immersed in a calcium dihydrogen phosphate suspension
and dried and a production method in which granules
including a calcium component are immersed in a solvent
and a calcium dihydrogen phosphate powder is applied may
be cited.

[0545] A curable composition in which calcium dihydro-
gen phosphate is adhered to granules through a water-
soluble polymer is useful in consideration of storage stabil-
ity. A method in which calcium dihydrogen phosphate is
adhered to granules through a water-soluble polymer is not
particularly limited.
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[0546] For example, a calcium dihydrogen phosphate
powder may be suspended in a water-soluble polymer aque-
ous solution or an alcohol solution and granules may be
immersed in the suspension solution. When granules are
extracted from the solution in which a calcium dihydrogen
phosphate powder is suspended and dried, it is possible to
produce granules in which calcium dihydrogen phosphate is
adhered through a water-soluble polymer.

[0547] The water-soluble polymer is not particularly lim-
ited. For example, starches such as amylum, corn starch,
oxidized starch, and modified starch; carbohydrates such as
mannan and pectin; seaweed such as agar and alginic acid;
microbial mucilage such as dextran and pullulan; proteins
such as glue and gelatin; celluloses such as carboxylmethyl
cellulose, hydroxymethyl cellulose, and hydroxyethyl cel-
Iulose, and polyacrylic acid, polyacrylamide, polyvinyl alco-
hol, polyethyleneimine, polyethylene oxide, polyethylene
glycol, polypropylene oxide, polypropylene glycol, and
polyvinylpyrrolidone may be exemplified.

[0548] Since water serves as a reaction site in which
calcium hydrogen phosphate is formed, it is necessary for
water to form an aqueous solution having a pH of 4 or less
during a curing reaction. However, a suspension including
calcium dihydrogen phosphate is used to form an aqueous
solution having a pH of 4 or less during a curing reaction.
[0549] In addition, in order to improve operability and the
like, a solvent such as an alcohol and a compound such as
a polymer may be added to water.

[0550] The curable composition of the present invention is
cured by granules being bridged including a calcium com-
ponent by calcium hydrogen phosphate. Therefore, forma-
tion of calcium hydrogen phosphate on at least some of
granules is an essential requirement.

[Surface Apatitized Porous Body]

[0551] The surface apatitized porous body of the present
invention is a surface apatitized porous body which is
produced from the above-described porous body and in
which at least a part of calcium hydrogen phosphate of a
surface is apatitized.

[0552] The surface of a porous body is preferably a porous
body having a surface that is apatitized by a hydroxyapatite
or a carbonate apatite which has superior biocompatibility to
a porous body of calcium hydrogen phosphate without
change. The apatitization is preferably carbonate apatitiza-
tion in consideration of bone replacement.

[0553] A method of producing a surface apatitized inter-
connected porous body comprises a step in which the
above-described porous body is immersed in an aqueous
solution having a pH of 8 or more and at least a part of
calcium hydrogen phosphate present on a surface of the
interconnected porous body is apatitized.

[0554] This is because, in an aqueous solution having a pH
of greater than 4, an apatite rather than calcium hydrogen
phosphate is in a thermodynamically stable phase, and
calcium hydrogen phosphate has a composition that is
converted into an apatite due to a dissolution precipitation
type reaction. In an aqueous solution having a pH of greater
than 4, since an apatite is thermodynamically in a stable
phase, calcium hydrogen phosphate is gradually changed to
an apatite, but this takes time. Therefore, immersing in an
aqueous solution having a pH of 8 or more is practical and
preferable.
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[0555] In order for an interconnected porous body whose
surface is covered with calcium hydrogen phosphate pro-
duced in the curable composition of the present invention to
be immersed in an aqueous solution having a pH of 8 or
more so that at least a part of the surface of the intercon-
nected porous body for medical treatment is apatitized, an
aqueous solution having a pH of 8 or more preferably
comprises at least one of a calcium component and a
carbonate component.

[0556] This is because, when a composition of calcium
hydrogen phosphate is converted into an apatite due to a
dissolution precipitation type reaction, preferably, a calcium
component is additionally supplied, and when a composition
of calcium hydrogen phosphate is converted into a carbonate
apatite due to a dissolution precipitation type reaction, it is
necessary to additionally supply a carbonate component.
[0557] When an aqueous solution having a pH of 8 or
more includes a carbonate component, calcium hydrogen
phosphate is carbonate-apatitized. The carbonate component
is not particularly limited. For example, sodium hydrogen
carbonate, sodium carbonate, and carbon dioxide may be
exemplified.

[0558] An aqueous solution including a carbonate com-
ponent and having a pH of 8 or more is easily prepared by
dissolving sodium carbonate. However, calcium dissolved in
an aqueous solution having a pH of 8 or more is limited in
consideration of a relation to solubility. Therefore, calcium
is supplied to an aqueous solution as a suspension and an
amount of calcium that is consumed when a phase is
converted from calcium hydrogen phosphate into an apatite
is preferably compensated for from calcium supply accord-
ing to the dissolution from the suspension.

[Calcined Porous Body and Surface Apatitized-Calcined
Porous Body]

[0559] The calcined porous body of the present invention
is a calcined porous body that is produced from the above-
described porous body including calcium hydrogen phos-
phate and is obtained by calcining the porous body.

[0560] In addition, the surface apatitized-calcined porous
body of the present invention is a surface apatitized-calcined
porous body that is produced from the above-described
surface apatitized-porous body and is obtained by calcining
the surface apatitized-porous body.

[0561] (Production Method)

[0562] Both calcined porous bodies are obtained in a
process in which calcination is performed at 700° C. or
higher.

[0563] While granules cured by bridging by calcium
hydrogen phosphate form a porous body, when the porous
body is calcined at 700° C. or higher, calcium hydrogen
phosphate reacts with granules and the granules are more
firmly linked. Therefore, this is useful for producing a
porous body having an excellent mechanical strength.
[0564] It is necessary for a calcination temperature to be
700° C. or higher. 800° C. or higher is preferable, 900° C.
or higher is more preferable, and 1000° C. or higher is most
preferable.

[Action and Effect]

[0565] While a mechanism of action for effects of the
present invention is not limitedly interpreted, when the
present invention is a curable composition that highly sat-
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isfies requirements of “(1) being cured at a body tempera-
ture, (2) being cured within 30 minutes, (3) being a cured
body having a compressive strength of 10 kPa or more, (4)
having a porosity of 10 volume % or more, (5) at least a part
of'a porous body is interconnected, and (6) does not exhibit
a detrimental effect on tissue,” the action mechanism is
speculated to be as follows.

[0566] A curing reaction of the present invention is specu-
lated to be as follows. In a pH range in which calcium
hydrogen phosphate is thermodynamically in the most stable
phase, calcium ions and hydrogen phosphate ions are sup-
plied so that a solution of the reaction site is supersaturated
with calcium hydrogen phosphate. Therefore, calcium
hydrogen phosphate is formed on surfaces of granules and
granules are cured by granules being bridged by calcium
hydrogen phosphate.

[0567] In addition, in this case, when granules have a
predetermined size or larger, interconnected pores are
formed between granules.

<<Bone Prosthetic Material and Method of Producing the
Same>>

[Requirements of the Present Invention]

[0568] First, objective requirements of the present inven-
tion will be briefly described.

<(A) Exhibiting Excellent Tissue Compatibility>

[0569] Exhibiting excellent tissue compatibility is impor-
tant for a bone prosthetic material to be implanted in vivo.
A material that does not exhibit excellent tissue compatibil-
ity and exhibits a detrimental effect on tissue is not easily
used as a material for medical treatment and is not easily
used as a bone prosthetic material. In general, a bone
prosthetic material is implanted into a laboratory animal and
histological analysis is performed. However, if an inflam-
matory response is caused when a material is implanted
subcutaneously, the material has fundamentally low tissue
compatibility and has low usefulness as a bone prosthetic
material.

<(B) Exhibiting Excellent Osteoconductivity>

[0570] Osteoconductivity is a property of forming a bone
on a surface of a material when the material is implanted
near a bone defect and is a property of linking a material and
bone without intervening fibrous connective tissues under
preferable conditions. Since the present invention relates to
a bone prosthetic material, it is important for the material to
exhibit excellent osteoconductivity.

[0571] Bone conduction occurs on a surface of a material.
One major factor influencing whether osteoconduction
occurs or a degree of osteoconduction is a composition of a
surface of a material. An apatite and the like are known to
exhibit osteoconductivity. However, the reason why an
apatite exhibits osteoconductivity has not been clarified.

<(C) Replacing Bone>

[0572] Bone has a biological function such as hematopoi-
esis in addition to a mechanical function. Therefore, it is
often desirable that a bone prosthetic material replaces bone.
In order for the bone prosthetic material to replace bone, it
is necessary for a process in which absorption in vivo is
performed and a process in which bone is formed to proceed
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in a well-balanced manner. Therefore, a material that
quickly replaces bone is a material that has excellent osteo-
conductivity and is easily absorbed. Absorption includes
osteoclast absorption and absorption based on pysicochemi-
cal dissolution. As a material that is absorbed in osteoclasts
in vivo or physicochemically dissolved, a carbonate apatite,
an o-type tricalcium phosphate, a p-type tricalcium phos-
phate, and calcium carbonate are known.

[0573] Also, maintaining a mechanical strength may have
a priority. In such a clinical case, bone replacement is not
necessary.

<(D) not Dissolving in a Physiological Environment>

[0574] When a bone replacement material for medical
treatment is implanted in vivo, it comes in contact with body
fluids. Since osteoblasts that form a bone and osteoclasts that
absorb a material do not migrate to a surface of the material
when implantation is initialized, a behavior of a bone
prosthetic material in vivo is only a physicochemical behav-
ior. When a material dissolves in such a situation, since it is
difficult for a function as a bone prosthetic material to be
exhibited, it is important that a material does not dissolve in
this physiological environment. As a material that does not
dissolve in a physiological environment, a hydroxyapatite
and a carbonate apatite may be exemplified.

<(E) being Able to be Produced at Low Cost>

[0575] It is desirable that a bone replacement material for
medical treatment be able to be produced at low cost
similarly to other materials. In order for production at low
cost, it is preferable that a special treatment not be per-
formed, a processing temperature not be high, a hydrother-
mal treatment and the like not be required, and a processing
time be short. In addition, it is also important not to use an
expensive growth factor drug to improve osteoconductivity.

[Bone Prosthetic Material]

[0576] Next, a configuration of the bone prosthetic mate-
rial of the present invention will be described.

[0577] The bone prosthetic material of the present inven-
tion comprises a core portion and a surface layer portion that
covers the core portion. The surface layer portion comprises
an apatite. The core portion is an artificial material that
includes either or both of calcium phosphate and calcium
carbonate. The bone prosthetic material has a volume of
107" m? or more.

[0578] The bone prosthetic material is used to reconstruct
or regenerate a damaged bone or promote the reconstruction
or regeneration.

[0579] Configurations will be described below.

<Core Portion and Surface Layer Portion that Covers the
Core Portion>

[0580] The surface layer portion in the present invention
refers to a portion of a surface of the bone prosthetic
material. In addition, the surface layer portion comprises an
apatite.

[0581] On the other hand, the core portion refers to an
inside covered with the surface layer portion. In addition, the
core portion is an artificial material that comprises either or
both of calcium phosphate and calcium carbonate. The core
portion may be a single composition or a mixture. The core
portion may be additionally divided into a plurality of
phases. As an example in which the core portion is addi-
tionally divided into a plurality of phases, a case in which a



US 2017/0252480 Al

powder of either or both of calcium phosphate and calcium
carbonate is adhered to a framework made of a polymer or
the like is used for the core portion may be exemplified.
[0582] In the present invention, since compositions of the
core portion and the surface layer portion are different they
may be distinguished from each other. Both a hydroxyapa-
tite and a carbonate apatite are apatites, but their composi-
tions are different. For example, a hydroxyapatite covered
with a carbonate apatite has a core portion and a surface
layer portion whose compositions are different and both can
be distinguished from each other.

[0583] In addition, even if one component of the core
portion and a composition of the surface layer portion are the
same, when the core portion is formed of a plurality of
compositions, the entire composition of the core portion and
the entire composition of the surface layer portion are
different, and both can be distinguished from each other. For
example, when the core portion is formed of a mixture of
calcium carbonate and a carbonate apatite in order to
improve conductivity and the surface layer portion is formed
of a carbonate apatite, both a part of the core portion and a
composition of the surface layer portion comprise a carbon-
ate apatite. However, since the core portion has a compo-
sition that is a mixture of a carbonate apatite and calcium
carbonate, both can be distinguished from each other.
[0584] In addition, as the carbonate apatite, various car-
bonate apatites in which carbonate group contents are dif-
ferent are known. However, also if the core portion and the
surface layer portion are formed of carbonate apatites, when
both have different carbonate group contents, both can be
distinguished from each other.

[0585] The thickness of the surface layer portion is not
particularly limited. In consideration of a balance between
production costs and functionality, 0.1 uM or more and 100
um or less is preferable, 0.2 um or more and 50 pum or less
is more preferable, and 0.5 um or more and 30 pum or less is
most preferable.

<Surface Layer Portion>

[0586] The surface layer portion comprises an apatite.
[0587] The inclusion of an apatite in the surface layer
portion is related to requirements of (A) exhibiting excellent
tissue compatibility, (B) exhibiting excellent osteoconduc-
tivity, (C) replacing bone, and (D) not dissolving in a
physiological environment. In consideration of more highly
satisfying the requirements, the surface layer portion is
preferably formed of an apatite.

[0588] (Apatite)

[0589] An apatite is a compound whose basic structure is
A (BO,),C,. Examples of A include Ca**, Cd**, Sr**,
Ba2+’ Pb2+, Zn2+, Mg2+, Mn2+, Fe2+, Ra2+’ H+, H3O+, Na*,
K*, AL*", Ce*~, Nd*>~, C*, and a void. Examples of BO,
include PO,*~, CO,*", CrO,*", AsO,*", VO,*~, U0,
S0,*, Si0,*, GeO,*, and a void. Examples of C include
OH-, OD~, F~, Br, BO*", CO,*7, 0>, and a void. In the
present invention, since the core portion includes at least
calcium, at least some A’s needs to be calcium.

[0590] The hydroxyapatite in the present invention has a
stoichiometric composition that is Ca,y(PO,)s(OH),, and
comprises hydroxyl groups. A Ca-deficient apatite having a
composition of Ca,, (HPO,)(PO,)s {OH),  is also a
hydroxyapatite.

[0591] A carbonate apatite is an apatite in which some or
all of phosphate groups or hydroxyl groups of the hydroxy-
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apatite are substituted with a carbonate group, and one in
which a phosphate group is substituted with a carbonate
group is referred to as a B-type carbonate apatite. one in
which a hydroxyl group is substituted with a carbonate
group is referred to as an A-type carbonate apatite. An
apatite including both a hydroxyl group and a carbonate
group may be referred to as a carbonate-containing hydroxy-
apatite, and is defined as one type of carbonate apatite in the
present invention for simplicity of description.

[0592] An apatite is known to exhibit excellent tissue
compatibility. In addition, since a surface composition of a
material comes into contact with the human body, the
surface composition of the material is closely related to a
tissue reaction. Therefore, the bone prosthetic material of the
present invention comprising an apatite in the surface layer
portion satisfies the requirement of (A) exhibiting excellent
tissue compatibility.

[0593] In the bone prosthetic material of the present
invention, since the surface layer portion comprises an
apatite, osteoconductivity of the bone prosthetic material is
ensured.

[0594] An apatite in which silicon is fused to further
improve osteoconductivity of the apatite itself and the like
has been reported (for example, Non-Patent Literature 1).
Surprisingly, it is found that a carbonate apatite has superior
osteoconductivity to hydroxyapatites that have been clini-
cally applied so far.

[0595] Although the reason why a carbonate apatite has
superior osteoconductivity to a hydroxyapatite has not been
completely adequately clarified, in vivo bone being a car-
bonate apatite rather than a hydroxyapatite, and a carbonate
apatite being closer to in vivo bone is speculated to be one
factor.

[0596] Since a carbonate apatite has superior osteocon-
ductivity to a hydroxyapatite, when a surface layer in the
bone prosthetic material of the present invention is formed
of a carbonate apatite rather than a hydroxyapatite, it is
preferable in consideration of osteoconductivity.

[0597] Since an apatite is absorbed by osteoclasts, an
apatite included in a surface layer portion replaces bone in
vivo.

[0598] Among apatites, since a carbonate apatite is
absorbed by osteoclasts more easily than a hydroxyapatite,
it is preferable in consideration of bone replacement prop-
erties. While the mechanism has not been adequately clari-
fied, since osteoclasts absorb a material while insides of
Howship’s lacunae remain in an acidic environment, it is
speculated that a carbonate apatite having a high solubility
in an acidic environment is absorbed by osteoclasts more
easily than a hydroxyapatite.

[0599] Since a body fluid is supersaturated with an apatite,
the apatite included in the surface layer portion does not
dissolve in a physiological environment.

[0600] (Calcium Hydrogen Phosphate)

[0601] Preferably, the surface layer portion additionally
includes calcium hydrogen phosphate.

[0602] When the surface layer portion includes calcium
hydrogen phosphate, it is possible to further improve bone
replacement properties of the bone prosthetic material.
[0603] In addition, the surface layer portion more prefer-
ably includes a calcium hydrogen phosphate and includes an
interconnected porous body. When the surface layer portion
includes calcium hydrogen phosphate and includes an inter-
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connected porous body, it is possible to further improve
bone replacement properties of the bone prosthetic material.
[0604] Calcium hydrogen phosphate is a compound whose
basic composition is CaHPO, and an anhydride and a
dihydrate thereof are known. Calcium hydrogen phosphate
formed in an aqueous solution having a pH of 4 or less is
often calcium hydrogen phosphate dihydrate (CaHPO,.
2H,0), and is calcium hydrogen phosphate anhydride
(CaHPO,) according to temperature conditions.

<Core Portion>

[0605] The core portion is an artificial material that com-
prises either or both of calcium phosphate and calcium
carbonate. This is important for the bone prosthetic material
to exhibit excellent tissue compatibility. While a mechanism
of action by which calcium phosphate and calcium carbon-
ate exhibit excellent tissue compatibility has not been com-
pletely adequately clarified, since invertebrate animals select
calcium carbonate as a skeletal structure and vertebrate
animals select an apatite as a skeletal structure, the superi-
ority of calcium phosphate and calcium carbonate can be
found from an evolutionary perspective.

[0606] In addition, in order to further enhance tissue
compatibility, the core portion preferably comprises an
artificial material that includes either or both of calcium
phosphate and calcium carbonate.

[0607] A coral-derived material is clinically applied as a
bone prosthetic material. As an apatite that is used for a
bioimplant material such as an artificial tooth and an artifi-
cial bone, a natural shell has been proposed (for example,
Patent Literature 4). However, in the bone prosthetic mate-
rial of the present invention, when the core portion is an
“artificial material” that comprises either or both of calcium
phosphate and calcium carbonate, excellent tissue compat-
ibility is exhibited.

[0608] (Artificial Material)

[0609] In the core portion of the bone prosthetic material
of the present invention, a naturally collected mineral itself
such as a limestone, an apatite, and diatomaceous earth or a
powder obtained without purifying a mineral and the like are
not used. For example, since a calcium carbonate powder
such as light calcium carbonate obtained when limestone is
heated to form a calcium oxide and the calcium oxide reacts
with water includes impurities other than the calcium car-
bonate, it is a natural product, and is not used for the core
portion of the bone prosthetic material of the present inven-
tion.

[0610] Natural products include natural materials derived
from living things other than minerals. Natural materials
derived from living things are natural materials that an
organism forms. All of an autogenic bone, an allogeneic
bone, and a heterogenic bone are natural materials derived
from living things and are natural products. A shell that a
shellfish forms and coral that a coral worm forms are natural
materials derived from living things and are natural prod-
ucts.

[0611] In the present invention, even if a material is
derived from a natural product, when the material is purified
and substantially includes no impurities, the material is
defined as a material that is artificially produced from a
chemically synthesized material. An artificially produced
material refers to a material produced using chemical mate-
rials for manufacture including substantially no impurities as
raw materials according to a sintering or chemical method.
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[0612] That is, in the present invention, a material is
defined as a natural product or an artificial material accord-
ing to whether it substantially includes impurities. When a
material substantially includes impurities, the material is a
natural product. When a material substantially includes no
impurities, the material is an artificial material.

[0613] Here, impurities refer to compounds other than
either or both of calcium phosphate and calcium carbonate.
[0614] A proportion of impurities included in an artificial
material is preferably 50 mass % or less, more preferably 25
mass % or less, still more preferably 10 mass % or less, yet
more preferably 5 mass % or less and most preferably 1
mass % or less. When the proportion is the above upper limit
value or less, the bone prosthetic material has superior
biocompatibility.

(Calcium Phosphate)

[0615] Calcium phosphate is a salt of phosphoric acid and
calcium, which may be exemplified by calcium orthophos-
phate, calcium metaphosphate, condensed calcium phos-
phate and the like. Since calcium orthophosphate exhibits
relatively excellent osteoconductivity and tissue compatibil-
ity, calcium orthophosphate is preferable among calcium
phosphates.

[0616] Calcium orthophosphate is a salt of orthophos-
phoric acid and calcium, which may be exemplified by, for
example, artificial apatites (provided that compositions
thereof are different from that of an apatite included in the
surface layer portion) including tetracalcium phosphate,
a-type tricalcium phosphate, p-type tricalcium phosphate, a
hydroxyapatite and a carbonate apatite.

[0617] Among calcium orthophosphates, since an apatite
and tricalcium phosphate are known to have excellent osteo-
conductivity and tissue compatibility, they are particularly
preferable.

[0618] Tricalcium phosphate is one calcium orthophos-
phate component whose representative composition is Ca,
(PO,),, and includes a compound in which some calcium
ions are substituted with another metal ion such as a sodium
or potassium ion. Tricalcium phosphate includes a high
temperature stable phase a-type tricalcium phosphate and a
low temperature stable phase f-type tricalcium phosphate.
Although an a'-type tricalcium phosphate is also known, in
the present invention, o'-type tricalcium phosphate is one
type of a-type tricalcium phosphate.

[0619] a-type tricalcium phosphate has a higher solubility
than P-type tricalcium phosphate and is not clinically
applied as a bone prosthetic material but is used as a
component of a bone cement. However, in the present
invention, since the core portion is covered with a surface
layer portion comprising an apatite, there is no pysicochemi-
cal dissolution in a physiological environment. Therefore,
a-type tricalcium phosphate can function as a bone pros-
thetic material. After bone is formed on a surface of a-type
tricalcium phosphate covered with an apatite, according to
osteoconductivity of the apatite of the surface, bone replace-
ment is performed by bone remodeling. However, since it
has a greater solubility than p-type tricalcium phosphate, it
quickly replaces bone.

[0620] On the other hand, f-type tricalcium phosphate has
a lower rate of pysicochemical dissolution in a physiological
environment than ca-type tricalcium phosphate. In particular,
when Ca of -type tricalcium phosphate is substituted with
Mg etc., since a dissolution rate is low, rapid dissolution is



US 2017/0252480 Al

suppressed, and it functions as a bone prosthetic material in
vivo more safely. f-type tricalcium phosphate covered with
an apatite does not physicochemically dissolve in a physi-
ological environment. However, even after an apatite phase
is absorbed by osteoclasts, since dissolution is relatively
unlikely, it can be relatively safely used in a portion in which
an osteogenic potential is low.

(Calcium Carbonate)

[0621] Calcium carbonate is a compound whose compo-
sition is CaCOj;. Polymorphs such as calcite, vaterite, and
aragonite are known. In addition, amorphous calcium car-
bonate is known.

[0622] All of these have excellent tissue compatibility but
their behaviors in vivo are different. In addition, a body fluid
is unsaturated with any calcium carbonate and calcium
carbonate physicochemically dissolves in a physiological
environment.

[0623] Calcite is in the most stable phase among poly-
morphs of calcium carbonate. Therefore, a pysicochemical
dissolution rate after an apatite of apatite covered calcite is
absorbed by osteoclasts is the slowest. Therefore, it is easy
to balance osteogenesis and calcite absorption and it is
effective when a bone defect is relatively large.

[0624] Vaterite is in the most unstable phase among poly-
morphs of calcium carbonate. Therefore, a pysicochemical
dissolution rate after an apatite of apatite covered vaterite is
absorbed by osteoclasts is the fastest. Therefore, it is effec-
tive when a bone defect is relatively small and osteogenesis
is vigorous and when rapid bone replacement is expected.
[0625] Aragonite has intermediate stability between cal-
cite and vaterite. Therefore, aragonite shows an intermediate
behavior between both in vivo.

[0626] Amorphous calcium carbonate has a higher solu-
bility than vaterite. In addition, since a bulk density is low,
a mechanical strength is limited compared to vaterite. Since
it dissolves more easily than vaterite, it is suitable when
bone replacement equal to or faster than that with vaterite is
desired.

[0627] Calcium carbonate may be an artificial material or
calcium carbonate may be obtained by carbonating calcium
oxide, calcium hydroxide or a mixture thereof.

<Core Portion: Surface Layer Portion>

[0628] A volume ratio between a core portion and a
surface layer portion (core portion:surface layer portion) is
preferably 90:10 to 70:30.

[0629] In this volume ratio, when the surface layer portion
has the above lower limit value or more, it is possible to
more highly satisfy requirements of (A) exhibiting excellent
tissue compatibility, (B) exhibiting excellent osteoconduc-
tivity, (C) replacing bone, and (D) not dissolving in a
physiological environment.

[0630] On the other hand, when the core portion has the
above lower limit value or more, it is possible to more highly
satisfy the requirement of (A) exhibiting excellent tissue
compatibility.

<Volume>

[0631] In general, it is considered that included compo-
nents determine whether tissue compatibility is excellent.
However, in the bone prosthetic material of the present
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invention, a structural feature that a volume is 107" m® or
more is related to showing excellent tissue compatibility.

[0632] As will be described in the following examples,
when a bone prosthetic material having a volume of less than
10~'* m* was implanted into a rat, an inflammatory response
was observed and sufficient tissue compatibility was not
observed. On the other hand, when a bone prosthetic mate-
rial of 107** m> or more was used, excellent tissue compat-
ibility was observed. A mechanism of action by which a
volume of a bone prosthetic material influences tissue com-
patibility has not been adequately clarified. However, in the
present invention, a volume of 10™'* m® or more is one
important factor in order for excellent tissue compatibility to
be exhibited.

<Shape>

[0633] The shape of the bone prosthetic material is not
particularly limited. For example, granules, a block body, a
foam, a dense body, and a porous body may be exemplified.
[0634] Among these, a porous body is superior to a dense
body from the viewpoint of rapid bone replacement.
Although the mechanism for this has not been entirely
adequately clarified, it is speculated as being invasion of
osteoblasts into a porous body and a decrease in an amount
of materials that osteoclasts absorb.

