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Abstract
It has been close to a century since calcium phosphate materials were first used as bone graft
substitutes. Numerous studies conducted in the last two decades have produced a wealth of
information on the chemistry, in vitro properties, and biological characteristics of granular calcium
phosphates and calcium phosphate cement biomaterials. An in depth analysis of several key areas of
calcium phosphate cement properties is presented with the aim of developing strategies that could
lead to break-through improvements in the functional efficacies of these materials.
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INTRODUCTION
Studies on the use of calcium phosphates for bone defect repair appeared in the scientific
literature as early as in 19201. Ceramic hydroxyapatite (HA) granules for bone defect repair
was first reported in early 1950s2, and the first self-hardening calcium phosphate cements
(CPC) were developed in late 1980s3. In the last fifteen years, a large number of publications
on calcium phosphate materials, especially on CPCs, have appeared in the literature, reflecting
a sharp increase in the interest in the research aimed at developing better materials for a broader
clinical use. A brief review of the current understanding of these calcium phosphate
biomaterials is presented below. The discussion will focus on areas of research that could lead
to development of the next generation calcium phosphate cement materials, which would have
greater efficacies in a broader range of clinical applications. Because of space limitations, other
calcium-containing biomaterials such as calcium sulfate, bioactive glasses, and calcium
phosphate-containing polymeric scaffolds are not included in the discussion.

GRANULAR CALCIUM PHOSPHATE BIOMATERIALS
In 1920, Albee and Morrison1 reported the use of “triple calcium phosphate” as stimulus for
bone growth. The results indicated that bone fractures, with bone loss, showed a more rapid
bone growth and union when triple calcium phosphate was injected into the gap between the
bone ends than did the controls without its use. Although this may be the first scientific study
on the use of calcium phosphate for bone defects repair, a thin slurry of a calcium phosphate
powder (described as a “5 per cent triple calcium phosphate suspension in distilled water”) was
used. Thus, it is unclear whether the calcium phosphate used in the study was a precipitated or
ceramic material and whether it was in a powder or granular form. In 1951, Ray and Ward2

evaluated the effectiveness of a granular synthetic HA for repairing surgically created defects

Corresponding author, Chow LC; E-mail: E-mail: laurence.chow@nist.gov.

NIH Public Access
Author Manuscript
Dent Mater J. Author manuscript; available in PMC 2009 August 5.

Published in final edited form as:
Dent Mater J. 2009 January ; 28(1): 1–10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the long bones and iliac wings of dogs and bur holes in the crania of cats. It was concluded
from these experiments that the synthetic HA granules could be replaced by new bone, but
they were not as effective as autogenous bone grafts in repairing the defects. In subsequent
years, many attempts have been made to improve the usefulness of calcium phosphate ceramics
in bone repair procedures. Notably the use of ceramic β-tricalcium phosphate (β-TCP)4,5,
which is bioresorbable because of its greater solubility than HA in physiological environments.
Macroporous HA block6 was prepared from coral skeleton in which the inherent macropores
are preserved during the hydrothermal conversion of calcium carbonate to HA. More recently,
partial conversion of the calcium carbonate to HA was used7 to produce a hybrid of the two
phases, which allows a predictable resorption rate of the material in vivo. Similarly, biphasic
calcium phosphate is a synthetically prepared hybrid of HA and β-TCP8 that possesses a greater
resorption rate than HA alone. The properties and functionality of ceramic calcium phosphate
materials currently in use have been extensively reviewed recently9.

