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Bone subst1tut1on material and a method of its manufacture. 

Field of the Invention 

This invention relates tO a synthetic poorly-crystalline hydroxyapatite useful 

as human or animal bone substitution material and for other purposes. The 

invention further relates to synthesis of amorphous phosphate compounds usefu1 in 

the formation of poorly-crystalline hydroxyapatite at low temperatures. 

BackP'QUnd of the Invention 

10 Calcium phosphates are the principal constituent of hard tissues (bone, 

cartilage, tooth enamel and dentine). Naturally-occurring bone mineral is made of 

nanometer-sized, poorly-crystalline calcium phosphate with hydroxyapatite 

structure. However, unlike the ideal stoichiometric crystalline hy~xyapatite, 

Ca10(P0,.)6(0H)2, with atomic Ca/P ratio of 1.67, the composition of bone mineral 

lS is significantly different and may be represented by the following formulae, 

Caa.3 (POJ.u {HP04 ,CC>,>1.1 (OH, C0,)0•3• 

Bone mineral non-stoichiometry is primarily due to the presence of divalent 

ions, such as C0,1- and HPOl, which are substituted for the trivalent POl ions. 

Substitution by HP04
3' and co,i- ions produces a change of the Ca!P ratio, 

20 resulting in Ca/P ratio which may vary between 1.SO to 1.70, depending on the 

age and bony site. Generally. the Ca/P ratio increases during aging of bone, 

suggesting that the amount of carbonate species typically increases for older bones. 

It is the CalP ratio in coajunction with nanocrystalline size and the poorly­

crystalline nature that yields specific solubility property of the bone minerals. And 

25 because bone tissues undergo constant tissue repair regulated by the mineral­

resorbing cells (Osteoclasts) and mineral-producing cells (Osteoblasts). solubility 

behavior of minerals is important in maintaining a delicate metabolic balance 

between these cell activities. 

Synthetic bone graft material made to closely resemble natural bone 

30 minerals can be a useful replacement for natural bone. Acceptable synthetic bone 

can avoid the problem of availability and harvesting of autogenous bone (patient~s 

own bone) and the risks and complications associated with allograft bone (bone 

from a cadaver). such as risks of viral transmission. Consequently, there has been 
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considerable ~ttempts to synthesize a ceramic material which closely resembles 

natural bone for use as implants. Hydroxyapatite is the preferred choice because, 

although it is a stoichiometric, crystalline form with generally larger crystal sir.es, 

is chemically closest to the natUrally occurring mineral in bone. 

S An ideal synthetic bone graft should possess a minimum of the following 

four properties: (1) it should be chemically biocompatible like hydroxyapatite; 

(2) it should provide some degree of structural integrity in order to keep the graft 

in place and intact until the patient's own bone heals around it~ (3) it should be a 

soluble form to permit resorption so that the patient's own bone replace the 

10 foreign hydroxyapatite: and, (4) because it may be necessary to incorporate 

biomolecules, such as bone growth proteins that can stimulate bone-forming 

osteoblast cells, into the synthetic bone material, it is desirable that the process 

used to form the material be carried out at low temperatUres. Most bone growth 

proteins (such as Bone Morphogenetic Proteins) are heat sensitive and lose their 

15 bioactivity at temperatures exceeding body temperatures. 

Fulfillment of·tbese requirements may be accomplished by a material in 

which parameters, such as Ca/P ratios, crystal size, ceystallinity, porosity, density, 

thermal stability and material purity are controlled. 

The prior art (LeGeros R.Z., in Calcium Phosphates in Oral Biology and 
20 Medicine, Karger Pub. Co., New York, 1991) teaches that highly crystalline form 

of hydroxyapatite is produced by solution precipitation followed by sintering at 

high temperatures (800-1200"C). High temperature treatment yields highly 

stoichiometric hydroxyapatite with crystal sizes on the order of several microns 

with Ca!P of 1.67. Such bigbly crystalline hydroxyapatite has an extremely low 

2S solubility rendering it essentially insoluble in the host tissue. Therefore, it is not 

replaced by living bone tissue and it remains intact in the patient for an 

undesirably extended period. 

The prior art further teaches that hydroxyapatite is produced by a solid­

statc acid-base reaction of primarily crystalline calcium phosphate reactants. Such 

30 an approach results in materials that are sometimes poorly reacted, inhomogeneous 

and which have a significant crystalline hydroxyapatite content. 

Constantz in U.S. Patent No. 4,880,610 reports on the preparation of 
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calcium phosp~te minerals by the reaction of a highly concentrated phosphoric 

acid with a calcium source in the presence of a base and hydroxyapatite crystals. 

The resultant product is a polycrystalline material containing a crystalline form of 

hydroxyapatite minerals. LlkeWise, U.S. Patent No. S,OS3,212 to Constantz et al. 

S discloses the use of a powdered acid source to improve the workability and 

mixability of the acid/base mixture; however, a mixed-phase calcium phosphate 

material similar to that of US 4,880,610 is reported. Recently, Constantz et al. 

reported in Science (Vol. 267, pp. 1796-9 (24 March, 1995)) the fonnation of a 

carbonated apatite from the reaction of monocalcium phosphate monohydrate, 

10 Beta-tricalcium phosphate, Alpba-tricalcium phosphate, and calcium carbonate in a 

sodium phosphate solution, to provide a calcium phosphate material which is still 

substantially more crystalline in character than naturally occurring bone minerals. 

Shnilarly, Brown et al. in U.S. Reissue No. 33,221 report on the reaction 

of aystalline tetracalcium phosphate (Ca/P of 2.0) with acidic: calcium 

15 phosphates. Liu et al. in U.S. Patent No. S,149,368 discloses the reaction of 

crystalline calcium phosphate salts with an acidic citrate. 

All of these prior art references disclose a chemical ieaction resulting in 

crystalline fonn of hydroxyapatite solids that bas been obtained by reacting 

crystalline solids of calcium phosphate. There has been little reported on the use 

20 · of amorphous calcium phosphates (Ca/P of approximately 1.5) as one of the 

reactants because the amorphous calcium phosphates are the least ~tood solids 

among the calcium phosphates and the conventional amorphous calcium phosphate 

is largely considered to be inert and non-reactive solid. 
. . 
The only mention of the amorphous calcium phosphate material in prior art 

2S has focused on the use of the amorphous calcium phosphate as a direct precursor 

to the formation of a highly crystalline hydroxyapatite compounds under generally 

high temperature tteatments. Such a highly crystalline material is inappropriate 

for synthetic bone because it is highly insoluble under physiological conditions • 

30 

For example, Palmer et al. in U.S. Patent No. 4,849,193 report the 

formation of crystalline hydroxyapatite powder by reacting an acidic calcium 

phosphate solution with a calcium hydroxide solution, with both solutions near 

saturation, so as to fonn an amorphous hydroxyapatite precipitate powder. The 

3 
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amorphous po:wder is then immediately dried and sintered at high temperature of 

700-llOO°C to obtain a very high crystalline hydroxyapatite. Brown et~. in U.S. 

Reissae No. 33,221 report on the fonnation of crystalline hydroxyapatite for 

dental cement by reacting an amorphous phase specifically restricted to 

S tetracalcium phosphate (Ca/P of 2.0) with at least one of the more acidic calcium 

phosphates. Further, Brown et al., does not disclose the preparation or the 

properties of such a tetracalcium phosphate in amorphous state. Tung in U.S. 

Patent No. 5,037,639 discloses the use and application of standard amorphous 

calcium phosphate paste for the remineralization of teeth. Tung proposes the use 

10 of standard inert amorphous calcium phosphate mixed with and delivered through 

as a chewing gum, mouth rinse or toothpaste, which upon entering oral fluids 

converts to crystalline fluoride containing hydroxyapatite which is useful to 

remineralize tooth enamel. Simkiss in PCT/GB93/01S19 describes the use of 

inhibitors, such as Mg ions or pyrophosphate, mixed with amorphous calcium 

15 phosphate and implanted into living tissues. Upon leaching of, for example Mg 

ions, into surrounding bodily fluids, the amorphous calcium-magnesium phosphate 

converts into crystalline hydroxyapatite. 

There remains a need to develop new synthetic bone material that more 

closely mimics the properties of naturally-occurring minerals in bone. In 

20 particular, there remains a need to provide synthetic bone materials which are 

completely bioresorbable, poorly-crystalline, nanometer-sized crystals which can 

be formed at low temperatures. 

Summary of the InYention 

25 It is an object of the present invention to provide a bone substitute material 

that is bioresorbable. 

It is yet another object of the present invention to provide a bone substitute 

material which can be formed at low temperatures and which is readily formable 

and injectable. 

30 It is a further object of the present invention to form a nano-size, poorly-

crystalline hydroxyapatite solids with Ca/P ratios comparable to naturally 

occurring bone minerals. 

4 
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It is ~ object of the present invention to provide a process for converting a 

standard inert ammphous calcium phosphate into a reactive amorphous calcium 

phosphate·. 