[0635] In addition, porous bodies are classified into inde-
pendent pore porous bodies or interconnected poreporous
bodies. However, an interconnected porous body into which
cells can migrate is preferable. Additionally, in consideration
of migration into cells, an interconnected porous body
having interconnected pores of 10 pm or more and 500 pm
or less is preferable, an interconnected porous body having
interconnected pores of 15 um or more and 400 pum or less
is more preferable, and an interconnected porous body
having interconnected pores of 20 pm or more and 300 pm
or less is most preferable.

[Method of Producing a Bone Prosthetic Material |

[0636] The method of producing a bone prosthetic mate-
rial of the present invention comprises an apatite forming
step in which an artificial material that comprises either or
both of calcium phosphate and calcium carbonate and has a
volume of 107> m® or more is immersed in water having a
pH of 7 or more to form an apatite on a surface layer portion,
and either or both of the artificial material and the water
comprise a phosphate component.

<Artificial Material>

[0637] The artificial material comprises either or both of
calcium phosphate and calcium carbonate and has a volume
of 107** m? or more.

[0638] Calcium phosphate and calcium carbonate are the
same as those described above.

[0639] In addition, when an artificial material having a
volume of 107" m? or more is used, it is possible to produce
a bone prosthetic material having a volume of 107> m> or
more.

<Apatite Forming Step>

[0640] The apatite forming step is a step in which an
artificial material is immersed in water having a pH of 7 or
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more to form an apatite on a surface layer portion. Either or
both of the artificial material and the water comprise a
phosphate component.

[0641] The apatite is in a thermodynamically more stable
phase than calcium phosphate and calcium carbonate other
than an apatite in a solution including a phosphate compo-
nent having a pH of 7 or more. In addition, in a solution that
includes a phosphate component having a pH of 7 or more
and additionally includes carbonate groups, a carbonate
apatite is a thermodynamically more stable composition than
apatite. Therefore, when the core portion having a thermo-
dynamically unstable composition is immersed in an aque-
ous solution, a part of the core portion dissolves and a
component of the core portion is eluted in the aqueous
solution. When the aqueous solution to which a component
of'the core portion is added is supersaturated with an apatite
or a carbonate apatite, an apatite or a carbonate apatite are
precipitated on a surface of the core portion from the
aqueous solution, a material including an apatite or carbon-
ate apatite covered core portion being produced.

[0642] Basically, a reaction in the method of producing a
bone prosthetic material of the present invention comprises
a basic dissolution reaction of the core portion and a reaction
in which a component of the dissolved core portion and a
component included in water are precipitated. The precipi-
tation reaction occurs due to supersaturation of an apatite in
an aqueous phase near the core portion in which the core
portion dissolves and is formed.

[0643] Therefore, when the core portion comprises no
phosphate component, in order for an apatite in an aqueous
phase near the core portion to be supersaturated, water needs
to include a phosphate component.

[0644] On the other hand, when the core portion com-
prises a phosphate component, since the phosphate compo-
nent is supplied near the core portion in an aqueous phase
according to the dissolution of the core portion, there is no
need for water to include a phosphate component. However,
even if a material of the core portion includes a phosphate
component, the inclusion of a phosphate component in water
has no problems and is actually preferable in consideration
of an increase in a degree of supersaturation of an apatite in
an aqueous phase near the core portion.

[0645] When water includes a phosphate component, a
concentration of the phosphate component in water is pref-
erably a 0.01 molar concentration or more, more preferably
a 0.1 molar concentration or more, and most preferably a 0.5
molar concentration or more.

[0646] The phosphate component used in the apatite form-
ing step is not particularly limited. For example, phosphoric
acid, trisodium phosphate, disodium hydrogen phosphate,
sodium dihydrogen phosphate, tripotassium phosphate,
dipotassium hydrogen phosphate, potassium dihydrogen
phosphate, triammonium phosphate, diammonium hydrogen
phosphate, ammonium dihydrogen phosphate, disodium
ammonium phosphate, potassium disodium phosphate,
dipotassium ammonium phosphate, dipotassium sodium
phosphate, sodium diammonium phosphate, potassium
diammonium phosphate, sodium potassium hydrogen phos-
phate, sodium ammonium hydrogen phosphate, and ammo-
nium potassium hydrogen phosphate may be exemplified.

[0647] Also, aqueous solutions of a phosphoric acid, a
phosphate, or sodium dihydrogen phosphoric acid have a pH
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that is less than 7. When such a phosphate component is
used, it is necessary to set a pH to be 7 or more using sodium
hydroxide or the like.

[0648] When an aqueous solution including such a phos-
phate component and having a pH of 7 or more is used,
calcium phosphate or a carbonate apatite inferior to apatite
is produced. However, it has been found that a bone pros-
thetic material produced using a solution in which an
aqueous solution including a phosphate component contains
only sodium as a cation, that is, a sodium phosphoric acid
aqueous solution has superior tissue compatibility.

[0649] Although the reason for this has not been
adequately clarified, it is inferred that sodium, potassium,
ammonium, and the like replace some calcium in the apatite
structure.

[0650] When the core portion includes no carbonate com-
ponent and a carbonate apatite is formed on a surface layer,
it is necessary to include a carbonate component in water.
[0651] When the core portion comprises a carbonate com-
ponent, even if water does not include a carbonate compo-
nent, since a carbonate component is supplied to water
according to the dissolution of the core portion, a bone
prosthetic material can be produced. However, even if the
core portion comprises a carbonate component, the inclusion
of a carbonate component in water has no problems and is
actually preferable in consideration of an increase in a
degree of supersaturation of a carbonate apatite in an aque-
ous phase near the core portion.

[0652] As the carbonate component, carbonates obtained
by directly dissolving carbon dioxide in water may be
exemplified in addition to carbonates produced by dissolv-
ing sodium hydrogen carbonate or sodium carbonate.
[0653] A temperature at which an artificial material is
immersed in water is not particularly limited.

[0654] It has been found that a low-crystallinity apatite has
superior osteoconductivity to a highly crystalline apatite and
is easily absorbed by osteoclasts in vivo. As a temperature
at which an artificial material of the core portion is immersed
in water decreases, an apatite formed has lower crystallinity.
[0655] Accordingly, a temperature at which an artificial
material of the core portion is immersed in water is prefer-
ably less than 100° C., more preferably less than 80° C., and
most preferably less than 60° C.

[0656] As described above, the crystallinity of an apatite
that covers the core portion is preferably low in consider-
ation of osteoconductivity and bone replacement. However,
when a temperature at which the core portion comes in
contact with an aqueous solution is low, it takes time until
apatite covered calcium phosphate or calcium carbonate is
produced. In order to reduce a production time, a tempera-
ture at which a material of the core portion is brought into
contact with an aqueous solution is effectively 100° C. or
higher. In this case, since the aqueous solution boils at a
normal pressure, it is necessary to set a pressure to be higher
than one atmosphere.

[0657] These conditions are generally referred to as hydro-
thermal conditions.

<Pretreatment Step>

[0658] In the method of producing a bone prosthetic
material of the present invention, before the above-described
apatite forming step, a pretreatment step in which an artifi-
cial material comprising either or both of calcium phosphate
and calcium carbonate and having a volume of 10™'* m® or
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more is brought into contact with an aqueous solution
having a pH of 5 or less to obtain a preprocessed artificial
material in which calcium hydrogen phosphate is formed on
at least a part of a surface layer portion of the artificial
material may be preferably performed.

[0659] When calcium hydrogen phosphate is formed on
the surface layer portion of the artificial material on which
the pretreatment step is performed, it is possible to perform
the apatite forming step in a short time. In addition, when the
pretreatment step is performed at a low temperature, a
low-crystallinity apatite can be formed.

[0660] In addition, when calcium hydrogen phosphate of
the surface layer portion partially remains, calcium hydro-
gen phosphate dissolves when the bone prosthetic material
is implanted into a bone defect, a calcium component and a
phosphate component are supplied to body fluids, and osteo-
conductivity is thus improved.

[0661] This is due to a relatively high solubility of calcium
hydrogen phosphate. When calcium hydrogen phosphate
comes in contact with an aqueous solution having a pH of 7
or more, it dissolves and a phosphate component and a
calcium component are supplied to an aqueous solution.
Since a solubility of calcium hydrogen phosphate is high,
calcium and phosphate ions are dissolved in water from the
core portion covered with calcium hydrogen phosphate in
advance in a short time. Since an apatite is in a thermody-
namically stable phase in a pH of 7 or more, a calcium
component and a phosphate component supplied from cal-
cium hydrogen phosphate are precipitated as an apatite and
the core portion is covered with the apatite. Since a disso-
Iution reaction of calcium hydrogen phosphate occurs at a
relatively low temperature, a low-crystallinity apatite is
formed.

[0662] In order to easily form calcium hydrogen phos-
phate, the aqueous solution having a pH of 5 or less
preferably comprises a phosphate component and a calcium
component.

[0663] Regarding the phosphate component and the cal-
cium component, the same phosphate component used in the
above-described apatite forming step may be exemplified.

[Action and Effect]

[0664] According to the present invention, as a bone
prosthetic material, it is possible to provide a bone prosthetic
material that highly satisfies all requirements of (A) exhib-
iting excellent tissue compatibility, (B) exhibiting excellent
osteoconductivity, (C) replacing bone, (D) not dissolving in
a physiological environment, and (E) being able to be
produced at low cost.

EXAMPLES

[0665] The present invention will be described below in
further detail using examples and comparative examples, but
the scope of the present invention is not limited to the
examples.

General Conditions

[0666] In examples and comparative examples, general
measurement conditions and raw material inorganic com-
pounds are as follows. Also, when conditions are different
from these conditions, they will be described separately.
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(Powder X-Ray Diffraction)

[0667] A D8 ADVANCE type commercially available
from BRUKER was used as a powder X-ray diffractometer.
An output was 40 kV and 40 mA. CuKa (A=0.15418 nm)
was used as an X-ray source.

[0668] A crystallite size was obtained using the Scherrer
equation {L.=KA\/(B cos 6)}. Here, L represents a crystallite
size and K represents a Scherrer constant that is 0.9. A
represents an X ray wavelength and is 0.15418 nm for
CuKoa. p represents the full width at half maximum of a
diffraction peak in radians. 6 denotes a diffraction angle of
a diffraction peak. f is calculated using the equation p=b-B
from an actual half maximum (b) to be measured using a half
maximum (B) of a highly crystalline material. In the present
invention, the half maximum (B) of a highly crystalline
material obtained from a highly crystalline alumina (Korun-
doporbe A13-B77) using an X-ray diffractometer was
0.0061°.

[0669] A crystallite size of calcite, which is one type of
polymorph of calcium carbonate, was obtained from the full
width at half maximum of a peak at 26=29.4°.

[0670] A crystallite size of a carbonate apatite was
obtained from the full width at half maximum of a peak at
26=25.9°.

(Raw Material Inorganic Compounds)

[0671] Raw material inorganic compounds were produced
by a known production method.

[0672] Sizes of granules were controlled by grading using
a sieve. The granule size was described as a mesh opening
of the sieve. For example, when granules that passed
through a sieve having a mesh opening of 3 mm but failed
to pass through a sieve having a mesh opening of 1 mm, the
granules were defined as 1 to 3 mm granules.

(Porosity)

[0673] The porosity was obtained from an apparent vol-
ume and a density and a weight of a material. Here, the
apparent volume is a volume that was calculated using the
measured length, width, and height of a product and includes
a volume of pores. A volume of pores and a density of a
material were used to calculate a weight if the material were
a dense body and the porosity was calculated from the ratio
to the measured weight.

[0674] An interconnected porosity was a value measured
using micro CT.

(Micro CT)

[0675] An interconnected pore proportion and an inter-
connected porosity (indicated by a proportion of intercon-
nected pores) of the produced product inorganic compound
were measured using an X-ray micro CT (called micro CT
and referred to as uCT in some cases). Micro CT measure-
ment was performed using a Skyscanl076 (commercially
available from Bruker microCT), and an interconnected
porosity was obtained using a CT-Analyzer (commercially
available from Bruker microCT).

(Volume)

[0676] Volumes of the raw material inorganic compound
and the product inorganic compound were calculated by
measuring a length, a width, and a height when they were
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rectangular products. Others were measured using the nCT.
Also, in the examples, a volume of the product inorganic
compound obtained in the examples was 5x10~"* m> or more
even if it is not particularly described.

(Scanning Electron Microscope Observation)

[0677] The forms of the raw material inorganic compound
and the product inorganic compound were observed under
conditions of an acceleration voltage at 15 kV after gold
vapor deposition using a scanning electron microscope
(S-3400N, commercially available from Hitachi, Ltd).

[0678] Incidentally, since an inorganic compound accord-
ing to a dissolution precipitation type composition conver-
sion reaction was included in all of the examples, the
formation of a grain boundary formed of non-sinterable
grain boundaries was observed in all of the examples.

(Raw Material Inorganic Compound 1: Calcium Sulfate
Dihydrate Disk)

[0679] A calcium sulfate dihydrate disk was produced
from calcium sulfate hemihydrate (New Fujirock commer-
cially available from GC). A calcium sulfate hemihydrate
powder was mixed with distilled water at a ratio of water
mixed in of 0.2, introduced into a split mold while applying
vibration, cured in the mold, and a disk-shaped cured body
with a diameter of 6 mm and a thickness of 3 mm was
obtained. The cured body was used as a raw material
inorganic compound. A volume was about 2x10~7 m*>. When
composition analysis was performed using the powder X-ray
diffractometer, a composition of the cured body was calcium
sulfate dihydrate (FIG. 1a). By observation using the scan-
ning electron microscope and observation using the micro
CT, no interconnected pores having a length of 80 um or
more were observed. A compressive strength of the raw
material inorganic compound was 51.6 MPa.

(Raw Material Inorganic Compound 2: CIP Calcium Sulfate
Porous Body Block)

[0680] Nylon 6 monofilaments with a diameter of 113 um
and a length of about 2 mm were mixed with calcium sulfate
hemihydrate at 10 weight % with respect to the total amount
and mixed with water so that a ratio of water mixed in with
respect to the calcium sulfate hemihydrate was 0.2.

[0681] The obtained paste was wrapped with a water-
absorbing paper, put into a rubber container, and isostati-
cally pressed using a cold isostatic pressing device at 50
MPa for 10 minutes after air inside the container was
decompressed. The result was removed from the device and
additionally cured for one hour. Heating to 800° C. was
performed at 1° C. per minute and kept at 800° C. for 5
hours. Then, the sample was cooled in a furnace.

[0682] The result was cut into 5 mm square cubes using a
low speed diamond cutter and used as a product inorganic
compound. A volume was about 1.3x1077 m>.

[0683] When composition analysis was performed using
the powder X-ray diffractometer, a composition of the cured
body was calcium sulfate anhydrate (b) of FIG. 1). Through
the scanning electron microscope image (a) of FIG. 2) of the
product inorganic compound and the micro CT, pores with
a diameter of 100 um and a length of at least 2 mm were
observed. The aspect ratio of the pore was 20. That is, pores
having an aspect ratio of at least 5 or more were observed.
A compressive strength of the raw material inorganic com-
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pound was 3.3 MPa. It was found that an interconnected
porosity was 47% based on the pCT measurement results.

(Raw Material Inorganic Compound 3: Calcium Sulfate
Porous Body Granules)

[0684] Nylon 6 monofilaments with a diameter of 113 um
and a length of about 2 mm were mixed with calcium sulfate
hemihydrate at 10 weight % with respect to the total amount
and mixed with water so that a ratio of water mixed in with
respect to the calcium sulfate hemihydrate was 0.2. The
obtained paste was put into a 5 cm square container and
cured for 1 hour while applying vibration. Then, the outside
of the cured body removed from the container was removed
to about 2 mm. Then, heating was performed to 800° C. at
1° C. per minute and kept at 800° C. for 5 hours. Then, the
sample was coolded in a furnace.

[0685] The calcined body was pulverized, graded and
produced as calcium sulfate porous body granules of 1 to 2
mm. An average volume of the granules was 2x107° m>.
[0686] When composition analysis was performed using
the powder X-ray diffractometer, a composition of the cured
body was calcium sulfate anhydrate. Through the scanning
electron microscope image of the product inorganic com-
pound (b) of FIG. 2) and the micro CT, pores with a diameter
of 110 um and a length of at least 1.7 mm were observed.
The aspect ratio of the pore was 15. That is, pores having an
aspect ratio of at least 5 or more were observed.

(Raw Material Inorganic Compound 4: p-Type Tricalcium
Phosphate Granules)

[0687] p-type tricalcium phosphate (-TCP-100) commer-
cially available from Taihei Chemical Industrial Co., [.td
was compacted at 30 MPa and calcined at 1100° C. for 6
hours and a p-type tricalcium phosphate calcined body was
produced. The p-type tricalcium phosphate calcined body
was pulverized and graded using a sieve. p-type tricalcium
phosphate granules of 1 to 2 mm were produced and used as
a raw material inorganic compound. An average volume of
the granules was 2x10°° m>. Based on powder X-ray dif-
fraction analysis (¢) of FIG. 1), it was confirmed that the raw
material inorganic compound was -type tricalcium phos-
phate. In addition, it was observed that there were no
hydrogen phosphate ions based on spectrums (FIG. 4a)
measured using a Fourier transform infrared spectrophotom-
eter. It was observed that only calcium, phosphorus and
oxygen were included based on the composition analysis.

(Raw Material Inorganic Compound 5: a-Type Tricalcium
Phosphate Disk)

[0688] a-type tricalcium phosphate commercially avail-
able from Taihei Chemical Industrial Co., Ltd was com-
pacted at 100 MPa, an a-type tricalcium phosphate powder
compacted body was produced and calcined at 1300° C. for
6 hours, and an a-type tricalcium phosphate calcined body
with a diameter of 6 mm and a height of 3 mm was used as
a raw material inorganic compound. A volume of the sin-
tered body was 2x1077 m>.

(Raw Material Inorganic Compound 6: Calcium Magnesium
Carbonate Disk)

[0689] Calcium hydroxide and magnesium hydroxide
were mixed at a weight ratio of 90:10 and uniaxially pressed
at 5 MPa using a mold. The obtained powder compacted
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body was brought into contact with carbon dioxide at a
humidity of 100% at 20° C. and a calcium magnesium
carbonate disk was produced. In the produced disk, a
diameter was 6 mm® and a thickness was 3 mm. A volume
of the disk was 2x10~7 m>. A composition of the cured body
was calcium magnesium carbonate.

(Raw Material Inorganic Compound 7: Calcium Hydrogen
Phosphate Dihydrate Calcium Disk)

[0690] p-type tricalcium phosphate powder and calcium
dihydrogen phosphate powder were mixed at a molar ratio
of 1:1. The mixed powder was mixed with water and cured
in a split mold. A disk-shaped cured body with a diameter of
6 mm and a thickness of 3 mm was obtained. A volume was
2x10~7 m>. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
cured body was calcium hydrogen phosphate dihydrate.

(Raw Material Inorganic Compound 8: Carbonate Apatite
Granules)

[0691] First, calcium carbonate granules were produced.
The calcium carbonate granules were prepared such that a
calcium hydroxide powder was compacted at 5 MPa and
was exposed to carbon dioxide at a humidity of 100% for 24
hours, a block was pulverized and graded, and granules of
300 to 600 pum were produced. The granules were addition-
ally exposed to carbon dioxide at a humidity of 100% for 5
days and the calcium carbonate granules were produced.

[0692] Next, the calcium carbonate granules were
immersed in a disodium hydrogen phosphoric acid aqueous
solution at a 0.5 molar concentration and carbonate apatite
granules were produced. An average volume of the granules
was 6x107'"" m>. It was confirmed that the raw material
inorganic compound was a carbonate apatite based on pow-
der X-ray diffraction analysis and Fourier transform infrared
spectrophotometer.

(Raw Material Inorganic Compound 9: Hydroxyapatite
Granules)

[0693] Hydroxyapatite (HAP-100) commercially avail-
able from Taihei Chemical Industrial Co., Ltd was com-
pacted at 30 MPa and calcined at 1100° C. for 6 hours, and
a hydroxyapatite calcined body was produced. The hydroxy-
apatite calcined body was pulverized and graded using a
sieve. Hydroxyapatite granules of 1 to 2 mm were produced
and used as a raw material inorganic compound. An average
volume of the granules was 2x10~° m®. It was confirmed that
the raw material inorganic compound was a hydroxyapatite
through powder X-ray diffraction analysis.

Example 1

[0694] A calcium sulfate dihydrate disk (raw material
inorganic compound 1) was immersed in a sodium carbonate
aqueous solution (50 mL) at a 2 molar concentration at 80°
C. for 7 days. There was no change in the apparent form and
a volume was 2x1077 m>. Based on composition analysis
using the powder X-ray diffractometer, it was confirmed that
a composition of the product inorganic compound was
calcium carbonate (d) of FIG. 1). A compressive strength of
the obtained calcium carbonate was 5 MPa.

Sep. 7, 2017

Example 2

[0695] A calcium sulfate interconnected porous body
block (raw material inorganic compound 2) was immersed
in a sodium carbonate aqueous solution (50 mL.) at a 2 molar
concentration at 80° C. for 7 days. There was no change in
the apparent form and a volume was 1.3x10~7 m>. When
composition analysis was performed using the powder X-ray
diffractometer, a composition of the product inorganic com-
pound was calcium carbonate (e) of FIG. 1). Through the
scanning electron microscope image (c) of FIG. 2) of the
product inorganic compound and the micro CT, pores with
a diameter of 110 pm and a length of at least 2 mm were
observed. The aspect ratio of the pore was 18. That is, pores
having an aspect ratio of at least 5 or more were observed.
A porosity of the obtained product inorganic compound was
40% and a compressive strength was 2.1 MPa.

Comparative Example 1

[0696] Nylon 6 monofilaments with a diameter of 113 um
and a length of about 2 mm were mixed with calcium
hydroxide at 10 weight % with respect to the total amount
and mixed with water so that a ratio of water mixed in with
respect to the calcium hydroxide was 0.2.

[0697] The obtained paste was wrapped with a water-
absorbing paper, put into a rubber container, and isostati-
cally pressed using a cold isostatic pressing device at 50
MPa for 10 minutes after air inside the container was
depressured. The result was removed from the device and
additionally dried for 1 hour. Cracks occurred in a drying
stage.

[0698] The powder compacted body was heated to 800° C.
at 1° C. per minute and heated at 800° C. for 5 hours. Then,
the sample in a furnace was cooled. Calcium oxide was
formed on the calcined body. The calcined body collapsed
when immersed in water.

[0699] When this comparative example was compared
with the calcium sulfate porous body block that was the raw
material inorganic compound used in Example 2, the cal-
cium sulfate hemihydrate was cured when mixed with water
and the calcium sulfate dihydrate which was the cured body
did not thermally decompose even when heated at 800° C.
Therefore, it was confirmed that the calcium sulfate porous
body block was a unique raw material inorganic compound.

Example 3

[0700] The calcium carbonate interconnected porous
block produced in Example 2 was immersed in a disodium
hydrogen phosphoric acid aqueous solution at a 2 molar
concentration at 80° C. for 7 days. There was no change in
the apparent form. A volume was 1.3x10™7 m>. When
composition analysis was performed using the powder X-ray
diffractometer (f) of FIG. 1) and the Fourier transform
spectrophotometer, a composition of the product inorganic
compound was a carbonate apatite. Through the scanning
electron microscope image of the product inorganic com-
pound (d) of FIG. 2) and the micro CT, pores with a diameter
of 110 um and a length of at least 2 mm were observed. The
aspect ratio of the pore was 18. That is, pores having an
aspect ratio of at least 5 or more were observed. A porosity
of the obtained product inorganic compound was 38% and
a compressive strength was 5.2 MPa.

[0701] The obtained carbonate apatite interconnected
porous body including pores having an aspect ratio of 5 or
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more was implanted into a tibia of a rabbit. At a stage 2
weeks after implantation, it was found that bone had invaded
into the pores.

Comparative Example 2

[0702] A calcium hydroxide powder compacted body was
exposed to carbon dioxide to produce a calcium carbonate
block. The block was immersed in a disodium hydrogen
phosphoric acid aqueous solution at a 2 molar concentration
at 80° C. for 7 days and a carbonate apatite block having the
same form as in Example 3 was produced. In the carbonate
apatite block, there were no pores into which cells can
invade and pores having an aspect ratio of at least 5 or more
were not observed. At a stage 2 weeks after implantation,
osteoconduction was confirmed around the block, but inva-
sion of bone into the block was not observed.

[0703] Comparing this comparative example and Example
3, the apatite porous body including pores having an aspect
ratio of 5 or more produced in Example 3 was revealed as
an excellent bone prosthetic material into which bone canen-
ter.

Example 4

[0704] Calcium sulfate porous body granules (a raw mate-
rial inorganic compound 3) were immersed and rolled in a
sodium hydroxide aqueous solution (50 mL) at a 2 molar
concentration at 80° C. for 7 days. The exterior was rounded
by rolling and there was no change in the apparent form
except the rounded exterior. An average volume was 1.8x
10~ m®. When composition analysis was performed using
the powder X-ray diffractometer, a composition of the
product inorganic compound was calcium hydroxide (g) of
FIG. 1). Through the scanning electron microscope image of
the product inorganic compound (e) of FIG. 2) and the micro
CT, pores with a diameter of 110 pm and a length of at least
2 mm were observed. The aspect ratio of the pore was 18.
That is, pores having an aspect ratio of at least 5 or more
were observed.

Example 5

[0705] Calcium sulfate porous body granules (the raw
material inorganic compound 3) were immersed and rolled
in a sodium fluoride aqueous solution (50 mL) ata 0.5 molar
concentration at 80° C. for 10 days. The exterior was
rounded by rolling and there was no change in the apparent
form except the rounded exterior. An average volume was
1.8x107° m>. When composition analysis was performed
using the powder X-ray diffractometer, it was confirmed that
a composition of the product inorganic compound was
calcium fluoride (h) of FIG. 1). Through the product inor-
ganic compound scanning electron microscope image (f) of
FIG. 2) and the micro CT, pores with a diameter of 110 pm
and a length of at least 2 mm were observed. The aspect ratio
of the pore was 18. That is, pores having an aspect ratio of
at least 5 or more were observed.

Example 6

[0706] The calcium hydroxide interconnected porous
body produced in Example 4 was used as the raw material
inorganic compound and immersed in a sodium carbonate
aqueous solution (50 mL) at a 2 molar concentration at 25°
C. for 7 days. There was no change in the apparent form and
a volume was 1.8x107° m®. When composition analysis was
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performed using the powder X-ray diffractometer, a com-
position of the product inorganic compound was calcium
carbonate (i) of FIG. 1). Through the scanning electron
microscope image of the product inorganic compound and
the micro CT, pores with a diameter of 110 um and a length
of at least 1.6 mm were observed. The aspect ratio of the
pore was 14. That is, pores having an aspect ratio of at least
5 or more were observed.

