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RESORBABLE CERAMICS WITH CONTROLLED STRENGTH LOSS RATES

FIELD OF THE INVENTION

Aspects of the invention described herein relate generally to bone grafting materials, and

more particularly to novel compositions and methods comprising the use of resorbable ceramics

based on calcium phosphates (CaP) with different dopants to facilitate controlled strength loss

rates within a select period of time.

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority to Unites States Provisional Patent

Application Serial No. 60/794,698, filed 25 April 2006 and entitled "RESORBABLE

CERAMICS WITH CONTROLLED STRENGTH LOSS RATES," which in incorporated

herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY-SPONSORED RESEARCH

The invention was made with support from the National Science Foundation (NSF-CTS

#0134476) and the Office of Naval Research (N00014-1-04-0644, N00014-1-05-0583), and the

United States government may therefore have certain rights.

BACKGROUND

Musculoskeletal disorders and bone defects. Musculoskeletal disorders and bone

deficiencies have been established as among the most important human health concerns, costing

society an estimated $254 billion annually, and afflicting, for example, 1 out of 7 Americans.

Such conditions are prevalent in the aged population, and the number of individuals presenting

with a bone deficiency is anticipated to increase as the population ages (the number of people

over age 50 will double between 1990 and 2020). Bone defects are frequently caused by trauma,

disease, developmental deformity, and tumor removal.

Need for improved treatment methodology. There is a critical need for improved

treatment methodology for bone disorders (Ducheyne, 1999). Currently, repairing such bone

sites involves various medical surgical techniques, including the use of autogenous grafts,

allogenous grafts, internal and external fixation devices, electrical stimulation, and replacement

implants. Although effective in many cases, such existing technologies have numerous

difficulties and disadvantages. Moreover, current cell culture methods for tissue-engineered

bone grafting materials produce weakly organized sheets of cells, and these constructs cannot

withstand the mechanical forces present in vivo (Vandenburgh, 1991).



Need for improved bone grafting material. Currently the gold standard for the bone

reconstruction and guided bone regeneration (GBR) applications is the autogeneous bone graft

{e.g., Yaszemski, 1996; Buser, 1994), and the use of biodegradable bone substitute would be

desirable in such applications to avoid the second site surgery for autograft harvesting. There is

therefore a pronounced need for a material that can be implanted into individuals to restore their

lost structure and function, and particularly a need for a bone grafting material that will permit

rapid cell growth and maturation within, while providing the initial biomechanical support

required for ambulatory function. This material must accomplish this objective while slowly

transferring this function to the developing tissue (Burg, 2000). Lack of such a material

prevents clinical applications to provide immediate restoration of functional load bearing

(Lanza, 1997).

Bioresorption and tissue restoration; use of calcium phosphate bioresorbable ceramics.

Although fabrication of high-strength materials which can replace lost tissue function

temporarily is known in the art, the ideal material for permanent implant application must be

capable of not merely replacing tissue function, but of restoring lost tissues. Therefore, such an

ideal material be bioresorbable to allow the native tissues to gradually replace the implanted

material with host bone. Although calcium phosphate bioresorbable ceramics are known in the

art, little work has been reported on improving mechanical properties of these materials for hard

tissue engineering applications. Three factors that cause in vivo resorption of calcium phosphate

bioceramics are: (i) physiologic dissolution, which depends on pH and composition of calcium

phosphate; (ii) physical disintegration, which may be due to biochemical attack at the grain

boundaries or due to high porosity; and (iii) biological factors such as phagocytosis.

Individualized applications and the lack of adequate resorbable materials. As shown in

TABLE 1 below, the mechanical properties of bone depend substantially upon their physiologic

function, and the desired rate of biodegradation of synthetic materials will ideally depend on the

application site and the particular patients needs. For example, in craniomaxillofacial

applications such as localized ridge augmentation, a relatively rapid biodegradation is desirable,

particularly prior to dental implant placement because new bone should ideally form while

leaving no residual particles to interfere with preparation of the implant bed at the time of

surgery (Yaszemski, 1996). By contrast, for spinal grafting, a slow biodegradation and strength

loss is desirable until new bone grows. Bioactive calcium phosphate ceramics and bioactive

glasses have recently been considered as candidate biomaterials for craniomaxillofacial

applications. However, for β-tri calcium phosphate (β-TCP), the biodegradation has been

reported to be incomplete even after 9.5 months after grafting in the human mandible, and



histological examination of these biopsies revealed that 34% of the biopsy consisted of

mineralized bone tissue and 29% of remaining β-TCP (Zerbo 2001). Likewise, in the case of

bioglass 45S5, the particles have been reported to resorb over 1-2 years, by dissolution rather

than osteoclastic activities (Tadjoedin 2002). Moreover, currently, there is no ideal synthetic

material for spinal grafting applications. Such examples illustrate the need for development of

biodegradable ceramic materials that will act as a scaffold and support bone remodeling in an

time frame appropriate to the particular application. Ideally, such desired materials should

degrade in a controlled fashion into non-toxic products that the body can metabolize or excrete

via normal physiological mechanisms (Yaszemski 1996).

Table 1: Properties of Human Bone (Yamada, 1970).

Extracellular matrix composition of bone; presence of trace elements. The composition

of the extracellular matrix of human bone is well known, comprising: approximately 69 wt%

substituted carbonate -hydroxylapatite mineral; 22 wt% organic substances; and 9 wt% water

(e.g., LeGeros, 1990; Suchanek, 1998; Park, 1984). Apart from Ca and P ions, the extracellular

matrix also comprises Na+, Mg2+, K+, CO3
2 , F , Cl , and trace amounts of Zn2+, Fe3+, Cu2+, Pb2+

and Sr2+. Typical crystallite sizes are in the range of 25 nm thick (40-120 nm wide and 0.16 to 1

micron long), and the 'ignition' product results in hydroxyapatite (HAp), CaO and β-TCP phases



(LeGeros, 1991). The Ca to P ratio varies in bone, enamel and dentine, where bone has the

highest Ca (1.71:1 of Ca:P), and dentine has the lowest (1.61:1 of Ca:P) (Suchanek, 1998). A

small change in chemical composition in CaP based ceramics has been shown to significantly

alter sintering characteristics and related properties. Adding small amounts of metal ions to

these materials can also alter their mechanical and biological properties. Such trace elements

effect overall performance of human bone, and it is thus important to incorporate these them in

to implants because the biocompatibility of 'apatites' is closely dependent on their composition

(Knowles, 1996).

Sodium (Na) and fluorine (F) ions are both found to occur naturally in human bone

tissue. The extent to which Na and F are substituted in an apatite-based dental restoration will

likely affect apatite solubility and the ability of the restoration to resist further acidic challenges.

The addition of sodium to calcium phosphate ceramics has been reported to induce the

formation of other phases such as P-Na CaP O and Na Ca (PO4)S. These phases are known to

have high bioresorbability and degradation rates in physiological media. Fluorine is also a

common ion in human bone tissue, but is found in particularly higher concentrations in tooth

enamel. The presence of fluorine in calcium phosphates can result in formation of fluorapatite

(FAP) Caio(P0 4) F2. Studies have indicated that fluorine can promote bone regeneration and

also lead to lower solubility/degradation of calcium phosphate ceramics due to its acid

resistivity.

Calcium oxide (CaO) is a naturally existing phase in bone tissue. The addition of CaO

will increase the calcium to phosphorous ratio in the TCP (Ca3(PO4)2), which plays a significant

role in the degradation rate of particular calcium phosphate ceramics. Moreove, Kalita et al.

found the compression strength of HAP to increase when CaO was supplemented as a sintering

additive.

Resorption of bone materials and calcium phosphate bioceramics. Calcium phosphate

(CaP) ceramics are considered among the most promising materials for bone tissue engineering

because of their bone-like composition and mechanical properties. Hydroxyapatite and

tricalcium phosphate are used in orthopedic, maxillofacial, and dental implant surgery either as a

temporary support scaffold or in a particulate paste to fill bone defects. Biodegradation

properties of these materials allows for bone tissue engineering applications, because they can

promote apatite formation and simultaneously deliver growth factors for osteoinduction.

Significantly, however, the process of resorption of calcium phosphate bioceramics is quite

different from that for bone, essentially because of different textures. Bone mineral crystals



possess a very large surface area because they have grown in an organic matrix and have very

loose crystal-to-crystal bonds, resulting in a relatively homogeneous resorption by osteoclasts.