It is an object of the present invention to provide a reactive amorphous 

S calcium phosphate with surfaces properties that mimic the surface reactivity of 

naturally-occurring bone mineral. 

It is yet another object of the present invention to provide a reactive 

amorphous calcium phosphate which is capable of forming paorly-crystalline 

hydroxyapatite at low temperatures (at body temperature of 31'C). 

10 It is yet a further object of the present invention to provide an iajectable 

calcium phosphate mixture. 

In one aspect of the present invention, a method for obtaining a reactive 

amorphous calcium phosphate is provided. A reactive amorphous calcium 

phosphate may be prepared by reacting calcium ions, phosphate ions and a third 

15 ion, so as to obtain an amorphous calcium phosphate and then removing at least a 

ponion of the third ion, so as to obtain a reactive amorphous calcium phosphate. 

By "amorphous" as that term is used here, it is meant a material with 

significant amorphous character. Significant amorphous character contemplates 

greater than 75% amorphous content and preferably greater than 90% amorphous 

20 content and is characterized by a broad, featureless X-ray diffraction pattern. It is 

recognized that a small degree of crystallinity may exist in the ~· however, 

it is anticipated, in the case of the amorphous components of the invention, that 

such crystallinity will not be greater than the degree of crysmllinity desired in the 

product poorly crystalline hydroxyapatitic calcium phosphate. 

2S "Reactive" is used herein to refer to the reactivity of the amorphous 

calcium phosphate of the present invention )Vith other calcium phosphates. The 

reactivity is characterized by the ability of the amorphous calcium phosphate to 

harden at 37 • C in less than five hours and substantially harden in about one to 

five hours in the presence of a calcium phosphate or crystallization promoter. 

30 Completeness of reaction. the rate of reaction, homogeneity of the resultant 

product and ability to react with otherwise inert compounds are characteristic of 

the reactive ACP of the invention. 

s 
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In ~ther aspect of the invention includes a reactive amorphous calcium 

phosphate material having at least 90% percent amorphous character and 

characterized in that, when prepared 1: 1 as a mixture with dicalcium diphospbate 

in water at 37 ·c, the mixture.hardens within about 10 to about 60 minutes. The 

S invention also includes a reactive amorphous calcium phosphate, obtained by 

removal of a carbonate pre-component of an amorphous calcium phosphate by 

thermal decomposition of the pre-component into gaseous or vaporous by­

products. The invention still further includes a reactive amorphous calcium 

phosphate, obtained by removal of a labile component of an amorphous calcium 

10 phosphate by thermal decomposition of the component into gaseous or vaporous 

by-products. The invention yet further still includes a reactive amorphous calcium 

phosphate material having at least 90% percent amorphous character and 

cbaracterized in that, when prepared 1: 1 as a mixture with dicalcium diphosphate 

in water at 37 ·c. the reaction is substantially complete mixture within about 15 

15 minutes, and preferably 40 min. 

In another aspect of the invention, a method of preparing a poorly 

crystalline hydroxyapatite is provided in which the reactive amorphous calcium 

phosphate of the invention is reacted with a second calcium phosphate. The 

second calcium phosphate and the reactive amorphous calcium phosphate are 

20 mixed in a proportion to form a hydroxyapatitic calcium phosphate. 

In another aspect of the invention, a method of preparing _a poorly 

crystalline hydrox.yapatite is provided in which the reactive amorphous calcium 

phosphate of the invention is reacted with a promoter. The promoter selected to 

convert the reactive amorphous calciuni phosphate into a hydroxyapatitic calcium 

25 phosphate. 

Another aspect of the invention includes a resorbable bone substitute 

material comprising a poorly crystalline hydroxyapatite having an X-ray diffraction 

pattern substantially as shown in Fig. 7d. The invention also includes a resorbable 

bone substitute material comprising a poorly crystalline hydroxyapatitc having an 

30 X-ray diffraction pattern comprising broad peaks at 26 values of 26 ·, 28.5 ·, 32 • 

and 33 • . The invention further includes a resorbable bone substitute material 

comprising a poorly crystalline hydroxyapatite, characterized in that, when placed 
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in a rat ~cular site, resorption of at least 100 mg, and preferably 300 mg, 

of the bone substitute material is complete within one month. 

The resorbable bone substitute material is further characterized in that, 

when prepared from a reaction 'of amorphous calcium phosphate and a second 

5 phosphate in a fluid, the reaction mixture hardens after a time greater than 60 

minutes at about 22 • C, and the reaction mixture hardens within about 10 to 60 

minutes at 37 ·c. In preferred embodiments, the mixture is injectable for a time 

greater than about 60 minutes at about 22 ·c. In other preferred embodiments, 

the mixture is formable for a time greater than about 60 minutes at about 22 • C. 

10 Another aspect of the invention, includes a formable paste, suitable for use 

as a resorbable bone substitution material. The paste includes a mixture of the 

reactive amorphous calcium phosphate of the invention, and a second calcium 

phosphate powder; and an amount of a fluid sufficient to provide the desired 

consistency, said mixture capable of hardening at about 22 ·c. 
lS The paste of the invention may also include a mixture of the reactive 

amorphous calcium phosphate of the invention, and a promoter, the promoter 

selected to convert the reactive amorphous calcium phosphate into a 

hydroxyapatitic calcium phosphate; and an amount of a fluid sufficient to provide 

the desired consistency, said mixture capable of hardening at about 22 ·c. 
20 In preferred embodiments, the mixture hardens after a time greater than 60 

minutes at about 22 ·c, and wherein the mixture hardens within about 10 to 60 

minutes at about 37 ·c. 

25 

30 

Brief Description of the Drawings 

A description of the invention is made with reference to the figures in 

which: 

Figure 1 is a high-resolution transmission electron micrograph of the 

reactive amorphous calcium phosphate illustrating the nanometer-sized grains in 

clusters with relatively unclear boundaries and partially immersed in shapeless 

form (arrows); 

Figure 2 is an infrared spectrum of the reactive amorphous calcium 

phosphate of the present invention (a) prior to and (b) after heating step. Note the 

7 
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disappearance. of H-0-H group ( -3 ,550 cnr1 and 1,640 cm·1) and COl' group 

(1420-1450 cm·1) after heat treatment; 

Figure 3 is an x-ray diffraction pattern of the reactive amorphous calcium 

phosphate of the present invention (a) prior to and (b) after the vacuum heating 

S step. The material is showing the preservation of the amorphous state after the 

vacuum heat treatment. It is characterized by absence of sharp peaks and broad 

maxima between 2<1' and 35° diffraction angle. The amorphous state of the solids is 

maintained throughout the entire process of the present invention; 

Figure 4 is an energy-dispersive electron microprobe spectrum of the 

10 reactive amorphous calcium phosphate of the present invention after the vacuum 

heating procedure which yielded Ca/P to be 1.58; 

Figure S is a solubility curve of a poorly crystalline hydroxyapatite product 

derived from amorphous calcium phosphate of the present invention when 

compared with a crystalline hydroxyapatite. Note the relative higher solubility of 

IS the material of the present invention venus a more crystalline form of 

hydroxyapatite, as measured by the amount of calcium ions released into solution 

at 37°C; 

Figure 6 are X-ray diffraction patterns of (a) reactive amorphous calcium 

phosphate; and (b) dicalcium. diphospbate used in a reaction to form a bone 

20 substitute material of the invention; 

Figure 7a-d are X-ray diffraction patterns tracking the pro~ss of the 

reaction of a mixmre of reactive amorphous calcium phosphate and dicalcium 

diphospbate to form a bone substitute material of the present invention; 

· Figure 8 is ~d spectra of (a) dicalcium phosphate dmydrate, (b) the 

2S activated ACP of the invention. and (c) the poorly crystalline HA of the present 

invention; and 

Figure 9 is an X-ray diffraction pattern of naturally occurring bone. 

Detailed Description of the Invention 

30 The current invention provides a fully resorbable and reossifying poorly 

crystalline hydroxyapatite (HA) useful as a bone substitute material (BSM) for the 

treatment of bone disorders and injuries and other biological applications requiring 

8 
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resorbable calcium phosphate. The poorly crystalline liA of the invention is 

characterized by its biological resorbability and its minimal crystallinity. It may 

be highly porous and rapidly resorbable or of decreased porosity and slowly 

resorbabJe. Its crystalline chaiacter is substantially the same as natural bone, 

S without the higher degree of crystallinity seen in the bone substitute materials 

known to the art. The inventive poorly crystalline HA also is biocompatible and 

not detrimental to the host. 

In an important aspect of the invention, the ease of use of the poorly 

crystalline HA in a surgical setting is significantly improved over other bone 

10 substitute materials known in the art. Specifically, the reaction is initiated outside 

the body and proceeds slowly at room temperature thereby minimizing any 

possibility that the material will "set up" prior to application to the surgical site 

and become unusable. The reaction accelerates signiflcantly at body temperature 

and the material hardens in place. Furthermore, the consistency and formability 

lS of the poorly crystalline HA as well as the reaction speed may be varied according 

to the therapeutic need, by modifying a few simple parameters. 