As outlined above, nearly all of the granular calcium phosphate materials that have been
evaluated for bone defect repair are of ceramic nature. Octacalcium phosphate (OCP), prepared
by precipitation methods from aqueous solutions, is the only non-sintered granular calcium
phosphate that has been studied extensively as possible bone graft substitutes. Although
implantation of dicalcium phosphate anhydrous (DCPA), amorphous calcium phosphate
(ACP), and OCP in aggregate forms into the subperiosteal areas of mice were all found to lead
to new bone formation more rapidly than HA or Ca-deficient HA, OCP was unique in that fine
filaments and granular materials in the newly formed bone matrix were detected around the
remnants of OCP particles as short as seven days after implantation10. A subsequent study
found that when synthetic OCP was implanted into the critical-sized defects in rat calvaria,
bone formation was initiated from the margin of the defect and on the implanted OCP away
from the margin of the defect11. These results support the feasibility of using OCP as a possible
bone graft substitute. The results may also be applicable to self-hardening OCP-forming
cements, described later, in terms of their biological properties.

Granular calcium phosphate materials have well established biocompatibility and
osteoconductivity. Their clinical use has been partially replaced by calcium phosphate cement
materials because of the advantages associated self-hardening properties of the cements.
However, granular materials remain highly useful when used alone or as osteoconductive fillers
in polymeric tissue scaffolds or calcium phosphate cement implants.

CALCIUM PHOSPHATE CEMENTS
Calcium phosphate cements (CPC) are materials that consist essentially of only calcium
phosphate compounds and are capable of self-setting to a hard mass. Although some literature
reports suggest that developments of CPCs stemmed from existing knowledge of calcium
silicate or calcium sulfate cements, the discovery of the first CPC3 was in fact a result of decades
of basic studies on calcium phosphate solubility behaviors12. Based on solubility phase
diagrams13, described in greater detail later, calcium phosphate scientists were aware of the
fact that both tetracalcium phosphate (TTCP) and DCPA or dicalcium phosphate dihydrate
(DCPD) are much more soluble than HA under neutral pH conditions. Further, a slurry
containing appropriate amounts of these compounds can produce continuous HA precipitation
while maintaining the solution composition relatively constant14. In early 1980s, studies on
the reaction, TTCP + DCPD (or DCPA) → HA, were conducted with the aim of developing
slurries for remineralizing carious lesions. It was observed that some of the TTCP + DCPD (or
DCPA) aqueous pastes became a hardened mass when left in test tubes for a few hours. Thus,
these scientists inadvertently discovered a new type of self-hardening cements that consisted
of only calcium phosphates and formed HA as the product12. In subsequent years, results from
a series of animal studies15,16,17 demonstrated that because CPC formed biocompatible,
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precipitated nano-crystalline HA as the product, implanted CPC was gradually replaced by
new bone without a loss in volume. This CPC composition received approval by the US Food
and Drug Administration in 1996, thus becoming the first commercially available CPC for use
in humans.

Since the development of the first CPCs consisting of TTCP and DCPA or DCPD, many other
combinations of different calcium and phosphate-containing compounds have been
investigated as potential CPC materials. With the exception of several CPCs that form brushite
as the product, most CPCs form apatitic products and have similar in vivo properties despite
the different starting compositions. The properties of the various CPCs have been extensively
reviewed in several publications18,19,20,21, thus discussions presented below will focus on
providing an in depth analysis of specific CPC properties that could lead to break-through
improvements for the next-generation CPC materials.

CALCIUM PHOSPHATE CEMENT SETTING CHEMISTRY
Cement setting reaction is perhaps the most important properties of CPC because it not only
directly controls cement hardening time and other setting properties but also determines the
nature of cement products and therefore most of the physical and biological properties of the
hardened cement. CPCs may be divided into the following categories in terms of cement setting
reactions:

1. Cement hardening is a result of reactions among calcium phosphate compounds
As a result of extensive research on new CPC compositions, data in the literature indicates that
cementation can now occur in mixtures containing a wide variety of calcium phosphate
compounds. In fact, nearly all of the compounds listed in Table 1 have been used as cement
ingredients, and many of these same compounds are also products formed in other cement
systems.