Example 7

[0707] The calcium hydroxide interconnected porous
body produced in Example 4 was used as the raw material
inorganic compound and immersed in a magnesium chloride
aqueous solution (50 mL) at a 2 molar concentration at 25°
C. for 7 days.

[0708] There was no change in the apparent form in the
produced product inorganic compound. A volume was 1.8x
10~ m®. When composition analysis was performed using
the powder X-ray diffractometer, a composition of the
product inorganic compound was magnesium hydroxide (j)
of FIG. 1). Through the scanning electron microscope image
of the product inorganic compound and the micro CT, pores
with a diameter of 110 um and a length of at least 1.6 mm
were observed. The aspect ratio of the pore was 14. That is,
pores having an aspect ratio of at least 5 or more were
observed.

Example 8

[0709] p-type tricalcium phosphate granules (a raw mate-
rial inorganic compound 4) were immersed in a sodium
hydrogen sulfate aqueous solution at a 1 molar concentration
at 25° C. for 20 minutes.

[0710] There was no change in the apparent form in the
produced product inorganic compound. An average volume
was 1.8x10° m®. When composition analysis was per-
formed using the powder X-ray diffractometer, a composi-
tion of the product inorganic compound was calcium sulfate
dihydrate (k) of FIG. 1).

Example 9

[0711] Calcium sulfate interconnected porous body gran-
ules (the raw material inorganic compound 3) were
immersed in a sodium carbonate aqueous solution (50 mL.)
at a 2 molar concentration at 80° C. for 24 hours.

[0712] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x10™° m>. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
product inorganic compound was calcium carbonate and the
polymorph of calcium carbonate was calcite only and vater-
ite was not detected. Through the scanning electron micro-
scope image of the product inorganic compound and the
micro CT, pores with a diameter of 110 um and a length of
at least 2 mm were observed. The aspect ratio of the pore
was 18. That is, pores having an aspect ratio of at least 5 or
more were observed.

[0713] An average diameter of calcium carbonate crystals
was 1.9 um. The full width at half maximum of a peak at
20=29.4° measured using the powder X-ray diffractometer
was 0.139°. A crystallite size was 105 nm.
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Example 10

[0714] Calcium sulfate interconnected porous body gran-
ules (the raw material inorganic compound 3) were
immersed in a sodium carbonate aqueous solution (50 m[.)
at a 2 molar concentration at 20° C. for 24 hours.

[0715] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x107° m>. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
product inorganic compound was calcium carbonate, and the
polymorph of calcium carbonate was calcite only and vater-
ite was not detected (a) of FIG. 3). Through the scanning
electron microscope image of the product inorganic com-
pound and the micro CT, pores with a diameter of 110 pm
and a length of at least 2 mm were observed. The aspect ratio
of the pore was 18. That is, pores having an aspect ratio of
at least 5 or more were observed.

[0716] An average diameter of calcium carbonate crystals
was 1.2 um. The full width at half maximum of a peak at
20=29.4° measured using the powder X-ray diffractometer
was 0.142°. A crystallite size was 101 nm.

Example 11

[0717] Calcium sulfate interconnected porous body gran-
ules (the raw material inorganic compound 3) were
immersed in a sodium carbonate aqueous solution (50 m[.)
at a 2 molar concentration at 4° C. for 14 days.

[0718] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x10™° m>. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
product inorganic compound was calcium carbonate and the
polymorphs of calcium carbonate were calcite and vaterite
(b) of FIG. 3). Through the scanning electron microscope
image of the product inorganic compound and the micro CT,
pores with a diameter of 110 pm and a length of at least 2
mm were observed. The aspect ratio of the pore was 18. That
is, pores having an aspect ratio of at least 5 or more were
observed.

[0719] An average diameter of calcium carbonate crystals
was 0.8 The full width at half maximum of a peak at
20=29.4° measured using the powder X-ray diffractometer
was 0.147°. A crystallite size was 96 nm.

Example 12

[0720] The calcium carbonate interconnected porous body
granules (the raw material inorganic compound) produced in
Example 11 was immersed in a disodium hydrogen phos-
phoric acid aqueous solution (50 mL) at a 1 molar concen-
tration at 80° C. for 14 days.

[0721] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x10™° m>. When composition analysis was performed
using the powder X-ray diffractometer and the Fourier
transform infrared spectrophotometer, a composition of the
product inorganic compound was a carbonate apatite.
Through the scanning electron microscope image of the
product inorganic compound and the micro CT, pores with
a diameter of 110 pm and a length of at least 2 mm were
observed. The aspect ratio of the pore was 18. That is, pores
having an aspect ratio of at least 5 or more were observed.
[0722] A crystallite size of the carbonate apatite measured
using the powder X-ray diffractometer was 95 nm.
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Example 13

[0723] The calcium carbonate interconnected porous body
granules (the raw material inorganic compound) produced in
Example 11 were immersed in a disodium hydrogen phos-
phoric acid aqueous solution (50 mL) at a 1 molar concen-
tration at 50° C. for 14 days.

[0724] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x10™° m>. When composition analysis was performed
using the powder X-ray diffractometer and the Fourier
transform infrared spectrophotometer, a composition of the
product inorganic compound was a carbonate apatite and a
small amount of calcium carbonate was also detected.
Through the scanning electron microscope image of the
product inorganic compound and the micro CT, pores with
a diameter of 110 uM and a length of at least 2 mm were
observed. The aspect ratio of the pore was 18. That is, pores
having an aspect ratio of at least 5 or more were observed.

[0725] A crystallite size of the carbonate apatite measured
using the powder X-ray diffractometer was 46 nm.

Example 14

[0726] The calcium carbonate interconnected porous body
granules (the raw material inorganic compound) produced in
Example 11 were immersed in a disodium hydrogen phos-
phoric acid aqueous solution (50 mL) at a 1 molar concen-
tration at 20° C. for 14 days.

[0727] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x10™° m>. When composition analysis was performed
using the powder X-ray diffractometer and the Fourier
transform infrared spectrophotometer, a composition of the
product inorganic compound was a carbonate apatite and
calcium carbonate. Through the scanning electron micro-
scope image of the product inorganic compound and the
micro CT, pores with a diameter of 110 um and a length of
at least 2 mm were observed. The aspect ratio of the pore
was 18. That is, pores having an aspect ratio of at least 5 or
more were observed.

[0728] A crystallite size of the carbonate apatite measured
using the powder X-ray diffractometer was 24 nm.

[0729] Comparing Examples 12, 13, and 14, it was found
that, in production of a carbonate apatite from calcium
carbonate, the higher the temperature of an electrolyte in
which calcium carbonate was immersed, the shorter the time
for production. On the other hand, it was found that, when
the temperature of the electrolyte was lower, a carbonate
apatite having a smaller crystallite size can be produced.
When the carbonate apatites of Examples 12, 13, and 14
were implanted in a bone defect formed in a rat skull and
histopathologically evaluated after 2 weeks, all of the car-
bonate apatites showed an excellent tissue reaction and
osteoconductivity. However, the invasion of bone into a
porous body was particularly superior in the carbonate
apatite produced in Example 14, next best in the carbonate
apatite produced in Example 13, and the carbonate apatite
produced in Example 12 was relatively inferior. Accord-
ingly, it was confirmed that the crystallinity of the carbonate
apatite was related to osteoconductivity inside the porous
body and a low-crystallinity carbonate apatite has excellent
osteoconductivity.
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Example 15

[0730] Calcium sulfate interconnected porous body gran-
ules (the raw material inorganic compound) were immersed
in a sodium carbonate aqueous solution (50 mL.) at a 2 molar
concentration at 4° C. for 7 days.

[0731] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x107° m>. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
product inorganic compound was mainly calcium carbonate
and the polymorphs of calcium carbonate were calcite and
vaterite. A part of calcium sulfate remaining was observed.
Through the scanning electron microscope image of the
product inorganic compound and the micro CT, pores with
a diameter of 110 pm and a length of at least 2 mm were
observed.

[0732] The aspect ratio of the pore was 18. That is, pores
having an aspect ratio of at least 5 or more were observed.
[0733] An average diameter of calcium carbonate crystals
was 0.8 um. The full width at half maximum of a peak at
20=29.4° measured using the powder X-ray diffractometer
was 0.147°. A crystallite size was 96 nm.

Example 16

[0734] Calcium sulfate interconnected porous body gran-
ules (the raw material inorganic compound 3) were
immersed in a sodium carbonate aqueous solution (50 m[.)
at a 2 molar concentration at 4° C. for 7 days.

[0735] The sodium carbonate aqueous solution at a 2
molar concentration was replaced every 24 hours.

[0736] There was no change in the apparent form in the
produced product inorganic compound. A volume was
2x107° m>. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
product inorganic compound was calcium carbonate, and the
polymorphs of calcium carbonate were calcite and vaterite.
Through the scanning electron microscope image of the
product inorganic compound and the micro CT, pores with
a diameter of 110 pm and a length of at least 2 mm were
observed. The aspect ratio of the pore was 18. That is, pores
having an aspect ratio of at least 5 or more were observed.
[0737] An average diameter of calcium carbonate crystals
was 0.8 um. The full width at half maximum of a peak at
20=29.4° measured using the powder X-ray diffractometer
was 0.147°. A crystallite size was 96 nm.

[0738] Comparing Example 11 and Example 15, it was
found that, when the electrolyte aqueous solution in which
the product inorganic compound was immersed was
replaced during immersing, composition conversion from
the raw material inorganic compound to the product inor-
ganic compound was faster.

Example 17

[0739] Calcium sulfate interconnected porous body gran-
ules (the raw material inorganic compound 3) were
immersed in a sodium carbonate aqueous solution (50 m[.)
at a 2 molar concentration at 4° C. for 7 days. In addition,
20 g of a strong basic ion exchange resin (SA10AOH
commercially available from Mitsubishi Chemical Corpo-
ration) substituted with carbonate ions in advance was added
to an electrolyte aqueous solution.

[0740] There was no change in the apparent form in the
produced product inorganic compound. A volume was
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2x10™° m®. When composition analysis was performed
using the powder X-ray diffractometer, a composition of the
product inorganic compound was calcium carbonate, and the
polymorphs of calcium carbonate were calcite and vaterite.
Through the scanning electron microscope image of the
product inorganic compound and the micro CT, pores with
a diameter of 110 pm and a length of at least 2 mm were
observed. The aspect ratio of the pore was 18. That is, pores
having an aspect ratio of at least 5 or more were observed.
[0741] An average diameter of calcium carbonate crystals
was 0.8 um. The full width at half maximum of a peak at
20=29.4° measured using the powder X-ray diffractometer
was 0.147°. A crystallite size was 96 nm.

[0742] Comparing Example 11 and Example 15, it was
found that, when an ion exchange resin was added to an
electrolyte aqueous solution, and sulfate ions released from
the raw material inorganic compound and not contained in
the product inorganic compound were removed, composi-
tion conversion from the raw material inorganic compound
to the product inorganic compound was faster.

Example 18

[0743] A calcium sulfate hemihydrate was mixed with
water at a ratio of water mixed in of 0.25 to prepare slurry.
A polyurethane foam was immersed in the slurry with excess
calcium sulfate slurry being removed, and then cured to
cover a surface of the polyurethane foam with calcium
sulfate. According to the analysis using the powder X-ray
diffractometer, calcium sulfate dihydrate was formed on the
surface of the polyurethane foam.

[0744] The raw material inorganic compound was
immersed in a sodium carbonate aqueous solution at a 1
molar concentration at 4° C. for 1 day.

[0745] When analysis was performed using the powder
X-ray diffractometer, a composition of the obtained product
inorganic compound was calcium carbonate.

[0746] A polyurethane foam covered with calcium car-
bonate was used as the raw material inorganic compound
and was immersed in a disodium hydrogen phosphoric acid
aqueous solution at a 1 molar concentration at 80° C. for 7
days.

[0747] When composition analysis was performed on the
obtained product inorganic compound using the powder
X-ray diffractometer and the Fourier transform infrared
spectrophotometer, a main composition of the product inor-
ganic compound was a carbonate apatite. No change was
observed in the internal polyurethane foam.

Example 19

[0748] An a-type tricalcium phosphate disk (a raw mate-
rial inorganic compound 5) was immersed in a sodium
chloride aqueous solution (40 mL) at a 0.1 molar concen-
tration at 80° C. for 3 days.

[0749] The form of the product inorganic compound alter
immersing was the same as that before immersing. A volume
of the disk was 2x10~7 m®. When composition analysis was
performed using the powder X-ray diffractometer, a com-
position of the product inorganic compound was whitlockite
(c) of FIG. 3). In addition, in Fourier transform infrared
spectroscopy spectrums (FIG. 4), it was found that the
product inorganic compound included a hydrogen phosphate
group. As the result of ICP plasma analysis, it was found that
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Na which was an element not included in the raw material
inorganic compound was included at 5 weight % in the
whitlockite.

Example 20

[0750] An a-type tricalcium phosphate disk (the raw
material inorganic compound 5) was immersed in a mag-
nesium chloride aqueous solution (40 mL) at a 0.1 molar
concentration at 80° C. for 3 days.

[0751] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
ing. A volume of the disk was 2x10~7 m>. When composition
analysis was performed using the powder X-ray diffracto-
meter, a composition of the product inorganic compound
was whitlockite (d) of FIG. 3). In addition, in Fourier
transform infrared spectroscopy spectrums (b) of FIG. 4), it
was found that the product inorganic compound included a
hydrogen phosphate group. As the result of ICP plasma
analysis, it was found that magnesium which was an element
not included in the raw material inorganic compound was
included at 4 weight % in the whitlockite.

Example 21

[0752] A calcium magnesium carbonate disk (a raw mate-
rial inorganic compound 6) was immersed in a disodium
hydrogen phosphoric acid aqueous solution at a 1 molar
concentration at 150° C. for 7 days and the product inorganic
compound was produced.

[0753] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
ing. A volume of the disk was 2x10~7 m>. When composition
analysis was performed using the powder X-ray diffracto-
meter, a composition of the product inorganic compound
was whitlockite. In addition, in Fourier transform infrared
spectroscopy spectrums, it was found that the product inor-
ganic compound included a hydrogen phosphate group. As
the result of ICP plasma analysis, it was found that magne-
sium which was an element not included in the raw material
inorganic compound was included at 4 weight % in the
whitlockite.

Example 22

[0754] A calcium hydrogen phosphate dihydrate calcium
disk (a raw material inorganic compound 7) was immersed
in a disodium hydrogen phosphoric acid aqueous solution at
a 1 molar concentration at 80° C. for 7 days and the product
inorganic compound was produced.

[0755] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
ing. When composition analysis was performed using the
powder X-ray diffractometer, a composition of the product
inorganic compound was whitlockite. In addition, in Fourier
transform infrared spectroscopy spectrums (FIG. 4), it was
found that the product inorganic compound included a
hydrogen phosphate group. As the result of ICP plasma
analysis, it was found that magnesium which was an element
not included in the raw material inorganic compound was
included at 4 weight % in the whitlockite.

Example 23

[0756] 0.5 g of P-type tricalcium phosphate granules (the
raw material inorganic compound 4) were immersed in a
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sodium hydrogen carbonate aqueous solution (50 mL) at a 2
molar concentration at 80° C. for 24 hours.

[0757] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
ing. A volume was 2x10™° m>. When composition analysis
was performed using the powder X-ray diffractometer, a
composition of the product inorganic compound was a
mixture of -type tricalcium phosphate and calcium carbon-
ate (a) of FIG. 5). When the product inorganic compound
was embedded in a resin, polished and subjected to EDAX
analysis, it was found that the surface layer portion was
calcium carbonate and the inside was f-type tricalcium
phosphate. A thickness of the surface layer portion was 180
um. An amount of calcium carbonate in the product inor-
ganic compound was 54 weight %.

[0758] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
carbonate covered f-type tricalcium phosphate granules.
Based on a histopathological image after 4 weeks, it was
found that the calcium carbonate covered p-type tricalcium
phosphate granules serving as the product inorganic com-
pound exhibited excellent tissue compatibility.

[0759] In addition, it was confirmed that bone grew on
surfaces of the produced calcium carbonate covered $-type
tricalcium phosphate granules. An osteogenesis rate was
70%.

Example 24

[0760] 0.5 g of carbonate apatite granules (raw material
inorganic compound 8) were immersed in a sodium hydro-
gen sulfate aqueous solution (20 mL) at a 0.1 molar con-
centration at 80° C. for 6 hours.

[0761] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
ing. A volume was 6x107*' m*. When composition analysis
was performed using the powder X-ray diffractometer, a
composition of the product inorganic compound was a
mixture of a carbonate apatite and calcium sulfate dihydrate
(b) of FIG. 5). When the product inorganic compound was
embedded in a resin, polished and subjected to EDAX
analysis, it was found that the surface layer portion was
calcium sulfate and the inside was a carbonate apatite. A
thickness of the surface layer portion was 35 pm. An amount
of calcium sulfate in the product inorganic compound was
36 weight %.

[0762] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
sulfate covered carbonate apatite granule. Based on a his-
topathological image 4 weeks after implantation, the cal-
cium sulfate covered carbonate apatite granules serving as
the product inorganic compound exhibited excellent tissue
compatibility.

[0763] In addition, it was confirmed that bone grew on
surfaces of the produced calcium sulfate covered carbonate
apatite granules. An osteogenesis rate was 80%.

Example 25

[0764] 0.5 g of p-type tricalcium phosphate granules (the
raw material inorganic compound 4) were immersed in a
sodium hydrogen sulfate aqueous solution (20 mL) at a 0.1
molar concentration at 80° C. for 3 hours.

[0765] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
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ing. A volume was 2x10™° m>. When composition analysis
was performed using the powder X-ray diffractometer, a
composition of the product inorganic compound was a
mixture of f-type tricalcium phosphate and calcium sulfate
dihydrate (c) of FIG. 5). When the product inorganic com-
pound was embedded in a resin, polished and subjected to
EDAX analysis, it was found that the surface layer portion
was calcium sulfate and the inside was B-type tricalcium
phosphate. A thickness of the surface layer portion was 20
um and an amount of calcium sulfate in the product inor-
ganic compound was 8 weight %.

[0766] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
sulfate covered f-type tricalcium phosphate granules. Based
on a histopathological image, the calcium sulfate covered
p-type tricalcium phosphate granules serving as the product
inorganic compound exhibited excellent tissue compatibil-
ity.

[0767] In addition, it was confirmed that bone grew on
surfaces of the produced calcium sulfate covered f-type
tricalcium phosphate granules. An osteogenesis rate was
75%.

Example 26

[0768] 0.5 g of hydroxyapatite granules (a raw material
inorganic compound 9) were immersed in a sodium hydro-
gen sulfate aqueous solution (20 mL) at a 0.1 molar con-
centration at 80° C. for 6 hours.

[0769] The form of the produced product inorganic com-
pound after immersing was the same as that before immers-
ing. A volume was 2x10™° m*. When composition analysis
was performed using the powder X-ray diffractometer, a
composition of the product inorganic compound was a
mixture of a hydroxyapatite and calcium sulfate dihydrate
(d) of FIG. 5). When the product inorganic compound was
embedded in a resin, polished and subjected to EDAX
analysis, it was found that the surface layer portion was
calcium sulfate and the inside was a hydroxyapatite. A
thickness of the surface layer portion was 40 pm and an
amount of calcium sulfate in the product inorganic com-
pound was 17 weight %.

[0770] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
sulfate covered hydroxyapatite granules. Based on a histo-
pathological image, it was found that the calcium sulfate
covered 13 hydroxyapatite granules serving as the product
inorganic compound exhibited excellent tissue compatibil-
ity.

[0771] In addition, it was confirmed that bone grew on
surfaces of the produced calcium sulfate covered hydroxy-
apatite granules. An osteogenesis rate was 75%.

Example 27

[0772] Calcium hydroxide (commercially available from
Nacalai Tesque, Inc.) was compacted at 20 MPa, and reacted
at 20° C. with carbon dioxide bubbled into distilled water at
20° C. for 7 days. It was found that the product was calcite
crystalline calcium carbonate based on powder X-ray dif-
fraction of the produced material. In addition, it was con-
firmed that the core portion was a material that satisfied a
requirement that a material is artificially produced from
calcium hydroxide which is a chemically synthesized mate-
rial and does not include a natural product.
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[0773] Next, calcium carbonate was pulverized and sized
to 300 um to 600 pum using a sieve.

[0774] The calcium carbonate granules were immersed in
a disodium hydrogen phosphate (commercially available
from Nacalai Tesque, Inc.) aqueous solution at a 1 molar
concentration at 40° C. for 4 hours and 16 hours. A pH of the
disodium hydrogen phosphoric acid aqueous solution at a 1
molar concentration was 9.2.

[0775] The a) of FIG. 6 shows a powder X-ray diffraction
image of calcium carbonate granules. The b) of FIG. 6
shows a powder X-ray diffraction image of granules
obtained by treating calcium carbonate granules with a
disodium hydrogen phosphoric acid aqueous solution for 4
hours. The ¢) of FIG. 6 shows a powder X-ray diffraction
image of granules obtained by treating calcium carbonate
granules with a disodium hydrogen phosphoric acid aqueous
solution for 16 hours. The d) of FIG. 6 shows a powder
X-ray diffraction image of a carbonate apatite reference
sample.

[0776] In the granules shown in the b) of FIG. 6 and the
¢) of FIG. 6, in addition to the diffraction pattern derived
from calcium carbonate of the a) of FIG. 6, a carbonate
apatite shown in the d) of FIG. 6 is observed. Therefore, it
can be understood that calcium carbonate reacts with a
disodium hydrogen phosphoric acid aqueous solution and a
carbonate apatite is formed. The formation of the carbonate
apatite was confirmed from an absorption peak position
specific to a carbonate apatite using the Fourier transform
spectrophotometer.

[0777] The a) of FIG. 7 shows a scanning electron micro-
scope image of calcium carbonate granules. The b) of FIG.
7 shows a scanning electron microscope image of granules
obtained by treating calcium carbonate granules with a
disodium hydrogen phosphoric acid aqueous solution for 4
hours. The ¢) of FIG. 2 shows a scanning electron micro-
scope image of granules obtained by treating calcium car-
bonate granules with a disodium hydrogen phosphoric acid
aqueous solution for 16 hours. The d) of FIG. 7 shows a
scanning electron microscope image of carbonate apatite
granules. Also, in the d) of FIG. 7, the carbonate apatite
granules are granules obtained by treating calcium carbonate
granules with a disodium hydrogen phosphoric acid aqueous
solution at a 1 molar concentration at 60° C. for 10 days, and
it was separately confirmed, based on powder X-ray diffrac-
tion that calcium carbonate was not detected and only an
apatite phase was observed.

[0778] Surface forms of granules of the b) of FIG. 7 and
the ¢) of FIG. 7 were different from surface forms of calcium
carbonate shown in the a) of FIG. 7, and the same form as
carbonate apatite shown in the d) of FIG. 7 was observed. In
addition, it was found from peak areas derived from a
carbonate apatite that the granules in the b) of FIG. 7 have
a composition including a carbonate apatite at 10 mass %
and calcium carbonate at 90 mass % and the granules in the
¢) of FIG. 7 have a composition including a carbonate
apatite at 30 mass % and calcium carbonate at 70 mass %.
[0779] FIG. 8 shows a scanning electron microscope
image of a cross section of a granule obtained when the
calcium carbonate granules shown in the ¢) of FIG. 6 were
treated with a disodium hydrogen phosphoric acid aqueous
solution for 16 hours and the granules were embedded in a
resin and polished, and the elemental analysis results
obtained using an energy-dispersive X-ray analyzing device.
The white line part indicates an analysis portion. PK indi-
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cates the analysis result for phosphorus and CaK indicates
the analysis result for calcium. It was confirmed that phos-
phorus was observed on surfaces of granules, no phosphorus
was observed inside the granule, and no significant differ-
ence was detected in calcium.

[0780] It can be understood that, theoretically, a reaction
occurred on surfaces when calcium carbonate granules
reacted in a disodium hydrogen phosphoric acid aqueous
solution and it was possible to produce granules of which the
surface layer portion was a carbonate apatite and the core
portion was calcium carbonate from the scanning electron
microscope observation on the surface shown in FIG. 7 and
the elemental analysis result obtained using the energy-
dispersive X-ray analyzing device and the scanning electron
microscope observation on a fractured surface shown in
FIG. 8.

[0781] A volume of the produced granules was about
107" m?, which was 107'* m® or more.

[0782] In order to verify tissue compatibility of the pro-
duced bone prosthetic material, 0.1 g of granules were
implanted subcutaneously into a rat. The a) of FIG. 9 shows
the results 1 week after implantation. The b) of FIG. 9 shows
the results when the implantation part was cut. Even though
carbonate apatite covered calcium carbonate granules were
implanted subcutaneously into a rat, no swelling was
observed. In addition, when the implantation part was cut,
carbonate apatite covered calcium carbonate granules were
observed and no inflammatory exudate was observed. Based
on such results, it was found that the carbonate apatite
covered calcium carbonate granules exhibited excellent tis-
sue compatibility.

[0783] In order to further examine usefulness of the pro-
duced carbonate apatite covered calcium carbonate granules
as a bone prosthetic material, a bone defect with a diameter
of 6 mm was formed in a skull of a Japanese white house
male rabbit using a trephine bar, 10 mass % carbonate
apatite covered calcium carbonate granules and 30 mass %
carbonate apatite covered calcium carbonate granules were
implanted, and histopathological evaluation was performed
after 4 weeks and 8 weeks. FIG. 10 shows the results
obtained when tissues after 4 weeks were stained with
Villanueva-Goldner. In this staining, since the granules
dropped off, they were white and mature bone was stained
in green.

[0784] It was clearly confirmed that the carbonate apatite
covered calcium carbonate granules (b) of FIG. 10 and The
¢) of FIG. 105 of the present invention had a larger amount
of mature bone than the calcium carbonate granules (a) of
FIG. 10) and the carbonate apatite granules (d) of FIG. 10)
that were materials outside the scope of the present inven-
tion.

[0785] New bone areas after 4 weeks and 8 weeks from the
operation are shown in Table 1.

TABLE 1

Usability of carbonate apatite covered calcium carbonate
granules for reconstructing house rabbit skull defect.

New bone area (%)

Type of granules After 4 weeks After 8 weeks

10% carbonate apatite 20 27
covered calcium carbonate
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TABLE 1-continued

Usability of carbonate apatite covered calcium carbonate
granules for reconstructing house rabbit skull defect.