By contrast, calcium phosphate bioceramics present a low surface area and have strong crystal-

to-crystal bonds. Resorption takes place in two steps: the disintegration of the particles into

crystals, and the dissolution of the crystals (Heughebaert, 1988).

Use of Tricalcium phosphate (TCP; Ca PO ). Tricalcium phosphate (TCP;

Ca (PO4)I) is a CaP based synthetic material that forms a bioactive bond with natural bone.

Compared with hydroxyapatite, TCP has a lower calcium-to-phosphorous ratio, which increases

the degradation rate when the ceramic is placed in a biological environment. TCP degrades in

the body and the products are resorbed by the surrounding tissue. Therefore, such matrix

absorption may be used to expose surfaces to tissue or to release admixed materials such as

antibiotics or growth factors in controlled drug release. Among several clinical applications of

TCP, two that are currently being researched are posterior spinal fusion and dental

augmentation. Improving mechanical properties, bioactivity, and osteoconduction might also

trigger faster bone in-growth in dental applications.

In summary, therefore, mechanical properties of particular bones depend substantially

upon their respective physiologic functions, and optimally the rate of biodegradation of synthetic

materials used in particular bone replacement applications should reflect the respective

application site and patients needs. For particular applications (e.g., craniomaxillofacial), a

relatively rapid biodegradation is desirable, whereas a slow biodegradation and strength loss is

desirable for other applications (e.g., spinal grafting).

There is, therefore, a pronounced need in the art for further improved CaP based

ceramics. There is a pronounced need for individualized applications of bone

replacement/restoration materials. There is a pronounced need for bone replacement/restoration

materials that can provide for time-varying mechanical properties while allowing for complete

dissolution over an appropriate time frame. There is a pronounced need for bone

replacement/restoration materials that reduce or eliminate long-term biocompatibility concerns.

SUMMARY OF EXEMPLARY ASPECTS OF THE INVENTION

Particular aspects of the present invention provide novel compositions and methods

involving calcium phosphate (CaP) ceramics, and ternary and quaternary compositions with

Ag2O and TiO2 in Tricalcium phosphate (TCP; Ca3(PO4)2) doped with NaF and CaO. The



influence and inventive use of these dopants on mechanical properties of TCP, and on

degradation kinetics is herein disclosed.

Particular aspects provide calcium phosphate compositions (Cax(PO4)y, where x = 1 or

more, and y = 1 or more) and hydroxylated variants thereof, and novel uses for these

compositions.

According to certain aspects, the resorption characteristics of these materials provides for

their use as grafts for repair or reconstruction of tissue defects by providing for a controllable

space for tissue growth during healing.

Additional aspects, therefore, provide a three-dimensional, interconnected tissue scaffold

upon which tissue cells may grow and proliferate. The inventive scaffold material composition

provides a controlled degradation rate such that the developing tissues may be exposed to the

normal range of mechanical forces present in the body, while slowly being degraded, thus

allowing for full restoration of the native tissue. The design of optimal scaffold compositions

therefore allows for routine, predictable use of tissue engineered replacements, to provide for

rapid patient healing and lower health care cost.

Particular embodiments provide bone scaffold structures comprising CaP ceramics

containing dopant elements, wherein the degradation rate of the scaffold material is tailored,

through the specific combinations and/or concentration of Ca:P ratio and/or dopant(s), to match

the growth rate of the tissues being supported by the scaffold.

In certain aspects, the scaffold material degradation rate closely matches the growth rate

of new tissue, and such materials can be used in inventive methods to avoid the production of a

gap at the tissue-scaffold interface.

In additional aspects, the inventive material compositions provide for a gradual

offloading of biomechanical forces onto the developing tissues, and such materials can be used

in inventive methods to promote maturation of mechanically viable tissues.

In further aspects, advantages of controlled strength loss CaPs provide novel methods

for: compositional matching/similarity with a particular tissue, (e.g., bone, or a particular bone);

exceptional biocompatibility; high initial strength (not achieved with prior art polymer-based

resorbable materials); and provision of mechanical strength and stiffness properties comparable

to that of natural bone.



Additional embodiments provide a method for tailoring of the mechanical properties of

the scaffold material through alteration of the dopant element(s) and their respective

concentrations within the CaP scaffold.

Additional embodiments compositions and methods for altering properties of the

scaffold material to facilitate controlled delivery and/or release of drugs or growth factors that

may be incorporated into the surface and/or matrix of the scaffold material.

Particular aspects provide bioresorbable and biocompatible composition for

bioengineering, restoring or regenerating tissue or musculoskeletal tissue, comprising: a three-

dimensional porous or non-porous scaffold material comprising a calcium phosphate-based

ceramic, the ceramic having at least one dopant included therein selected from the group

consisting of metal salts with metal ions and metal oxide dopants, wherein the composition is

sufficiently biocompatible to provide for a cell or tissue scaffold, and resorbable at a controlled

resorption rate, to control mechanical strength and strength degradation, dependent upon the

dopant composition, under body, body fluid or simulated body fluid conditions. In certain

embodiments, the at least one dopant is selected from the group consisting of Zn2+, Mg2+, Si2+,

Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+, CO3
2 , F , MgO, ZnO, NaF, KF, FeO/Fe2O3, SrO,

CuO, SiO2, TiO2, Ag2O and CaCO3, present in a single-element or multi-element amount

between Oand about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from

about 2 to about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%. In

particular aspects, the at least one dopant is present in an amount sufficient to maintain the

compressive strength of the material at about 30% of original or higher, 40% of original or

higher, 50% of original or higher, 60% of original or higher, 70% of original or higher, 80% of

original or higher, 90% of original or higher, in each case, for a period of at least 6, at least 7,

least 8, at least 9, at least 10, at least 11 or at least 12 months under body, body fluid or

simulated body fluid conditions, to provide for a slow-degrading composition. In certain

embodiments, the at least one dopant is present in an amount sufficient to reduce the

compressive strength of the material to about 90%, or less than 90%, 80%, or less than 80%,

70%, or less than 70%, 60%, or less than 60% or 50%, or less than 50% of original, in each case,

within a period of about 3 months, about 4 months, about 5 months or about 6 months under

body, body fluid or simulated body fluid conditions, to provide for a fast-degrading

composition. In particular aspects, the at least one dopant is selected from the group consisting

of SrO, ZnO, TiO2, MgO and SiO2 dopants, present in a single-element or multi-element amount

between 0 and about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from

about 2 to about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%. In certain



implementations, the ceramic comprises a multi-element dopant comprising at least two dopants

selected from the group consisting of Zn2+, Mg2+, Si2+, Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+,

CO3
2 , F , MgO, ZnO, NaF, KF, FeO/Fe 2O3, SrO, CuO, SiO2, TiO2, Ag2O and CaCO3, present in

a single-element or multi-element amount between Oand about 10 wt%, from about 0.5 to about

5 wt%, from aboutl to about 3 wt%, from about 2 to about 7 wt%, from about 3 to about 7 wt%,

from about 4 to about 7 wt%. In particular emdodiments, the ceramic comprises at least one

dopant ions and/or oxides present in a single-element or multi-element amount between O and

about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from about 2 to

about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%.

In particular embodiments of the compositions, the calcium phosphate comprises at least

one single or mixed phase calcium phosphate material having the formula (Cax(PO4)y, where x =

1 or more, and y = 1 or more), or hydroxylated variants thereof the calcium phosphate

comprises at least one single or mixed phase calcium phosphate material having calcium to

phosphate ratio (Ca/P) in a range from about 1.4:1 to about 1.7:1, or from about 1.0:1 to about

2.0:1. In particular embodiments, the calcium to phosphate ratio is about 1.5:1, or about 1.67:1.

In particular implementations, the calcium phosphate-based ceramic comprises at least one of

tricalcium phosphate (TCP; Ca3(PO4)2) and Hydroxyapitite (HAp; Cai0(PO4)6(OH)2) .

In particular embodiments of the compositions, the scaffold material comprises a plurality

of ceramic particles, and further comprises an open and interconnected porous network. In

certain aspects, the open and interconnected porous network is between and among said ceramic

particles, and the pore size of the open and interconnected porous network is within a restricted

or controlled range established during formation of the scaffold material. In certain

embodiments, the restricted or controlled range of pore size comprises a microporous or

macroporous pattern having pore sizes in the range of about 10 µm to about 5 mm, or comprises

nanoscale or microscale pores ranging from about 10 nm to about 500 µm in diameter, or from

about 1 nm to about 1 µm.