The resorbabllity of the bone substitute material of the instant invention is 

attributable to the combination of its porosity and significant amorphous character. 

The bone substitute material of the invention comprises a poorly crystalline 

20 hydroxyapadtic calcium phosphate, substantially similar to that found in natural 

bone. Lack of crystallinity in apatites is associated with somewhat increased 

solubility in aqueous systems compared to other more crystalline species, thus the 

low crystallinity and/or presence of stably amorphous apatidc domains is believed 

to promote resorbability in biological systems. Porosity facilitates both the 

25 penetration of cells and cell processes into the bone substitute material matrix and 

the diffusion of substances to and from the matrix interior. Accordingly, bone 

substitute materials of lower porosity resorb more slowly in vivo than those of 

high porosity • 

30 

In preferred embodiments, the reactants are mixed outside of the body, 

yielding a formable bone substitute material suitable for application to a surgical 

site. The reaction generally is completed after application to the surgical site. 

Bone substitute materials of the invention generally harden in less. than five hours 
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and substanti~y harden in about one to five hours under physiological conditions, 

and preferabl~ in about 10-30 minutes. In a preferred embodiment, the reaction is 

initiated by adding distilled water to a mixture of two dry components to form a 

thick paste which hardens in about a half an hour. Other aqueous agents such as 

S serum or tissue culture medium may be used in place of distilled water. Most 

often the resulting resorbable poorly crystalline hydroxyapatite will be calcium 

deficient with a calcium to phosphate ratio of less than 1.5 as compared to the 

ideal stoichiometric value of approximately 1.67 for hydroxyapatite. 

The invention also provides a test for identifying suitable reactive bone 

10 substitute materials and reactive precursors. The test comprises combining the 

components, producing a fonnable substance and demonstrating its ability to 

harden in a suitable amount of time at or around body temperature. Components 

which harden in this way may then be placed intramuscularly in a test animal and 

checked for biological resorbability. One hundred milligrams (100 mg), and 

15 preferably three hundred milligrams (300 mg), of a bone substitute material of the 

present invention will resorb in less than 1 month in a rat muscle. Some more 

slowly resorbable bone substitute materials may require more than a year for 

complete resorbtion in rodents. 

The bone substitute material formation reaction employs at least one 

20 amorphous calcium phosphate (ACP) precursor, and preferably employs an 

activated ACP. In some instances, the reaction may employ only _one precursor 

ACP which is converted in a controlled fashion in pan or whole to the poorly 

crystalline HA (bone substitute material) of the invention. Alternatively. the 

reaction may employ one or inore additional precursors preferably a calcium 

25 and/or a phosphate source, which combine with the ACP to yield the poorly . 

crystalline hydroxyapatite of the invention. Jn any event, reactions which can be 

initiated outside of the body, carried on in a paste-like configuration and which 

significantly accelerate at 37 ·c leading to a hardened calcium phosphate product 

are greatly preferred. 

30 ACP precursors only: When amorphous calcium phosphate is used as the 

sole precursor to produce a resorbable bone substitute material, it is important to 

control the natural tendency of the ACP to conven to highly crystalline 

10 
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bydroxyapati~. On the other hand, the time course of conversion should be fast 

enough to have surgical utility. One approach is to combine a precursor ACP 

containing an inhibitor of crystal formation (e.g. the ACP of example 1) with an 

ACP that does not contain an fuhibitor of crystal formation (e.g., a promoter). 

5 The reactants may be mixed in a dry state, with the appropriate particulate size 

and an excess of the inhibitor-containing ACP. The reactants can then be exposed 

to crystal-forming conditions such as the addition of water, followed by an 

eJevation in temperature, such as that which occurs following introduction into the 

body, to convert the reactants to the poorly crystalline HA of the invention. 

10 . ACP precursor plus additional calcium phosphate sources: ACP may be 

reacted with a second calcium source (including a second ACP) using any reaction 

promoting technique. The reaction being promoted is the conversion of an 

amorphous calcium phosphate into a nanocrystalline or poorly crystalline 

hydroxyapatite. Such reactions include acid/base, displacement, substitution, and 

lS hydrolysis reactions as well as purely physical and mechanical reactions (e.g., 

grinding, mixing). Under any reaction scheme it is imporrant that the ACP retains 

significam amorphous character throughout the reaction. Specifically, the overall 

crystallinity within the starting product cannot exceed that desired in the end 

product. Thus certain reaction schemes may require stabili7.ation of the 

20 amorphous nature of the ACP throughout the reaction period. Examples of 

suitable such inb.J.bitors of crystal formation known to the art incl~e carbonate, 

fluoride, and magnesium. 

In many forms of the current invention, at least one of the precursors must 

be ·activated so as to react with the other components at physiological conditions. 

25 In some preferred embodiments the ACP component is activated under heat in 

order to facilitate the reaction with the second calcium containing reactant. 

Examples of suitable such second reactants include DCPD, other crystalline or 

poorly crystalline calcium phosphates, calcium sources or phosphate sources, or a 

second ACP. Other methods of activation known to the an such catalysis or the 

30 use of ionic solvents may also be used to promote reaction between substituents. 

The second calcium phosphate reactant may be of any crystalline sttUCtUre and 

should be chosen so as to be reactive with the first ACP either directly or through 

11 
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the use of a ~tion promoting vehicles such as ionic solvents. Appropriate 

reaction conditions will be determined by demonstration of rapid hardening at 

37 ·c, following mixing of the reactants and the addition of water. 

The bone substitute matCrial forming reaction may also be designed to 

S produce an end product that is porous. In one embodiment, the principles of 

acid/base chemistry plus the use of a dry mixture of controlled particle size 

reactants leads to a porous bone substitute material. Other methods of promoting 

porosity such as chemical or physical etching and leaching may be employed. 

The present invention pi'ovides a novel process for converting a standard 

10 inert amorphous calcium phosphate precipitate into highly reactive amorphous 

solids. The amorphous solids can be used in the reactions described above to 

form a poorly- or nano-crystalline synthetic hydroxyapatite that provides 

bioactivity, bioresorbability and structw:al integrity. This novel amorphous 

material can be reacted with other calcium phosphates at or below 37°C to form a 

15 bone-like material consisting of poorly crystalline hydroxyapadte. 

The amorphous calcium phosphate of the present invention is highly 

reactive towards other acidic or basic calcium phosphates. Also, the amorphous 

calcium phosphate of the present invention is considered reactive in that it is 

capable of reacting at room temperature with a variety of calcium- or phosphorus-

20 bearing compounds which are conventionally considered "inert" to ACP, for 

example Cao, CaCO, and calcium acetate. Prior art acid-base reactions of 

conventional crystalline calcium phosphate results in poorly reacted solids, having 

reaction product that are too crystalline to be sufficiently soluble in a living 

tissues. The reactions from the prior art are generally incomplete and the reaction 

2S products are inhomogeneous. In contrast, the amorphous calcium phosphate of the 

present invention reacts quickly and completely with a wide variety of calcium 

phosphates and other calcium- or phosphorus-bearing materials to provide a 

homogeneous product. 

1be source of the enhanced reactivity is not cmnpletely understood; 

30 however, it is believed to be associated with the amorphicity (lack of crystallinity) 

and, in some embodiments, site vacancies in the material, as created by the 

process of the present invention. The vacancies may provide leactive sites for 

12 
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subsequent ~tion. These observations will be discussed more fully, below. 

The method of the present invention permits initial formation of 8:1DOrpbous 

calcium phosphate particles of less than 1000 A., preferably 200-500 A, and most 

preferably 300 A, the further growth of which are curtailed by rapid precipitation 

5 of the product from solution. During reaction of calcium and phosphate ion 

sOUICeS _to form an amorphous calcium phosphate, a third ion is introduced in the 

solution so that these ions are incorporated in the amorphous precipitate structure 

instead of trivalent POl group{s). Because some POl is replaced by the·third 

ion, the overall POl decreases, thus increasing the Ca/P ratio of the amorphous 

10 precipitate (as compared to standard amog>hous calcium phosphate) and modifying 

the valence or charge state of the calcium phosphate. The amorphous solids then 

may be rapidly freeze-dried to preserve the chemical and physical propetties of the 

material. The amorphous solids then may be treated under specific conditions 

selected to promote removal of at least some of the third ion. In the case of 

1S carbonate, specific temperature and pressure conditions lead to the reduction of 

total carbon, presumably as gaseous carbon dioxide and oxygen from the 

amorphous solid, while ma;nra;mug the amorphicity. 

The resultant material is an amorphous solid with a higher Ca/P ratio than 

is typically found in amorphous calcium phosphates, which is generally reported in 

20 the past to be 1.SO. Further, removing carbon from the material results in a 

vacancies in the interstitial structure within the amorphous solids, rendering it a 

bighly reactive solid. The may be several possible vacancies sources. The 

material possesses a porosity which promotes reactivity by various means, such as 

increase surface area. The material may also undergo a change in the 

25 stoichiometry balance upon removal of the third ion. This stoichiometry change 

may result a cluqe imbalance which is responsible for the increased reactivity of 

the amorphous calcium phosphate. 