New bone area (%)

Type of granules After 4 weeks After 8 weeks
30% carbonate apatite 19 25
covered calcium carbonate
Calcium carbonate 14 4
Carbonate apatite 11 23

[0786] In the new bone area 4 weeks after the operation,

there was 20% of 10 mass % carbonate apatite covered
calcium carbonate granules, and 19% of 30 mass % carbon-
ate apatite covered calcium carbonate granules, but there
was 14% of calcium carbonate which was a material outside
the scope of the present invention, and 11% of a carbonate
apatite which was a material outside the scope of the present
invention.

[0787] In addition, in the new bone area 8 weeks after the
operation, there was 27% 10 mass % carbonate apatite
covered calcium carbonate granules, and 25% 30 mass %
carbonate apatite covered calcium carbonate granules, but
there was 4% calcium carbonate which was a material
outside the scope of the present invention and a 23%
carbonate apatite which was a material outside the scope of
the present invention. It was found that carbonate apatite
covered calcium carbonate of the present invention had a
superior amount of osteogenesis.

Comparative Example 3

[0788] Calcium carbonate powder was immersed in a
disodium hydrogen phosphoric acid aqueous solution (pH
9.2) at a 1 molar concentration at 80° C. for 24 hours. The
a) of FIG. 11 and the b) of FIG. 11 show scanning electron
microscope images of calcium carbonate used for produc-
tion and the produced powder. Since a volume of the
produced powder particles was about 4x107'° m>, it was
determined as a material having a volume of less than 1073
m? outside the scope of the present invention.

[0789] The a) of FIG. 12 shows a powder X-ray diffraction
image of calcium carbonate powder used for production.
The b) of FIG. 12 shows a powder X-ray diffraction image
of powder obtained by reacting calcium carbonate powder
with a disodium hydrogen phosphoric acid aqueous solution.
The ¢) of FIG. 12 shows a powder X-ray diffraction image
of a carbonate apatite. The produced powder in the b) of
FIG. 12 was determined as a carbonate apatite covered
calcium carbonate powder.

[0790] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered calcium carbonate powder,
0.1 g of the powder was implanted subcutaneously into a rat.
The ¢) of FIG. 11 shows the results 1 week after implanta-
tion. The d) of FIG. 11 shows the results when the implan-
tation part was cut. When the carbonate apatite covered
calcium carbonate powder was implanted subcutaneously
into a rat, swelling was observed. In addition, when the
implantation part was cut, a light yellow transparent inflam-
matory exudate was observed. Based on such results, it was
found that the carbonate apatite covered calcium carbonate
powder caused an inflammatory response.

[0791] In both the products of Example 27 and Compara-
tive Example 3, the surface layer portion was a carbonate
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apatite and the core portion was calcium carbonate. In
addition, in both the produced products, the core portion was
an artificially produced material. A difference between them
was only a volume. When the carbonate apatite covered
calcium carbonate had a volume of less than 107'* m?, an
inflammatory response was caused.

Comparative Example 4

[0792] In order to produce a material including a natural
product core portion and a carbonate apatite surface layer
portion, littleneck clam shells were pulverized to produce
littleneck clam shell powder. It is known that a composition
of the littleneck clam shell is calcium carbonate and is
aragonite which is one of polymorphs of calcium carbonate.
[0793] The littleneck clam shell powder was immersed in
a disodium hydrogen phosphoric acid aqueous solution at a
1 molar concentration at 80° C. for 24 hours.

[0794] The a) of FIG. 13 shows a powder X-ray diffraction
image of the littleneck clam shell powder. It was confirmed
that the littleneck clam shell was aragonite crystalline cal-
cium carbonate.

[0795] Theb) of FIG. 13 shows an X-ray diffraction image
of a product produced by reacting littleneck clam shell
powder with a disodium hydrogen phosphoric acid aqueous
solution. In addition to a diffraction pattern derived from the
littleneck clam shell powder, a diffraction pattern derived
from a carbonate apatite shown in the ¢) of FIG. 13 was
observed, and it was confirmed that it was possible to
produce a carbonate apatite covered shell powder as a
product.

[0796] The a) of FIG. 14 and the b) of FIG. 14 show
scanning electron microscope images of carbonate apatite
covered littleneck clam shell powder produced by reacting
littleneck clam shell powder with a disodium hydrogen
phosphoric acid aqueous solution. A volume of the carbon-
ate apatite covered littleneck clam shell powder particles
was about 6x107'° m?® and less than 107" m?. In addition,
since the core portion of the produced carbonate apatite
covered littleneck clam shell powder was a natural product
that was not artificially produced from a chemically synthe-
sized material, it was determined as a material outside the
scope of the present invention in consideration of both a
volume and an origin of the core portion.

[0797] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered littleneck clam shell pow-
der, 0.1 g of the powder was implanted subcutaneously into
a rat. The c¢) of FIG. 14 shows the results 1 week after
implantation. The d) of FIG. 14 shows the results when the
implantation part was cut. When the carbonate apatite cov-
ered littleneck clam powder was implanted subcutaneously
into a rat, swelling was observed. In addition, when the
implantation part was cut, a light yellow transparent inflam-
matory exudate was observed. Based on such results, it was
found that the carbonate apatite covered littleneck clam
powder caused an inflammatory response.

Comparative Example 5

[0798] In order to produce a material including a natural
product core portion and a carbonate apatite surface layer
portion, littleneck clam shell were pulverized into granules
and sized to 300 um to 600 um using a sieve. A volume of
the littleneck clam shell granules was about 8x107'! m?,

which was 107'* m® or more.
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[0799] While littleneck clam shell granules were
immersed in a disodium hydrogen phosphoric acid aqueous
solution at a 1 molar concentration at 40° C. for 4 hours and
16 hours, the formation of a carbonate apatite was not
observed in the powder X-ray diffraction image at all (the b)
of FIG. 15). Accordingly, it was confirmed that reactivity of
the littleneck clam granules as a natural product with respect
to a disodium hydrogen phosphoric acid aqueous solution
was significantly lower than that of the artificial calcium
carbonate described in Example 27.

[0800] Inorderto produce carbonate apatite covered little-
neck clam shell granules, reaction conditions were exam-
ined. As a result, it was found that, when a reaction was
caused with a disodium hydrogen phosphoric acid aqueous
solution at a 1 molar concentration under hydrothermal
conditions at 150° C. for 16 hours, it was possible to produce
granules whose core portion was a littleneck clam shell as a
natural material and whose surface layer portion was a
carbonate apatite. The c) of FIG. 15 shows a powder X-ray
diffraction image of the product. In addition to the diffrac-
tion pattern (a) of FIG. 15) derived from aragonite (calcium
carbonate) that was a composition of the littleneck clam
shell, a diffraction pattern (d) of FIG. 15) derived from a
carbonate apatite was observed.

[0801] The a) of FIG. 16 shows a scanning electron
microscope image of littleneck clam shell granules used for
production. The b) of FIG. 16 shows a scanning electron
microscope image of a product obtained by performing a
reaction with a disodium hydrogen phosphoric acid aqueous
solution at a 1 molar concentration under hydrothermal
conditions at 150° C. for 16 hours. It was confirmed that
characteristic crystals of a carbonate apatite were precipi-
tated on surfaces of the littleneck clam shell granules.

[0802] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered littleneck clam shell gran-
ules, 0.1 g of the granules was implanted subcutaneously
into a rat. The ¢) of FIG. 16 shows the results 1 week after
implantation. The d) of FIG. 16 shows the results when the
implantation part was cut. When the carbonate apatite cov-
ered littleneck clam granules were implanted subcutane-
ously into a rat, swelling was observed even though surfaces
of carbonate apatite covered littleneck clam granules were a
carbonate apatite. In addition, when the implantation part
was cut, a light yellow transparent inflammatory exudate
was observed. Based on such results, it was found that the
carbonate apatite covered littleneck clam powder caused an
inflammatory response.

[0803] A difference between this comparative example
and Example 27 is only the composition of the core portion,
that is, whether the core portion is a natural product or a
product that is artificially produced from a chemically
synthesized material. Comparing the two products, it could
be understood that it is important for the core portion to be
an artificial material and not to include a natural product.

[0804] Rat subcutaneous tissue reactions in Example 271
and Comparative Examples 3 to 5 in which a composition of
the core portion was calcium carbonate and the surface layer
was a carbonate apatite are summarized in Table 2.
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TABLE 2

Summary of rat subcutaneous reactions of products
in which a core portion is calcium carbonate and
a surface layer portion is a carbonate apatite.

Core portion is an artificial ~ Core portion is not an

material artificial material
Volume is Example 1 o Comparative X
10783 m? Example 3
or more
Volume is less Comparative X Comparative X
than 10713 m? Example 1 Example 2

[0805] In the table, “0” indicates a product in which no
swelling and inflammatory exudate was observed and “x”
indicates a product in which swelling was observed and an
inflammatory exudate was observed when it was cut.
[0806] No inflammatory response was caused in a product
in which the core portion was calcium carbonate and the
surface layer portion was a carbonate apatite only when the
requirements that a volume was 107> m® or more and the
core portion was artificially produced from a chemically
synthesized material and did not include a natural product
were satisfied.

Example 28

[0807] A polyurethane foam (HR-50 commercially avail-
able from Bridgestone Corporation) was immersed in an
a-type tricalcium phosphate (commercially available from
Taihei Chemical Industrial Co., Ltd.) suspension (powder-
liquid ratio of 0.83) and dried. An a-type tricalcium phos-
phate powder was adhered to a framework of the polyure-
thane foam. Then, calcination was performed at 1550° C.,
the polyurethane foam was incinerated and the o-type
tricalcium phosphate was sintered to produce an o-type
tricalcium phosphate foam.

[0808] The a) of FIG. 17 to the c) of 17 show scanning
electron microscope images of the produced a-type trical-
cium phosphate foam. The a) of FIG. 17 is a low-magnifi-
cation image showing the form of the a-type tricalcium
phosphate foam. The b) of FIG. 12 shows a surface of a
framework of the a-type tricalcium phosphate foam. The ¢)
of FIG. 17 shows a fractured surface of a framework of the
a-type tricalcium phosphate foam.

[0809] Next, the a-type tricalcium phosphate foam was
immersed in ammonium carbonate ((NH,),CO;) at a 4
molar concentration and treated under hydrothermal condi-
tions at 200° C. A processing time was a maximum of 24
hours. A pH of ammonium carbonate (NH,),CO; at a 4
molar concentration was 9.9.

[0810] According to results of analysis through powder
X-ray diffraction, it was found that a composition of the
a-type tricalcium phosphate foam was converted into a
carbonate apatite over time.

[0811] The a) of FIG. 18 shows a powder X-ray diffraction
image of the a-type tricalcium phosphate foam. The b) of
FIG. 18 shows a powder X-ray diffraction image after
treatment for 90 minutes. The c¢) of FIG. 18 shows a powder
X-ray diffraction image after treatment for 24 hours. It could
be understood from the powder X-ray diffraction images
that, when the a-type tricalcium phosphate foam was
immersed in ammonium carbonate ((NH,),CO,) at a 4
molar concentration and hydrothermally treated at 200° C.
for 90 minutes, 35% was converted into a carbonate apatite.
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[0812] The produced carbonate apatite foam was an inter-
connected porous body. A compressive strength was 5 kPa.
Comparing this example and Example 2, it was found that
a mechanical strength of the carbonate apatite intercon-
nected porous body produced in Example 2 was extremely
high, and a method of introducing and incinerating a fibrous
pore forming material was excellent for producing a car-
bonate apatite interconnected porous body having an excel-
lent mechanical strength.

[0813] Next, various foams were pulverized, and foam
granules that passed through a sieve having a mesh opening
of 3 mm but failed to pass through a sieve having a mesh
opening of 1 mm were produced. Since a volume of the foam
granules was about 8x10~° m?, which was 107> m® or more.
[0814] The d) of FIG. 17 to the f) of FIG. 17 show
scanning electron microscope images of granules of the b) of
FIG. 18. The g) of FIG. 17 to the 1) of FIG. 17 show scanning
electron microscope images of granules of the ¢) of FIG. 18.
It could be understood from scanning electron microscope
images of fractured surfaces of foam granules shown in ¢) of
FIG. 17, 1) of FIG. 17, and i) of FIG. 17 and a powder X-ray
diffraction image shown in FIG. 18 that, when the a-type
tricalcium phosphate foam was reacted with an ammonium
carbonate aqueous solution, it was found that carbonate
apatite covered a-type tricalcium phosphate foam granules
whose core portion was a-type tricalcium phosphate and
whose surface layer portion was a carbonate apatite was
obtained.

[0815] The fact that crystals formed on surfaces of the
a-type tricalcium phosphate foam granules were a carbonate
apatite was confirmed when characteristic absorption in a
B-type carbonate apatite was observed around 1400 cm™" in
infrared spectroscopic analysis in addition to from observa-
tion under the scanning electron microscope and analysis
using the powder X-ray diffraction image.

[0816] A porosity of the obtained carbonate apatite cov-
ered calcium carbonate foam was 87%.

[0817] In order to verify tissue compatibility of the pro-
duced bone prosthetic material, 0.1 g of the foam granules
were implanted subcutaneously into a rat. Even though the
carbonate apatite covered a.-type tricalcium phosphate foam
granules were implanted subcutaneously into a rat, no swell-
ing was observed. In addition, when the implantation part
was cut, the carbonate apatite covered a-type tricalcium
phosphate foam granules were observed and no inflamma-
tory exudate was observed. Based on such results, it was
found that the carbonate apatite covered a-type tricalcium
phosphate foam granules exhibited excellent tissue compat-
ibility.

[0818] In order to further examine usefulness of the pro-
duced carbonate apatite covered a-type tricalcium phos-
phate foam granules, a beagle dog was used to reconstruct
a bone defect. A bone defect was formed in a jawbone part
three months after tooth extraction. The bone defect was
reconstructed using the carbonate apatite covered o-type
tricalcium phosphate foam granule. For comparison, recon-
struction was performed using a-type tricalcium phosphate
foam granules and carbonate apatite foam granules.

[0819] FIG. 19 shows a histopathological image three
months after implantation. In FIG. 19, G indicates the
remaining granules. The a) of FIG. 19 shows pathological
tissue of the a-type tricalcium phosphate foam granules. The
b) of FIG. 19 shows pathological tissue of the carbonate
apatite covered a-type tricalcium phosphate foam granules.
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The ¢) of FIG. 19 shows pathological tissue of the carbonate
apatite foam granules. All of these were confirmed to exhibit
excellent tissue compatibility and osteoconductivity. How-
ever, it was confirmed that the carbonate apatite covered
a-type tricalcium phosphate foam granules exhibited the
largest bone regeneration amount and the carbonate apatite
foam granules exhibited the next largest bone regeneration
amount, and the amount of osteogenesis was smallest
around the a-type tricalcium phosphate foam granules. Bone
regeneration rates and proportions of remaining granules
three months and six months after implantation are summa-
rized in Table 3.

TABLE 3

Bone regeneration rates and proportions of remaining granules
of foam granules for reconstructing beagle dog jawbone.

Bone regeneration Proportions of

rate (%) remaining granules (%)
Type of foam 3 6 3 6
granules months months months months
Carbonate 94 97 6 3
apatite covered
a-type
tricalcium
phosphate
Carbonate apatite 83 97 9 7
covered
a-type 50 56 3 3
tricalcium
phosphate
No filling 47 56 — —
[0820] It was confirmed that the a-type tricalcium phos-

phate foam granules which were a material outside the scope
of'the present invention had a limited bone regeneration rate,
but that the granules were absorbed fast. It was confirmed
that the carbonate apatite granules which were a material
outside the scope of the present invention had a superior
bone regeneration rate to the a-type tricalcium phosphate
foam granules, but absorption was slower and the proportion
of remaining granules was higher than with the a-type
tricalcium phosphate foam granules. It was confirmed that
the carbonate apatite covered a-type tricalcium phosphate
foam granules of the present invention exhibited the highest
bone regeneration rate, showed a lower proportion of
remaining granules than the a-type tricalcium phosphate
foam granules at the 3" month, but showed almost the same
proportion of remaining granules as the a-type tricalcium
phosphate foam granules after 6 months, and had an amount
of bone replacement was the most ideal.

Example 29

[0821] A f-type tricalcium phosphate powder (commer-
cially available from Taihei Chemical Industrial Co., L.td.)
was compacted at 50 MPa and calcined at 1400° C. for 6
hours to produce an a.-type tricalcium phosphate block. The
block was pulverized and sieved to prepare a-type trical-
cium phosphate granules of 300 um to 600 um. The a) of
FIG. 20 shows a powder X-ray diffraction image of the
produced a-type tricalcium phosphate granules. The a) of
FIG. 21 shows a scanning electron microscope image of
surfaces of the granules.
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[0822] The produced a-type tricalcium phosphate gran-
ules were artificially produced from a chemically synthe-
sized material and did not include a natural product.
[0823] The produced a-type tricalcium phosphate gran-
ules were immersed in a sodium hydrogen carbonate aque-
ous solution (pH 9.2) with a 1 molar concentration at 80° C.
for 24 hours. The b) of FIG. 20 shows a powder X-ray
diffraction image of the produced granules. The b) of FIG.
21 shows a scanning electron microscope image of surfaces
of the granules.

[0824] In the granules shown in b) of FIG. 20, in addition
to the diffraction pattern derived from the a-type tricalcium
phosphate granules of a) of FIG. 20, the diffraction pattern
derived from a carbonate apatite shown in d) of FIG. 20 was
observed. Therefore, it was confirmed that the a-type tri-
calcium phosphate and the sodium hydrogen carbonate
aqueous solution had reacted to form a carbonate apatite.
The formation of a carbonate apatite was also confirmed
from an absorption peak position specific to a carbonate
apatite using the Fourier transform spectrophotometer. In
addition, the fact that the carbonate apatite covered a-type
tricalcium phosphate granules had been produced was con-
firmed from observation of a fractured surface under a
scanning electron microscope.

[0825] A volume of the produced carbonate apatite cov-
ered a-type tricalcium phosphate granules was about 107!
m?®, which was 107> m? or more.

[0826] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered a-type tricalcium phos-
phate granules, 0.1 g of the granules was implanted subcu-
taneously into a rat. No swelling was observed 1 week after
implantation. In addition, when the implantation part was
cut, the carbonate apatite covered a-type tricalcium phos-
phate granules were observed and no inflammatory exudate
was observed. Based on such results, it was found that the
carbonate apatite covered a-type tricalcium phosphate gran-
ules exhibited excellent tissue compatibility.

Example 30

[0827] The o-type tricalcium phosphate granules pro-
duced in Example 29 were immersed in distilled water at 80°
C. for 24 hours. The c¢) of FIG. 20 shows a powder X-ray
diffraction image of the produced granules. The ¢) of FIG.
21 shows a scanning electron microscope image of surfaces
of the granules.

[0828] In the granules shown in ¢) of FIG. 20, in addition
to the diffraction pattern derived from the a-type tricalcium
phosphate granules of a) of FIG. 20, a diffraction pattern
derived from hydroxyapatite was observed. Therefore, it
was confirmed that the a-type tricalcium phosphate and
distilled water had reacted to form hydroxyapatite. The
formation of hydroxyapatite was also confirmed from an
absorption peak position specific to hydroxyapatite using the
Fourier transform spectrophotometer. In addition, the fact
that the hydroxyapatite covered a-type tricalcium phosphate
granules had been produced was confirmed from observa-
tion of a fractured surface using a scanning electron micro-
scope.

[0829] A volume of the produced hydroxyapatite covered
o-type tricalcium phosphate granules was about 5x107!* m?,
which was 107> m® or more.

[0830] In order to verify tissue compatibility of the pro-
duced hydroxyapatite covered a-type tricalcium phosphate
granule, 0.1 g of the granules was implanted subcutaneously
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into a rat. No swelling was observed 1 week after implan-
tation. In addition, when the implantation part was cut, the
hydroxyapatite covered a-type tricalcium phosphate gran-
ules were observed and no inflammatory exudate was
observed. Based on such results, it was found that the
hydroxyapatite covered a-type tricalcium phosphate gran-
ules exhibited excellent tissue compatibility.

Example 31

[0831] A f-type tricalcium phosphate powder (commer-
cially available from Taihei Chemical Industrial Co., L.td.)
was compacted at 50 MPa and calcined at 1100° C. for 6
hours to produce a B-type tricalcium phosphate block. The
block was pulverized and sieved to prepare f-type trical-
cium phosphate granules of 300 uM to 600 um. The a) of
FIG. 22 shows a powder X-ray diffraction image of the
produced p-type tricalcium phosphate granules. The a) of
FIG. 23 shows a scanning electron microscope image of
surfaces of the granules.

[0832] The produced p-type tricalcium phosphate gran-
ules were chemically synthesized and did not include a
natural product or a material of biological origin.

[0833] The produced p-type tricalcium phosphate gran-
ules were immersed in a sodium hydrogen carbonate aque-
ous solution at a 1 molar concentration at 80° C. for 24
hours. It was confirmed that no change was observed in the
powder X-ray diffraction image and the scanning electron
microscope image and it was not possible to produce car-
bonate apatite covered f-type tricalcium phosphate granules
under these conditions. Therefore, a reaction was performed
in sodium carbonate at a 4 molar concentration at 200° C.
under hydrothermal conditions for 1 day and for 5 days.
Also, a pH of the sodium carbonate aqueous solution at a 4
molar concentration was 12.0.

[0834] The b) of FIG. 22 and c¢) of FIG. 22 show powder
X-ray diffraction images of the produced granules. The b) of
FIG. 23 and c¢) of FIG. 23 show scanning electron micro-
scope images of surfaces of the granules.

[0835] In the granules shown in b) of FIG. 22 and ¢) of
FIG. 22, in addition to the diffraction pattern derived from
the p-type tricalcium phosphate granules of a) of FIG. 22,
the diffraction pattern derived from a carbonate apatite
shown in d) of FIG. 22 was observed. Therefore, it was
confirmed that the p-type tricalcium phosphate and the
sodium carbonate aqueous solution had reacted to form a
carbonate apatite. An amount of the formed carbonate apa-
tite was larger after 1 day of reaction (b) of FIG. 22) than
after 5 days of reaction (c) of FIG. 22). The formation of a
carbonate apatite was also confirmed from an absorption
peak position specific to a carbonate apatite using the
Fourier transform spectrophotometer. In addition, the fact
that the carbonate apatite covered f-type tricalcium phos-
phate granules had been produced was confirmed from
observation of a surface (FIG. 23) or observation of a
fractured surface under a scanning electron microscope.
[0836] A volume of the produced carbonate apatite cov-
ered p-type tricalcium phosphate granules was about 5x10~
11 m>, which was 107!* m® or more.

[0837] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered f-type tricalcium phos-
phate granules, 0.1 g of the granule was implanted subcu-
taneously into a rat. No swelling was observed 1 week after
implantation. In addition, when the implantation part was
cut, the carbonate apatite covered P-type tricalcium phos-
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phate granules were observed and no inflammatory exudate
was observed. Based on such results, it was found that the
carbonate apatite covered -type tricalcium phosphate gran-
ules exhibited excellent tissue compatibility.

Example 32

[0838] The B-type tricalcium phosphate granules (a) of
FIG. 22 and a) of FIG. 23) produced in Example 31 were
immersed in an acidic calcium phosphoric acid aqueous
solution in which monocalcium dihydrogen phosphate
monohydrate (Ca(H,PO,),.H,0) was dissolved at 25° C. for
15 minutes to a 1 molar concentration in 0.6 molar concen-
tration phosphoric acid. The acidic calcium phosphoric acid
aqueous solution was an acidic aqueous solution including
calcium at a 1 molar concentration and phosphoric acid at a
2.6 molar concentration. A pH of the acidic calcium phos-
phoric acid aqueous solution was 1.6.

[0839] Theb) of FIG. 24 shows a powder X-ray diffraction
image of the produced granules. The b) of FIG. 25 shows a
scanning electron microscope image of surfaces of the
granules. In the granules shown in b) of FIG. 24, in addition
to the diffraction pattern derived from the p-type tricalcium
phosphate granules of a) of FIG. 24, the diffraction pattern
derived from calcium hydrogen phosphate dihydrate
(CaHPO,.2H,0) was observed. Accordingly, it was con-
firmed that, when the p-type tricalcium phosphate granules
were immersed in the acidic calcium phosphoric acid aque-
ous solution, the surface was covered with the calcium
hydrogen phosphate dihydrate.

[0840] Next, the granules were immersed in an aqueous
solution including NaHCO; and Na,HPO, each with a 0.5
molar concentration at 25° C. for 1 day. The aqueous
solution was an aqueous solution including sodium at a 1.5
molar concentration, carbonate with a 0.5 molar concentra-
tion, and phosphoric acid at a 0.5 molar concentration. A pH
of the aqueous solution was 8.5.

[0841] The c) of FIG. 24 shows a powder X-ray diffraction
image of the granules produced by this treatment. The ¢) of
FIG. 24 shows a scanning electron microscope image of
surfaces of the granules. In the granules shown in ¢) of FIG.
24, in addition to the diffraction pattern derived from the
p-type tricalcium phosphate granules of a) of FIG. 24, the
diffraction pattern derived from a carbonate apatite was
observed. In addition, the diffraction pattern derived from
calcium hydrogen phosphate dihydrate (CaHPO,.2H,O)
disappeared. In addition, it was confirmed that surfaces of
the granules were covered with characteristic crystals of a
carbonate apatite from the scanning electron microscope
image (c) of FIG. 20).

[0842] Accordingly, it was confirmed that, when the cal-
cium hydrogen phosphate dihydrate covered p-type trical-
cium phosphate granules were immersed in the aqueous
solution in which NaHCO, and Na,HPO, were mixed,
calcium hydrogen phosphate dihydrate of the surface
became a carbonate apatite and carbonate apatite covered
p-type tricalcium phosphate was produced. A volume of the
produced carbonate apatite covered p-type tricalcium phos-
phate granules was about 5x107*! m?, which was 107!* m?
or more.

[0843] Comparing this example and Example 31, it was
found that, when the B-type tricalcium phosphate granules
having low reactivity were reacted with the acidic calcium
phosphate solution, calcium hydrogen phosphate was ini-
tially coated thereon, the calcium hydrogen phosphate was
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then converted into a carbonate apatite, and thus it was
possible to produce the carbonate apatite covered p-type
tricalcium phosphate granules without strict production con-
ditions such as in a hydrothermal reaction.

[0844] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered f-type tricalcium phos-
phate granules, 0.1 g of the granules was implanted subcu-
taneously into a rat. No swelling was observed 1 week after
implantation. In addition, when the implantation part was
cut, the carbonate apatite covered [ tricalcium phosphate
granules were observed and no inflammatory exudate was
observed. Based on such results, it was found that the
carbonate apatite covered -type tricalcium phosphate gran-
ules exhibited excellent tissue compatibility.