The composition of claim 1, wherein the scaffold material comprises dense to solid

structures, or porous structures having internal cavities with sizes varying from nano- scale to

larger sizes, or micro porous structures, wherein the core of the bulk scaffold material is

comprised of a geometric pattern of material with voided areas or low density structures with a

quasi- solid exterior.



In particular embodiments of the compositions, the exterior walls of the scaffold material

comprises meso-scale pores, wherein the pores open to voided areas within the core of the

material.

Particular embodiments of the compositions further comprise at least one chemical, drug,

growth factor or biological agent deposited, incorporated into, or stored within and/or on a

surface of the scaffold material or within one or more pores thereof to operatively provide for

release or controlled release of the agent to facilitate bioengineering, restoring or regenerating

bone or other tissue. In certain aspects, the at least one agent comprises at least one selected

from the group consisting of antibiotics, antimicrobial agents, growth factors, osteoinductive

growth factors, drugs, polypeptides and proteins. In particular embodiments, the at least one

agent is selectively activatable and/or releasable at set times by the application of at least one,

electrical, magnetic, chemical or photochemical triggering event. In certain aspects, the at least

one chemical, electrical, magnetic or photochemical triggering event is at least one selected from

the group consisting of chemical ingestion or infusions, exposure to UV light, ultrasound,

magnetic fields, and electric current.

In certain embodiments, the composition is a coating material.

Preferably, the biocompatibility is sufficient to provide for bioengineering, restoring or

regenerating bone or other tissue in the body of a human or other vertebrate or animal. In

certain implementations, the compositions are useful for at least one of dental and orthopedic

implants, craniomaxillofacial applications, and spinal grafting, and said composition is suitable

to promote bone in-growth and repair.

Particular aspects of the compositions provide disks, solids or pourous scaffolds.

Additional aspects provide a method for making a bioresorbable and biocompatible

composition for bioengineering, restoring or regenerating bone or other tissue according to any

one of claims 1-22, comprising at least one of sintering of the calcium phosphate -based ceramic,

and the use of synthesized nanopowders of the calcium phosphate-based ceramic. In particular

aspects of the method, the material properties of the composition are selectively modulated by

using at least one of sintering processes to reduce grain sizes, and synthesized nanopowders to

further reduce grain size for increased strength and hardness and/or improved cell materials

interactions. Certain embodiments of the method further comprise depositing, incorporating

into, or storing a chemical, drug, growth factor or biological agent within and/or on a surface of

the scaffold material or within one or more pores thereof to operatively provide for release or

controlled release of the agent to facilitate bioengineering, restoring or regenerating bone or



other tissue. In certain aspects, the at least one agent comprises at least one selected from the

group consisting of antibiotics, antimicrobial agents, growth factors, osteoinductive growth

factors, drugs, polypeptides and proteins. In particular embodiments, the at least one agent is

selectively activatable and/or releasable at set times by the application of at least one chemical,

electrical, magnetic or photochemical triggering event. In certain implementations, the at least

one chemical, electrical, magnetic or photochemical triggering event is at least one selected from

the group consisting of chemical ingestion or infusions, exposure to UV light, ultrasound,

magnetic fields and electric current.

Further aspects provide a method for tissue or musculoskeletal tissue engineering,

comprising placement, under body fluid or simulated body fluid conditions, a bioresorbable and

biocompatible composition as described herein for bioengineering, restoring or regenerating

bone and/or other tissue, wherein the bone and/or other tissue is, at least in part, bioengineered,

restored or regenerated. In particular aspects of the method, bioengineering, restoring or

regenerating bone or another tissue is in vitro or ex vivo, comprising placement under simulated

body fluid conditions or body fluid conditions. In certain embodiments of the method,

bioengineering, restoring or regenerating bone and/or other tissue is in vivo, comprising

placement under body fluid conditions or body conditions. In particular aspects, the three-

dimensional tissue scaffold comprises an open interconnected porous network to facilitate at

least one of cell adhesion, growth, spreading, metabolism, proliferation and differentiation, with

temporally controlled strength loss of the scaffold material such that the tissue being

bioengineered, restored or regenerated is subjected to a range of mechanical forces normally

associated with such tissues. In particular embodiments of the method, the compositions are

used for dental and orthopedic implants, craniomaxillofacial applications and spinal grafting,

and said composition is suitable to promote bone in-growth and repair.

Yet further aspects provide a method for providing a coated material for use in

bioengineering, restoring or regenerating tissue or musculoskeletal tissue, comprising: obtaining

a substrate material and coating the material with a composition according to any one of claims

1-22, to provide at material suitable for use in bioengineering, restoring or regenerating tissue or

musculoskeletal tissue.

Yet additional embodiments provide a method for tissue or musculoskeletal tissue

engineering, comprising placement, under body fluid or simulated body fluid conditions, a

coated material as describe herein, wherein the bone and/or other tissue is, at least in part,

bioengineered, restored or regenerated.



BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows, according to particular exemplary aspects of the present invention,

normalized bulk densities of sintered compression samples.

Figure 2 shows, according to particular exemplary aspects of the present invention, SEM

micrographs of disc sample surfaces (a) pure TCP, (b) NaF doped, (c) CaO doped, (d) NaF-

Ag Odoped, (e) quaternary.

Figure 3 shows, according to particular exemplary aspects of the present invention, XRD

patterns for crushed sintered discs of (a) pure TCP, (b) TCP + NaF, (c) TCP + CaO, (d) TCP +

NaF + Ag2O, and (d) TCP + NaF + CaO + Ag2O+ TiO2. (hkl) values for β-TCP peaks, (A) for

α-TCP peaks, and (H) for HAP peaks.

Figure 4 shows, according to particular exemplary aspects of the present invention, SEM

micrographs of cell cultures after 5 days on the disc samples of (a) pure TCP, (b) NaF doped, (c)

CaO doped, (d) NaF-Ag2Odoped, (e) quaternary.

Figure 5 shows, according to particular exemplary aspects of the present invention, SEM

micrographs of cell cultures after 11 days on the disc samples of (a) pure TCP, (b) NaF doped,

(c) CaO doped, (d) NaF-Ag2Odoped, (e) quaternary.

Figure 6 shows, according to particular exemplary aspects of the present invention,

weight increase of cylinder samples after 32, 64, and 96 days SBF treatment (a) pure TCP, (b)

NaF doped, (c) CaO doped, (d) NaF-Ag2Odoped, (e) quaternary.

Figure 7 shows, according to particular exemplary aspects of the present invention,

compression strength of pure TCP and doped samples after 0, 32, 64, and 96 days SBF

treatment.

Figure 8 shows, according to particular exemplary aspects of the present invention, SEM

micrographs of fracture surface of compression cylinders after 96 days of SBF treatment (a)

pure TCP, (b) NaF doped, (c) CaO doped, (d) NaF-Ag2Odoped, (e) quaternary.

Figure 9 shows, according to particular exemplary aspects of the present invention, a

conceptual design of hollow implants: (a) hollow cylinder from outside; (b and c) possible cross-

sectional views of internal porosity, closed hollow porosity or connected porosity for guided

tissue regeneration; and (d) a longitudinal view of the cylinder with porosity (b).



Figure 10 shows, according to particular exemplary aspects of the present invention,

SEM micrographs of cell cultures after 5 days on the disc samples of (a) pure TCP, (b) NaF

doped, (c) CaO doped, (d) NaF-Ag2Odoped, (e) quaternary.

Figure 11 shows, according to particular exemplary aspects of the present invention,

SEM micrographs of cell cultures after 11 days on the disc samples of (a) pure TCP, (b) NaF

doped, (c) CaO doped, (d) NaF-Ag2Odoped, (e) quaternary.

Figure 12 shows, according to particular exemplary aspects of the present invention,

densification behavior as a function of ZnO content in doped HAp and TCP powders.

Figure 13 shows, according to particular exemplary aspects of the present invention, the

microhardness measurement data for HAp and TCP ceramincs doped with ZnO.

Figure 14 shows, according to particular exemplary aspects of the present invention,

shows porous TCP samples with the pore size kept constant at 300 micron, but with the pore-

pore spacing varied to change the volume fraction porosity from 29% to 44%

Figure 15 shows, according to particular exemplary aspects of the present invention,

variation of compression strength as a function of pore size/pore volume effects on TCP

samples.