30 

n is desirable to maintain the amorphous property of the material 

throughout the entire process. If crystallinity in its entirety (single crystalline 

regions) or even in local domains (microcrystalline regions) is introduced during 

the process or in the final product, the solid bas been found to lose its reactivity. 

The resultant highly reactive calcium phosphate is amorphous in nature and has a 

13 
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calcium to ph~sphorous ratio in the range of 1.55 to 1.65. In a preferred 

embodiment, the amorphous calcium phosphate bas a Ca/P ratio of about 1.58. 

The amorphous state is induced by controlling the rate and duration of the 

precipitation process. The am0rphous hydroxyapatite of the present invention is 

S precipitated from Solution under conditions where initial precipitation is rapid. 

Rapid precipitation results in the formation of many extremely small calcium 

phosphate nuclei. Additionally. rapid crystal or grain growth leads to the 

production of more defects within each grain, thereby also increasing solubility. 

At the extreme end of the spectrum, crystal or grain growth is so rapid and defect 

10 density is so significant that an amorphous calcium phosphate results. Amorphous 

calcium phosphate is gel-like and includes solid solutions.with variable 

compositions. These gels have no long range structure, but are homogeneous 

when measured on an Angstrom scale. Under physiological conditions, these 

amorphous compounds have high solubilities, high formation rates and high rates 

15 of conversion to poorly crystalline hydroxyapatite. 

The amorphous calcium phosphate solids acquired by this method retain 

their amorphous nature sufficiently long enough to be introduced into the final 

reaction as substantially amorphous solids. They can also be mixed and reacted 

with other solids or solutions containing phosphates, to obtain solids containing a 

20 homogeneous disttibution of nanometer-sized crystals. Further in preferred 

embodiments, because the amorphous calcium phosphate reacts completely with 

the other solids, the Ca/P of the resultant solid will constitute the total calcium and 

phosphorous from such reaction, i.e., there will be an essentially complete 

reaction. When a proper molar concentration of phosphate from the solution or 

25 solids is reacted with the novel amorphous calcium phosphate material, a poorly 

crystalline hydroxyapatite material (Ca/P 1.1-1.9) is obtained. Thus, the present 

invention permits one to design and modify the chemical composition of the 

resultant prOduct, thereby providing a further mode of controlling bioactivity of 

the final product used as bone graft material. 

30 In one embodiment of the present invention, a solution is prepared which 

contains calcium and phosphate ions and a third ion in a concentration, at a pH 

and at a temperarure which will promote the rapid nucleation and precipitation of 

14 

,. 



W096/3'562 PCl'/US96/07273 

calcium phosphate. When precipitation is sufficiently rapid. an amorphous gel-like 

calcium phosphate is formed. Because the thermodynamically favored crystalline 

form of hydroxyapatite is enhanced by reducing the rate of reaction. certain 

processing steps of increasing the rate of reaction may be taken to ensure that an 

5 amorphous compound is obtained. The following factors, among others, are to be 

considered when designing a solution for the rapid precipitation of the amorphous 

calcium phosphate of the present invention. 

Preferred conditions: Rapid mixture of calcium and phosphate sources to 

increase the rate of reaction. The rate of reaction is increased to favor non-stable 

10 phases as a product. Allowing more reaction time for each of the ions to 

juxtapose correctly to form a solid will result in a more thermodynamically 

favorable crystalline and stable structure. 

Preferred calcium and phosphate sources: The use of highly concentrated 

or near supersaturation solutions emures that a more rapid reaction will occur. 

15 Preferred temperature: Although the reaction can be carried out at room 

temperature, temperatures of near boiling point to increase the concentration of 

one reactant is a possible means of increasing the rate of reaction. 

In one embodiment, an aqueous solution of calcium ions, phosphate ions 

and carbonate ions are mixed together rapidly to obtain a carbonate containing 

20 amorphous calcium phosphate solid. The relative concentrations of the ions are 

selected to give a precipitate having the desired Ca/P ratio. The ~te ion 

substitutes for a phosphate ion in the amorphous calcium phosphate. The 

carbonated amorphous calcium phosphate may be obtained by precipitation from 

an aqueous carbonate solution. Suitable aqueous carbonate solutions include, by 

2S way of example only, bicarbonate solution, sodium carbonate solution, potassium 

carbonate solution. It is further contemplated as within the scope of the invention 

to use non-aqueous solutions. 

Use of a carbonated material is desirable because it permits manipulation of· 

the Ca/P ratio by substitution of P0,.3" by Col·. Additionally, the presence of 

30 C032- is known to retard the development of crystaUinity in amorphous calcium 

phosphate. Is recognized, however, that other ions or a mixture of ions may be 

suitable in place of or in addition to carbonate ion in modifying the Ca/P ratio and 

15 



W096/36562 PCI'/US96/0'7173 

in introduction of reactive site vacancies into the amorphous calcium phosphate, 

such as by way of example only, nitrate, nitrite, acetate, Mg+2 and P20.,"" ions. 

The amorphous calcium phosphate precipitate may be collected and filtered 

prior to activation. It is preferied to perform this step in a cold room or at sub-
s ambient temperatures so as to preserve the amorphous state of the precipitate 

collected. Collection may typically may be carried out by any conventional 

means, including, but in no way limited to gravity filtration, vacuum filtration or 
centrifugation. The collected precipitate is gelatinous and is washed more than 

once with distilled water. 

10 The washed precipitate is then dried under any conditions which maintain 

the amorphous character of the material. Lyophilization is a suitable, but not 

exclusive, technique. Upon: freezing, the precipitate while kept fro?.ell, is dried to 

remove the bulk of the entrained iiquid. This procedure may be accomplished by 

placing the frozen precipitate into a vacuum chamber for a given period of time. 

lS Freeze-drying typically occurs at liquid nitrogen temperatures for a time in the 

range of 12-78 hrs, preferably about 24 hours, and under a vacuum in the range of 

10"1-10"4. preferably 10..z, torr. A preferred method includes lyophilization because 
the cryogenic temperatures typically used in lyophilir.ation inhibit further 

crystallization of the material. As a result, the amorphous calcium phosphate 
20 obtained thereby is an extremely fine free flowing powder. 

The dried ACP may then be activated. In a preferred embodhnent, where 

carbonate is present in the ACP, the ACP powder is heated to drive off remaining 

free water, water of hydration and to remove carbon, presumably through the 

decomposition of CO;"" into CC>i and oxygen. The heating step is carried out at a 
2S temperature of less than SOO'C but more than 42S°C, so as to prevent conversion 

of the amorphous calcium phosphate into crystalline hydroxyapatite. Heating is 

preferably carried out at a temperature in the range of 450-460'C. In a preferred 

embodiment, the freeze-dried amorphous calcium phosphate powder is heated 

under vacuum. In a vacuum environment, the temperature may be considerably 

30 less, i.e., in the range of about 17S-22S°C, to obtain the same result. The lower 

temperatures may be desirable because they reduce the risk of crystallization of the 

amorphous powder. 
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Low cr:YStallinity and site vacancies {porosity and/or stoichiometric 

changes) may account for the observed higher reactivity of the amorphous 

calcium phosphate of the present invention. This is exemplified by the following 

observations. A carbonate-containing amorphous calcium phosphate which has 

s been heated to s2s·c is observed to have an increase in formation of crystalline 

hydroxyapatite and to have a corresponding decrease in reactivity. Amorphous 

~ium phosphate that is heated to only 400 • C retains its amorphous 

characteristic, but exlu'bits a decreased reactivity. Presumably this decrease in 

reactivity is related to the higher carbonate levels (and less site vacancies) 

10 observed by IR in samples treated at this lower temperature. This suggests that 

both amorphicity and decreased carbon content (vacant reactive sites) are a factor 

in reactivity. This is not intended to be in any way an exclusive basis for 

reactivity. Other basis for the observed reactivity are considered to be within the 

scope of the invention. The resulting amorphous calcium phosphate powder is a 

15 highly reactive amorphous calcium phosphate material with a Ca/P ratio of 

between 1.1-1.9~ preferably about 1.55 to 1.65, and most preferably about 1.58. 

The powder has been cbaracterized by a variety of analytical techniques. 

In Figure l, a high-resolution transmission electron micrograph is shown to 

illustrate the morphological characteristics and the angstrom-siz.ed nature of the 

20 preferred reactive ammphous calcium phosphate of the present invention. 

Preferred particle sizes are less than 1,000 A, preferably in the range of 300-400 

A. Note the unclear boundaries separating the globule-like clusters, Jacking clear 

edges and surfaces, in contrast to crystalline materials. Figure 2a and 2b illustrate 

infrared speCtta of the amorphous calcium phosphate after lyophilization process 

25 (a) and after the subsequent heat treatment at 4SO°C for 1 hr (b). Infrared peaks 

illustrating presence of local chemical groups in the material show that the 

presence of H-0-H (at approximately 3t400 cm·1 and 1640 cm·1 ) and C032'- group 

(at 1420-1450 cm'1) are significantly reduced after heat treatment. However9 the 

x-ray diffraction patterns in Figure 3 of similar materials show that the amorphous 

30 state after • lyophilization (a) is substantially unchanged after the heat treatment 

(b). The amorphous namre of the present invention material is characterized by 

broad peaks and undefined background with absence of sharp peaks at any position 
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of the dif~ angles that correspond to known crystalline calcium phosphates. 