Example 33

[0845] A hydroxyapatite powder (HAP-200 commercially
available from Taihei Chemical Industrial Co., Ltd.) was
compacted at 50 MPa and calcined at 1100° C. for 6 hours
to produce a hydroxyapatite block. The block was pulver-
ized and sieved to prepare hydroxyapatite of 300 um to 600
um. The a) of FIG. 26 shows a powder X-ray diffraction
image of the hydroxyapatite powder used for production.
The a) of FIG. 27 shows a scanning electron microscope
image of surfaces of the granules.

[0846] The produced hydroxyapatite granule was artifi-
cially produced from a chemically synthesized material and
did not include a natural product.

[0847] The produced hydroxyapatite granules were
immersed in the acidic calcium phosphoric acid aqueous
solution used in Example 32 at 25° C. for 15 minutes.
[0848] Theb) of FIG. 26 shows a powder X-ray diffraction
image of the produced granules. The b) FIG. 27 shows a
scanning electron microscope image of surfaces of the
granules. In the granules shown in b) FIG. 26, in addition to
the diffraction pattern derived from the hydroxyapatite gran-
ules of a) of FIG. 26, the diffraction pattern derived from
calcium hydrogen phosphate dihydrate (CaHPO,.2H,O)
was observed. Accordingly, it was confirmed that, when the
hydroxyapatite granules were immersed in the acidic cal-
cium phosphoric acid aqueous solution, the surface was
covered with calcium hydrogen phosphate dihydrate.
[0849] Next, the granules were immersed in an aqueous
solution including NaHCO; and Na,HPO, each at a 0.5
molar concentration at 25° C. for 1 day. The aqueous
solution was an aqueous solution including sodium at a 1.5
molar concentration, carbonate at a 0.5 molar concentration,
and phosphoric acid at a 0.5 molar concentration. A pH of
the aqueous solution was 8.5.

[0850] The c) of FIG. 26 shows a powder X-ray diffraction
image of the granules produced by this treatment. The ¢) of
FIG. 27 shows a scanning electron microscope image of
surfaces of the granules. In the granules of ¢) of FIG. 26, in
addition to the diffraction pattern derived from the hydroxy-
apatite granules of a) of FIG. 26, the diffraction pattern
derived from a carbonate apatite was observed. In addition,
the diffraction pattern derived from calcium hydrogen phos-
phate dihydrate (CaHPO,.2H,0) disappeared. In addition, it
was confirmed that surfaces of the granules were covered
with characteristic crystals of a carbonate apatite from the
scanning electron microscope image.

[0851] Accordingly, it was confirmed that, when the cal-
cium hydrogen phosphate dihydrate covered hydroxyapatite
granules were immersed in the aqueous solution in which
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NaHCO; and Na,HPO, were mixed, calcium hydrogen
phosphate dihydrate of the surface became a carbonate
apatite and carbonate apatite covered hydroxyapatite gran-
ules were produced. A volume of the produced carbonate
apatite covered hydroxyapatite granules was about 5x107*!
m?, which was 107> m?® or more.

[0852] In order to verify tissue compatibility of the pro-
duced carbonate apatite covered hydroxyapatite granules,
0.1 g of the granules was implanted subcutaneously into a
rat. No swelling was observed 1 week after implantation. In
addition, when the implantation part was cut, the carbonate
apatite covered hydroxyapatite granules were observed and
no inflammatory exudate was observed. Based on such
results, it was found that the carbonate apatite covered
hydroxyapatite granules exhibited excellent tissue compat-
ibility.

(Material)

[0853] p-type tricalcium phosphate (hereinafter referred to
as p-TCP") granules, an a.-type tricalcium phosphate porous
body, hydroxyapatite granules, carbonate apatite granules,
calcium carbonate granules, calcium-containing glass gran-
ules, calcined bone, and hydroxyapatite covered titanium,
which serve as core portions of hard tissue reconstruction
materials for medical treatment of the present invention
exemplified in Examples 34 to 41, were produced by known
methods. As the calcium-containing glass, 45S5 glass
known as bioglass was selected. The glass includes SiO,,
Na,O, CaO, and P,O5 as constituent components whose
mole fractions are 46.13:24.35:26.91:2.60.

(Evaluation Methods)

[0854] Examples 34 to 41 and comparative examples for
the examples were evaluated as follows. That is, in the case
of'a bone prosthetic material, a 12-week old Wister SD male
rat was used for an animal experiment. At 4 weeks after
implantation, the product was excised together with sur-
rounding tissues as a mass and a non-demineralized patho-
logical tissue section was prepared according to a general
method. Also, a pathological tissue section was prepared so
that a maximum width of the bone defect was obtained. For
staining, Villanueva Goldner staining was used.

[0855] An osteogenesis rate was defined as a ratio of' a sum
of lengths of portions in which bone was formed in a
horizontal direction to a length (4 mm) of the formed bone
defect. That is, a bone defect of 4 mm was defined in the
pathological tissue section. When both bone ends on the
brain side were connected by a straight line, a portion in
which bone was formed in a direction perpendicular to the
straight line was defined as an osteogenic region and a
portion in which no bone was formed in a direction perpen-
dicular to the straight line was defined as a non-osteogenic
region. The osteogenesis rate was obtained by dividing a
length of the osteogenic region by the length (4 mm) of the
bone defect and expressed as %. While this evaluation
method is not preferable for evaluating a total amount of
osteogenesis, this method is preferable when a bone pros-
thetic material remains or when initial osteoconductivity is
evaluated.

[0856] In the case of a hard tissue reconstruction implant
material, a 12-week old Wister SD male rat was used for an
animal experiment. At 4 weeks after implantation, the prod-
uct was excised together with surrounding tissues as a mass
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and a non-demineralized pathological tissue section was
prepared according to a general method. Also, the patho-
logical tissue section was prepared so that a maximum width
of the bone defect was obtained.

[0857] For staining, Villanueva Goldner staining was
used.
[0858] A bone contact ratio was calculated by dividing a

length of a portion to which a bone was linked around the
hard tissue reconstruction implant material by an external
dimension of the hard tissue reconstruction implant material
implanted into a bone. The ratio was expressed as %.
[0859] Composition analysis was performed using the
powder X-ray diffractometer. A D8 ADVANCE type powder
X-ray diffractometer commercially available from BRO-
KER was used. An output was 40 kV and 40 mA. CuKa
(A=0.15418 nm) was used as an X-ray tube. The detected
calcium hydrogen phosphate dihydrate (dicalcium phos-
phate dihydrate) was expressed as DCPD.

Example 34

[0860] p-TCP granules that passed through a sieve having
a mesh opening of 800 uM but failed to pass through a sieve
having a mesh opening of 500 uM were produced. In
addition, an acidic solution in which monocalcium dihydro-
gen phosphate was dissolved at 50 mmol/L in 25 mmol/L.
phosphoric acid was produced. A pH of the acidic solution
was 2.2. The p-TCP granules were immersed in the acidic
solution at 25° C. for 4 hours and calcium hydrogen phos-
phate covered -TCP granules were obtained.

[0861] The upper portions in FIG. 28 show scanning
electron microscopic pictures of p-TCP granules used as a
raw material inorganic compound. The lower portions in
FIG. 28 show scanning electron microscopic pictures of the
produced calcium hydrogen phosphate covered 3-TCP gran-
ules. It was confirmed that the calcium hydrogen phosphate
covered B-TCP granules were formed in phases different
from forms of raw material f-TCP granules. Based on the
scanning electron microscopic picture of fractured surfaces
of the produced granules, it was also confirmed that the
material was composed of a surface layer portion and a core
portion. The core portion of an active cross section was
dense and columnar crystals were aggregated in the surface
layer portion. In addition, an average conversion thickness
of the surface layer portion was 10 pm. A coverage rate of
the surface layer portion was 100%. As a result of EDAX
analysis, it was confirmed that a Ca/P ratio of the core
portion was 1.5 and a Ca/P ratio of the surface layer portion
was 10. The core portion and the surface layer portion were
firmly adhered. In addition, the product exhibited a sufficient
mechanical strength for clinical applications as a bone
prosthetic material.

[0862] The upper portion in FIG. 29 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered B-TCP granules. The lower portion in
FIG. 29 shows a powder X-ray diffraction pattern of the
p-TCP granules used for production. In the product, in
addition to peaks derived from B-TCP, peaks derived from
calcium hydrogen phosphate dihydrate were detected. In the
product, a content of calcium hydrogen phosphate dihydrate
was 24 mass %.

[0863] Based on such results, it was found that a granular
material including the surface layer portion whose compo-
sition was calcium hydrogen phosphate and the core portion
whose composition was $-TCP was produced.
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[0864] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
hydrogen phosphate covered $-TCP granules. The a) of FIG.
30 shows a pathological tissue section 4 weeks after implan-
tation. It was found that the produced calcium hydrogen
phosphate covered $-TCP granules exhibited excellent tis-
sue compatibility. In addition, it was confirmed that bone
grew on surfaces of the produced calcium hydrogen phos-
phate covered §-TCP granules. An osteogenesis rate was
93%.

[0865] Based on the above results, it was found that the
produced calcium hydrogen phosphate covered 3-TCP gran-
ules were a hard tissue reconstruction material for medical
treatment having excellent osteoconductivity, and particu-
larly a bone prosthetic material. In addition, since a com-
position of a core material was 3-TCP granules which are a
bioabsorbable material, it was found that the material was a
bone replacement material.

Comparative Example 6

[0866] In order to clarify superiority of the calcium hydro-
gen phosphate covered -TCP granules in Example 34, the
same experiment as in Example 34 was performed without
using the calcium hydrogen phosphate covered 3-TCP gran-
ules. In addition, in order to clarify superiority of the
calcium hydrogen phosphate covered B-TCP granules, a
bone defect was reconstructed using f-TCP granules not
covered with calcium hydrogen phosphate outside the scope
of the present invention in the same manner as in Example
34.

[0867] As shown in b) of FIG. 30, it was found that, when
the bone prosthetic material of the present invention was not
used, new bone formation was observed from both ends of
the bone defect, but hardly any bone was formed on the bone
defect and the bone defect was not treated. A bone regen-
eration rate was 21%.

[0868] As shown in c¢) of FIG. 30, when the bone defect
was reconstructed using the (-TCP granules, new bone
formation was observed from both ends of the bone defect
and osteoconduction to the periphery of the §-TCP granules
was also observed. However, a bone regeneration rate was
57%, which was lower than in Example 34.

[0869] Since such results were inferior to those of the
product in Example 34, it was confirmed that the calcium
hydrogen phosphate covered 3-TCP granules in Example 34
were excellent as a hard tissue reconstruction material for
medical treatment.

Example 35

[0870] A polyurethane foam was immersed in an a-type
tricalcium phosphate suspension and calcined at 1500° C. to
produce an a-type tricalcium phosphate porous body.
[0871] In addition, an acidic solution in which calcium
dihydrogen phosphate was dissolved at 1 mol/LL in 1 mol/LL
phosphoric acid was produced. A pH of the acidic solution
was 2.0.

[0872] The a-type tricalcium phosphate porous body was
immersed in the acidic solution at 25° C. for 15 minutes and
a calcium hydrogen phosphate covered a-type tricalcium
phosphate porous body was obtained.

[0873] The upper portions in FIG. 31 show scanning
electron microscopic pictures of the a-type tricalcium phos-
phate porous body used as a raw material. The lower
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portions in FIG. 31 show scanning electron microscopic
pictures of the calcium hydrogen phosphate covered a-type
tricalcium phosphate porous body. Based on such scanning
electron microscopic pictures and manipulated electron
micrographs of the fractured surface of the product, it was
conformed that the product was a material composed of a
surface layer portion and a core portion. The core portion
was basically dense but some pores were observed. In the
surface layer portion, plate-like crystals were aggregated. In
addition, the average conversion thickness of the surface
layer portion was 20 um. A coverage rate of the surface layer
portion was 100%. As a result of EDAX analysis, it was
confirmed that a Ca/P ratio of the core portion was 1.5 and
a Ca/P ratio of the surface layer portion was 10. The core
portion and the surface layer portion were firmly adhered. In
addition, the product exhibited a sufficient mechanical
strength for clinical applications as a bone prosthetic mate-
rial.

[0874] The upper portion in FIG. 32 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered a-type tricalcium phosphate porous
body. The lower portion in FIG. 32 shows a powder X-ray
diffraction pattern of the a-type tricalcium phosphate porous
body used as a raw material. In the produced porous body
material, in addition to peaks derived from a-type tricalcium
phosphate, peaks derived from calcium hydrogen phosphate
dihydrate were detected.

[0875] Based on such results, it was found that a porous
body material including the surface layer portion whose
composition was calcium hydrogen phosphate and the core
portion whose composition was a-type tricalcium phosphate
was produced.

[0876] A bone defect formed in a rabbit femur with a
diameter of 8 mm was reconstructed using the produced
calcium hydrogen phosphate covered a-type tricalcium
phosphate porous body. It was found that the calcium
hydrogen phosphate covered a-type tricalcium phosphate
porous body exhibited excellent tissue compatibility through
histopathological analysis 4 weeks after implantation. In
addition, it was confirmed that osteoconduction occurred on
the surface and inside the produced calcium hydrogen
phosphate covered a-type tricalcium phosphate porous
body.

Comparative Example 7

[0877] Inorder to clarify superiority of the calcium hydro-
gen phosphate covered a-type tricalcium phosphate porous
body in Example 34, a bone defect was reconstructed using
the a-type tricalcium phosphate porous body outside the
scope of the present invention in the same manner as in
Example 34.

[0878] Based on the histopathological analysis 4 weeks
after implantation, it was found that the a-type tricalcium
phosphate porous body exhibited excellent tissue compat-
ibility. In addition, it was confirmed that osteoconduction
occurred on the surface and inside the a-type tricalcium
phosphate porous body. However, a degree of bone invasion
was inferior to that of Example 34.

[0879] Based on such results, it was found that the calcium
hydrogen phosphate covered a-type tricalcium phosphate
porous body in Example 34 was excellent as a hard tissue
reconstruction material for medical treatment.
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Example 36

[0880] Hydroxyapatite granules that passed through a
sieve having a mesh opening of 1500 um but failed to pass
through a sieve having a mesh opening of 800 um were
produced.

[0881] The hydroxyapatite granules were immersed in the
acidic solution described in Example 34 at 25° C. for 15
minutes and calcium hydrogen phosphate covered hydroxy-
apatite granules were obtained.

[0882] The upper portions in FIG. 33 show scanning
electron microscopic pictures of the hydroxyapatite granules
used as a raw material. The lower portions in FIG. 33 show
scanning electron microscopic pictures of the produced
calcium hydrogen phosphate covered hydroxyapatite gran-
ules. It was confirmed that phases in different forms were
formed according to production. Based on the scanning
electron microscopic picture of the fractured surface of the
produced granules, it was also confirmed that the material
was composed of a surface layer portion and a core portion.
When an active cross section was observed, the core portion
was dense and columnar crystals were aggregated in the
surface layer portion. In addition, the average conversion
thickness of the surface layer portion was 40 um. A coverage
rate of the surface layer portion was 100%. As a result of
EDAX analysis, it was confirmed that a Ca/P ratio of the
core portion was 1.67 and a Ca/P ratio of the surface layer
portion was 10.

[0883] The core portion and the surface layer portion were
firmly adhered. In addition, the product exhibited a sufficient
mechanical strength for clinical applications as a bone
prosthetic material.

[0884] The upper portion in FIG. 34 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered hydroxyapatite granules. The lower por-
tion in FIG. 34 shows a powder X-ray diffraction pattern of
hydroxyapatite granules as a raw material. In the product, in
addition to peaks derived from the hydroxyapatite granules,
peaks derived from calcium hydrogen phosphate dihydrate
were detected.

[0885] Based on such results, it was found that a granular
material including the surface layer portion whose compo-
sition was calcium hydrogen phosphate and the core portion
whose composition was hydroxyapatite granules was pro-
duced.

[0886] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
hydrogen phosphate covered hydroxyapatite granules.
Excellent tissue compatibility was confirmed from the
pathological tissue section 4 weeks after implantation. In
addition, it was confirmed that bone grew on surfaces of the
produced calcium hydrogen phosphate covered hydroxyapa-
tite granules. An osteogenesis rate was 95%.

[0887] Based on the above results, it was found that the
produced calcium hydrogen phosphate covered hydroxyapa-
tite granules were a bone prosthetic material having excel-
lent osteoconductivity.

Comparative Example 8

[0888] In order to clarify superiority of the calcium hydro-
gen phosphate covered hydroxyapatite granules in Example
36, a bone defect was reconstructed using hydroxyapatite
granules outside the scope of the present invention in the
same manner as in Example 36.
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[0889] When the bone defect was reconstructed using the
hydroxyapatite granules, new bone formation was observed
from both ends of the bone defect and osteoconduction to the
periphery of the hydroxyapatite granules was also observed.
However, a bone regeneration rate was 64%.

[0890] Based on such results, it was found that the calcium
hydrogen phosphate covered hydroxyapatite granules in
Example 36 were excellent as a hard tissue reconstruction
material for medical treatment.

Example 37

[0891] Carbonate apatite granules that passed through a
sieve having a mesh opening of 1500 um but failed to pass
through a sieve having a mesh opening of 800 um were
produced.

[0892] The carbonate apatite granules were immersed in
the acidic solution described in Example 34 at 25° C. for 15
minutes and calcium hydrogen phosphate covered carbonate
apatite granules were obtained.

[0893] The upper portions in FIG. 35 show scanning
electron microscopic pictures of the carbonate apatite gran-
ules used as a raw material. The lower portions in FIG. 35
show scanning electron microscopic pictures of the pro-
duced calcium hydrogen phosphate covered carbonate apa-
tite granules. It was confirmed that phases in different forms
were formed according to production. Based on the scanning
electron microscopic pictures of the fractured surface of the
produced granules, it was also confirmed that the material
was composed of a surface layer portion and a core portion.
When an active cross section was observed, the core portion
was dense and columnar crystals were aggregated in the
surface layer portion. In addition, the average conversion
thickness of the surface layer portion was 40 um. A coverage
rate of the surface layer portion was 100%. As a result of
EDAX analysis, it was confirmed that a Ca/P ratio of the
core portion was 1.9 and a Ca/P ratio of the surface layer
portion was 10.

[0894] The core portion and the surface layer portion were
firmly adhered. In addition, the product exhibited a sufficient
mechanical strength for clinical applications as a bone
prosthetic material.

[0895] The upper portion in FIG. 36 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered carbonate apatite granules. The lower
portion in FIG. 36 shows a powder X-ray diffraction pattern
of the carbonate apatite granules used as a raw material. In
the product, in addition to peaks derived from the carbonate
apatite granules, peak derived from calcium hydrogen phos-
phate dihydrate were detected.

[0896] Based on such results, it was found that a granular
material including the surface layer portion whose compo-
sition was calcium hydrogen phosphate and the core portion
whose composition was carbonate apatite granules was
produced.

[0897] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
hydrogen phosphate covered carbonate apatite granules.
Excellent tissue compatibility was confirmed from the
pathological tissue section 4 weeks after implantation. In
addition, it was confirmed that bone grew on surfaces of the
produced calcium hydrogen phosphate covered carbonate
apatite granules. An osteogenesis rate was 100%.

[0898] Based on the above results, it was found that the
produced calcium hydrogen phosphate covered carbonate
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apatite granules were a hard tissue reconstruction material
for medical treatment having excellent osteoconductivity
and particularly a bone prosthetic material. In addition, since
a composition of a core material was the carbonate apatite
granules which are a bioabsorbable material, it was found
that the material was a bone replacement material.

Comparative Example 9

[0899] In order to clarify superiority of the calcium hydro-
gen phosphate covered carbonate apatite granules in
Example 37, a bone defect was reconstructed using the
carbonate apatite granules outside the scope of the present
invention in the same manner as in Example 37. When the
bone defect was reconstructed using the carbonate apatite
granules, new bone formation was observed from both ends
of the bone defect and osteoconduction to the periphery of
the carbonate apatite granules was also observed. However,
a bone regeneration rate was 64%.

[0900] Based on such results, it was found that the calcium
hydrogen phosphate covered carbonate apatite granules in
Example 37 were excellent as a hard tissue reconstruction
material for medical treatment.

Example 38

[0901] Calcium carbonate granules that passed through a
sieve having a mesh opening of 500 um but failed to pass
through a sieve having a mesh opening of 800 um were
produced.

[0902] The calcium carbonate granules were immersed in
the acidic solution described in Example 2 at 25° C. for 15
minutes and calcium hydrogen phosphate covered calcium
carbonate granules were obtained.

[0903] The upper portions in FIG. 37 show scanning
electron microscopic pictures of the calcium carbonate gran-
ules used as a raw material. The lower portions in FIG. 37
show scanning electron microscopic pictures of the pro-
duced calcium hydrogen phosphate covered calcium car-
bonate granules. It was confirmed that phases in different
forms were formed according to production. Based on the
scanning electron microscopic pictures of the fractured
surface of the produced granules, it was confirmed that the
material was composed of a surface layer portion and a core
portion. When an active cross section was observed, the core
portion was dense and columnar crystals were aggregated in
the surface layer portion. In addition, the average conversion
thickness of the surface layer portion was 40 um. A coverage
rate of the surface layer portion was 100%. As EDAX
analysis results, in the core portion, Ca was detected, but no
P was detected. It was confirmed that a Ca/P ratio of the
surface layer portion was 10.

[0904] The core portion and the surface layer portion were
firmly adhered. The product exhibited a sufficient mechani-
cal strength for clinical applications as a bone prosthetic
material.

[0905] The upper portion in FIG. 38 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered calcium carbonate granules. The lower
portion in FIG. 38 shows a powder X-ray diffraction pattern
of the calcium carbonate granules used as a raw material. In
the product, in addition to peaks derived from the calcium
carbonate granules, peaks derived from calcium hydrogen
phosphate dihydrate were detected.
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[0906] Based on such results, it was found that a granular
material including the surface layer portion whose compo-
sition was calcium hydrogen phosphate and the core portion
whose composition was calcium carbonate granules was
produced.

[0907] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
hydrogen phosphate covered calcium carbonate granules.
Excellent tissue compatibility was confirmed from the
pathological tissue section 4 weeks after implantation. In
addition, it was confirmed that bone grew on surfaces of the
produced calcium hydrogen phosphate covered calcium
carbonate granules. An osteogenesis rate was 80%.

[0908] Based on the above results, it was found that the
produced calcium hydrogen phosphate covered hydroxyapa-
tite granules were a hard tissue reconstruction material for
medical treatment having excellent osteoconductivity and
particularly a bone prosthetic material. In addition, since a
composition of a core material was the calcium carbonate
granules which are a bioabsorbable material, it was found
that the material was a bone replacement material.

Comparative Example 10

[0909] In order to clarify superiority of the calcium hydro-
gen phosphate covered calcium carbonate granules in
Example 38, a bone defect was reconstructed using calcium
carbonate granules outside the scope of the present invention
in the same manner as in Example 38.

[0910] When the bone defect was reconstructed using the
calcium carbonate granules, new bone formation was
observed from both ends of the bone defect and osteocon-
duction to the periphery of the calcium carbonate granules
was also observed. However, a bone regeneration rate was
46%.

[0911] Based on such results, it was found that the calcium
hydrogen phosphate covered calcium carbonate granules in
Example 38 were excellent as a hard tissue reconstruction
material for medical treatment.

Example 39

[0912] Calcium-containing glass granules that passed
through a sieve having a mesh opening of 1500 um but failed
to pass through a sieve having a mesh opening of 800 pm
were produced.

[0913] The calcium-containing glass granules were
immersed in the acidic solution described in Example 34 at
25° C. for 15 minutes and calcium hydrogen phosphate
covered calcium-containing glass granules were obtained.
[0914] The upper portions in FIG. 39 show scanning
electron microscopic pictures of the calcium-containing
glass granules used as a raw material. The lower portions in
FIG. 39 show scanning electron microscopic pictures of the
produced calcium hydrogen phosphate covered calcium-
containing glass granules. It was confirmed that phases in
different forms were formed according to production. Based
on the scanning electron microscopic pictures of the frac-
tured surface of the produced granules, it was confirmed that
the material was composed of a surface layer portion and a
core portion. In an active cross section, the core portion was
dense, and columnar crystals were aggregated in the surface
layer portion. In addition, a thickness of the surface layer
portion was 20 um. A coverage rate of the surface layer
portion was 100% under an optical microscope and 70%
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under an operation type electron microscope. As an EDAX
analysis result, a Ca/P molar ratio of the core portion was
5.2. In addition, it was confirmed that a Ca/P ratio of the
surface layer portion was 10.

[0915] The upper portion in FIG. 40 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered calcium-containing glass granules. The
lower portion in FIG. 40 shows a powder X-ray diffraction
pattern of the calcium-containing glass granules used as a
raw material. In the product, in addition to characteristic
broad peak of glass, peaks derived from calcium hydrogen
phosphate dihydrate were detected.

[0916] Based on such results, it was found that a material
including the surface layer portion whose composition was
calcium hydrogen phosphate and the core portion whose
composition was calcium-containing glass was produced.
[0917] While the core portion and the surface layer portion
were adhered, some of the surface layer portion separated
during a drying process according to gold coating which was
a pretreatment under an electronic microscope. Therefore, it
was confirmed that an adherence strength between a surface
layer portion and a core portion was lower than those of the
products in Examples 34 to 38. However, the product
exhibited a sufficient mechanical strength for clinical appli-
cations as a bone prosthetic material.

[0918] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
hydrogen phosphate covered calcium-containing glass gran-
ules. Excellent tissue compatibility was confirmed from the
pathological tissue section 4 weeks after implantation. In
addition, it was confirmed that bone grew on surfaces of the
produced calcium hydrogen phosphate covered calcium-
containing glass granules. An osteogenesis rate was 95%.
[0919] Based on the above results, it was found that the
produced calcium hydrogen phosphate covered calcium-
containing glass granules were a hard tissue reconstruction
material for medical treatment having excellent osteocon-
ductivity, and particularly a bone prosthetic material.

Comparative Example 11

[0920] In order to clarify superiority of the calcium hydro-
gen phosphate covered calcium-containing glass granules in
Example 39, a bone defect was reconstructed using calcium-
containing glass granules outside the scope of the present
invention in place of the calcium hydrogen phosphate cov-
ered calcium-containing glass granules which were the
material in Example 39, in the same manner as in Example
39.

[0921] When a bone defect was reconstructed using cal-
cium carbonate granules, new bone formation was observed
from both ends of the bone defect and osteoconduction to the
periphery of the calcium-containing glass granules was also
observed. A bone regeneration rate was 85%.