Figure 16 shows, according to particular exemplary aspects of the present invention,

OPCl cells on Hap ceramics: (a) pure Hap and (b) Hap with dopants. It is clear that both cell

adhesion and cell spreading were significantly modulated by the use of small quantities of

dopants.

Figure 17 shows a schematic diagram of human bone.

Figure 18 shows, according to particular exemplary aspects of the present invention, tha

calcium phosphates also exist in different phases depending on temperature, impurities and the

presence of water.

Figure 19 shows, according to particular exemplary aspects of the present invention,

equilibrium inter-atomic distances (A) and bond angles (degree) of (a) fully relaxed Ca3(PO4)2

(TCP) fragment (b) fully relaxed MgCa3 i(PO4)2 fragment.

Figure 20 shows, according to particular exemplary aspects of the present invention,

influence of MgO addition on densification of TCP based on 0.25 wt% and 1 wt % and

compared to undoped TCP.



Figure 2 1 shows, according to particular exemplary aspects of the present invention,

influence of ZnO addition on densification of TCP based on 0.25, 0.5 and 1 wt% and compared

to undoped TCP.

Figure 22 shows, according to particular exemplary aspects of the present invention,

influence of SiO addition on densification of TCP.

Figure 23 shows, according to particular exemplary aspects of the present invention, as

received and SBF degraded microstructures of pure TCP ceramics.

Figure 24shows, according to particular exemplary aspects of the present invention,

microstructures of TCP-I wt% SiO2

Figure 25 shows, according to particular exemplary aspects of the present invention,

microstructures of TCP-5 wt % SiO2 only up to 6 weeks in SBF. No apatite formation is visible

on the surface and grain structure remains somewhat distinct throughout the 6 week period.

Figure 26 shows, according to particular exemplary aspects of the present invention,

surface microstructures of TCP-ZnO composition that is changed very little throughout the

experiment. Very little surface apatite layer formation is also noticed, though some apatite can

be seen inside the sample from fracture surface analysis.

Figure 27 shows, according to particular exemplary aspects of the present invention,

TCP-MgO composition, which also showed the highest starting grain size. A unique crystal-like

apatite formation on the surface microstructure is observed up to 8 weeks, which are similar to

the octacalcium phosphate (OCP) crystals found by the electrochemical method.

Figure 28 shows, according to particular exemplary aspects of the present invention,

microstructures of binary and ternary dopants after 12 weeks. Overall, no apatite formation can

be seen at the top surface for all of these compositions.

Figure 29 shows, according to particular exemplary aspects of the present invention,

compression strengths of as sintered samples. Most dopant additions actually dropped

compressive strengths of sintered TCP even if a small increase in density can be seen for those

compositions.

Figure 30 shows, according to particular exemplary aspects of the present invention,

weight change as a function of composition up to 12 weeks. Except MgO-ZnO and the ternary

compositions, all other cases a modest weight increase between 1-3% of their as starting sintered

weight can be seen.



Figure 3 1 shows, according to particular exemplary aspects of the present invention,

strength degradation behavior up to 12 weeks in SBF.

Figures 32, 33, 34 and 35 show, according to particular exemplary aspects of the present

invention, show fracture surfaces of compression samples after 12 weeks in SBF. All

compositions with single dopant and pure TCP show deposition inside the sample that suggests

a continuous network of porosity in the sintered samples.

Figure 36 shows, according to particular exemplary aspects of the present invention,

OPCl cells on pure TCP and single dopant samples. Cell proliferation was clearly evident in all

cases, however, ZnO doped samples showed extensive flaky deposition layer while MgO doped

sample showed cell banding and layering. The cells displayed numerous lamellipodia and

filopodia extensions, which are noted contacting cells to the substrate and to neighboring cells.

Figure 37 shows, according to particular exemplary aspects of the present invention,

OPCl cells on binary and ternary compositions. All sample surfaces are fully confluent with

OPCl cells. Some layering of cells is also visible after 11 days.

Figure 38 shows, according to particular exemplary aspects of the present invention, a

three dimensional fibrillar network of ECM formation in both of these surfaces. Numerous

apatite-like granules were also precipitated on the collagen ECM, revealing the ECM starting to

mineralize.

Figure 39 shows, according to particular exemplary aspects of the present invention,

results from MTT assay regarding cell proliferation of pure TCP, and with ZnO and ZnO-MgO

dopants. The optical density is a representative of number of living cells on the substrate. It can

be seen that both doped samples had significantly higher number of living cells compared to

pure TCP, a good sign for cell proliferation.

Figure 40 shows, according to particular exemplary aspects of the present invention, the

confocal micrographs of vinculin expression in OPCl cells at culture on TCP-ZnO and TCP-

MgO-ZnO. Vinculin within the cells can be identified by the expression of green fluorescence,

and nuclei counterstained with PI expressed red fluorescence.

Figure 4 1 shows, according to particular exemplary aspects of the present invention, the

confocal micrographs of ALP expression in OPCl cells cultured on TCP-ZnO and TCP-MgO-

ZnO. ALP within the cells was identified by the expression of green fluorescence, and nuclei

counterstained with PI in the mounting medium expressed red fluorescence. At day 10 and day

28, OPCl cells cultured on TCP-ZnO and TCP-MgO-ZnO displayed positive immunostaining



for ALP. OPCl cells showed obvious ALP production after 10 days of culture. With the increase

of culture time, ALP activity also increased significantly.

DETAILED DESCRIPTION OF THE INVENTION

Particular aspects of the present invention provide bone replacement materials (e.g.,

three-dimensional tissue scaffolds), comprising CaP-based ceramics with inclusion of multi

element dopants, to provide for biocompatible scaffolds having controlled degradation rates.

These inventive porous, interconnected scaffolds allow for and facilitate tissue (e.g., bone) cells

to grow and proliferate, with temporally controlled strength loss of the scaffold material, such

that the developing tissues may undergo (e.g., be exposed to) a range (e.g., the normal range) of

mechanical forces associated, or normally associated with such tissues.

Particular inventive compositions include, but are not limited to those comprising:

calcium phosphates (compositions may be varied from Ca:P of 1:1 to 2:1), and dopants of ions

including, (e.g., Zn2+, Mg2+, Si2+, Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+, CO3
2 and F ), and/or

dopant metal oxides (e.g., MgO, ZnO, NaF, KF, FeO/Fe 2O3, SrO, CuO, SiO2, TiO2, Ag2O,

CaCO 3 etc.), and/or various combinations thereof. In particular aspects, the CaP material

comprises one or more dopant ions and/or oxides present in the concentration ranging from Oto

10% by weight percentage (wt%). In particular embodiments, the CaP compositions comprise at

least one dopant selected from the group consisting of SrO, ZnO, TiO2, MgO and SiO2 dopants,

to provide materials for modulating cell-materials interactions and for use in modifying strength

degradation behavior of the materials.

Various art-recognized methods for the synthesis of these materials are available, and

include, but are not limited to, sintering processes and the use of synthesized nanopowders.

Particular methods may be selected to selectively modulate material properties; for example,

sintering processes may be utilized to reduce grain sizes, and synthesized nanopowders may be

used to further reduce grain size for increased strength and hardness.

In particular aspects, implementation of these materials takes the form of dense to solid

structures, or porous structures having internal cavities of varying sizes from nano-scale and

larger.

Additional embodiments comprise micro porous structures, wherein the core of the bulk

material is comprised of a geometric pattern of material with voided areas to provide for low

density structures comprising a quasi- solid exterior.



Yet additional embodiments comprise the incorporation of meso-scale pores in the

exterior walls of the bone replacement materials, wherein the pores open to voided areas within

the core of the material.

Further embodiments comprise the incorporation or storage of agents (e.g., chemical

and/or biological agents) within the micro (within the bulk material) and/or meso (on the surface

of the material) porous structures surfaces, wherein the agents produce effects beneficial for

biological applications (e.g. antibiotics, growth factors, drugs, amino acid sequences).

Further embodiments include storage of such chemical agents within the structure of the

scaffold material wherein the agents can be selectively activated and/or released at set times

{e.g., via the application of specific chemical or photochemical triggering).