The Ca/P measurement performed using wave length-dispersive X-ray analysis on 

an electron micro-probe of the same material after heat treatment yields Ca/P to be 

1.58 (Figure 4) .. 

S These characterizations demonstrate that although there is a change in the 

l~ moiety of certain groups in the amorphous calcimn phosphate solids, the 

overall am.orphicity is mainrained throughout the process. Thus allowing an 

interpretation of the material to contain local vacancies or •holes" in the 

amorphous structure which may activate the ACP. 

10 In another preferred embodiment, the highly reactive amoiphous calcium 

phosphate is reacted with an acidic or basic calcium phosphate to obtain a poorly 

crystalline hydroxyapatite. As discussed above, hydroxyapatite is the 

thermodynamically preferred reaction product which readily crystallizes to give a 

product that is not biocompatJ."ble due to its insolubility under physiological 

15 conditions. The use of an amorphous calcium phosphate, which can react quiclcly 

and completely to a product hydroxyapatite without signif'J.Cant crystallization, 

provides a novel route to a poorly-crystalline hydroxyapatite which is resorbable 

under physiological conditions. 

The amorphous calcium phosphate powder of the present invention may be 

20 mixed with a variety second component to thereby react to fonn a poorly 

crystalline form of hydroxyapatite. This reaction occurs at room temperature upon 

mixing of the powder with a variety of both acidic and basic calcium phosphates in 

the presence of a fluid, such as but not limited to, water, saline, buffer solution, 

serum or tissue culture medium. Depending upon the amount of fluid added the 

2S mixture of amorphous calcium phosphate of the present invention and acidic 

calcium phosphate results in a highly formable and/or highly injectable paste with 

varying degrees of paste consistency. 

Appropriate calcium phosphates include both basic and acidic calcium 

phosphates which provide the appropriate stoichiometry for reaction to obtain a 

30 hydroxyapatitic calcium phosphate. In a preferred embodiment, an acidic (pH 5-7) 

calcium phosphate is used. Suitable acidic calcium phosphates include, but are in 

no way limited to, calcium metaphosphate, dicalcium phosphate dihydrate, 
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heptacalcium_ phosphate. tricalcium phosphates. calcium pyrophosphate dihydrate. 

poorly crystalline HA, calcium pyrophosphate, and octacalcium phosphate. 

Suitable basic calcium phosphates include additional ACPs. Other solids which 

would provide a source of ph0sphate or calcium. such as by way of example only. 

S Cao. CaC03, calcium acetate, and H~04, may be mixed to fonn a fmal product 

to yield a desired Ca/P ratio close to natural bone. It may be desirable to provide 

the second component in the amorphous or poorly crystalline state, as well . 

. Hydroxyapatite is a thermodynamically favored form of calcium phosphate. 

It is therefore within the scope of the invention to merely promote the conversion 

10 of the reactive ACP into a poorly crystalline HA, by addition of components 

which promote conversion of ACP into HA, without cbemical reaction. Suitable 

promoters include, but are not limited to, water and heat. 

The second calcium phosphate is often crystalline, as is evidenced by the 

presence of sharp diffraction peaks typical to the calcium phosphate of interest in 

15 the X-ray diffraction pattern (Fig 6a). In contrast, the reactive ACP is amorphous 

and shows no identifiable peaks by X-ray diffraction (Fig 6b). Despite its higher 

crystallinity, however. dicalcium diphosphate is consumed in the reaction with 

reactive ACP and the product HA is of much reduced crystallinity. 

Because at least one of the reactants is amorphous and highly reactive, the 

20 reaction proceeds at room temperature to provide an apatitic material having a 

poorly-crystalline or microcrystalline microstructure. The reactio1:1 also is 

substantially complete, thereby insuring that all calcium and phosphate of the 

mixture are consumed by the resultant hydroxyapatite product. This permits 

reliable manufacture of bydroxyapatite products simply by selection of the relative 

25 proportions of the starting amorphous and secondary calcium phosphates. It is 

desirable to maintain a calcium to phosphate ratio of about 1.2-1.68. preferably 

less than 1.S. and most preferably about 1.38. 

The product hydroxyapatite material contains labile environments 

characteristic of naturally-occurring bone. In naturally occurring bone, minerals 

30 are characterized by nanometer-sized structure. providing high surface areas to 

interact with the surrounding tissue environment, resulting in resorption and 

remodelling of tissues. The present invention, with its nanometer-sized crystals as 
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1he product, ~losely mimics the naturally occurring bone minerals. Further, 

properties such as crystallinity and Ca/P ratios are closely designed in the present 

invention to simulate the mineral properties found in living tissues of bone. 

In another preferred embodhnent, an injectable paste may be prepared, 

5 which can be introduced into the bone repair site. The paste is generally prepared 

by mixture of the amorphous calcium phosphate of the present invention with a 

second component in an amount of water or buffer sufficient to produce the 

desired consistency for iajection. Most often this will be as thiclc as possible 

while still being able to be passed through a 16-18 gauge syringe. Because of the 

10 -amorphous nature of the component solids in the paste, the material has markedly 

improved flow characteristics over prior art compositions. Flow characteristics of 

the resultant paste are toothpaste-like while prior art materials inherit a granular or 

oat meal-like consistency. The paste may be prepared before use, up to a period of 

several hours if held at room temperature and vaporization is minimir,ed. The 

15 storage time may be extended by maintaining the paste at reduced temperatures in 

the range of 1-lO°C in the refrigerator provided steps are taken to minimi:r.e 

vapori7.ation. 

By selecting the appropriate amount of liquid to be added to the reactants, 

the viscosity of the bone substitution material paste may be adjusted according to 

20 need. The paste may be prepared either with an injectable or a formable 

consistency. Iqjectable consistency means as thick as possible whµe still capable 

of passing through a 16 to 18 gauge needle. Most often this will be a 
11toothpaste11-like consistency. Formable refers to consistency which allow the 

material to retain its shape. In the extreme case of a formable consisteney, the 

2S paste will have the consistency of glazing putty or caulking compounds. The paste 

also may be prepared with just enough liquid to be both injectable and formable. 

Jn some preferred embodiments (e.g., Examples 9-14, below), the reaction 

occurs slowly at room temperature, but is accelerated significantly at body 

temperature. This is particularly useful in a surgical situation, since the paste 

30 formed by mixing reactants with water remains injectable for a considerable period 

of time (up to several hours) while held at room temperature. Thus, at room 

temperature (ca. 22 "C) the paste hardens after a time greater than one hour and 

20 



• 

W096/36562 PCT/US96/07273 

remains fonnable and/or injectable for longer than 10 minutes, and preferably 

longer than one hour and most preferably longer than three hours. Following 

injection at the implant site (ca. 37 ·c), the paste hardens in less than about an 

hour, preferably in about 10-30 minutes. 

S In another embodiment of the invention, it is contemplated to incolp01'8te 

bone regenerative proteins (BRP) into the amorphous calcimn phosphate and acidic 

calcium phosphate mixture. BRPs have been· demonstrated to il.1Cl'CaSe the rate of 

bone growth and accelerate bone healing. A bone graft including nanocrystalline 

or poorly crystalline hydroxyapatite and BRP is expected to promote bone healing 

10 even more rapidly than a bone graft using the hydroxyapatite of the present 

invention alone. The efficacy of BRP is further enhanr,ed by controlling the 

solubility of the nanocrystalline or poorly crystalline hydroxyapatite such tbat it 

dissolves at a rate that delivers BRP, calcium, and phosphorus at the optimum 

dosage for bone growth. Such a method of incorporating BRP would include, but 

15 not limited to, mixing a buffer solution containing BRP with its optimum pH that 

would maintain protein activity, instead of distilled water. Exemplary BRPs 

include, but are in no way limited to, Transforming Growth Factor-Beta, Cell­

Auachment Factors, Endothelial Growth Factors, and Bone Morphogenetic 

Proteins. Such BRPs are corrently being developed by Genetics Institute, 

20 Cambridge, MA; Genentech, Palo Alto, CA; and Creative Biomolecules, 

Hopkinton, MA. 

In another embodiment of the invention, it is contemplated to incorporate 

ant11>iotics or its agents into the amorphous calcium phosphate and its mixture. 