All reactions between calcium phosphate compounds that occur in an aqueous environment
can be characterized as dissolution/re-precipitation reactions. For example, in the TTCP
+DCPA cement paste, dissolution of TTCP and DCPA would lead to a solution composition
that is highly supersaturated with respect to HA, resulting in HA precipitation. The driving
force for such a reaction is the relative solubilities of the reactants and product for a given
solution composition. In the above example, the TTCP+DCPA → HA reaction occurs because
both TTCP and DCPA are considerably more soluble than HA. Setting reactions mechanisms
in other CPC mixtures that contain other calcium phosphate starting materials are in fact quite
similar and may be understood by analyzing the solubility behavior of the compounds involved.

Solubility is conventionally described as the amount of a solid that can dissolve into a unit
volume of solution. For calcium phosphates, this quantity can change by several orders of
magnitude with changes in pH and concentrations of acids and bases, such as HCl and NaOH.
Thus, on the surface, the solubility may appear to be a complex function of these solution
parameters. However, a clearer picture of the solubility properties for calcium phosphates can
be gained by understanding the basic principles governing the solid-solution equilibrium. Fig.
1 is known as a solubility phase diagram. Each curve in the diagram, known as a solubility
isotherm, can be calculated from the solubility product constant (Ksp) of the compound (Table
1). The isotherm describes the solubility of a salt, expressed as the total calcium and total
phosphate concentrations of the saturated solution as a function of pH. Because at a fixed
temperature and pressure, there exists only one degree of freedom for solutions saturated with
respect to a given salt, a solubility isotherm is a single curve rather than a surface in the three
dimensional phase diagram. For ease of examination, the phase diagram is shown in a two
dimensional graph (Fig. 2), in which a salt whose isotherm lies below that of another salt is
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less soluble (more stable) than the other salt. The point where two isotherms cross is known
as a singular point. The solution at the singular point is simultaneously saturated with respect
to both salts.

It can be seen from Fig. 2 that TTCP and DCPD are the two most soluble calcium phosphates
for pH below and above the pH (approximately 7.6) of the TTCP-DCPD singular point,
respectively. DCPA, which has a solubility curve similar to that of DCPD except with a slightly
lower Ksp value (Table 1), is the second most soluble compound above the pH (approximately
7.8) of the TTCP-DCPA singular point. In contrast, DCPA and HA are the two least soluble
calcium phosphates for pH below and above the pH (approximately 4.4) of the DCPA-HA
singular point. DCPD, which behaves similarly to DCPA except with a slightly higher Ksp
value, is the second least soluble compound below the pH (approximately 4.2) of the DCPD-
HA singular point.

Because HA is the most stable (least soluble) compound over a very wide pH range (4.4 and
above), most neutral pH CPC formulations would form HA or other closely related apatitic
phases, e.g., Ca-deficient HA, carbonated HA, other non-stoichiometric HA, etc., as products.
TTCP and DCPD (DCPA) were used as the starting materials in the first HA-forming CPC3

because these are the most soluble salts and thus would provide the greatest driving force for
the HA-forming reaction. This may explain why the TTCP+DCPD and TTCP+DCPA CPCs
are the only cement formulations known to harden rapidly with water as the cement liquid.
Since for this pH range, all non-HA calcium phosphate compounds are more soluble than HA,
these compounds can also be used as starting materials for HA-forming cements. In these cases,
a smaller driving force for the HA-forming reaction is in effect, and use of a setting accelerator,
most commonly a sodium phosphate solution, is required to produce rapid cement hardening.
α-TCP and MCPM are among the most commonly used compounds after TTCP, DCPA, and
DCPD as starting cement components19,21.

Although several non-HA calcium phosphate phases, such as OCP and whitlockite (a
magnesium-containing calcium phosphate having a structure similar to that of β-TCP), are
more soluble than HA under neutral pH conditions, they can be the major phase in the cement
products. This is because these phases precipitate more rapidly than HA under certain solution
conditions. Indeed, OCP-forming cements have been successfully formulated31,32. In view of
the unique in vivo properties resulted from studies on granular OCP implants11, OCP-forming
CPC might have some unique biological properties that are yet to be more fully understood.