[0922] Based on such results, it was found that the calcium
hydrogen phosphate covered calcium-containing glass gran-
ules in Example 39 were excellent as a hard tissue recon-
struction material for medical treatment.

Example 40

[0923] Calcined bone granules that passed through a sieve
having a mesh opening of 1500 pm but failed to pass through
a sieve having a mesh opening of 800 um were produced.
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[0924] The calcined bone granules were immersed in the
acidic solution described in Example 34 at 25° C. for 15
minutes and a calcium hydrogen phosphate covered calcined
bone was obtained.

[0925] In an active cross section, the core portion had a
porous body structure specific to bone, and columnar crys-
tals were aggregated in the surface layer portion. In addition,
the average conversion thickness of the surface layer portion
was 10 um. A coverage rate of the surface layer portion was
100%. As an EDAX analysis result, a Ca/P molar ratio of the
core portion was 1.8. In addition, it was confirmed that a
Ca/P ratio of the surface layer portion was 10.

[0926] The upper portion in FIG. 41 shows a powder
X-ray diffraction pattern of the produced calcium hydrogen
phosphate covered calcined bone. The lower portion in FIG.
41 shows a powder X-ray diffraction pattern of the calcined
bone granules used as a raw material. In the product, in
addition to characteristic peaks of the calcined bone, peaks
derived from calcium hydrogen phosphate dihydrate were
detected.

[0927] Based on such results, it was found that a material
including the surface layer portion whose composition was
calcium hydrogen phosphate and the core portion whose
composition was a calcined bone was produced.

[0928] The core portion and the surface layer portion were
firmly bonded. The product exhibited a mechanical strength
sufficient for clinical applications.

[0929] A bone defect with a diameter of 4 mm formed in
a rat skull was reconstructed using the produced calcium
hydrogen phosphate covered calcined bone. Excellent tissue
compatibility was confirmed from the pathological tissue
section 4 weeks after implantation. In addition, it was
confirmed that bone grew on surfaces of the produced
calcium hydrogen phosphate covered calcined bone gran-
ules. An osteogenesis rate was 98%.

[0930] Based on the above results, it was found that the
produced calcium hydrogen phosphate covered calcined
bone granules were a hard tissue reconstruction material for
medical treatment having excellent osteoconductivity, and
particularly a bone prosthetic material. In addition, since a
composition of the core material was the calcined bone
granules which are a material exhibiting some degree of
bioabsorbability, it was confirmed that the material was a
bone replacement material.

Comparative Example 12

[0931] In order to clarify superiority of the calcium hydro-
gen phosphate covered calcined bone in Example 40, a bone
defect was reconstructed using calcined bone granules out-
side the scope of the present invention in the same manner
as in Example 40.

[0932] When a bone defect was reconstructed using cal-
cined bone granules, new bone formation was observed
from both ends of the bone defect and osteoconduction to the
periphery of the calcined bone granules was also observed.
However, a bone regeneration rate was 80%.

[0933] Based on such results, it was found that the calcium
hydrogen phosphate covered calcined bone in Example 40
was excellent as a hard tissue reconstruction material for
medical treatment.
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Example 41

[0934] Hydroxyapatite was applied to a titanium rod
through plasma spraying and hydroxyapatite covered tita-
nium was produced. Next, the hydroxyapatite covered tita-
nium was immersed in the acidic solution in Example 34 at
25° C. for 15 minutes and a calcium hydrogen phosphate
covered calcium hydrogen phosphate covered implant mate-
rial for hard tissue reconstruction was obtained.

[0935] It was confirmed that phases in different forms
were formed according to production. Based on the scanning
electron microscopic picture of the fractured surface of the
product, it was also confirmed that, in the material, a surface
layer portion was observed in addition to a core portion and
a support. When an active cross section was observed, the
core portion and the support were dense and columnar
crystals were aggregated in the surface layer portion. In
addition, the average conversion thickness of the surface
layer portion was 40 um and a coverage rate was 100%. As
anEDAX analysis result, it was confirmed that a Ca/P molar
ratio of the core portion was 1.67 and a Ca/P molar ratio of
the surface layer portion was 10.

[0936] The core portion and the surface layer portion were
firmly adhered. In addition, the product exhibited a sufficient
mechanical strength for clinical applications.

[0937] Based on the analysis results of powder X-ray
diffraction patterns, in the product, in addition to peaks
derived from hydroxyapatite of the core portion, peaks
derived from calcium hydrogen phosphate dihydrate were
detected.

[0938] Based on such results, it was found that an implant
material for hard tissue reconstruction including the surface
layer portion whose composition was calcium hydrogen
phosphate, the core portion whose composition was
hydroxyapatite, and the support whose composition was
titanium was produced.

[0939] The produced implant material for hard tissue
reconstruction was implanted into a rat tibia.

[0940] The produced implant material for hard tissue
reconstruction was implanted in a bone defect with a diam-
eter of 2 mm formed in a tibia. Tissue compatibility was
confirmed from pathological tissue sections 4 weeks after
implantation. In addition, it was confirmed that bone grew
on surfaces of the produced calcium hydrogen phosphate
covered implant material for hard tissue reconstruction. A
bone contact ratio was 95%.

[0941] Based on the above results, it was confirmed that
the produced calcium hydrogen phosphate covered calcium
hydrogen phosphate covered implant material for hard tissue
reconstruction was a hard tissue reconstruction material for
medical treatment having excellent osteoconductivity and
particularly an implant material for reconstruction.

Comparative Example 13

[0942] In order to clarify superiority of the calcium hydro-
gen phosphate covered calcium hydrogen phosphate cov-
ered implant material for hard tissue reconstruction in
Example 41, a bone defect was reconstructed using
hydroxyapatite covered titanium outside the scope of the
present invention in the same manner as in Example 41.

[0943] Tissue compatibility was confirmed from a patho-
logical tissue section 4 weeks after implantation. In addition,
it was confirmed that bone grew on surfaces of the apatite
covered titanium implant material. A bone contact ratio was
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80%. Based on the above results, the produced apatite
covered titanium implant material had osteoconductivity.
However, it was confirmed that the calcium hydrogen phos-
phate covered calcium hydrogen phosphate covered implant
material for hard tissue reconstruction in Example 41 had a
higher bone contact ratio and superiority.

Evaluation Methods

[0944] Examples 42 to 52 and comparative examples for
the Examples were evaluated as follows. That is, the curing
reaction was performed under conditions of 37° C. and a
relative humidity of 100% similarly to in vivo. Accordingly,
when curing was observed in examples and comparative
examples, this means that a required condition of the curable
inorganic compound: “(1) curing at a body temperature” was
satisfied.

[0945] After curing was performed under conditions of
37° C. and a relative humidity of 100% for 30 minutes,
movement of granules and the like in the cured body was
examined. When granules and the like had not moved in a
sample, it was determined that this sample satisfied a
requirement of “(2) curing within 30 minutes.” On the other
hand, when granules and the like had moved in a sample, it
was determined that this sample failed to satisfy a require-
ment of “(2) curing within 30 minutes.”

[0946] Inorder to determine whether a requirement of “(3)
a compressive strength of a cured body is 10 kPa or more”
was satisfied, a compressive strength of a sample was
measured using a universal testing machine (Autograph
AGS-10 kN commercially available from Shimadzu Corpo-
ration).

[0947] In order to determine whether a requirement of (4)
having an interconnected pore proportion of 10 volume % or
more” was satisfied, a porosity of the cured body was
measured.

[0948] In order to determine whether a requirement of “(5)
does not exhibit a detrimental effect on tissue” was satisfied,
a bone defect was formed in a laboratory animal, and a bone
defect was reconstructed using the cured body. Then, the
results were visually observed and evaluated through an
X-ray micro CT and histopathological observation.

[0949] Composition analysis of the cured body was per-
formed using the powder X-ray diffractometer. A D8
ADVANCE type powder X-ray diffractometer commercially
available from BRUKER was used. An output was 40 kV
and 40 mA. CuKa (A=0.15418 nm) was used as an X-ray
source.

Example 42

[0950] A carbonate apatite block was pulverized to pro-
duce carbonate apatite granules that passed through a sieve
having a mesh opening of 600 uM but failed to pass through
a sieve having a mesh opening of 300 um. The a) of FIG. 42
shows a picture of the produced carbonate apatite granules.
[0951] In this example, an aqueous electrolyte solution
water in which granules serving as a raw material inorganic
compound were dispersed when a porous body was pro-
duced was referred to as a “mixing solution” and it is
similarly referred to in Examples 42 to 52 and Comparative
Examples for the Examples.

[0952] As a mixing solution, an aqueous solution (here-
inafter referred to as a “calcium-phosphoric acid aqueous
solution 1 in this example) in which calcium dihydrogen
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phosphate was dissolved at 25° C. to a 1 molar concentration
with respect to 1 molar concentration phosphoric acid was
produced. The aqueous solution included calcium at a 1
molar concentration and phosphoric acid at a 3 molar
concentration. A pH of the aqueous solution was 1.6.
[0953] The carbonate apatite granules were filled into the
interior of a plastic cylindrical mold with a diameter of 6 mm
and a height of 3 mm placed on a slide glass. 500 pL of the
calcium-phosphoric acid aqueous solution 1 was added
dropwise to the carbonate apatite granules and the excess
calcium-phosphoric acid aqueous solution 1 was removed
for reaction. Also, when no load was applied to the granules,
a sample was prepared under conditions in which a pressure
of 0.5 MPa, 0.9 MPa, or 1.7 MPa was applied to a plastic
cylindrical mold. The sample was left in a thermostatic bath
at 37° C. and a relative humidity of 100% for 30 minutes.
Then, curing was determined according to whether the
granules had moved. As a result, it was confirmed that the
granules had not moved but had been cured in all cases.
[0954] The b) of FIG. 42 shows the results for the cured
body produced when a pressure of 0.9 MPa was applied to
the plastic cylinderical mold. The ¢) of FIG. 42 shows a
scanning electron microscope image of a surface of the
cured body. The d) of FIG. 42 shows a high magnification
image showing the bridging between granules in the cured
body under a scanning electron microscope. Also, the obser-
vation portion in d) of FIG. 42 is indicated by the dashed line
in ¢) of FIG. 42.

[0955] As shown in b) of FIG. 42 to d) of FIG. 42, the
carbonate apatite granules were cured and formed a porous
body. In addition, it was confirmed that a diameter of the
interconnected pore was at least 30 um or more. When light
was introduced from below the cured body using a penlight,
reflected light was observed from the upper surface of the
cured body in all cases, and when distilled water was added
dropwise, the water easily passed through the cured body.
Therefore, it was confirmed that the cured body was an
interconnected porous body. A porosity was about 68%. As
shown in ¢) of FIG. 42 and d) of FIG. 42, the granules were
linked by bridging by crystals.

[0956] FIG. 43 shows powder X-ray diffraction patterns.
The b) of FIG. 43 shows a powder X-ray diffraction pattern
of the cured body produced when a pressure of 0.9 MPa was
applied to the plastic cylinderical mold. However, when no
pressure was applied and when a different pressure was
applied, powder X-ray diffraction patterns were almost the
same. In b) of FIG. 43 showing a powder X-ray diffraction
pattern of the cured body, in addition to a diffraction pattern
derived from the carbonate apatite granules shown in a) of
FIG. 43, a diffraction pattern derived from dicacium phos-
phate dihydrate (DCPD; calcium hydrogen phosphate dihy-
drate) shown in ¢) of FIG. 43 was observed. Therefore, it
was confirmed that the carbonate apatite granules and the
calcium-phosphoric acid aqueous solution 1 had reacted to
form calcium hydrogen phosphate.

[0957] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the carbonate apatite granules and the
calcium-phosphoric acid aqueous solution 1 were reacted,
calcium hydrogen phosphate dihydrate was formed and the
calcium hydrogen phosphate dihydrate bridged the carbon-
ate apatite granules to form the cured body.

[0958] When no load was applied to granules, and when a
pressure of 0.5 MPa, 0.9 MPa, or 1.7 MPa was applied to the
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plastic cylinderical mold and stress was applied to the
granules, a compressive strength of the cured body was 300
kPa, 600 kPa, 800 kPa, and 100 kPa, respectively.

[0959] FIG. 44 shows X-ray micro CT images 1 week
after a bone defect with a diameter of 4 mm was formed in
a rat skull, carbonate apatite granules were filled into the
bone defect, the calcium-phosphoric acid aqueous solution 1
was added dropwise for curing, the excess calcium-phos-
phoric acid aqueous solution 1 was removed using a gauze,
and the defect was blocked.

[0960] Curing of the carbonate apatite granules in the bone
defect according to the calcium-phosphoric acid aqueous
solution 1 was confirmed by the fact that the granules had
not moved. In addition, based on the X-ray micro CT image,
it was confirmed that the cured body was an interconnected
porous body.

[0961] FIG. 45 shows a histopathological image of hema-
toxy-eosin staining 2 weeks after implantation. In the draw-
ing, mother bone is indicated by # and bone defect bound-
aries are indicated by arrows. G indicates main granules of
the cured body of the cured carbonate apatite granules. In the
drawing, asterisks indicate new bones. The fact that the
cured body of the carbonate apatite granules exhibited
excellent tissue compatibility and osteoconductivity was
revealed based on the fact that no inflammatory response
was caused, new bone was formed from a bone defect
boundary, and the new bone was in contact with the cured
body of the carbonate apatite granules.

Comparative Example 14

[0962] In order to confirm effectiveness of the curable
inorganic compound described in Example 42, a curing
reaction was examined under the same conditions as in
Example 1 except that a mixing solution was distilled water,
a sodium hydroxide aqueous solution at a 1 molar concen-
tration, a calcium chloride aqueous solution at a 1 molar
concentration, and a disodium hydrogen phosphoric acid
aqueous solution at a 0.5 molar concentration. A pH was
greater than 5 in all of the aqueous solutions. The carbonate
apatite granules were not cured whichever of the aqueous
solutions and whatever stress was applied.

Comparative Example 15

[0963] In order to confirm effectiveness of the curable
inorganic compound described in Example 42, the carbonate
apatite powder having a particle size about 2 um shown in
a) of FIG. 46 was mixed in the calcium-phosphoric acid
aqueous solution 1.

[0964] After mixing, the result was stored and cured in an
incubator at 37° C. and a relative humidity of 100%.

[0965] The b) of FIG. 46 shows the form of the cured
body.
[0966] Even when light was introduced from below the

cured body using a penlight, no reflected light was observed
from the upper surface of the cured body. In addition, when
distilled water was added dropwise, since the water did not
pass through the cured body, it was confirmed that the cured
body was not an interconnected porous body. The ¢) of FIG.
46 shows a scanning electron microscope image of the cured
body. No interconnected pores of 30 pm or more were
observed in the cured body.
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Example 43

[0967] A hydroxyapatite block was pulverized to produce
hydroxyapatite granules that passed through a sieve having
a mesh opening of 2 mm but failed to pass through a sieve
having a mesh opening of 500 um. The a) of FIG. 47 shows
a scanning electron microscopic picture of the produced
hydroxyapatite granules. The b) of FIG. 47 shows a high
magnification image thereof.

[0968] The calcium-phosphoric acid aqueous solution 1
was used as a mixing solution.

[0969] The hydroxyapatite granules were filled into the
interior of a plastic cylindrical mold with a diameter of 6 mm
and a height of 3 mm placed on a slide glass. 500 pL of the
prepared calcium-phosphoric acid aqueous solution 1 was
added dropwise to the hydroxyapatite granules, and the
excess calcium-phosphoric acid aqueous solution 1 was
removed for reaction. Also, a reaction was caused under
conditions in which no load was applied to the granules. The
sample was left in a thermostatic bath at 37° C. and a relative
humidity of 100% for 30 minutes. Then, curing was deter-
mined according to whether the granules had moved. As a
result, it was confirmed that the granules had not moved but
had been cured.

[0970] The c¢) of FIG. 47 shows a scanning electron
microscope image of the cured body. The d) of FIG. 47
shows a high magnification image showing the bridging
between granules in the cured body under a scanning
electron microscope.

[0971] As shown in ¢) of FIG. 47 to d) of FIG. 47, it was
confirmed that the hydroxyapatite granules were cured,
crystals were precipitated in the hydroxyapatite granules,
and the precipitated crystals bridged the hydroxyapatite
granules for curing.

[0972] When light was introduced from below the cured
body using a penlight, reflected light was observed from the
upper surface of the cured body and when distilled water
was added dropwise, the water easily passed through the
cured body. Therefore, it was confirmed that the cured body
was an interconnected porous body. In addition, based on
observation under a scanning electron microscope, it was
confirmed that a diameter of the interconnected pore was at
least 30 um or more. A porosity was about 65%.

[0973] FIG. 48 shows powder X-ray diffraction patterns.
In b) of FIG. 48 showing a powder X-ray diffraction pattern
of'the cured body, in addition to a diffraction pattern derived
from the hydroxyapatite granules shown in ¢) of FIG. 48, a
diffraction pattern derived from dicacium phosphate dihy-
drate (DCPD) shown in a) of FIG. 48 was observed. There-
fore, it was confirmed that the hydroxyapatite granules and
the calcium-phosphoric acid aqueous solution 1 had reacted
to form calcium hydrogen phosphate.

[0974] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the hydroxyapatite granules and the cal-
cium-phosphoric acid aqueous solution 1 having a pH of 4
or less were reacted, calcium hydrogen phosphate dihydrate
was formed and the cured body was formed by bridging by
the calcium hydrogen phosphate dihydrate.

[0975] A compressive strength of the cured body was 160
kPa.
[0976] Abone defect with a diameter of 4 mm was formed

in a rat skull, hydroxyapatite granules were filled into the
bone defect, the calcium-phosphoric acid aqueous solution 1
was added dropwise for curing, the excess calcium-phos-
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phoric acid aqueous solution 1 was removed using a gauze,
curing of the hydroxyapatite granules inside the bone defect
was confirmed and the defect was then sealed.

[0977] When a bone defect repairing operation was per-
formed and the result was histopathologically evaluated
after 2 weeks, it was revealed that the cured body of the
hydroxyapatite granules exhibited excellent tissue compat-
ibility and osteoconductivity.

Comparative Example 16

[0978] In order to confirm effectiveness of the curable
inorganic compound described in Example 43, a curing
reaction was examined under the same conditions as in
Example 43 except that a mixing solution was distilled
water, a sodium hydroxide aqueous solution at a 1 molar
concentration, a calcium chloride aqueous solution at a 1
molar concentration, and a disodium hydrogen phosphoric
acid aqueous solution at a 0.5 molar concentration.

[0979] The hydroxyapatite granules were not cured when
any of the aqueous solutions was used.

Comparative Example 17

[0980] In order to confirm effectiveness of the curable
inorganic compound described in Example 2, a hydroxy-
apatite powder having a particle size of about 3 um shown
in a) of FIG. 49 was mixed in the calcium-phosphoric acid
aqueous solution 1.

[0981] After mixing, the result was stored and cured in an
incubator at 37° C. and a relative humidity of 100%.

[0982] The b) of FIG. 49 shows the form of the cured
body.
[0983] When light was introduced from below the cured

body using a penlight, no reflected light was observed from
the upper surface of the cured body. In addition, when
distilled water was added dropwise, since the water did not
pass through the cured body, it was confirmed that the cured
body was not an interconnected porous body. The ¢) of FIG.
49 shows a scanning electron microscope image of the cured
body. No interconnected pores of 30 pm or more were
observed in the cured body.

Example 44

[0984] A f-type tricalcium phosphate block was pulver-
ized to prepare B-type tricalcium phosphate granules that
passed through a sieve having a mesh opening of 600 pum but
failed to pass through a sieve having a mesh opening of 300
pm. The a) of FIG. 50 shows a picture of the granules.
[0985] As a mixing solution, the calcium-phosphoric acid
aqueous solution 1, phosphoric acid at a 1 molar concen-
tration with a pH of 0.1, or hydrochloric acid at a 3 molar
concentration with a pH of 0.9 was used.

[0986] The B-type tricalcium phosphate granules were
filled in a stainless steel mold with a diameter of 6 mm and
a height of 3 mm placed on a slide glass. The calcium-
phosphoric acid aqueous solution 1, phosphoric acid at a 1
molar concentration or hydrochloric acid at a 3 molar
concentration was added dropwise to the p-type tricalcium
phosphate granules. The excess calcium-phosphoric acid
aqueous solution 1 was removed using a gauze. Then, the
sample was left in a thermostatic bath at 37° C. and a relative
humidity of 100% for 30 minutes, and curing was then
determined according to whether the granules had moved.
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As aresult, it was confirmed that the granules had not moved
but had been cured in all cases.

[0987] The b) of FIG. 50, ¢) of FIG. 50, and d) of FIG. 50
show the results for the cured body. The b) of FIG. 50 shows
a picture of the cured body when the calcium-phosphoric
acid aqueous solution 1 was used. The c) of FIG. 50 shows
a picture of the cured body when phosphoric acid at a 1
molar concentration was used. The d) of FIG. 50 shows a
picture of the cured body when hydrochloric acid at a 3
molar concentration was used. In any case, the p-type
tricalcium phosphate granules were cured to form a porous
body. When light was introduced from below the porous
body using a penlight, reflected light was observed from the
upper surface of the porous body and when distilled water
was added dropwise, the water easily passed through the
cured body. Therefore, it was confirmed that the intercon-
nected porous body was formed. In the porous bodies
obtained by curing the p-type tricalcium phosphate granules
in the calcium-phosphoric acid aqueous solution 1, phos-
phoric acid at a 1 molar concentration, and hydrochloric acid
at a 3 molar concentration, a porosity was 67%, 63%, and
63%.

[0988] FIG. 51 shows powder X-ray diffraction patterns.
Also, the b) of FIG. 51 shows a powder X-ray diffraction
pattern of the cured body when the calcium-phosphoric acid
aqueous solution 1 was used. The ¢) of FIG. 51 shows a
powder X-ray diffraction pattern of the cured body when
phosphoric acid at a 1 molar concentration was used. The d)
of FIG. 51 shows a powder X-ray diffraction pattern of the
cured body when hydrochloric acid at a 3 molar concentra-
tion was used.

[0989] Inb) of FIG. 51 to d) of FIG. 51 showing powder
X-ray diffraction patterns of the cured body, in addition to a
diffraction pattern derived from p-type tricalcium phosphate
granules shown in a) of FI1G. 51, a diffraction pattern derived
from calcium hydrogen phosphate dihydrate (DCPD) shown
in e) of FIG. 51 was observed. Therefore, it was confirmed
that the B-type tricalcium phosphate granules were reacted
with the calcium-phosphoric acid aqueous solution 1, phos-
phoric acid at a 1 molar concentration or hydrochloric acid
at a 3 molar concentration to form calcium hydrogen phos-
phate dihydrate.

[0990] FIG. 52 shows a scanning electron microscope
image. The a) of FIG. 52 shows p-type tricalcium phosphate
granules. The b) of FIG. 52 to g) of FIG. 52 show scanning
electron microscope images of the cured body. The b) of
FIG. 52 and c) of FIG. 52 show images obtained when the
calcium-phosphoric acid aqueous solution 1 was used as a
mixing solution. The d) of FIG. 52 and e) of FIG. 52 show
images obtained when phosphoric acid at a 1 molar con-
centration was used as a mixing solution. The f) of FIG. 52
and g) of FIG. 52 show images obtained when hydrochloric
acid at a 3 molar concentration was used as a mixing
solution. The b) of FIG. 52, d) of FIG. 52 and f) of FIG. 52
show low magnification images. The c¢) of FIG. 52, e) of
FIG. 52, and g) of FIG. 52 show high magnification images.
In any case, a precipitate that was not observed in f-type
tricalcium phosphate granules was observed on surfaces of
the p-type tricalcium phosphate granules and between the
p-type tricalcium phosphate granules in all of the cured
bodies. Also, when the calcium-phosphoric acid aqueous
solution 1 was used, more crystals were observed than when
another mixing solution was used. In addition, in all cured
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bodies, it was confirmed that a diameter of the intercon-
nected pore was at least 30 pm or more.

[0991] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the p-type tricalcium phosphate granules
were reacted with the calcium-phosphoric acid aqueous
solution 1, phosphoric acid at a 1 molar concentration, or
hydrochloric acid at a 3 molar concentration, dicalcium
phosphate dihydrate was formed, and the calcium hydrogen
phosphate dihydrate bridged the p-type tricalcium phos-
phate granules to form the cured body.

[0992] A compressive strength of the cured body was 180
kPa, 110 kPa, or 70 kPa when the calcium-phosphoric acid
aqueous solution 1, phosphoric acid at a 1 molar concen-
tration or hydrochloric acid at a 3 molar concentration was
used, respectively.

[0993] FIG. 53 shows a histopathological image after 2
weeks when a bone defect with a diameter of 4 mm was
formed in a rat skull, the P-type tricalcium phosphate
granules were filled into the bone defect, the calcium-
phosphoric acid aqueous solution 1 was added dropwise,
and the f-type tricalcium phosphate granules were cured. An
inflammatory response due to a material was not observed
before a specimen was prepared. In addition, it was con-
firmed that the cured state of the -type tricalcium phosphate
granules had been preserved when the sample was excised.
In FIG. 53, G indicates f-type tricalcium phosphate granules
and no inflammatory cells were observed therearound. In
addition, it was confirmed that a bone grew inside the bone
defect which was reconstructed using the cured body of the
p-type tricalcium phosphate granules from a boundary of the
bone defect. When phosphoric acid at a 1 molar concentra-
tion and hydrochloric acid at a 3 molar concentration were
used for curing, similar results were obtained.

Example 45

[0994] A f-type tricalcium phosphate block was pulver-
ized to prepare B-type tricalcium phosphate granules that
passed through a sieve having a mesh opening of 1000 pm
but failed to pass through a sieve having a mesh opening of
600 um. The a) of FIG. 54 shows the form thereof.

[0995] MCPM was suspended in methanol, and p-type
tricalcium phosphate granules were immersed in the sus-
pension, removed from the suspension, and dried to produce
p-type tricalcium phosphate granules to which MCPM was
adhered (hereinafter referred to as MCPM-adhered fTCP
granules). The b) of FIG. 54 shows a scanning electron
microscopic picture of the obtained MCPM adhered TCP
granule.

[0996] Distilled water was used as a mixing solution.
[0997] The MCPM adhered PTCP granules were mixed
with distilled water and put into a 1 mL plastic centrifugal
tube. The adhered MCPM was dissolved in contact with
distilled water. Therefore, the PTCP granules substantially
reacted with an acidic calcium phosphoric acid aqueous
solution having a pH of 5 or less.