From a clinical sense, one of the major implication arising from a bone-graft 

2S surgery is a need to control the post-operative infbunmadon or infection. A bone 

graft including P®flY crystalline hydroxyapatite and antibiotic(s) is expected to 

reduce the chances of local infection at the surgery site, contributing to infection­

free, thus faster bone healing process. The efficacy of antibiotics is further 

enhanced by controlling the release of the poorly crystalline hydroxyapatite such 

30 that it dissolves at a rate that delivers antibiotic peptides or its active component at 

the most effective dosage to the tissue repair site. Exemplary antibiotics include, 

but are in no way limited to, Penicillin, Chlortetracycline hydrochloride 
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(Aureomyc~). Chloramphenicol and Oxytettacycline (Terramycine). Both 

antt'biotics, mostly polypeptides, and bone regenerating proteins may be intermixed 

with the poorly crystalline hydroxyapatite material of the present invention, to 

locally deliver all or most of the necessary components in facilitating optimum 

S condition for bone tissue repair. 

Examples 

The invention is further exemplified with reference to the following 

examples, which are presented for the purpose of illustration only and are not to 

be considered as limiting of the invention. 

10 Example 1. This example describes the step-by-step preparation and 

methods to render relatively inert amorphous calcium phosphate solids into a 

highly reactive amorphous calcium phosphate of the present invention. 

Solution A was prepared at room temperature by the rapid dissolution of 

SSg NaiHP04• 7H20 (sodium phosphate), SOg NaOH (sodium hydroxide), 30g 

15 NaHCO,, (sodium bicarbonate) in 1.3 I of distilled water. H20 volumes in the 

range of 0.7 to 1.3 ml. have also been used. Solution B was prepared at room 

remperature by rapid dissolution of 43g Ca(N0,)2.4H20 (calcium nitrate 

tetrahydrate) in O.S 1 of distilled water. 

The inert carbonated amorphous calcium phosphate was then prepared at 

20 room temperature by the rapid addition of solution B to rapidly stirring solution A. 

The precipitate of gel-like amorphous calcium phosphate thus formed was 

immediately filtered using filter paper (0.05 sq. m) with medium filter speed and a 

vacuum pressure of about 10-2 torr. The material formed a thin cake and was 

washed with approximateiy 4 liters of distilled water by adding water into the 

2S filttating funnel. The washed material was then collected using spatula and 

immersed into a liquid nitrogen in a 2.5 L conrainer. Following the formation of 

bard frozen pieces, .the container was transferred into a vacuum chamber for 24 

hrs (10-1 - 10"2 torr), until a fme and dry powder was obtained. 

Although the procedure described above may be perfonned at room 

30 temperature, the entire process preferably takes place below ambient temperature 

(4-S°C), so as to further prevent the amorphous state from convening into more 

stable crystalline fonn. Further, such elements or ions known to act as inhibitors 
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of crystalline ~ydroxyapatite formation may be added into the solution in trace 

amounts. These may be, for example, Mg ions in the form of less than 1.0 g 

MgC12.~0 (magnesium chloride), pyrophosphate ions in the form of less than 2 

g Na,J>20.,.10~ (sodium pyrophosphate). 

S An infrared spectrum of the inert amorphous material at this point in 

process is shown in Fig. 2a. This spectrmn contains peaks characteristic of P-0 

groups (600 and 1000 cm·1 ), C0,2- group (1,420-lASO cm"1) with relatively large 

peak of 0-H group (-3,550 cm"1 ). X-ay diffraction pattern of the same material 

(Figure 3a) show amorphous nature of the material as demonstrated by absence of 

10 any sharp peaks when the measurement of crystallinity is determined by taking 

ratio of coherent peaks to background. 

The inert amorphous material descnbed above was then made into a 

reactive form by heating for 60 minutes at 45o·c (±3.C). The IR of the heated 

material is shown in Fig. lb. This spectrum showed reduction of particular 0-H 

15 and CO,Z- groups, indicating sigoiflC8Ilt reduction of llzO and c~z. as C02 and <>z • 
In similarly prepared samples the carbon content was observed to drop 

approximately 60% with a total carbonate ratio decreasing from 1.S6'Jr, to 0.53. 

Note, however, that the amorphous nature of the material was not lost during this 

process, as demonstrated by the x-ray diffraction pattem shown in Figure 3(b). 

20 The Ca/P ratio measurement of this material after the heat treatment was 

determined to be 1.575, using a method of quantitative electron microprobe 

analysis (Figure 4). The overall morphological and ultrast1UCU1ral properties of 

amorphous material is shown in Figure 1, as seen under a transmission electron 

microscope. Note the "amorphous" appearance of the material with absence of 

2S sharp edges separating each granules with certain portion of the material to exhibit 

sbBpeless form (arrows). An extremely high specific surface area of 120 rrr/g, 

with an average pore size of approximately 130 A was observed in this material. 

Example 2: The preparation was conducted as described in Example 1 

above, with the exception that the preparation of Solutions A and B was replaced 

30 by the following reactions. Solution A was prepared at room temperamre by the 

rapid dissolution of 90.68g of Ca(N~)2.4H20 in 1.2 liter of carbonated distilled 

H20. Solution B was prepared by dissolving 40.57 g of KzHPO, in l.S3 liters of 
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distilled ~o. ~taining 24 ml of 45 vol.% KOH solution. Chemical and 

physical properties of the product amorphous calcium phosphate resulting from 

this procedure were similar to those of the material prepared accordingly for 

Example 1. 

S Example 3; The preparation was conducted as described in Example 1 

above, with the exception that the preparation of Solutions A and B were replaced 

by the following reactions. Solution A was prepared at room temperature by the 

rapid dissolution of 10.SS g of Ca(N0..)2.~0 in O.lS liters of carbonated distilled 

H20 at pH greater than 9.0, as adjusted by NaOH. Solution B was prepared by 

10 dissolving 7 .8 g of (NH4)iHP04 in 0.35 liters of distilled H20. Chemical and 

physical properties of the product amorphous calcium phosphate resulting from 

this procedure were similar to those of the material prepared according to 

Examples 1 and 2. 

Example 4: This example describes the preparation of bone substitute 

15 material of the invention. 

The dicalcium phosphate dihydrate (DCPD) used in this example was 

prepared in the following manner. Solution A was prepared at room temperature 

by rapid dissolution of IOg ~204P (diammonium hydrogen phosphate) in 500 ml 

distilled water at a pH of 4.6-4.8. Solution B was prepared at room temperature 

20 by the rapid dissolution of 17.lg Ca(N~2.4Hp (calcium nitrate tetrahydrate) in 

2SO ml distilled water. The dicalcium phosphate dihydrate was prqlared at room 

temperature by the rapid addition of solution B to the stirring solution A. 

Immediately thereafter, the sample was fdtered using mter paper (0.05 sq. m} with 

medium filter speed and a vacuum pressure of about 10-2 torr: The material 

25 formed a thin cake which was washed with about 2 liters of distilled water and 

then dried at room ~erature for 24-72 hrs. 

The reactive amorphous calcium phosphate material prep8red from 

Examples 1, 2, or 3 was physically dry-mixed with dicalcium phosphate dihydrate 

(CaHP04.2H20) at 50:50 wt% using a mortar and pesde for 3-5 min. Water 

30 (lml/g of mixed material) was then added to the powder mixture to yield a paste­

like consistency. The amount of H20 added varied, depending on whether a thick 

or thin paste was desired. The paste material was then placed in a moist tissue 
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environment .where upon reaching body temperature (37 °C). hardened into a solid 

mass without exothermic behavior. The hardening process could be delayed for 

several hours by placing it into a refrigerating temperature of 4 °C. The hardened 

material was composed of nanometer-sized, poorly crystalline hydroxyapatite with 

S an inherent solubility property that exceeded reported solubilides for a synthetic 

hydroxyapatite material. This is demonstrated in Figure 5, where the concentration 

of calcium ions released into a controlled pH buffer solution over 24 hrs at 37°C, 

was signifi.cantly higher for the poorly crystalline HA material of the present 

invention (curve SO) than the standard crystalline hydroxyapatite material (curve 

10 52). 

Example 5: This example demonstrates the preparation of bone substitute 

material using materials having a selected particle size. 

The reactive amorphous calcium phosphate material prepared from 

Examples 1, 2, or 3 was physically dry-mixed with dicalcium phosphate dihydrate 

15 (CaHP04.~0) with a particle size of less than 1001'111at50:50 wt. % using a 

SPEC 8S10 laboratory mill for 2 min with a 8505 alumina ceramic grinding 

chamber, followed by sieving to a size of less than 100 ,mi. Water (lml/g of 

mixed material) was then added to the powder mixture to yield a paste-like 

consistency. 

20 Example 6; Reactive amorphous calcium phosphate material as prepared in 

Examples l, 2, or 3 was dry-mixed with other calcium phosphate. compounds, 

according to the method described in Example 4. These compounds included, but 

were not limited to: ~)2 (calcium metaphosphates), C&,(Ps016li (beptacalcium 

phosphate). ~20., (calcium pyrophosphate)~ Ca,(PO.h (tricalcium phosphates). 

2S The dry-mixture ratio was properly calculated to be between Ca/P ratios of l .S-

1. 70, depending on the molar Ca/P ratio of the compound mixed with the reactive 

amorphous calcium. The resulting material was poorly crystalline hydroxyapatite 

solids with. solubility properties same as shown in Figure S. 