Because DCPD and DCPA are the least soluble calcium phosphates under acidic pH (< pH 4),
they are the products formed in acidic CPC formulations. All other calcium phosphate phases,
being more soluble under these pH conditions, can be used as the starting materials for the
DCPD- or DCPA-forming cements. Despite the acidic pHs, these cements are quite compatible
to tissues and several such products have been in successful clinical use19. DCPD was reported
to dissolve nearly three times faster than HA in an acidified simulated physiological
solution33, explaining why DCPD-forming CPC resorb faster than HA-forming CPCs34. Data
in the literature suggest that DCPD-forming cements have lower mechanical strengths than
HA-forming CPCs when other parameters, e.g., porosity, being essentially the same.

Formation of different calcium phosphate phases as the major cement product offers an
effective means for formulating CPCs with a range of in vivo resorption rates. Different cement
systems also have widely different pH conditions depending on the cement setting reaction. In
addition to biological response, a CPC with desired pH can be selected in order to gain
compatibility with other components, such as osteoinductive factors, antibiotics, etc., to be
used with the cement.
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2. Hardening of the cement is a result of reaction between calcium and a carboxylic acid
A number of carboxylic acids readily form calcium complexes as well as relatively insoluble
and often amorphous Ca-carboxylate compounds. These acids include glycolic, citric, tartaric,
malonic, malic, succinic, and maleic acids. Some of these acid solutions, when mixed with a
powder containing one or more of calcium phosphate compounds, produce a fast hardening
cement35,36,37. After the initial setting, calcium phosphate components in the cement continue
to react to form more stable final products. Although most of the reported cements form apatitic
final product, DCPD and DCPA could also be formed if the molar Ca/P ratio in the cement
formulation is lower than about 1.338. These cements generally have lower mechanical
strengths than those HA-forming CPCs that do not use an organic acid solution as the liquid.
Because of their good handling properties, e.g., fast setting, cohesive consistency, etc., several
commercial CPC products belong to this category19.

3. Cement hardening is a result of a reaction between calcium phosphate and an aqueous
polymer solution

Calcium phosphate compounds, especially the more alkaline phases such as TTCP and HA,
are reactive to aqueous solutions of a variety of polymers. Matsuya et al39. reported properties
of cements prepared by mixing aqueous solutions of poly(methyl vinyl ether-maleic acid) and
TTCP or a TTCP+DCPA mixture. These cements hardened rapidly and have higher strengths
than the CPC control without the polymer. The hardening is a result of acid-base reaction
between the carboxyl groups of the polymer and the alkaline calcium phosphate. Chitosan is
another polymer that can offer great advantages when used with CPC. A biopolymer derived
from chitin, chitosan is soluble in acidic solutions. An increase in pH, brought about by addition
of an alkaline calcium phosphate such as TTCP, would cause chitosan precipitation, forming
a hardened hydrogel. These natural biopolymers are biocompatible, biodegradable40, and
osteoconductive41. Chitosans also appear to be good candidates for formulating CPC with
elastomeric properties as described later. Chitosan has been used with granular calcium
phosphate compounds42,43,44, producing a moldable and self-hardening scaffold. When used
with CPC, chitosan precipitation produces a rapid initial cement hardening, while allowing
further reactions among the calcium phosphate components of the cement to form HA as the
major final product45,46,47. Incorporation of a small amount of chitosan increases the
mechanical properties of CPC, and with higher chitosan content, the material becomes
elastomeric.

The cement setting reaction determines the intermediate and the final products that will be
formed in a CPC. Consequently, the reaction determines the mechanical and biological
properties of the cement as well. The three types of CPC setting reactions described above are
not mutually exclusive, and two or more reactions could be employed to produce the desired
setting properties and the final cement products for the intended clinical application.