[0998] The sample was left in a thermostatic bath at 37° C.
and a relative humidity of 100% for 6 hours. Then, curing
was determined according to whether the granules had
moved. As a result, it was confirmed that the granules had
not moved but had been cured as shown in ¢) of FIG. 54.
[0999] FIG. 55 shows powder X-ray diffraction patterns.
The a) of FIG. 55 shows a powder X-ray diffraction pattern
of the produced MCPM adhered BTCP granules. In the case
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of the cured body, as shown in b) of FIG. 55, a diffraction
pattern derived from calcium hydrogen phosphate dihydrate
(DCPD) shown in ¢) of FIG. 55 was observed. Therefore, it
is thought that MCPM adhered to $-type tricalcium phos-
phate dissolved in distilled water and reacted with p-type
tricalcium phosphate to form calcium hydrogen phosphate
dihydrate (DCPD).

[1000] FIG. 56 shows scanning electron microscope
images of the cured body. As shown in a) of FIG. 56, it was
confirmed that crystals were precipitated on the surface of
p-type tricalcium phosphate, and the precipitated crystals
bridged and cured the -type tricalcium phosphate granules.
In addition, it was confirmed that a diameter of the inter-
connected pore was at least 30 pm or more.

[1001] When light was introduced from below the cured
body using a penlight, reflected light was observed from the
upper surface of the cured body and when distilled water
was added dropwise, the water easily passed through the
cured body. Therefore, it was confirmed that the cured body
was an interconnected porous body. A porosity was about
68% and a compressive strength was 50 kPa.

Comparative Example 18

[1002] In order to confirm effectiveness of the curable
inorganic compound described in Example 45, a curing
reaction was examined under the same conditions as in
Example 2 except that a mixing solution was distilled water,
a sodium hydroxide aqueous solution at a 1 molar concen-
tration, a calcium chloride aqueous solution at a 1 molar
concentration, and a disodium hydrogen phosphoric acid
aqueous solution at a 0.5 molar concentration. A pH was
greater than 5 in all of the aqueous solutions. When any
aqueous solution was used, the p-type tricalcium phosphate
granules were not cured.

Comparative Example 19

[1003] In order to confirm effectiveness of the curable
inorganic compound described in Example 45, a f-type
tricalcium phosphate powder having a particle size of about
3 um was mixed in the calcium-phosphoric acid aqueous
solution 1, phosphoric acid at a 1 molar concentration, or
hydrochloric acid at a 3 molar concentration.

[1004] After mixing, the result was stored and cured in an
incubator at 37° C. and a relative humidity of 100%.
[1005] The a) of FIG. 57 shows the form of the cured body
when mixed in the calcium-phosphoric acid aqueous solu-
tion 1.

[1006] Even when light was introduced from below the
cured body using a penlight, no reflected light was observed
from the upper surface of the cured body. In addition, when
distilled water was added dropwise, since the water did not
pass through the cured body, it was confirmed that the cured
body was not an interconnected porous body. The b) of FIG.
57 shows a scanning electron microscope image of the cured
body. No interconnected pores of 30 pm or more were
observed in the cured body.

[1007] Similar results were obtained when mixing was
performed using phosphoric acid at a 1 molar concentration
and hydrochloric acid at a 3 molar concentration.

Example 46

[1008] A polyurethane foam was immersed in a tricalcium
phosphate suspension and calcined at 1500° C. to produce an
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a-type calcium phosphate foam. The produced a-type tri-
calcium phosphate foam was pulverized to produce a-type
calcium phosphate foam granules that passed through a
sieve having a mesh opening of 10 mm but failed to pass
through a sieve 0of 0.3 mm. The a) of FIG. 58 shows a picture
of the form of the a-type calcium phosphate foam granules
and b) of FIG. 58 shows a scanning electron microscope
image thereof.

[1009] a-type tricalcium phosphate foam granules were
filled in a stainless steel split mold (for preparing a sample
with a diameter of 6 mm¢ and a height of 3 mm) placed on
a glass plate. From the side above the stainless steel split
mold, the calcium-phosphoric acid aqueous solution pro-
duced in Example 42 was added in the same amount as the
weight of granules and reaction was performed in a ther-
mostatic bath at 37° C. and a relative humidity of 100% for
30 minutes. Then, curing was determined according to
whether the granules had moved. As a result, it was con-
firmed that the granules had not moved but had been cured.
The c) of FIG. 58 shows a picture of the cured body. When
light was introduced from below the porous body using a
penlight, reflected light was observed from the upper surface
of the cured body and when distilled water was added
dropwise, the distilled water easily passed therethrough.
Therefore, it was confirmed that the interconnected porous
body was formed. A porosity of the cured body was 60%. A
compressive strength was 280 kPa.

[1010] The b) of FIG. 58 shows the a-type tricalcium
phosphate foam granules used. The d) of FIG. 58 shows a
scanning electron microscopic picture of the cured body. A
precipitate was not observed on surfaces of the a-type
tricalcium phosphate foam of granules in b) of FIG. 58 but
was observed on the surface of the cured body in d) of FIG.
58. In addition, it was confirmed that precipitates entangle
among the granules in the cured body and curing occurred
due to bridging by entangling of the precipitates.

Example 47

[1011] An a-type tricalcium phosphate powder (commer-
cially available from Taihei Chemical Industrial Co., L.td.)
was uniaxially compacted at 28 MPa to prepare an o-type
tricalcium phosphate powder compacted body with a diam-
eter of 3 mm and a height of 3 mm. The body was calcined
at 1000° C. for 5 hours and polished to produce a spherical
body with a diameter of 1.4 mm. The spherical body was
calcined at 1400° C. for 5 hours to produce an a-type
tricalcium phosphate sphere with a diameter of 1.3 mm.
[1012] As a mixing solution, a calcium dihydrogen phos-
phate-phosphoric acid aqueous solution (hereinafter, the
solution will be referred to as a “calcium-phosphoric acid
aqueous solution 6” in this example) in which calcium
dihydrogen phosphate was dissolved at 25° C. to a concen-
tration of 0.2 mol with respect to phosphoric acid at a 0.1
molar concentration was produced. The calcium-phosphoric
acid aqueous solution 6 included calcium at a 0.2 molar
concentration and phosphoric acid at a 0.5 molar concen-
tration. A pH of the calcium-phosphoric acid aqueous solu-
tion 6 was 2.

[1013] a-type tricalcium phosphate spheres were filled in
a stainless steel split mold (for preparing a sample with a
diameter of 6 mm¢ and a height of 6 mm) placed on a glass
plate. From the side above the stainless steel split mold, 0.18
ml of the calcium-phosphoric acid aqueous solution 6
having a pH of 2 was added. The sample was reacted in a
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thermostatic bath at 37° C. and a relative humidity of 100%
for 30 minutes. Then, curing was determined according to
whether the granules had moved. As a result, it was con-
firmed that the granules had not moved but had been cured.
[1014] In addition, when light was introduced from below
the porous body using a penlight, reflected light was
observed from the upper surface of the porous body and
when distilled water was added dropwise, the water easily
passed through the cured body. Therefore, it was confirmed
that the interconnected porous body was formed.

[1015] The a) of FIG. 60 shows a picture of the a-type
tricalcium phosphate spheres used. The b) of FIG. 60 shows
a picture of the cured body of the a-type tricalcium phos-
phate spheres. The ¢) of FIG. 60 shows a micro CT image
of the cured body of the a-type tricalcium phosphate
spheres. The d) of FIG. 60 shows a cross-sectional micro CT
image of the cured body of the a-type tricalcium phosphate
spheres. It was confirmed that the interconnected porous
body was formed based on the micro CT image.

[1016] The b) of FIG. 61 shows thin-film powder X-ray
diffraction patterns of the cured body of the a-type trical-
cium phosphate spheres. Patterns that were not observed in
thin-film powder X-ray diffraction patterns of the a-type
tricalcium phosphate spheres shown in a) of FIG. 61 and that
were derived from calcium hydrogen phosphate dihydrate
(DCPD) shown in ¢) of FIG. 61 were observed. Therefore,
it was confirmed that the a-type tricalcium phosphate
spheres and the calcium-phosphoric acid aqueous solution 6
had reacted to form calcium hydrogen phosphate dihydrate.
[1017] The a) of FIG. 62 shows the a-type tricalcium
phosphate spheres. The b) of FIG. 62 shows a scanning
electron microscopic picture between a-type tricalcium
phosphate spheres. The precipitate that was not observed on
the surface of the a-type tricalcium phosphate sphere was
observed in the cured body. In addition, it was confirmed
that precipitates entangle the spheres in the cured body and
the precipitate bridged the a-type tricalcium phosphate
spheres and cured the a-type tricalcium phosphate spheres.
[1018] A porosity of the cured body was 50%. A com-
pressive strength was 30 kPa.

Comparative Example 20

[1019] In order to confirm effectiveness of the curable
inorganic compounds described in Examples 46 and 47, a
curing reaction was examined under the same conditions as
in Examples 46 and 47 except that a mixing solution was
distilled water, a sodium hydroxide aqueous solution at a 1
molar concentration, a calcium chloride aqueous solution at
a 1 molar concentration, and a disodium hydrogen phos-
phoric acid aqueous solution at a 0.5 molar concentration. A
pH was greater than 5 in all of the aqueous solutions.
[1020] The a-type tricalcium phosphate foam granules
and the a-type tricalcium phosphate sphere were not cured
when any of the aqueous solutions was used.

Comparative Example 21

[1021] In order to confirm effectiveness of the curable
inorganic compounds described in Examples 46 and 47, the
a-type tricalcium phosphate powder having a particle size of
about 6 um shown in a) of FIG. 63 was mixed in the
calcium-phosphoric acid aqueous solution 1, phosphoric
acid at a 1 molar concentration, or hydrochloric acid at a 3
molar concentration.
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[1022] After mixing, the result was stored and cured in an
incubator at 37° C. and a relative humidity of 100%.
[1023] Theb) of FIG. 63 shows the form of the cured body
when mixed in the calcium-phosphoric acid aqueous solu-
tion 1.

[1024] Even when light was introduced from below the
cured body using a penlight, no reflected light was observed
from the upper surface of the cured body. In addition, when
distilled water was added dropwise, since the water did not
pass through the cured body, it was confirmed that the cured
body was not an interconnected porous body. The ¢) of FIG.
63 shows a scanning electron microscope image of the cured
body. No interconnected pores of 30 pm or more were
observed in the cured body.

[1025] Similar results were obtained when mixing was
performed using phosphoric acid with a 1 molar concentra-
tion and hydrochloric acid with a 3 molar concentration.

Example 48

[1026] A rat femur and tibia were calcined at 1000° C. for
5 hours. A cancellous bone portion was selected to produce
cancellous bone granules that passed through a sieve having
a mesh opening of 2 mm but failed to pass through a sieve
having a mesh opening of 500 um. The a) of FIG. 64 and ¢)
of FIG. 64 show a picture of the produced cancellous bone
granules and a scanning electron microscopic picture. Based
on the scanning electron microscopic picture shown in ¢) of
FIG. 64, it was confirmed that the cancellous bone granule
was an interconnected porous body.

[1027] The calcium-phosphoric acid aqueous solution 1
was used as a mixing solution.

[1028] 500 mg of the cancellous bone apatite granules
were filled in a centrifugal tube and 500 pl of the calcium-
phosphoric acid aqueous solution 1 was added dropwise.
The sample was left in a thermostatic bath at 37° C. and a
relative humidity of 100% for 30 minutes. Then, curing was
determined according to whether the granules had moved.
As a result, it was confirmed that the granules had not moved
but had been cured.

[1029] The b) of FIG. 64 shows a picture of the cured
body. The d) of FIG. 64 shows a scanning electron micro-
scope image.

[1030] As shown in d) of FIG. 64, when cancellous bone
granules were reacted with a mixing solution, crystals were
precipitated and the precipitated crystals bridged the can-
cellous bone granules to form the cured body.

[1031] When light was introduced from below the cured
body using a penlight, reflected light was observed from the
upper surface of the cured body and when distilled water
was added dropwise, the water easily passed through the
cured body. Therefore, it was confirmed that the cured body
was an interconnected porous body. In addition, based on
observation under a scanning electron microscope, it was
confirmed that a diameter of the interconnected pore was at
least 30 um or more. A porosity was about 75%.

[1032] FIG. 65 shows powder X-ray diffraction patterns.
In b) of FIG. 65 showing a powder X-ray diffraction pattern
of the cured body, in addition to a diffraction pattern derived
from the cancellous bone shown in a) of FIG. 65, a diffrac-
tion pattern derived from dicacium phosphate dihydrate
(DCPD) shown in ¢) of FIG. 65 was observed. Therefore, it
was confirmed that the cancellous bone granules and the
calcium-phosphoric acid aqueous solution 1 had reacted to
form calcium hydrogen phosphate dihydrate.
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[1033] A compressive strength of the cured body was 170
kPa.
[1034] Abone defect with a diameter of 4 mm was formed

in a rat skull, cancellous bone granules were filled into the
bone defect, the calcium-phosphoric acid aqueous solution 1
was added dropwise for curing, the excess calcium-phos-
phoric acid aqueous solution 1 was removed using a gauze,
curing of the cancellous bone granules inside the bone defect
was confirmed and the defect was then sealed.

[1035] When a bone defect repairing operation was per-
formed and the result was histopathologically evaluated
after 2 weeks, it was revealed that the cured body of the
cancellous bone granules exhibited excellent tissue compat-
ibility and osteoconductivity.

Example 49

[1036] Bioglass (bioglass 45S5TM) produced from SiO,,
Ca0, Na,O, and P,O; was used as calcium-containing glass.
[1037] A calcium-containing glass block was pulverized
to produce calcium-containing glass granules that passed
through a sieve having a mesh opening of 2 mm but failed
to pass through a sieve having a mesh opening of 500 um.
The a) of FIG. 66 shows a picture of the produced calcium-
containing glass granules.

[1038] The calcium-phosphoric acid aqueous solution 1
was used as a mixing solution.

[1039] The calcium-containing glass granules were filled
in a stainless steel split mold for preparing a sample with a
diameter of 6 mm and a height of 3 mm placed on a slide
glass. The calcium-phosphoric acid aqueous solution 1 was
added dropwise to the calcium-containing glass granules.
The excess calcium-phosphoric acid aqueous solution 1 was
removed for reaction. The sample was left in a thermostatic
bath at 37° C. and a relative humidity of 100% for 30
minutes and curing was then determined according to
whether the granules had moved. As a result, it was con-
firmed that the granules had not moved but had been cured
in all cases.

[1040] The b) of FIG. 66 shows a picture of the cured
body. As shown in b) of FIG. 66, the calcium-containing
glass granules were cured and the interconnected porous
body was formed. In addition, it was confirmed that a
diameter of the interconnected pore was at least 30 pm or
more. When light was introduced from below the cured body
using a penlight, reflected light was observed from the upper
surface of the cured body in all cases, and when distilled
water was added dropwise, the water easily passed through
the cured body. Therefore, it was confirmed that the cured
body was an interconnected porous body. A porosity was
about 54%.

[1041] In addition, the a) of FIG. 67 shows a scanning
electron microscope image of the calcium-containing glass
granules. The b) of FIG. 67 shows a scanning electron
microscope image of the cured body. The c) of FIG. 67
shows a high magnification image of the cured body under
a scanning electron microscope. As shown in b) of FIG. 67
and ¢) of FIG. 67, on the surface of the cured body, crystals
that were not observed in the calcium-containing glass
granules were precipitated, the granules being linked by
bridging by crystals.

[1042] FIG. 68 shows powder X-ray diffraction patterns.
In b) of FIG. 68 showing a powder X-ray diffraction pattern
of'the cured body, in addition to a diffraction pattern derived
from calcium-containing glass granules shown in a) of FIG.
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68, a diffraction pattern derived from dicacium phosphate
dihydrate (DCPD) shown in c¢) of FIG. 68 was observed.
Therefore, it was confirmed that the calcium-containing
glass granules and the calcium-phosphoric acid aqueous
solution 1 having a pH of 1.2 had reacted to form calcium
hydrogen phosphate.

[1043] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the calcium-containing glass granules and
the calcium-phosphoric acid aqueous solution 1 having a pH
of 1.2 were reacted, calcium hydrogen phosphate dihydrate
was formed and the calcium hydrogen phosphate dihydrate
bridged the calcium-containing glass granules to form the

cured body.
[1044] A compressive strength of the cured body was 100
kPa.
Example 50
[1045] A calcium hydroxide powder (commercially avail-

able from Nacalai Tesque, Inc.) was isostatically compacted
at 100 MPa, and carbonated in a 10 L desiccator at 25° C.
and a humidity of 100% in which carbon dioxide was
supplied at 100 mL per minute for 48 hours to prepare a
cured body. The cured body was pulverized and then sieved
separately. Granules that passed through a sieve having a
mesh opening of 1000 um but failed to pass through a sieve
having a mesh opening of 600 um were additionally car-
bonated under the same conditions for 7 days. Calcium
carbonate granules shown in the scanning electron micro-
scope image of FIG. 69a were produced.

[1046] As a mixing solution, a calcium-phosphoric acid
aqueous solution (hereinafter referred to as a “calcium-
phosphoric acid aqueous solution 9” in this example) in
which calcium dihydrogen phosphate was dissolved at 25°
C. to a concentration of 1.2 mol with respect to phosphoric
acid at a 0.6 molar concentration was produced. The cal-
cium-phosphoric acid aqueous solution 9 included calcium
ata 1.2 molar concentration and phosphoric acid at a 3 molar
concentration. A pH of the calcium-phosphoric acid aqueous
solution 9 was 1.2.

[1047] The calcium carbonate granules were filled in an
acrylic pipe with an inner diameter of 6 mm and the acrylic
pipe was fixed to an acrylic plate. Also, air or a liquid passes
between the acrylic pipe and the acrylic plate. From the side
above the acrylic pipe, 0.34 mL of the mixing solution was
added and stress was applied from the upper surface so that
a pressure of 7.1 MPa was applied using a stainless steel
push rod. The sample was reacted in a thermostatic bath at
37° C. and a relative humidity of 100% for 30 minutes.
Then, curing was determined according to whether the
granules had moved. As a result, it was confirmed that the
granules had not moved but had been cured.

[1048] The b) of FIG. 69 shows a scanning electron
microscope image of the surface of the cured body. A
precipitate was formed on surfaces of calcium carbonate
granules and the formed precipitate bridged the calcium
carbonate granules. Therefore, it was confirmed that the
calcium carbonate granules were cured.

[1049] When light was introduced from below the cured
body using a penlight, reflected light was observed from the
upper surface of the porous body and when distilled water
was added dropwise, the water easily passed therethrough.
Therefore, it was confirmed that the interconnected porous
body was formed. The ¢) of FIG. 69 shows a micro CT
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image of the cured body. Based on such results, it was
confirmed that the interconnected orous body was formed
according to the curing of the calcium carbonate granules.
[1050] The b) of FIG. 70 shows powder X-ray diffraction
patterns of the cured body. In addition to diffraction patterns
derived from calcium carbonate granules shown in a) of
FIG. 70, diffraction patterns derived from calcium hydrogen
phosphate dihydrate shown in ¢) of FIG. 70 were detected.
Therefore, it was confirmed that the formed precipitate was
calcium hydrogen phosphate dihydrate.

[1051] A porosity of the cured body was 52%. A com-
pressive strength was 15000 kPa (15 MPa).

[1052] The obtained cured body of the calcium carbonate
granules was implanted in a white rabbit femoral defect.
Based on the histopathological image after 2 weeks, it was
confirmed that no inflammatory response was caused, excel-
lent tissue compatibility was exhibited, and a bone invaded
into the pore.

Example 51

[1053] A carbonate apatite block was pulverized to pro-
duce carbonate apatite granules that passed through a sieve
having a mesh opening of 200 uM but failed to pass through
a sieve having a mesh opening of 100 um.

[1054] As a mixing solution, the following three solutions
were produced.
[1055] An aqueous solution (hereinafter referred to as a

“0.5 M calcium-phosphoric acid aqueous solution” in this
example) in which calcium dihydrogen phosphate was dis-
solved at 25° C. to a concentration of 0.5 mol with respect
to phosphoric acid at a 0.2 molar concentration was pro-
duced. The 0.5 M calcium-phosphoric acid aqueous solution
included calcium at a 0.5 molar concentration and phos-
phoric acid at a 1.2 molar concentration. A pH of the 0.5 M
calcium-phosphoric acid aqueous solution was 2.0.

[1056] An aqueous solution (hereinafter referred to as a
“0.8 M calcium-phosphoric acid aqueous solution” in this
example) in which calcium dihydrogen phosphate was dis-
solved at 25° C. to a concentration of 0.8 mol with respect
to phosphoric acid at a 0.4 molar concentration was pro-
duced. The 0.8 M calcium-phosphoric acid aqueous solution
included calcium at a 0.8 molar concentration and phos-
phoric acid at a 2 molar concentration. A pH of the 0.8 M
calcium-phosphoric acid aqueous solution was 1.8.

[1057] An aqueous solution (hereinafter referred to as a “1
M calcium-phosphoric acid aqueous solution” in this
example) in which calcium dihydrogen phosphate at a 1
molar concentration was dissolved at 25° C. with respect to
phosphoric acid at a 0.6 molar concentration was produced.
The 1 M calcium-phosphoric acid aqueous solution included
calcium at a 1 molar concentration and phosphoric acid at a
2.6 molar concentration. A pH of the 1 M calcium-phos-
phoric acid aqueous solution was 1.6.

[1058] 0.1 g of the carbonate apatite granules were intro-
duced into an injection syringe with an inner diameter of 6
mm¢ and a mixing solution of 0.5 ml was introduced
thereinto. Then, a push rod of the syringe was introduced
and an excess mixing solution was removed by air. A stress
of 1.4 MPa was applied to the push rod and the carbonate
apatite granules were cured under pressure at 25° C. for 30
minutes.

[1059] The a) of FIG. 71 to 1) of FIG. 71 show scanning
electron microscope images of the cured bodies that were
cured in a 0.5 M calcium-phosphoric acid aqueous solution,
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a 0.8 M calcium-phosphoric acid aqueous solution, and a 10
M calcium-phosphoric acid aqueous solution. In any case, it
was confirmed that crystals were precipitated on surfaces of
the carbonate apatite granules and between the carbonate
apatite granules, and the carbonate apatite granules were
bridged by the precipitated crystals to cure a carbonate
apatite.

[1060] A compressive strength of the cured body was 1.3
MPa, 1.8 MPa, or 3.2 MPa, respectively.

[1061] FIG. 72 shows powder X-ray diffraction patterns. It
was confirmed that the precipitate was calcium hydrogen
phosphate dihydrate similarly to Example 1.

[1062] Next, the carbonate apatite granules cured by
bridging by the calcium hydrogen phosphate dihydrate were
immersed in a sodium hydrogen carbonate aqueous solution
at a 1 molar concentration at 60° C. for 3 hours. A pH of the
sodium hydrogen carbonate aqueous solution at a 1 molar
concentration was 8.4.

[1063] The d) of FIG. 71, e) of FIG. 71, and f) of FIG. 71
show scanning electron microscope images of the cured
bodies cured in a 0.5 M calcium-phosphoric acid aqueous
solution, a 0.8 M calcium-phosphoric acid aqueous solution,
and a 10 M calcium-phosphoric acid aqueous solution.
While the form of the crystals on the surface was changed
due to the sodium hydrogen carbonate aqueous solution
treatment, no change was observed in the macro form, and
an interconnected porous body structure was confirmed. In
addition, it was confirmed that a diameter of the intercon-
nected pore was at least 30 pm or more.

[1064] Based on powder X-ray diffraction patterns in FIG.
72, it was confirmed that the calcium hydrogen phosphate
dihydrate formed in a calcium-phosphoric acid aqueous
solution of carbonate apatite granules was compositionally
converted into a carbonate apatite due to the sodium hydro-
gen carbonate aqueous solution treatment.

[1065] A compressive strength of the interconnected
porous body obtained after the sodium hydrogen carbonate
aqueous solution treatment was 0.6 MPa, 1.1 MPa, or 1.4
MPa, respectively when an interconnected porous body
prepared using a 0.5 M calcium-phosphoric acid aqueous
solution, a 0.8 M calcium-phosphoric acid aqueous solution,
or a 10 M calcium-phosphoric acid aqueous solution was
treated with sodium hydrogen carbonate. In addition, a
porosity was 68%, 63%, and 62%.

[1066] Next, in order to examine tissue compatibility of
the obtained interconnected porous body, a bone defect with
a diameter of 6 mm was formed in the tibia of a Japanese
white house rabbit having a body weight of about 3.5 kg, and
the bone defect was reconstructed using the produced inter-
connected porous body.

[1067] FIG. 73 shows X-ray micro CT images one month
after implantation. In the a) of FIG. 73 and b) of FIG. 73, the
upper portions show ankle sides and the lower portions show
knee joint sides.

[1068] The a) of FIG. 73 shows an X-ray micro CT image
obtained when a bone defect was reconstructed using an
interconnected porous body obtained by curing carbonate
apatite granules in a 10 M calcium-phosphoric acid aqueous
solution. The ¢) of FIG. 73 shows an image when the sample
was observed in a perpendicular direction with respect to a
bone axis. In addition, the b) of FIG. 73 shows an X-ray
micro CT image obtained when a bone defect was recon-
structed using an interconnected porous body in which
calcium hydrogen phosphate dihydrate bridging carbonate
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apatite granules were additionally changed to a carbonate
apatite due to sodium hydrogen carbonate. The d) of FIG. 73
shows an image when the sample was observed in a per-
pendicular direction with respect to a bone axis.

[1069] It was confirmed that no inflammatory response
was observed in any cases and excellent tissue compatibility
was exhibited. In addition, it was confirmed that the inter-
connected porous body and a bone were linked and osteo-
conductivity was exhibited.

Example 52

[1070] a-type tricalcium phosphate spheres with a diam-
eter of about 100 pm were formed into granules. The a) of
FIG. 74 and b) of FIG. 745 show scanning electron micro-
scope images of the a-type tricalcium phosphate spheres.
[1071] As a mixing solution, an aqueous solution (here-
inafter referred to as a “calcium-phosphoric acid aqueous
solution 11” in this example) in which calcium dihydrogen
phosphate was dissolved at 25° C. to a concentration of 0.08
mol with respect to phosphoric acid at a 0.05 molar con-
centration was produced. The calcium-phosphoric acid
aqueous solution 11 was a solution including calcium at a
0.08 molar concentration and phosphoric acid at a 0.21
molar concentration. A pH of the calcium-phosphoric acid
aqueous solution 11 was 2.0.

[1072] The o-type tricalcium phosphate spheres were
introduced into an injection syringe with an inner diameter
of 6 mm¢ and a mixing solution of 0.5 mL was introduced
thereinto. Then, a push rod of the syringe was introduced
and an excess mixing solution was removed by air. No load
was applied to the push rod, and the a-type tricalcium
phosphate spheres were cured at 25° C. for 30 minutes under
no pressure.