Preferred Exemplary Embodiments :

Particular aspects provide bioresorbable and biocompatible composition for

bioengineering, restoring or regenerating tissue or musculoskeletal tissue, comprising: a three-

dimensional porous or non-porous scaffold material comprising a calcium phosphate-based

ceramic, the ceramic having at least one dopant included therein selected from the group

consisting of metal salts with metal ions and metal oxide dopants, wherein the composition is

sufficiently biocompatible to provide for a cell or tissue scaffold, and resorbable at a controlled

resorption rate, to control mechanical strength and strength degradation, dependent upon the

dopant composition, under body, body fluid or simulated body fluid conditions. In certain

embodiments, the at least one dopant is selected from the group consisting of Zn2+, Mg2+, Si2+,

Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+, CO3
2 , F , MgO, ZnO, NaF, KF, FeO/Fe2O3, SrO,

CuO, SiO2, TiO2, Ag2O and CaCO3, present in a single-element or multi-element amount

between Oand about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from

about 2 to about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%. In

particular aspects, the at least one dopant is present in an amount sufficient to maintain the

compressive strength of the material at about 30% of original or higher, 40% of original or

higher, 50% of original or higher, 60% of original or higher, 70% of original or higher, 80% of

original or higher, 90% of original or higher, in each case, for a period of at least 6, at least 7,

least 8, at least 9, at least 10, at least 11 or at least 12 months under body, body fluid or

simulated body fluid conditions, to provide for a slow-degrading composition. In certain

embodiments, the at least one dopant is present in an amount sufficient to reduce the

compressive strength of the material to about 90%, or less than 90%, 80%, or less than 80%,

70%, or less than 70%, 60%, or less than 60% or 50%, or less than 50% of original, in each case,



within a period of about 3 months, about 4 months, about 5 months or about 6 months under

body, body fluid or simulated body fluid conditions, to provide for a fast-degrading

composition. In particular aspects, the at least one dopant is selected from the group consisting

of SrO, ZnO, TiO , MgO and SiO2 dopants, present in a single-element or multi-element amount

between Oand about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from

about 2 to about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%. In certain

implementations, the ceramic comprises a multi-element dopant comprising at least two dopants

selected from the group consisting of Zn2+, Mg2+, Si2+, Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+,

CO3
2 , F , MgO, ZnO, NaF, KF, FeO/Fe 2O3, SrO, CuO, SiO2, TiO2, Ag2O and CaCO3, present in

a single-element or multi-element amount between Oand about 10 wt%, from about 0.5 to about

5 wt%, from aboutl to about 3 wt%, from about 2 to about 7 wt%, from about 3 to about 7 wt%,

from about 4 to about 7 wt%. In particular emdodiments, the ceramic comprises at least one

dopant ions and/or oxides present in a single-element or multi-element amount between O and

about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from about 2 to

about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%.

In particular embodiments of the compositions, the calcium phosphate comprises at least

one single or mixed phase calcium phosphate material having the formula (Cax(PO4)y, where x =

1 or more, and y = 1 or more), or hydroxylated variants thereof the calcium phosphate

comprises at least one single or mixed phase calcium phosphate material having calcium to

phosphate ratio (Ca/P) in a range from about 1.4:1 to about 1.7:1, or from about 1.0:1 to about

2.0:1. In particular embodiments, the calcium to phosphate ratio is about 1.5:1, or about 1.67:1.

In particular implementations, the calcium phosphate-based ceramic comprises at least one of

tricalcium phosphate (TCP; Ca3(PO4)2) and Hydroxyapitite (HAp; Cai0(PO4)6(OH)2) .

In particular embodiments of the compositions, the scaffold material comprises a plurality

of ceramic particles, and further comprises an open and interconnected porous network. In

certain aspects, the open and interconnected porous network is between and among said ceramic

particles, and the pore size of the open and interconnected porous network is within a restricted

or controlled range established during formation of the scaffold material. In certain

embodiments, the restricted or controlled range of pore size comprises a microporous or

macroporous pattern having pore sizes in the range of about 10 µm to about 5 mm, or comprises

nanoscale or microscale pores ranging from about 10 nm to about 500 µm in diameter, or from

about 1 nm to about 1 µm.



The composition of claim 1, wherein the scaffold material comprises dense to solid

structures, or porous structures having internal cavities with sizes varying from nano-scale to

larger sizes, or micro porous structures, wherein the core of the bulk scaffold material is

comprised of a geometric pattern of material with voided areas or low density structures with a

quasi- solid exterior.

In particular embodiments of the compositions, the exterior walls of the scaffold material

comprises meso-scale pores, wherein the pores open to voided areas within the core of the

material.

Particular embodiments of the compositions further comprise at least one chemical, drug,

growth factor or biological agent deposited, incorporated into, or stored within and/or on a

surface of the scaffold material or within one or more pores thereof to operatively provide for

release or controlled release of the agent to facilitate bioengineering, restoring or regenerating

bone or other tissue. In certain aspects, the at least one agent comprises at least one selected

from the group consisting of antibiotics, antimicrobial agents, growth factors, osteoinductive

growth factors, drugs, polypeptides and proteins. In particular embodiments, the at least one

agent is selectively activatable and/or releasable at set times by the application of at least one,

electrical, magnetic, chemical or photochemical triggering event. In certain aspects, the at least

one chemical, electrical, magnetic or photochemical triggering event is at least one selected from

the group consisting of chemical ingestion or infusions, exposure to UV light, ultrasound,

magnetic fields, and electric current.

In certain embodiments, the composition is a coating material.

Preferably, the biocompatibility is sufficient to provide for bioengineering, restoring or

regenerating bone or other tissue in the body of a human or other vertebrate or animal. In

certain implementations, the compositions are useful for at least one of dental and orthopedic

implants, craniomaxillofacial applications, and spinal grafting, and said composition is suitable

to promote bone in-growth and repair.

Particular aspects of the compositions provide disks, solids or pourous scaffolds.

Additional aspects provide a method for making a bioresorbable and biocompatible

composition for bioengineering, restoring or regenerating bone or other tissue according to any

one of claims 1-22, comprising at least one of sintering of the calcium phosphate -based ceramic,

and the use of synthesized nanopowders of the calcium phosphate-based ceramic. In particular

aspects of the method, the material properties of the composition are selectively modulated by



using at least one of sintering processes to reduce grain sizes, and synthesized nanopowders to

further reduce grain size for increased strength and hardness and/or improved cell materials

interactions. Certain embodiments of the method further comprise depositing, incorporating

into, or storing a chemical, drug, growth factor or biological agent within and/or on a surface of

the scaffold material or within one or more pores thereof to operatively provide for release or

controlled release of the agent to facilitate bioengineering, restoring or regenerating bone or

other tissue. In certain aspects, the at least one agent comprises at least one selected from the

group consisting of antibiotics, antimicrobial agents, growth factors, osteoinductive growth

factors, drugs, polypeptides and proteins. In particular embodiments, the at least one agent is

selectively activatable and/or releasable at set times by the application of at least one chemical,

electrical, magnetic or photochemical triggering event. In certain implementations, the at least

one chemical, electrical, magnetic or photochemical triggering event is at least one selected from

the group consisting of chemical ingestion or infusions, exposure to UV light, ultrasound,

magnetic fields and electric current.

Further aspects provide a method for tissue or musculoskeletal tissue engineering,

comprising placement, under body fluid or simulated body fluid conditions, a bioresorbable and

biocompatible composition as described herein for bioengineering, restoring or regenerating

bone and/or other tissue, wherein the bone and/or other tissue is, at least in part, bioengineered,

restored or regenerated. In particular aspects of the method, bioengineering, restoring or

regenerating bone or another tissue is in vitro or ex vivo, comprising placement under simulated

body fluid conditions or body fluid conditions. In certain embodiments of the method,

bioengineering, restoring or regenerating bone and/or other tissue is in vivo, comprising

placement under body fluid conditions or body conditions. In particular aspects, the three-

dimensional tissue scaffold comprises an open interconnected porous network to facilitate at

least one of cell adhesion, growth, spreading, metabolism, proliferation and differentiation, with

temporally controlled strength loss of the scaffold material such that the tissue being

bioengineered, restored or regenerated is subjected to a range of mechanical forces normally

associated with such tissues. In particular embodiments of the method, the compositions are

used for dental and orthopedic implants, craniomaxillofacial applications and spinal grafting,

and said composition is suitable to promote bone in-growth and repair.