STRENGTH AUGMENTATION
Although compressive strengths of as high as 80 MPa have been achieved, CPCs are brittle
and have relatively low bending/flexural strengths. Fortunately, room temperature hardening
makes it possible to incorporate various kinds of biocompatible/bioresorbable fibers and
meshes into a CPC paste or in prefabricated CPC implants. These should significantly increase
the strengths. Xu et al53. reported that incorporation of Vicryl meshes to a CPC increased the
flexural strength more than 6 times and work-of-fracture (toughness) by 750 times in 24 h
samples. In the same study, chitosan was added to a second CPC group and both the mesh and
chitosan were added to a third group of samples. The 24 h flexural strengths in these two groups
were 3.6 times and 13.1 times, respectively, that of the control CPC samples. Similarly, the
work-of-fracture were 13 times and 1390 times greater, respectively. It is interesting to note
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that after 84 d of immersion of the samples in a simulated physiological solution, the Vicryl
meshes were completely degraded, forming interconnecting macropores, yet both the flexural
strength and work-of-fracture of the chitosan+mesh reinforced group were still significantly
higher than the control CPC. Additional studies48,49,50 using various other reinforcement
approaches also showed significant increases in the mechanical properties of CPC. These
results suggest that both the flexural strength and toughness of CPC materials can be increased
many fold by incorporating biocompatible and bioresorbable reinforcement additives. Further
work in this area is needed to develop CPC materials that are useful for repairing defects in
load-bearing bones.

INCORPORATION OF MACROPORES
CPC is a micro porous solid consisting of nanometer sized HA or micrometer sized DCPD
crystals. CPC is slowly resorbed and replaced by new bone without the need to have an
interconnecting macroporous structure. However, presence of macropores can facilitate
ingrowth of bone and accelerate the overall process of replacing the cement by bone. Because
CPC hardens in situ at room temperatures, macropores can be easily created by including
nontoxic, water-soluble granules such as sodium bicarbonate51, mannitol52, etc. After
hardening of the cement, dissolution of the granules produces macropores in the shapes of the
granules. Incorporating macropores into the cement has always led to a significant decrease in
mechanical strengths as would be expected. As described above, one attempt to partially
counteract this shortcoming is to incorporate bioresorbable fibers and meshes into CPC paste,
which can provide significant strength augmentation for an intended period and subsequently
create interconnecting macropores after degradation of the polymers53. Animal study
results54 confirmed that a CPC with macropores formed in situ by mannitol particles led to
bone formation in the macropores in advance of the implant-defect interface.

A RANGE OF RESORPTION RATES FOR DIFFERENT APPLICATIONS
An important in vivo characteristic of HA-forming CPC is that it does not dissolve
spontaneously in a normal physiological fluid environment, yet is resorbable under cell-
mediated acidic conditions. Although DCPD is soluble in normal physiological fluids55,
studies have shown that resorption of DCPD-forming CPC was also essentially cell-
mediated34,56. Being more soluble, the DCPD-forming CPCs resorb more rapidly than HA-
forming CPC34, which is advantageous in some applications. However, under certain clinical
situation, rapid resorption was reported to lead to lower quality bone formation34. These
observations suggest that in order to achieve optimum clinical results, an appropriate CPC
resorption rate is an important parameter to be reckoned with, and this rate is likely to vary
with the intended clinical applications. For some applications, such as cranioplasty, rapid
implant resorption and replacement by bone is perhaps not an as important factor as implant
stability and integrity. For other applications, such as periodontal bone defect repairs, sinus
lift, etc., the ability of the implant cement to be replaced quickly by bone is highly desirable.
In addition to the nature of the mineral phase of the implanted cement, macroporosity of the
implant can play an important role in the overall rate of the graft-to-bone conversion process.