[1073] The c¢) of FIG. 74 shows a scanning electron
microscope image of the interconnected porous body cured
when the a-type tricalcium phosphate spheres and a cal-
cium-phosphoric acid aqueous solution were reacted. It was
confirmed that crystal precipitation was observed on sur-
faces of the a-type ftricalcium phosphate spheres and
between the a-type tricalcium phosphate spheres and the
a-type tricalcium phosphate spheres were cured by bridging
by the precipitated crystals.

[1074] Next, the produced interconnected porous body
was calcined at 1500° C. for 6 hours. The d) of FIG. 74
shows a scanning electron microscope image of the calcined
interconnected porous body. It was confirmed that the
a-type tricalcium phosphate spheres were sintered. It was
confirmed that a compressive strength of the sintered inter-
connected porous body was 7 MPa and a mechanical
strength of an a-type tricalcium phosphate interconnected
porous body was significantly improved due to the sintering
operation.

[1075] The b) of FIG. 75 shows an a-type tricalcium
phosphate interconnected porous body solid before sinter-
ing. The ¢) of FIG. 75 shows powder X-ray diffraction
patterns of the sintered a-type tricalcium phosphate inter-
connected porous body.

[1076] In the a-type tricalcium phosphate interconnected
porous body before sintering, in addition to a diffraction
pattern derived from the a-type tricalcium phosphate
spheres shown in a) of FIG. 75, a diffraction pattern derived
from calcium hydrogen phosphate dihydrate (DCPD) shown
in d) of FIG. 75 was observed. Therefore, it was confirmed
that the crystals obtained when the a-type tricalcium phos-
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phate spheres and the calcium-phosphate mixing solution
were reacted was calcium hydrogen phosphate.

[1077] The c) of FIG. 75 shows powder X-ray diffraction
patterns of an interconnected porous body obtained after the
interconnected porous body was calcined. It was confirmed
that diffraction patterns derived from calcium hydrogen
phosphate dihydrate (DCPD) disappeared due to the calci-
nation operation. This can be understood to be because,
since diffusion occurred due to the calcination operation and
there was a very small amount of calcium hydrogen phos-
phate, this was highly likely to have diffused into the a-type
tricalcium phosphate spheres.

[1078] Next, a bone defect with a diameter of 6 mm was
formed in the tibia of a Japanese white house rabbit and the
bone defect was reconstructed using the produced intercon-
nected porous body.

[1079] It was found that no inflammatory response was
caused in both interconnected porous bodies before sintering
and after sintering and excellent tissue compatibility was
exhibited. In addition, in all cases, it was confirmed that the
interconnected porous body and a bone were linked and
osteoconductivity was exhibited.

Comparative Example 22

[1080] In order to verify usefulness of Example 52, the
same o.-type tricalcium phosphate spheres as in Example 52
were filled in a paper container and heated in an electric
furnace at 1500° C. for 6 hours. In this system, no calcium
hydrogen phosphate was formed.

[1081] Even with heat treatment, the a-type tricalcium
phosphate spheres were not linked but disaggregated.
Accordingly, it was found that, when the a-type tricalcium
phosphate spheres were used to produce an a-type trical-
cium phosphate interconnected porous body, it was neces-
sary to fix the a-type tricalcium phosphate spheres.

Example 53

[1082] Hydroxyapatite granules (a raw material inorganic
compound 9) were used. The a) of FIG. 76 shows a picture
of the produced hydroxyapatite granules.

[1083] A sodium hydrogen sulfate aqueous solution at a 2
molar concentration was used as a mixing solution.

[1084] The hydroxyapatite granules were filled into the
interior of a plastic cylindrical molde with a diameter of 6
mm and a height of 3 mm placed on a slide glass. A sodium
hydrogen sulfate aqueous solution (500 L) at a 2 molar
concentration was added dropwise to the hydroxyapatite
granules. The excess sodium hydrogen sulfate aqueous
solution was removed for reaction.

[1085] The sample was left in a thermostatic bath at 37° C.
and a relative humidity of 100% for 30 minutes. Then,
curing was determined according to whether the granules
had moved. As a result, it was confirmed that the granules
had not moved but had been cured.

[1086] The b) of FIG. 76 shows the results for the pro-
duced cured body. The c¢) of FIG. 76 shows a scanning
electron microscope image of the surface of the cured body.
The d) of FIG. 76 shows a high magnification image
showing the bridging between granules in the cured body
under a scanning electron microscope.

[1087] As shown in b) of FIG. 76 to d) of FIG. 76, the
hydroxyapatite granules were cured and a porous body was
formed. In addition, it was confirmed that a diameter of the
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interconnected pore was at least 30 um or more. When light
was introduced from below the cured body using a penlight,
reflected light was observed from the upper surface of the
cured body in all cases, and when distilled water was added
dropwise, the water easily passed through the cured body.
Therefore, it was confirmed that the cured body was an
interconnected porous body. A porosity was about 68%. As
shown in the ¢) of FIG. 76 and d) of FIG. 76, the granules
were linked by bridging by crystals.

[1088] The a) of FIG. 77 to b) of FIG. 77 show powder
X-ray diffraction patterns according to this example. The b)
of FIG. 77 shows powder X-ray diffraction patterns of the
cured body. In the b) of FIG. 77 showing powder X-ray
diffraction patterns of the cured body, in addition to a
diffraction pattern derived from the hydroxyapatite granules
shown in a) of FIG. 77, a diffraction pattern derived from
calcium sulfate dihydrate (CSD) shown in j) of FIG. 77 was
observed. Therefore, it was confirmed that the hydroxyapa-
tite granules and the sodium hydrogen sulfate aqueous
solution had reacted to form calcium sulfate dihydrate.
[1089] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the hydroxyapatite granules and the
sodium hydrogen sulfate aqueous solution were reacted,
calcium sulfate dihydrate was formed and the calcium
sulfate dihydrate bridged the hydroxyapatite granules to
form the cured body.

[1090] A compressive strength of the cured body was 2.5
MPa.

Example 54
[1091] The hydroxyapatite granules (the raw material

inorganic compound 9) in Example 53 were immersed in a
sodium hydrogen sulfate aqueous solution at a 2 molar
concentration while being stirred. Due to the stirring, curing
of the hydroxyapatite granules was suppressed and calcium
sulfate dihydrate covered hydroxyapatite granules were pro-
duced. The covered granules were heated at 100° C. for 6
hours. Based on ¢) of FIG. 77 showing powder X-ray
diffraction patterns of the obtained granules, it was con-
firmed that calcium sulfate dihydrate was dehydrated to
calcium sulfate hemihydrate and calcium sulfate hemihy-
drate covered hydroxyapatite granules were formed as a
result. The a) of FIG. 78 shows a scanning electron micro-
scope image of the produced calcium sulfate hemihydrate
covered hydroxyapatite granules.

[1092] The granules were mixed with water and filled into
the interior of a plastic cylindrical mold with a diameter of
6 mm and a height of 3 mm. The sample was left in a
thermostatic bath at 37° C. and a relative humidity of 100%
for 60 minutes. Then, curing was determined according to
whether the granules had moved. As a result, it was con-
firmed that the granules had not moved but had been cured.
The b) of FIG. 78 shows a picture of the cured body. In
addition, c¢) of FIG. 78 shows a scanning electron micro-
scope image of the surface of the cured body. The d) of FIG.
78 shows a high magnification image showing the bridging
between granules in the cured body under a scanning
electron microscope.

[1093] As shown in b) of FIG. 78 to d) of FIG. 78, the
calcium sulfate covered hydroxyapatite granules were cured
to form a porous body. A compressive strength was 95 kPa.
In addition, it was confirmed that a diameter of the inter-
connected pore was at least 50 um or more. When light was
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introduced from below the cured body using a penlight,
reflected light was observed from the upper surface of the
cured body in all cases, and when distilled water was added
dropwise, the water easily passed through the cured body.
Therefore, it was confirmed that the cured body was an
interconnected porous body. A porosity was about 68%. As
shown in the ¢) of FIG. 78 and d) of FIG. 78, the granules
were linked by bridging by crystals. In addition, when the
mixing solution was changed to a sodium chloride aqueous
solution at a 0.1 molar concentration from water, curing
occurred within 10 minutes. It was also confirmed that
curing occurred within 10 minutes when a calcium chloride
aqueous solution at a 0.1 molar concentration was used as
the mixing solution.

Example 55

[1094] p-type tricalcium phosphate granules (a raw mate-
rial inorganic compound 4) were used. The a) of FIG. 79
shows a picture of the p-type tricalcium phosphate granules.
[1095] A sodium hydrogen sulfate aqueous solution at a 2
molar concentration was used as a mixing solution.

[1096] The B-type tricalcium phosphate granules were
filled into the interior of a plastic cylindrical mold with a
diameter of 6 mm and a height of 3 mm placed on a slide
glass. A sodium hydrogen sulfate aqueous solution (500 pL)
at a 2 molar concentration was added dropwise to the p-type
tricalcium phosphate granules and the excess sodium hydro-
gen sulfate aqueous solution was removed for reaction.
[1097] The sample was left in a thermostatic bath at 37° C.
and a relative humidity of 100% for 30 minutes. Then,
curing was determined according to whether the granules
had moved. As a result, it was confirmed that the granules
had not moved but had been cured.

[1098] The b) of FIG. 79 shows the results for the pro-
duced cured body. The c¢) of FIG. 79 shows a scanning
electron microscope image of the surface of the cured body.
The d) of FIG. 79 shows a high magnification image
showing the bridging between granules in the cured body
under a scanning electron microscope.

[1099] As shown in the b) of FIG. 79 to d) of FIG. 79, the
p-type tricalcium phosphate granules were cured to form a
porous body. In addition, it was confirmed that a diameter of
the interconnected pore was at least 30 um or more. When
light was introduced from below the cured body using a
penlight, reflected light was observed from the upper surface
of the cured body in all cases, and when distilled water was
added dropwise, the water easily passed through the cured
body. Therefore, it was confirmed that the cured body was
an interconnected porous body. A porosity was about 68%.
As shown in the ¢) of FIG. 79 and d) of FIG. 79, the granules
were linked by bridging by crystals.

[1100] The d) of FIG. 77 to e) of FIG. 77 shows powder
X-ray diffraction patterns according to this example. The ¢)
of FIG. 77 shows powder X-ray diffraction patterns of the
cured body. In 3) of FIG. 77 showing powder X-ray dif-
fraction patterns of the cured body, in addition to a diffrac-
tion pattern derived from the p-type tricalcium phosphate
granules shown in d) of FIG. 77, a diffraction pattern derived
from calcium sulfate dihydrate (CSD) shown in j) of FIG. 77
was observed. Therefore, it was confirmed that the p-type
tricalcium phosphate granules and the sodium hydrogen
sulfate aqueous solution had reacted to form calcium sulfate
dihydrate.
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[1101] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the p-type tricalcium phosphate granules
and the sodium hydrogen sulfate aqueous solution were
reacted, calcium sulfate dihydrate was formed and the
calcium sulfate dihydrate bridged the p-type tricalcium
phosphate granules to form the cured body.

[1102] A compressive strength of the cured body was 3.2
MPa.

Example 56
[1103] The p-type tricalcium phosphate granules (the raw

material inorganic compound 4) in Example 55 were
immersed in a sodium hydrogen sulfate aqueous solution at
a 2 molar concentration while being stirred. Due to the
stirring, curing of the f-type tricalcium phosphate granules
was suppressed and calcium sulfate dihydrate covered
p-type tricalcium phosphate granules were produced. The
covered granules were heated at 100° C. for 6 hours. Based
on the 1) of FIG. 77 showing powder X-ray diffraction
patterns of the obtained granules, it was confirmed that
calcium sulfate dihydrate was dehydrated to calcium sulfate
hemihydrate and calcium sulfate hemihydrate covered
p-type tricalcium phosphate granules were formed as a
result. The a) of FIG. 80 shows a scanning electron micro-
scope image of the produced calcium sulfate hemihydrate
covered f-type tricalcium phosphate granules.

[1104] The granules were mixed with water and filled into
the interior of a plastic cylindrical mold with a diameter of
6 mm and a height of 3 mm. The sample was left in a
thermostatic bath at 37° C. and a relative humidity of 100%
for 60 minutes. Then, curing was determined according to
whether the granules had moved. As a result, it was con-
firmed that the granules had not moved but had been cured.
A compressive strength of the cured body was 105 kPa. The
b) of FIG. 80 shows a picture of the cured body. In addition,
¢) of FIG. 80 shows a scanning electron microscope image
of the surface of the cured body. The d) of FIG. 80 shows a
high magnification image showing the bridging between
granules in the cured body under a scanning electron micro-
scope.

[1105] As shown in the b) of FIG. 80 to d) of FIG. 80, the
calcium sulfate covered -type tricalcium phosphate gran-
ules were cured to form a porous body. In addition, it was
confirmed that a diameter of the interconnected pore was at
least 50 um or more. When light was introduced from below
the cured body using a penlight, reflected light was observed
from the upper surface of the cured body in all cases, and
when distilled water was added dropwise, the water easily
passed through the cured body. Therefore, it was confirmed
that the cured body was an interconnected porous body. A
porosity was about 68%. As shown in the ¢) of FIG. 80 and
d) of FIG. 80, the granules were linked by bridging by
crystals. In addition, when the mixing solution was changed
to a sodium chloride aqueous solution at a 0.1 molar
concentration from water, curing occurred within 10 min-
utes. It was also confirmed that curing occurred within 10
minutes when a calcium chloride aqueous solution at a 0.1
molar concentration was used as the mixing solution.

Example 57

[1106] Carbonate apatite granules (a raw material inor-
ganic compound 8) were used. The a) of FIG. 81 shows a
picture of the produced carbonate apatite granules.
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[1107] A sodium hydrogen sulfate aqueous solution at a 2
molar concentration was used as a mixing solution.

[1108] The carbonate apatite granules were filled into the
interior of a plastic cylindrical mold with a diameter of 6 mm
and a height of 3 mm placed on a slide glass. A sodium
hydrogen sulfate aqueous solution (500 L) at a 2 molar
concentration was added dropwise to the carbonate apatite
granules and the excess sodium hydrogen sulfate aqueous
solution was removed for reaction.

[1109] The sample was left in a thermostatic bath at 37° C.
and a relative humidity of 100% for 30 minutes. Then,
curing was determined according to whether the granules
had moved. As a result, it was confirmed that the granules
had not moved but had been cured.

[1110] The b) of FIG. 81 shows the results for the pro-
duced cured body. The c¢) of FIG. 81 shows a scanning
electron microscope image of the surface of the cured body.
The d) of FIG. 81 shows a high magnification image
showing the bridging between granules in the cured body
under a scanning electron microscope.

[1111] As shown in b) of FIG. 81 to d) of FIG. 81, the
carbonate apatite granules were cured to form a porous body.
In addition, it was confirmed that a diameter of the inter-
connected pore was at least 30 um or more. When light was
introduced from below the cured body using a penlight,
reflected light was observed from the upper surface of the
cured body in all cases, and when distilled water was added
dropwise, the water easily passed through the cured body.
Therefore, it was confirmed that the cured body was an
interconnected porous body. A porosity was about 52%. As
shown in ¢) of FIG. 81 and d) of FIG. 81, the granules were
linked by bridging by crystals.

[1112] The g) of FIG. 77 to the h) of FIG. 77 shows
powder X-ray diffraction patterns according to this example.
The h) of FIG. 77 shows powder X-ray diffraction patterns
of the cured body. In h) of FIG. 77 showing powder X-ray
diffraction patterns of the cured body, in addition to a
diffraction pattern derived from the carbonate apatite gran-
ules shown in g) of FIG. 77, a diffraction pattern derived
from calcium sulfate dihydrate (CSD) shown in j) of FIG. 77
was observed. Therefore, it was confirmed that the hydroxy-
apatite granules and the sodium hydrogen sulfate aqueous
solution had reacted to form calcium sulfate dihydrate.
[1113] Based on the scanning electron microscope obser-
vation and powder X-ray diffraction results, it was con-
firmed that, when the carbonate apatite granules and the
sodium hydrogen sulfate aqueous solution were reacted,
calcium sulfate dihydrate was formed and the calcium
sulfate dihydrate bridged the carbonate apatite granules to
form the cured body.

[1114] A compressive strength of the cured body was 2.5
MPa.

Example 58
[1115] The carbonate apatite granules (the raw material

inorganic compound 9) in Example 57 were immersed in a
sodium hydrogen sulfate aqueous solution at a 2 molar
concentration while being stirred. Due to the stirring, curing
of the carbonate apatite granules was suppressed and cal-
cium sulfate dihydrate covered carbonate apatite granules
were produced. The covered granules were heated at 100° C.
for 6 hours. Based on 1) of FIG. 77 showing powder X-ray
diffraction patterns of the obtained granules, it was con-
firmed that calcium sulfate dihydrate was dehydrated to
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calcium sulfate hemihydrate and calcium sulfate hemihy-
drate covered carbonate apatite granules were formed as a
result. The a) of FIG. 82 shows a scanning electron micro-
scope image of the produced calcium sulfate hemihydrate
covered hydroxyapatite granules.

[1116] The granules were mixed with water and filled into
the interior of a plastic cylindrical mold with a diameter of
6 mm and a height of 3 mm. The sample was left in a
thermostatic bath at 37° C. and a relative humidity of 100%
for 60 minutes. Then, curing was determined according to
whether the granules had moved. As a result, it was con-
firmed that the granules had not moved but had been cured.
A compressive strength was 85 kPa. The b) of FIG. 82 shows
a picture of the cured body. In addition, the ¢) of FIG. 82
shows a scanning electron microscope image of the surface
of the cured body. The d) of FIG. 82 shows a high magni-
fication image showing the bridging between granules in the
cured body under a scanning electron microscope.

[1117] As shown in b) of FIG. 82 to d) of FIG. 82, the
calcium sulfate covered carbonate apatite granules were
cured to form a porous body. In addition, it was confirmed
that a diameter of the interconnected pore was at least 50 pm
or more. When light was introduced from below the cured
body using a penlight, reflected light was observed from the
upper surface of the cured body in all cases, and when
distilled water was added dropwise, the water easily passed
through the cured body. Therefore, it was confirmed that the
cured body was an interconnected porous body. A porosity
was about 57%. As shown in ¢) of FIG. 82 and d) of FIG.
82, the granules were linked by bridging by crystals. In
addition, when the mixing solution was changed to a sodium
chloride aqueous solution at a 0.1 molar concentration from
water, curing occurred within 10 minutes. It was also
confirmed that curing occurred within 10 minutes when a
calcium chloride aqueous solution at a 0.1 molar concen-
tration was used as the mixing solution.

INDUSTRIAL APPLICABILITY

[1118] According to the present invention, it is possible to
produce inorganic compound blocks and granules as the
product inorganic compound without sintering causing high
energy consumption. In addition, it is possible to produce
highly active inorganic compound blocks and granules as
the product inorganic compound.

[1119] In particular, when calcium sulfate is used as a raw
material inorganic compound having a solubility of 5 or less,
formation is easy since calcium sulfate has a characteristic
form exhibiting self-curability. In addition, since calcium
sulfate has a melting point of 1460° C., it is possible to easily
produce a porous body inorganic substance using a method
of introducing and incinerating an organic substance.

1. A method of producing a product inorganic compound

comprising:

(A) immersing a raw material inorganic compound having
a volume of 107** m> or more in an electrolyte aqueous
solution or an electrolyte suspension;

(B1) exchanging anions in the raw material inorganic
compound with anions in the electrolyte aqueous solu-
tion or the electrolyte suspension, and

(B2) cations in the raw material inorganic compound are
exchanged with cations in the electrolyte aqueous solu-
tion or the electrolyte suspension; or

(B3) including a component (provided that it excludes
water, hydrogen, and oxygen) in the electrolyte aque-
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ous solution or the electrolyte suspension that is not
included in the raw material inorganic compound in the
raw material inorganic compound; and
(C) obtaining a product inorganic compound having a
volume of 107"* m*® or more from the raw material
inorganic compound,
wherein the raw material inorganic compound has a
solubility that is greater than O and 5 or less with
respect to distilled water or the electrolyte aqueous
solution at 20° C.,
solubility of the product inorganic compound in the
electrolyte aqueous solution or the electrolyte suspen-
sion is larger than solubility of apatite in the electrolyte
aqueous solution or the electrolyte suspension, and
wherein, in the electrolyte aqueous solution or the elec-
trolyte suspension in which the raw material inorganic
compound is immersed, elements other than hydrogen
and oxygen, which are included in the product inor-
ganic compound but not included in the raw material
inorganic compound are included (provided that it
excludes a production method in which an apatite
without pores with a diameter of 20 um or more and an
aspect ratio of 2 or more is produced from at least one
selected from the group consisting of calcium sulfate
dihydrate, an a-type tricalcium phosphate, and calcium
carbonate, a production method in which calcium sul-
fate is immersed in an ammonia or alkali metal hydrox-
ide-containing aqueous solution, carbon dioxide is
introduced into the aqueous solution, and calcium
carbonate without pores with a diameter of 20 um or
more and an aspect ratio of 2 or more is produced, and
a production method in which a product inorganic
compound is calcium hydrogen phosphate without
pores with a diameter of 20 um or more and an aspect
ratio of 2 or more).
2. The method of producing a product inorganic com-
pound according to claim 1,
wherein the product inorganic compound comprises a
core portion and a surface layer portion, and solubility
of the surface layer portion in the electrolyte aqueous
solution or the electrolyte suspension is larger than
solubility of the core portion in the electrolyte aqueous
solution or the electrolyte suspension.
3. The method of producing a product inorganic com-
pound according to claim 1,
wherein the raw material inorganic compound is a porous
body having a porosity of 30% or more.
4. (canceled)
5. The method of producing a product inorganic com-
pound according to claim 1,
wherein, in the process C, a product inorganic compound
which is a porous body including pores having an
aspect ratio of at least 2 or more is obtained.
6. (canceled)
7. The method of producing a product inorganic com-
pound according to claim 1,
wherein the raw material inorganic compound comprises
an alkaline earth metal.
8. (canceled)
9. The method of producing a product inorganic com-
pound according to claim 1,
wherein the raw material inorganic compound comprises
calcium sulfate anhydrate.
10. (canceled)
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11. (canceled)

12. The method of producing a product inorganic com-
pound according to claim 1,

wherein the electrolyte aqueous solution or the electrolyte

suspension in which the raw material inorganic com-
pound is immersed comprises at least one selected from
the group consisting of an alkaline earth metal, an alkali
metal, and an ammonia compound; or at least one
selected from the group consisting, of: carbonate ions,
bicarbonate ions, sulfate ions, hydrogen sulfate ions,
hydrogen phosphate ions, hydroxide ions, and fluoride
ions.

13-16. (canceled)

17. The method of producing a product inorganic com-
pound according to claim 1,

wherein a temperature at which the raw material inorganic

compound is immersed in the electrolyte aqueous solu-
tion or the electrolyte suspension is 10° C. or less.

18-20. (canceled)

21. The method of producing a product inorganic com-
pound according to claim 1,

wherein the (A) comprises (al) in which an ion compo-

nent that is included in the raw material inorganic
compound but not included in the product inorganic
compound is removed from the electrolyte aqueous
solution or the electrolyte suspension.

22-27. (canceled)

28. A product inorganic compound which is a product
inorganic compound that has a volume of 107> m® or more,
comprising:

a core portion, and a surface layer portion that covers the

core portion and has an average conversion thickness of
1 pm or more,

wherein the core portion and the surface layer portion

have different compositions,

wherein an inorganic compound of the surface layer

portion comprises grain boundaries other than sinter-
able grain boundaries and preserves a form without
disintegrating even if it is immersed in water for 24
hours, and

wherein an inorganic compound of the surface layer

portion comprises at least one element included in a
composition of the core portion (provided that it
excludes a product inorganic compound that comprises
a core portion formed of calcium carbonate that is not
an artificial material and a surface layer portion formed
of an apatite).

29-32. (canceled)

33. The product inorganic compound according to claim
28,

wherein a solubility of the inorganic compound of the

surface layer portion with respect to distilled water at
20° C. is greater than a solubility of the inorganic
compound of the core portion with respect to distilled
water at 20° C.

34. The product inorganic compound according to claim
28,

wherein a solubility of the inorganic compound of the

surface layer portion with respect to distilled water at
20° C. is smaller than a solubility of the inorganic
compound of the core portion with respect to distilled
water at 20° C.

35. The product inorganic compound according to claim
28,
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wherein the inorganic compound of the surface layer
portion comprises at least one selected from the group
consisting of vaterite, aragonite, whitlockite, calcium
hydrogen phosphate, calcium sulfate, calcium carbon-
ate, and apatite.

36. The product inorganic compound according to claim

28,

wherein the inorganic compound of the core portion
comprises at least one selected from the group con-
sisiting of calcium phosphate, calcium carbonate, cal-
cium sulfate, an apatite, a calcium-containing glass, a
coral, and a bone.

37. (canceled)

38. The product inorganic compound according to claim

28,

wherein a mass ratio between the core portion and the
surface layer portion (core portion:surface layer por-
tion) is 97:3 to 50:50.

39-46. (canceled)

47. A treatment method for reconstruction of a bone defect

comprising the following (i) and (ii), or the following (iii):

(1) filling a plurality of raw material inorganic compounds
with a volume of 107** m® or more in the bone defect,

(ii) applying an electrolyte aqueous solution to the raw
material inorganic compound in the bone defect,
thereby curing a curable composition comprising the
raw material inorganic compounds and the electrolyte
aqueous solution;

(ii1) filling a mixed product obtained by mixing a curable
composition comprising the raw material inorganic
compound and the electrolyte aqueous solution in the
bone defect.
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48-53. (canceled)

54. The product inorganic compound according to claim
28, wherein

the core portion comprises calcium phosphate and/or

calcium carbonate; and

the surface layer portion comprises an apatite.

55. A material for medical use in reconstructing a hard
tissue,

comprising a core portion, and a surface layer portion that

covers the core portion;

the core portion and the surface layer portion having

different compositions;

the core portion having a calcium component other than

calcium hydrogen phosphate; and

the surface layer portion having calcium hydrogen phos-

phate.

56. A curable composition for forming a calcium hydro-
gen phosphate-containing porous body; the composition
comprising granules of a calcium component (provided that
it excludes calcium dihydrogen phosphate), and 70 mass %
or more of the granules having a particle diameter of 100 um
or more and 10 mm or less.

57. The treatment method for reconstruction of a bone
defect according to claim 47, wherein the curable compo-
sition is at least one selected from the group consisting of:
carbonate apatite, vaterite-containing calcium carbonate,
aragonite-containing calcium carbonate, calcium hydroxide,
calcium fluoride, magnesium hydroxide, and whitlockite,
provided that the product inorganic compound excludes an
apatite without pores of 20 um or more in diameter and an
aspect ratio of 2 or more).

#* #* #* #* #*