Example 7; This example describes the preparation of an injectable paste 

30 for the formation of poorly crystalline hydroxyapatite solid. 

The dried mixed materials prepared according to Examples 4 or 6 were 

mixed with distilled ~O (2.3 ml/g). A paste was formed that could be easily 
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shaped by ~ or injected through a nozzle as small as O.Smm ID. The 

flowability increased after refrigerating the paste at 4 • C for 2-3 hrs. 

The material could be stored in a paste fonn for about 12 hours at 4 • C in 

an air tight container without bi.rdening. 
S Example 8. The crystalline content of the product bone substitute material 

was monitored by X-ray diffraction and 1-R spectrometry. 

Fig. 7a-d are the X-ray diffraction spectta of the reaction product between 

DCPD and the reactive amorphous calcium phosphate as described in Example 4. 

The reaction mixture was placed in a moist environment at 37 • C and examined 

10 by X-ray diffraction spectrometry at different times. X-ray scan conditions are (a) 

copper anode, (b) >.. = 1.4540598 A, and (c) a scan range 20-35° at a step of 

0.02 • and step interval of 2 seconds. Figure 8 shows the infrared spectra of 

dicalcium phosphate dihydrate (a), the activated ACP of the invention (b). and the 

poorly crystalline HA of the present invention (c). 

15 Samples of Pigs. 7a-7d were incubated for 0, 20 min, 75 min and S hours, 

respectively. The samples were removed at the noted time and lyopbUi:r.ed to 

preserve cbemical characteristics. Fig. 7a, taken at the start of the reaction, 

represents a combination of peaks attributable to the starting ACP and dicalcium. 

diphosphate (see, Fig. 6 for component XRD patterns). 1be sharp peaks at ca. 

20 20.25·, 23.s·, 29.S", 30.75° and 34.2" for crystalline dicalcium diphospbate are 

readily observed. With inclC&se in reaction time, the sharp crySfal:line peaks 

subside and wide (amorphous) peaks appear centered at 26°, 2s.s·, 32.0· and 

33.o·. It is interesting to note that there is no change in the spectra after 75 

minutes of reaction, indicating dlat the reaction essentially complete in little more 

2S than one hour. The X-ray diffraction pattern of the bone substitute material of the 

invention (Fig. 7d) can be compared to that of naturally occurriitg bone, shown in 

Fig. 9. The two spectra are nearly identical, indicating the close biomimetry of 

the bone substitution material of the invention. 

Examples 9-14: These examples demonstrate the effect of fluid volume on 

30 the consistency and reactivity of injectable paste to be used in the formation of 

bone substitute material. Each of the pastes were prepared as described in 

Example 7, above, and the consistency and rate of reaction at room temperature 
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s 

10 

and 37 ·cw~ ~nnined. Observations are reported in Table 2. 

Table 2. Formability, injectability and reactivity of one gram bone substitute 
material prepared with variable water volume. 

Bxample No. water volume formability injectability hardening 
(mL} time (min) 

(4 "C/llT/37"C) 

9 0.7 - - _,_,_ 
crumbles 

10 o.s· +++ + >601>60130 
easily formed 

paste 

11 0.9· ++ ++ >601>60130 
toothpaste 

12 1.0 + +++ >60!>60130 
liquid 

toothpaste 
Under some cll'CUDlstances (e.g., evapm:ataon) mese samples may my out 

somewhat over a period of one hour at room temperature. In such cases, 
additional water may 'be added to restore the original consistency. 

Example 13: The purpose of this study was to evaluate the model as an 

15 analysis of efficacy of the implanted poorly crystalline hydroxyapatite calcium 

bone substitute material phosphate ceramic material of the invention when it was 

implanted into tibial bone surgically created defects of New Zealand White 

Rabbits. 

I. Test Arlide and Animals 

20 · Test Article: The test article used was prepared as desen'bed in Example 7 

with the exception that a buffer solution with optimum pH (saline) range for the 

protein or peptide .bioactivity was used. 

Animals: Seven adult male and female NZW rabbits (2.S-3.0 kg) were 

used in this study. Anjmals were obtained from Pine Acres Rabbitry/Farm. 

2S Animals were held in quarantine and acclimatization for a minimum of 10 days 

prior to the initiation of the study. They were evaluated by a veterinarian for 

general health prior to release from quarantine. Animals were individually housed 

in suspended stainless steel cages. Wood shavings were used in dropping pans 
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under the cages. Animals were identified by a numbered ear tag or tattoo and by 

a corresponding cage card. All animals received the same treatment- one defect 

was placed in one tibia. Timepoints for evaluations were 0, 2, 4, and 8 weeks. 

Surgical Procedure: After obtaining adequa~ anesthesia, using aseptic 

S technique, an inciSion was made over the proximal ti"bia. The soft tissue was 

deflected away and the bone was exposed. Using a S mm trephine in a low speed 

dental handpiece drill with irrigation (0.9% physiologic saline) as needed, the 

bony disk was dissected free and the site was prepared for implantation. The bone 

substitute material paste form mixed a-BSM with saline, was placed into the 

10 defect. One sample per animal was administered using this method. The soft 

tissues were then closed in layers with 3-0 suture material. The animals were 

monitored and were given buprenorphine (0.02-0.0S mg/kg, s.c.) and cephalothin 

(20 mg./kg, s.c.) upon awakening. The analgesic and antibiotic were administered 

2 times per day for five to seven days after surgery. 

15 ll. Experimental Observations 

Clinical Obmvations and Radiographs: Clinical observations of the 

animals' general health and well-being with special regard to ambulation were 

performed at least weekly. Radiographs of the uoia were made at scheduled 

intervals including after surgery and at the time of necropsy. 

20 The animals were allowed to heal for scheduled periods of time. The 

animals were anesthetized for tibial radiographs, which were taken every 2 weeks 

throughout the study. The radiographs were used to detennine the duration of the 

study. Approximately every 2 weeks, 2 animals were sacrificed and the test sites 

were temoved for histology. The animals were monitored daily to see if any 

25 changes in diet or behavior occurred. At the end of the study the animals were 

euthanized by an !JVerdose of prescribed euthanasia solution. (ketamine HCl and 

Xylazine followed by saturated KCI) 

MiCl'oscopic Pathology: The implantation sites were prepared as 

undecalcifled and decalcified sections. Decalcified slides were prepared as plastic 

30 embedded light green basic fucsin 90 micron slides; undecalcified slides were 

stained with hematoxylin and eosin and Masson's trichrome. Slides were 

micr_oscopically evaluated by a board certified veterinary pathologist (ACVP) with 
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experience in laboratory animal pathology. 

m. llesults 

Clinical Observations and Radiographs: Radiograpbs of the tibial defects 

showed increasing radiodensity with time. 

S Necropsy: The tibial defect sites appeared to be smaller with time. No 

excessive inflammation, other than that anticipated with any surgery, was observed 

grossly. 

Microscopic Pathology: At 2 weeks, the bone substimte material calcium 

phosphate was still observed in the defect site as crystals both in the site and in 

10 local macrophages. Small spicules of trabecular bone were seen at the defect 

edges and in the defect site. By 4 weeks, few if any crystals of the device were 

visible; thicker trabecular bone was seen throughout the defect site. Specimens at 

6 and 8 weeks had no evidence of the device; bone seen in the defect site was very 

thick trabecular to cortical type bone. 

15 Bxample 16. This example compares the infrared spectra of crystalline and 

amorphous precursors produced according to the examples and the final poorly 

crystalline HA produced by reacting similar precursors. Fig. 8a presents the IR 

spectrum of brushite (DCPD) prepared as described in Example 4; Fig. 8b 

presents the spectrum of ACP after heat treatment, prepared as described in 

20 Example 1; and Fig. 8c is the IR spectrum of poorly crystalline HA prepared as 

described in Example 4. 

It will be understood that the objects set forth above, among those made 

apparent from the preceding description, are efficiently attained and, since cenain 
. . 

changes may be made in carrying out the above process and in the composition set 

25 form without ~arting from the spirit and scope of the invention, it is intended 

that all matter contained in the above d~cription and shown in the accompanying 

drawing(s) shall be interpreted as illustrative and not in a JimitiiJg sense. 

It will be further understood that the following claims are intended to cover 

all of the generic and specific features of the invention herein descn"bed, and all 

30 statements of the scope of the invention which might be said to fall there between. 

What is claimed is: 
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1. . A method of preparing a reactive amorphous calcium phosphate, 

comprising: 

reacting calcium ions, phosphate ions and a third ion, so as to obtain an 

amorphous calcium phosphate; and 

5 removing at least a portion of the third ion in the amorphous calcium 

10 

15 

phosphate so as to obtain a reactive amorphous calcium phosphate. 

2. The method of claim 1, wherein the third ion comprises a carbonate 

ion. 

3. The method of claim 1, wherein the step of reacting calcium ions, 

phosphate ions and a third ion comprises precipitating the amorphous calcium 

phosphate from an solution comprising the calcium, phosphate and third ions. 