INCORPORATION OF OSTEOINDUCTIVE FACTORS
It is generally accepted that calcium phosphate materials, including CPCs, are osteoconductive
but not osteoinductive. CPC materials can be a suitable substrate for the various osteoinductive
factors currently under development because its pH can be controlled quite precisely, and it
can be made macroporous. CPC also has a large surface area and can act as a stable scaffold.
A “growth factor cement (GFC)” was reported in a study57 in which a combination of bone
morphogenetic protein-2 (BMP-2), transforming growth factor-beta (TGF-beta), platelet-
derived growth factor (PDGF), and basic fibroblast growth factor (bFGF) were used in a CPC
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for treatment of peri-implant defects in a dog model. The findings indicated a significant effect
of GFC on increased bone-to-implant contact and amount of bone over a given surface area
compared with the cement-only and the no-cement treatment groups. Several other studies58,
59,60 have shown that incorporation of bone growth factors into CPCs with or without
macroporous structures produced osteoinduction and provided improved bone healing. Thus,
incorporation of osteoinductive factor should be one of the most effective ways to improve the
efficacy of CPC materials for repairing defects with insufficient available bone surfaces.

INJECTABILITY
Injectability of CPC is of crucial importance for surgical procedures utilizing minimally
invasive procedures such as in vertebraplasty and kyphoplasty or for delivery of the cement
into a very narrow space as in root canal obturation. Two excellent recent articles61,62 provide
extensive treatise and discussion on factors that influence the injectability of CPC materials.
In addition to a large number of parameters relating to CPC composition, e.g., particle size and
shape, particle size distribution, powder/liquid ratio, liquid viscosity, etc., the injectability of
a setting cement obviously depends strongly on the post-mixing time interval relative to the
cement setting time. In this regard, premixed CPCs, described later, that do not harden until
being placed into the defect would be of advantage in that the injectability would remain
essentially constant with time.

ELASTORMERIC PROPERTIES
Like other brittle ceramics, CPC materials fracture catastrophically at a relatively small strain.
It is desirable to have CPC in a non-rigid form that can sustain significant strains without
fracture. Chitosan and its derivatives are good candidates for forming non-rigid elastomeric
matrices. In a recent study46 incorporation of chitosan lactate (up to mass fraction of 20%) into
CPC increased the CPC strength by 4 to 6 times, and work-of-fracture (toughness) by an order
of magnitude. CPC-chitosan composite can be made totally flexible with higher chitosan
content. Chitosan is an acid soluble, biocompatible and biodegradable polymer, with the
resorption rate affected by the degree of deacetylation and molecular weight. Thus, CPC-
chitosan composites are bioresorbable with a controllable resorption rate. Non-rigid CPC
implant can provide the needed compliance for micro-motion of the defect walls without
fracturing or dislodging of the implant.

PREMIXED FORMULATIONS
Most of the presently available CPCs are in the form of a powder and a liquid that are mixed
immediately before use. In the clinical situation, the ability of the surgeon to properly mix the
cement and then place the cement paste in the defect within the prescribed time is a crucial
factor in achieving optimum results. Thus, it would be desirable to have a premixed cement
paste, prepared in advance using a well controlled process, that is stable in the package and
hardens only after being placed in the defect. Such a paste can be devised by combining CPC
powders with a non-aqueous but water miscible liquid. In this way, after the CPC is placed in
the defect, diffusion of water from the tissues into the CPC would cause the cement to harden.
One such premixed CPC was formulated by combining water-free glycerin with a TTCP
+DCPA CPC powder, a sodium phosphate setting accelerator, and cellulose gelling agent63.
While this premixed CPC has the advantage of infinite work time, especially desirable when
used as an injectable CPC, it hardened too slowly for certain clinical applications. Several rapid
hardening premixed CPC were subsequently developed that have setting times below 10 min,
and had non-cytotoxicity matching the conventional CPC64. However, these formulations have
a relatively short shelf life because of the high reactivity with moisture. Further, the interior of
a large implant would not harden for a long time due to slow water diffusion. Recently, dual-
paste premixed cement formulations were developed65. One of the pastes is aqueous to provide
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the water needed for the setting reaction to occur, while the other paste is non-aqueous and
contains cement components that are highly reactive to water. The setting time and mechanical
properties of the dual-paste CPC were similar to those of a conventional powder/liquid CPC
of similar chemical composition. While the individual pastes were completely stable in the
package, by supplying the needed water, the dual-paste premixed CPC hardens more uniformly
and rapidly than the single-paste premixed CPCs. In general, premixed CPC have lower
mechanical properties probably related to the volume initially taken up by the non-aqueous
liquid. Additional work is needed to overcome this shortcoming.