Yet further aspects provide a method for providing a coated material for use in

bioengineering, restoring or regenerating tissue or musculoskeletal tissue, comprising: obtaining

a substrate material and coating the material with a composition according to any one of claims



1-22, to provide at material suitable for use in bioengineering, restoring or regenerating tissue or

musculoskeletal tissue.

Yet additional embodiments provide a method for tissue or musculoskeletal tissue

engineering, comprising placement, under body fluid or simulated body fluid conditions, a

coated material as describe herein, wherein the bone and/or other tissue is, at least in part,

bioengineered, restored or regenerated.

Specific exemplary manifestations of this invention are provided herein as illustrations

and are not intended to limit the scope of the claimed invention, and various modifications will

be apparent to one skilled in the art, based on the written description and enablement herein

provided in view of the skill in the relevant art.

Example 1

(Resorbable Ceramics in Tissue Engineering: Influence of NaF and CaO addition in TCP)

Example overview and summary. Applicants have studied ternary and quaternary

compositions with Ag O and TiO2 in TCP doped with NaF and CaO, with the aim of

understanding the influence of these dopants on mechanical properties of TCP, as well as to

study their degradation kinetics.

Tricalcium phosphate discs and cylinders were processed with compositions (i) pure

TCP, (ii) 2.0 wt.% NaF, (iii) 3.0 wt.% CaO, (iv) binary of 2.0 wt.% NaF and 0.5 wt.% Ag2O,

and (v) quaternary 1.0 wt.% TiO2, 0.5 wt.% Ag2O, 2.0 wt.% NaF, and 3.0 wt.% CaO.

Influences of these dopants on physical, mechanical, and biological properties were studied in

comparison to pure TCP. Results showed that there is potential for improving these properties

with the addition of metal ions without hindering the excellent biocompatibility of TCP.

Ultimate compression strength increased from 70 to 130 MPa with the addition of NaF in pure

TCP. Compression strength displayed a direct relationship to density. In-vitro cell culture tests

showed that all compositions were non-toxic, and OPCl cells attached and proliferated well on

these TCP ceramics. Strength degradation in pure TCP began after 32 days in SBF, but for the

doped compositions, strength loss was continuous up to 96 days. These results suggested that

metal ion doped TCP can be tailored for different tissue engineering applications such as spinal

fusion and dental augmentation to make TCP a more versatile biomaterial.



The presence of NaF in TCP improved densification and increased compression strength

from 70 (±25) to 130 (±40) MPa. Addition of CaO had no influence on density or strength

Human osteoblast cell growth behavior was studied using an osteoprecursor cell line

(OPC 1) to assure that the biocompatibility of these ceramics was not altered due to the dopants.

For long-term biodegradation studies, density, weight change, surface microstructure,

and uniaxial compression strength were measured as a function of time in a simulated body fluid

(SBF). Weight gain in SBF correlated strongly with precipitation viewed in the inter-connected

pores of the samples. After 3 months in SBF, all samples displayed a reduction in strength.

NaF, CaO and the quaternary compositions maintained the most steady strength loss under SBF.

Materials and processing methods :

Compositions. TCP ceramics reinforced with compositions of NaF, CaO, TiO , and

Ag2O were processed into two different sample shapes via uniaxial powder compression: discs

and cylinders. The compositions were prepared using high purity starting reagent grade

materials which included synthetic β-tricalcium phosphate (TCP) nanocrystals (Berkely

Advanced Biomaterials®, Inc., CA), sodium fluoride (NaF) 99+% and silver (1) oxide (Ag2O)

99% (Sigma-Aldrich®, St. Louis, MO), titanium dioxide (TiO2) (Dupont, Wilmington, DE), and

calcium oxide (CaO) (J.T. Baker, Phillipsburg, NJ). Five different compositions were created

from these dopants: (i) pure TCP, (ii) TCP with 2 wt.% NaF, (iii) TCP with 3 wt.% CaO, (iv)

TCP with 2 wt.% NaF and 0.5 wt.% Ag2O, and (v) TCP with a quaternary composition of 2

wt.% NaF, 3 wt.% CaO, 0.5 wt.% Ag2O, and 1 wt.% TiO2. Powders were mixed in 3Og batches

in 125 mL polypropylene bottles, and the mixture was ball-milled at 120 rpm for 6 hours using

YSZ grinding media.

Green discs and cylinders were fabricated from the processed powder. The discs were

used for cell culture studies, and the cylinders were used for density, SBF, and compression

studies. For discs, 500 mg of powder was uniaxially compressed at 200 MPa for 30 seconds in a

cylindrical steel die with a diameter of 1.28 cm. These conditions led to a green disc thickness

of 0.26 cm and a green density of 1.5 g/cm3. This is approximately 50% of the theoretical

density of TCP, which is 3.07 g/cm3. For the cylinders, 1 g of powder was uniaxially

compressed at a lower pressure of 100 MPa for 30 seconds, which led to green dimensions with

a diameter of 0.625 cm and a height of 3 cm and a green density of 40% theoretical. This lower



pressure was used in order to achieve proper sample removal from the die. Samples were

sintered at 125O0C for 4 hours in a Thermolyne high temperature muffle furnace in air.

Characterization methods. X-ray diffraction for phase analysis was carried out in a

Philips Xpert® fully automated diffractometer (Eindhoven, The Netherlands) with Co K-α

radiation. A setting of 35kV and 35mA was used with a step size of 0.02° (2Θ) . The peak

positions, intensities, and d-spacing for samples with dopants were compared to those of pure

TCP. For microstructural observation, sintered disc compacts of all five compositions were

sputter-coated (Technics Hummer V, CA) with gold and observed under a scanning electron

microscope (SEM) (Hitachi S570). The discs had distinct grain boundaries, and average grain

size was calculated.

Cytotoxicity. In vitro cytotoxicity test on dense TCP compacts was carried out using a

modified human osteoblast (HOB) with an osteoprecursor cell line (OPC 1) (23). OPCl cells

were cultured in a standard medium made of McCoy's 5A (with 1-glutamine, without phenol red

and sodium bicarbonate) from Sigma Chemical Co® supplemented with 5% fetal bovine serum,

5% bovine calf serum, 2.2gram/liter sodium bicarbonate, 0.1 gram/liter penicillin, and 0.1

gram/liter streptomycin. Duplicate ceramic disc compacts were sterilized via autoclaving, and

then seeded at a density of 2x1 04 with OPC-I cells and cultured under standard aseptic

conditions. Medium was changed every other day. Two discs of each composition were

cultured for each of two durations: 5 and 11 days. At the end of the culture, samples were fixed,

dehydrated, and stained to see morphology and attachment of the cells under SEM.

In order to characterize change in properties over time in a biological environment,

sintered samples were soaked in a simulated body fluid (SBF) for 0, 32, 64, and 96 days. SBF is

a saline solution which has a nearly identical salt composition to that of human blood plasma

without the proteins. Five discs and five cylindrical samples of each composition were soaked

in 10 ml SBF each at 370C for each duration period. Every four days, the used SBF was

disposed of and replaced with freshly prepared SBF. Samples were taken out of SBF, gently

rinsed twice in 100 ml distilled water, placed on a porous alumina plate, and dried in a muffle

furnace at 2000C for 7 days. The change in weight was calculated over the course of SBF

treatment.

The ultimate compressive strength of as processed and SBF treated TCP was measured

using a screw driven Instron with a constant crosshead speed of 0.33 mm/min. Compression

samples had a diameter of 6mm and a height between 14 and 18 mm. Ultimate compressive



strength was calculated as maximum stress immediately prior failure. Fracture surfaces were

collected and saved for fractography under SEM.

Results :

Densification: Bulk densities of doped compacts were measured and compared to the

compacts made with pure TCP. Density averages for each composition were calculated for both

discs and cylinders, and then normalized to the theoretical density of TCP i.e., 3.07 g/cm3.

FIGURE 1 shows the normalized sintered bulk densities of the compression samples for

each composition. TCP with NaF and TCP with NaF and Ag2O had densities of 81% and 82%,

respectively, which was an increase of 15% from that of pure TCP compacts. Addition of CaO

to TCP had very little effect on density, while the quaternary composition showed a moderate

increase.