4. The method of claim 1. wherein the solution is an aqueous solution, 

and the removal step·comprises removing a ponion of residual water from the 

amorphous calcium phosphate. 

S. The method of claim 1, wherein the solution is a non-aqueous 

20 solution. 

6. The method of claim 1, wherein the reactive amorphous calcium 

phosphate has a calcium to phosphate ratio in the range of about 1.1 to about 1.9. 

25 7. The method of claim 1, wherein the third ion is selected to alter the 

calcium to phosphate ratio in the product reactive amorphous calcium phosphate. 

8. The method of claim 1, wherein the third ion is selected to stabilize 

the amorphous character of the amorphous calcium phosphate. 

30 

9. The method of claim 1, further comprising the step of: 

drying the amorphous calcium phosphate prior to remo!81 of the third ion 
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under conditi~ns selected to maintain the amorphous character of the calcium 

phosphate. 

10. The method of claim 1, wherein the step of removing third ion 

5 comprises the step of heating under conditions selected to maintain the amorphous 

cbatacter of the calcium phosphate. 

11. The method of claim 1, wherein the step of removing third ion 

comprises the step of decomposing the third ion. 

10 . 

12. The method of claim 1, wherein the step of removing third ion 

comprises dissolving the third ion from the amorphous calcium phosphate. 

13. The method of claim 3, wherein the step of removing carbonate 

15 comprises removing up to about 60 % of the amorphous calcium phosphate 

carbonate content. 

20 

14. The method of claim 1, wherein reactive vacant sites are introduced 

inlo the amorphous calcium phosphate during the removal step. 

1S. The method of claim 1, further comprising: 

adding a bone regenerative protein or an antibiotic to the amorphous 

carbonated calcium phosphate prior drying. 

25 16. ~ reactive amorphous calcium phosphate material having at least 

90CJL percent amorphous character and characterized in that, when prepared 1: 1 as 

a mixture with dicalcium diphosphate in water at 37 • C, the mixture hardens 

within about 10 to about 60 minutes. 

30 17. A reactive amorphous calcium phosphate, obtained by removal of a 

carbonate pre-component of an amorphous calcium phosphate by thermal 

decomposition of the pre-component into gaseous or vaporous by-products. 
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18. . A reactive amorphous calcium phosphate. obtained by removal of a 

labile component of an amorphous calcium phosphate by thermal decomposition of 

the component into gaseous or vaporous by-products. 

S 19. A reactive amorphous calcium phosphate material having at least 

90% percent amorphous character and characterized in that. when prepared 1:1 as 
a mixture with dicalcimn diphosphate in water at 37 ·c. the reaction is 

substantially complete mixture within about 40 minutes. 

10 20. The reactive ammphous calcium phosphate material of claim 17, 

wherein the reaction is substantially complete within about 75 minutes. 

21. The reactive amorphous calcium phosphate of claim 16. 17 or 18. 

wherein the calcium to phosphate ratio is in the range of about 1.1 to about 1. 9. 

15 

22. Thee reactive amorphous calcium phosphate of claim 16, 17 or 18, 

wherein the CaJP ratio is about 1.58. 

23. A method of preparing a poorly crystalline hydroxyapatite, 

20 comprising: 

25 

reacting the reactive amorphous calcium phosphate of c~ 16, 17 or 18, 

with a second calcium phosphate, the second calcium phosphate and the reactive 
amorphous calcium phosphate in a proportion to form a hydroxyapatitic calcium 

phosphate. 

24. A method of preparing a poorly crystalline bydroxyapatite, 

comprising: 

reacting the reactive amorphous calcium phosphate of claim 16, 17 or 18, 

with a promoter, the promoter selected to convert the reactive amorphous calcium 

30 phosphate into a hydroxyapatitic calcium phosphate. 

25. The method of claim 23 or 24, wherein the poorly crystalline 
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26. The method of claim 23 or 24, wherein the reaction is carried out in 

a fluid, the fluid selected from the group consisting of water, a physiologically 

5 . acceptable pH-buffered solution, saline solution, serum and tissue culture 

medium. 

27. The method of claim 23, wherein the step of reacting comprises: 

mixing the amorphous caJcium phosphate and the second calcium 

10 phosphate; and 

adding an aqueous solution to the mixture in an amount sufficient to initiate 

the reaction. 

28. The method of claim 24, wherein the promoter comprises 

15 amorphous calcium phosphate. 

29. The method of claim 23 or 24, wherein the reactive amorphous 

calcium phosphate material is obtained by, 

reacting calcium ions, phosphate ions and a third ion, so as to obtain an 

20 amorphous calcium phosphate; and 

removing at least a portion of the third ion in the amorph~us calcium 

phosphate so as to obtain a reactive amorphous calcium phosphate. 

30. The method of claim 23 or 24, where in the caJP ratio of the 

25 poorly crystal~ hydroxyapatite is less than about 1.S. 

31. The method of claim 23. wherein the second calcium phosphate is 

amorphous or microcrystalline. 

30 32. The method of claim 23 or 24, further comprising: 

adding a bone regenerative protein or an antibiotic to the mixture. 
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33. A resorbable bone substitute material comprising a poorly 

crystalline hydroxyapatite having an X-ray diffraction pattern substantially as 

shown in Fig. 7d. 

S 34. A resorbable bone substitute material comprising a poorly 

crystalline hydroxyapatite having an X-ray diffraction pattern comprising broad 

peaks at 2JJ values of 26·, 28.S ·, 32 • and 33 •• 

35. A resorbable bone substitute material comprising a poorly 

10 ·crystalline hydroxyapatite, characterized in that, when placed in a rat 

intramuscular site, resorption of at least 100 mg of the bone substitute material is 

complete within one month. 

36. The resorbable bone substitute material of claim 35, wherein 

15 reso1ption of at least 300 mg of the bone substitute material is complete within one 

month. 

37. The resorbable bone substitute material of claim 33, 34 or 35, 

characterized in ~ when prepared from a reaction of amorphous calcium 

20 phosphate and a second phosphate in a fluid, the reaction mixture hardens after a 

time greater than 60 mhmtes at about 22 ·c, and the reaction mi:xture hardens 

within about 10 to 60 minutes at 37 ·c. 

38. The resorbable bone substitute material of claim 37, wherein the 

2S mixture is q~ble for a time greater than about 60 minutes at about 22 ·c. 

39. The resorbable bone substitute material of claim 37, wherein the 

mixture is formable for a time greater than about 60 minutes at about 22 ·c. 

30 40. The resorbable bone substitute material of claim 33, 34 or 35, 

wherein the calcium to phosphorous ratio is in the range of about 1.1 to 1.9. 
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41. . The resorbable bone substitute material of claim 33, 34 or 35, 

wherein the calcium to phosphorous ratio is in the range of about 1.3 to 1.S. 

42. A formable paste, suitable for use as a resorbable bone substitution 

S material, comprising: 

10 

a mixture of the reactive amorphous calcium phosphate of claim 16, 17 or 

18, and a second calciwn phosphate powder; and 

an amount of a fluid sufficient to provide the desired consistency, said 

mixture capable of hardening at about 22 ·c. 

43. A formable paste, suitable for use is a bone substitution material, 

comprising: 

a mixture of the reactive amorphous calcium phosphate of claim 16, 17 or 

18, and a promoter, the promoter selected to convert the reactive amorphous 

15 calcium phosphate into a hydroxyapatitic calcium phosphate; and 

an amount of a fluid sufficient to provide the desired consistency, said 

mixture capable of hardening at about 22 ·c. 

44. The paste of claim 42 or 43, wherein the mixture hardens after a 

20 time greater than 60 minutes at about 22 • C, and wherein the mixture hardens 

within about 10 to 60 minutes at about 37 ·c. 

45. The paste of claim 44, wherein the mixture is injectable for a time 

greater than about 60 minutes at about 22 • C. 

2S 

46. The paste of claim 44, wherein the mixture is formable for a time 

greater than about 60 minutes at about 22 • C. 

47. The paste of claim 42 or 43, wherein the fluid is selected from the 

30 group consisting of water, a physiologically acceptable pH-buffered solution, 

saline solution, semm and tissue culture medium. 
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48. The paste of claim 42, wherein the second calcium phosphate 

powder is amorphous or microcrystalline. 

49. The paste of claim 42, further comprising a bone regenerative 

S protein or an antibiotic. 

SO. A method of promoting bone growth, comprising: 

applying, to a site requiring bone growth, a mixture of the reactive 

amorphous calcium phosphate of claim 16, 17 or 18, and a second calcium 

10 phosphate powder in an amount of fluid sufficient to provide the desired 

consistency; and 

allowing the mixture to harden. 

51. The method of claim 50, further comprising: 

15 addition of a bone regenerative protein or an antibiotic to the mixture prior 

to application. 

S2. The method of claim SO, wherein the fluid is selected from the 

group consisting of water, a physiologically acceptable pH-buffered solution, 

20 saline solution, serum and tissue culture medium. 

i11iii1f1iUf 
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