CPC USE IN DENTAL APPLICATIONS
Since the first FDA’s approval of CPC for human use in 1996, a large number of CPC products
have been approved in different countries or regions for a wide range of clinical applications
including cranio-maxillofacial, trauma, and orthopedic indications. In comparison, clinical use
of CPC for dental and intraoral applications has been substantially lacking. Similarly, scientific
research focused on CPC’s use for intraoral applications is also relatively sparse. Research
conducted by Sugawara et al over the years have shown that due to CPCs self-hardening
properties, high osteoconductivity, excellent interface to bone defect surfaces, and gradual
replacement by new bone, these materials can be used with outstanding results in a number of
dental applications, including ridge augmentation, implant grouting, periodontal pocket fill,
sinus lift, and cleft palate defect repair. Some of the literature references and animal and clinical
data on the use of CPC for various dental applications can be found in a series of recent
publications66,67,68.

CONCLUDING REMARKS
Two decades ago when CPC was in the early years of development, research was driven
primarily by scientific curiosity and interests in material science. Often a new formulation was
developed and the material properties determined before much thoughts were given concerning
the clinical applications for which the material might be useful. As briefly discussed in this
article, substantial understandings of CPCs in terms of their setting chemistry, mechanical
properties, in vivo tissue reactions, etc., have been gained through numerous studies conducted
since then. However, research efforts on CPC have been somewhat unfocused so that despite
a wealth of knowledge gained, clinical uses of CPC remain restricted to a relatively narrow
area. In seeking a break-through in the clinical use of CPC, it may be necessary to adopt a
strategy that may appear to be in the reverse order of the earlier approach (Fig. 3). Perhaps the
material property requirements for a specific clinical application should first be thoroughly
analyzed and well understood. With this input, researchers can utilize the existing knowledge
on CPC together with new innovative research to develop CPC materials that can fully meet
the requirements. Animal and clinical studies can then be conducted to evaluate the functional
efficacy of the material for the specific application. Information in the literature clearly
indicates that the requirements of the CPC material vary significantly for different clinical
applications. Thus, it should not be anticipated that a CPC formulation can be universally
efficacious. It would seem a realistic goal that in the foreseeable future CPC type materials
with the necessary attributes can replace many of the autografts currently in use.
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Fig. 1.
Solubility phase diagram.

LC Page 12

Dent Mater J. Author manuscript; available in PMC 2009 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Solubility phase diagram in a two dimensional graph.
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Fig. 3.
A strategy for the development of next generation CPCs.
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Table 1
Calcium phosphate compounds and their solubility product constants at 25°C22

Compound Formula Ca/P Ksp

Monocalcium phosphate monohydrate (MCPM) Ca(H2PO4)2·H2O 0.5 highly soluble

Monocalcium phosphate anhydrous (MCPA) Ca(H2PO4)2 0.5 highly soluble

Dicalcium phosphate anhydrous (DCPA) CaHPO4 1.0 10−6.90 (23)

Dicalcium phosphate dihydrate (DCPD) CaHPO4·2H2O 1.0 10−6.59 (24)

Octacalcium phosphate (OCP) Ca8H2(PO4)6·5H2O 1.33 10−96.6 (25)

α-Tricalcium phosphate (α-TCP) α-Ca3(PO4)2 1.5 10−25.5 (26)

β-Tricalcium phosphate (β-TCP) β-Ca3(PO4) 2 1.5 10−28.9 (27)

Amorphous calcium phosphate (ACP) Ca3(PO4)2 1.5 10−25.2 to 10−24.8 (28)

Hydroxyapatite (HA) Ca10(PO4)6(OH)2 1.67 10−116.8 (29)

Tetracalcium phosphate (TTCP) Ca4(PO4)2O 2.0 10−38 (30)
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