FIGURE 2 shows SEM micrographs for the top surfaces of the sintered samples. Both

pure TCP and CaO doped samples show a relatively high amount of porosity, which explains the

lower bulk densities for those compositions. Average grain size for pure TCP (3.01 µm)

increased with the addition of both NaF (7.17 µm) and CaO (6.63 µm). This result suggest that

during the sintering process, presence of these dopants caused significant grain growth in TCP

compacts. Substitutional ions may cause extrinsic vacancies leading to a higher equilibrium

concentration of vacancies in the bulk. This effect may alter the kinetics of grain boundary

migration and increase grain growth during sintering (24).

Phase Analysis. FIGURE 3 shows the XRD patterns of pure TCP, TCP with NaF, TCP

with CaO, TCP with NaF and Ag2O, and TCP with the quaternary composition (hkl) values are

labeled for the peaks that correspond with β-TCP (JCPDS file 00-032-0176). α-TCP (00-003-

0348), and HAP (01-074-0566) peaks are also labeled. β-TCP peaks did not vary significantly

from one composition to another, suggesting that the major phase of these ceramics was not

altered significantly due to the addition of dopants. However, some α-TCP and HAP peaks are

present even in pure TCP powder. Compositions containing NaF and CaO showed an increase

in HAP phase. Both these dopant powders are hydroscopic and thus the presence of absorbed

water may facilitate the phase transition from TCP to HAP. Also the addition of CaO increases

the Ca to P ratio closer to the stoichiometry of HAP. Samples containing NaF showed

significant reduction in α-TCP phase formation. This could be due to the fact that the cubic

crystal structure of NaF is closer to the rhombohedral structure of β-TCP than of orthorhombic

α-TCP (25), which helps stabilize the β-TCP phase.



In vitro cell-materials interaction. FIGURE 4 shows micrographs of cell

cultures/attachment after 5 days on disc samples with different compositions. OPC-I cells

attached and proliferated on all the surfaces, maximizing surface area in contact with the

ceramic. NaF-doped discs showed improved proliferation and cell spreading over that of pure

TCP. This may be due to the decrease in porosity in the NaF doped samples which affects the

surface roughness.

By day 11, shown in FIGURE. 5, the surface of all samples, except TCP with NaF, was

covered with multiple layers of cells. A banding structure among the cells could also be seen,

indicating that differentiation was beginning to occur (26). These results agree with similar

research findings that trace elements are important to incorporate in TCP ceramics for

applications such as tissue engineering (10).

Mineralization and strength degradation in SBF: FIGURE 6 shows the percent weight

change of the compression samples for 32, 64, and 96 days in SBF. All samples gained weight.

This suggests that apatite formation was prevailing over resorption. Moreover, samples with

higher porosity gained more weight due to apatite formation. Also, NaF containing samples

continued to gain weight up to 96 days, while other compositions lost weight after 64 days.

Compression strength of each composition was measured for as processed samples and

after 32, 64, and 96 days in SBF. Like weight change, compression strength can be affected by

the two competing factors; dissolution and apatite formation. Dissolution, including formation

of pores and grain boundary degradation, would be detrimental to compression strength, causing

the cylinders to fracture at lower stresses. Precipitation, however, helps to fill pores and voids in

the sample, which can then provide support for the structure and increase failure stresses.

FIGURE 7 shows the compression strength for all compositions. No significant

degradation was observed up to 96 days. TCP with NaF, TCP with CaO, and TCP with the

quaternary composition showed a steady decrease in strength over time, while compression

strength of pure TCP first increased and then decreased. A clear trend was observed between

density and compression strength from FIGURE 1 and FIGURE 7 . As sintered density

increased due to dopants, as processed compression strength also increased.

FIGURE 8 shows SEM micrographs of the fracture surface for each composition after 96

days in SBF. All samples showed varying amounts of apatite precipitation. This suggests that

pores in the sample were inter-connected, thus SBF was able to penetrate into the sample,

causing bone-like apatite mineralization. Among them, samples of TCP and TCP with CaO can

be seen to have the most significant amounts of mineralization; these were samples that gained



the most weight. All compositions with NaF showed very little mineralization, due to low

porosity inhibiting the penetration of SBF into the sample. These micrographs confirm that

weight increase in the samples was due to the formation of apatite.
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Example 2

(Biodegradable CaPs with MgO, ZnO and Siθ 2 dopants)

In this Example, commercial high purity beta-tricalcium phosphate ceramic compacts

were made with the addition of MgO, ZnO and SiO2 dopants in various combinations using ball

milling with ZrO2 milling media.

Methods. Samples were pressed in a uniaxial press and then 'pressureless'-sintered in a

muffle furnace in furnace air. These samples were then tested for physical, mechanical, and

biological properties.

Results

Densification. The compacts doped with MgO lwt%, lwt% SiO2 and 5wt% SiO2

separately did not alter densification, however, 0.25wt% ZnO decreased sintered density of

TCP. By contrast, all binary and ternary dopant compositions showed an increase in

densification compared to pure TCP.

Weight change. Weight change measurements after treatment in simulated body fluid

(SBF) indicated that all single component systems and TCP- SiO2-ZnO produced an increase in

weight which was an indication of Ca-apatite growth. This data was also supported by

microstructural analysis. However, for all binary and ternary compositions, weight change was

negligible and sometimes negative, an indication that there was little or no apatite formation.

Degradation and Compressive strength. Microstructural analysis revealed signs of

surface dissolution after 12 weeks in SBF for all samples. TCP was found to degrade after 8

weeks in SBF solution.

TCP-lwt% SiO2 compacts showed a continuous increase in compressive strength for 12

weeks in SBF, while TCP-5wt% SiO2 and TCP-MgO-ZnO compositions both illustrated a

continuous decrease in compressive strengths over 12 weeks in SBF. It was also found that

degradation began after 2 weeks for these compositions. For all other compositions,

compressive strengths after 12 weeks remained similar or unchanged relative to their respective

'as-sintered' values.



Fractographic analysis revealed Ca-apatite formation inside the sample for pure TCP and

single dopant compositions suggesting an interconnected open porosity throughout the sample.

However, for binary and ternary dopants, higher densification reduced the open pore network.

In vitro cell materials interactions studies with OPCl cells confirmed that that all

compositions were biocompatible and non-toxic. Specific experiments on adhesion,

proliferation and differentiation showed that the dopants play a significant role towards

improving bone cell-materials interactions.

Example 3

(In vitro cell-materials characterization)

This Example shows the ability of the inventive materials to support OPC- 1 cell growth

and maturation.

Methods. The ability of the inventive materials to support OPC-I cell growth and

maturation is tested by culturing primary cells directly on test samples and counting the number

of viable cells existent at hallmark times for cell attachment, proliferation, and maturation. In

addition to the CaP materials, a like number of commercially pure titanium (CP-Ti) and

polymethyl methacrylate (PMMA) disks could be used. Both of these materials have historical

use in orthopedics and dentistry, and are routinely used as implant biomaterials, can serve as

internal controls.

Results. FIGURE 10 shows micrographs of cell cultures/attachment after 5 days on disc

samples having different compositions. OPC-I cells attached and proliferated on all the

surfaces, maximizing surface area in contact with the ceramic. NaF-doped discs (FIGURE 10b)

showed improved proliferation and cell spreading over that of pure TCP. This may be due to

the decrease in porosity in the NaF doped samples which affects the surface roughness. By day

11, as shown in FIGURE 11, the surface of all samples, except TCP with NaF (FIGURE lib),

was covered with multiple layers of cells.

An alignment or 'banding structure' among the cells could also be seen, indicating that

differentiation was beginning to occur (Moritz, 2003). These results are consistent with other

findings that trace elements are important for applications such as tissue engineering (Kalita,

2004 (2)).

Example 4

(Influence of porosity on porous CaPs)

In this Example, the optimal pore size for bone regeneration was determined.



Methods. Processing of controlled porosity ceramic structures was performed using the

indirect fused deposition process, as previously described (Bose, 200303 (3)). Processing of

controlled porosity ceramic preforms consists of three different types of development and

optimization work, including: i (a) mold design; (b) development of ceramic slurry composition;

and (c) binder burn out and sintering cycle development for green ceramic structures.

Molds are designed and fabricated by FDM 1650 using ICW-06 filament material.

Molds are then infiltrated with CaP based ceramic slurry. Structures are subjected to a binder

removal and sintering cycle to form the final porous ceramics.

Results. Porous structures with pore size of 300 microns with 30 and 40 volume % has

been shown optimal in previous work, and the optimal pore size for bone regeneration was in the

range from 100 to 300 microns (Hulbert, 1970). Moreover, this pore size and volume porosity

matches quite well with natural bone (Joschek, 2000).

Example 5

(Hydroxyapatite (HAP) with metal dopants as sintering additives)

In this Example, yydroxyapatite (HAp) with metal ion dopants as sintering additives

were studied.

Methods. Preliminary studies started with selection of a few oxide-based sintering

additives, selected on the basis of already reported results, including: Cl 17-500 calcium oxide

UN 1910 from Fisher Scientific; titanium dioxide from Bios Laboratory Inc.; sodium carbonate

(S263-500) from Fisher Scientific; phosphorous pentoxide powder from J.T. Baker Inc; silica,

aluminum oxide (CR 6D) and magnesium Oxide (ADM 98 H) from AluChem Inc. These

oxides were added either individually or as a part of multi-components sintering aids, to

synthetic hydroxyapatite powder (BABI-HAP-SP) obtained from Berkeley Advanced

Biomaterials, Inc., followed by ball milling for homogeneous mixing.

Three-component sintering additives were prepared and used to achieve liquid phase

sintering for better densification. Compositions for these additives were selected based on their

respective ternary oxide phase diagrams and their melting temperatures. Exemplary

compositions of sintering additives selected and tested are shown in TABLE 2 Sintering was

done at 12500C, and 13000C in a muffle furnace for 3 hours.



Table 2 : Compositions of selected sintering additives

Results. The results showed that there is substantil potential for improving densification

and hardness of sintered hydroxyapatite with addition of small amount of sintering additives

(typically 2.5 wt%). Sintered densities of some of the HAp-2.5 % dopants sintered at 1300 0C

for 3 hrs were as high as 93% theoretical density via pressureless sintering.

An increase in the amount of dopants from 2.5% to 10 wt% did not show any

improvement on densification with exception for pure TiO2. Microhardness measurements on

dense sintered discs show an increase in hardness as high as 200% by some of the sintering

additives.

Example 6

(Metal ions as dopants using β-tricalcium phosphate (TCP))

This Example shows studies conducted with metal ions as dopants using β -tricalcium

phosphate (TCP). MgO and ZnO were used as dopants with TCP.

Methods. See Examples 1 and 2, herein above.

Results. The results show that levels as high as 96% densification could be reached with

MgO additives via pressure-less sintering. Additionally, ZnO as a dopant was used with both

HAp and TCP ceramics.

FIGURE 12 shows densification behavior as a function of ZnO content in doped HAp

and TCP powders.

FIGURE 13 shows the microhardness measurement data for HAp and TCP ceramincs

doped with ZnO. It can be seen that addition of ZnO increases the densification of both HAp

and TCP ceramics when sintered at 1250 0C.

At 1300 0C, there is no common trend in densification, which is believed to be due to

degradation of calcium phosphates in to other phases. Significant increase in densification of



HAp from 82% to 92 % theoretical density is a remarkable achievement, considering this is

pressureless sintering of uniaxially dry-pressed samples. For the case of TCP, the bulk density

reached >94% theoretical.

Microhardness data for both TCP and HAp shows an increase with increasing amount of

ZnO up to 2.5 weight %. The increase in HAp is more significant (>33% from original value)

than in TCP, which is similar to the densification data.

Grain size measurement showed larger grain size for compositions >2.5 weight % ZnO,

which is believed to be the reason for lower hardness though the density numbers are high.

Example 7

(Synthesis of calcium phosphate nano-powders)

This Example shows the synthesis of calcium phosphate nano-powders using different

template materials including dendrimer, sucrose and various surfactants. We focused our

synthesis effort primarily on hydroxiapatite i.e., (Caio(P0 4)6(OH)2 (HAp, Ca:P is 1.67:1), and

tricalcium phosphate i.e., Ca3(PO4)2 (TCP, Ca:P is 1.5:1) compositions. We have synthesized

nanopowders of pure hydroxyapatite (HAp) and β-tri-calcium phosphate (β-TCP) compositions

and phases. These powders were made using surfactant and sucrose as template materials [Bose

'03 (1), Bose '03 (2)]. We have also synthesized alumina doped calcium phosphate

nanopowders with 2.5 % and 5.0 wt. % alumina [Bose '03 (1)]. Sucrose was used as a template

material that introduced porosity and high surface area in the final nanopowders. Using this

method we were able to produce powders with surface areas between 50 to 60 m /gm and

average particle size between 30 to 50 nm.

Example 8

(Porous TCP scaffolds)

The Example shows studies on porous scaffolds with tri-calcium phosphate (TCP)

powders.

Methods. Commercially available TCP powder was purchased from Monsanto, CA.

Processing of controlled porosity ceramic preforms consisted of three different types of

development and optimization work, including: (a) mold design; (b) development of ceramic

slurry composition; and (c) binder burn out and sintering cycle development for green ceramic

structures. Molds were designed and fabricated by FDM 1650 using ICW-06 filament material.

Initially, 1" tall and 1" diameter cylindrical molds were designed and fabricated with a (45/-45)

raster filling and varying the raster gap from 0.010 to 0.050". The top 0.3" of the mold had only

a perimeter but no raster filling, called lip, to hold excess ceramic slurry during infiltration. The



bottom four layers of the mold had no raster gap to avoid leaking of slurry during infiltration.

The road width was varied from 0.015 to 0.025". The combination of raster gaps and road width

control the volume fraction of ceramics and corresponding pore sizes (see, e.g., Hattiangadi,

2000).

Once molds were made, they were infiltrated with solids-loaded ceramic slurry.

Development of highly loaded slurry is very important to reduce cracking related problems

during the post processing. 1-Butanol was used as an antifoaming agent for both powders. D-

3021 (Rohm and Haas, PA) was used as dispersant. Binder B-1001 (Rohm and Haas, PA) was

used as binder. Ceramic powder, antifoaming agent and dispersant were added to water and

then ball milled for 16 hours in a polyethylene bottle. The required amount of binder was added

to the mixture just before the infiltration. 3.5 wt% of D-3021 was found optimum for TCP

powders. Slurry compositions were optimized using a Brookfield viscometer. The slurry was

infiltrated into the porous polymeric molds and the green structures were dried for two days.

The structures were then subjected to a binder burn out and sintering cycle. During the binder

burn out heating cycle the mold polymer leaves the part, creating the pores. A final sintering

temperature of 1250 0C and a hold time of 3 hours were used for all the samples. Shrinkage was

measured to understand the sintering behavior of these ceramics. For the porous TCP samples,

shrinkage varied between 17 and 19%. For TCP, the density varied between 2.90-2.95 gms/cm3

(-90% theoretical density) [Bose '03 (3)].

Results. FIGURE 14 shows porous TCP samples with the pore size kept constant at 300

micron, but with the pore-pore spacing varied to change the volume fraction porosity from 29%

to 44% (see, e.g., Bose 2003 (3)). Strength degradation is a serious concern in porous ceramics.

As the total volume fraction porosity increases, the failure strength decreases. Cylindrical

porous samples of 12 mm diameter and 20 mm long (L/D = 1.6) were used to collect

preliminary data on compression strengths of porous TCP structures. Uniaxial compression tests

were performed using an Instron 1331 servo hydraulic machine under stroke control mode at a

stroke rate 0.5 mm/minute. At least 20 samples of each porosity level were tested.

FIGURE 15 shows variation of compression strength as a function of pore size/pore

volume effects on TCP samples. Pore size has almost no effect on compression strength;

however, increasing pore volume significantly lowers the strength. Highest compression

strength was observed at 1.4 MPa for 29 volume % porosity samples with 305 microns pores

(see, e.g., Bose, 2003 (3)). It is clear that for any real applications, there is a strong need for



strength improvements in these ceramics, which is one of the main advantages provided by the

presently disclosed subject matter.

Example 9

(In vitro studies of CaPs with human osteoblast (HOB) cells)

This Example shows results of in vitro tests using the OPC lcell line.

Methods. In vitro tests were carried out in petri dishes using a selected cell line under

controlled laboratory conditions. The cell line used in this study is is OPC 1, a modified human

osteoblast (HOB) cell-line. OPCl is a conditionally immortalized osteoprecursor cell line (OPC

1) derived from human fetal bone tissue (Winn, 1999). In vitro analyses using OPC 1 cell line

on ceramic scaffolds involve culturing, splitting and seeding of cells in an aseptic environment.

OPC 1 cells were cultured in a standard medium made of Mccoy's 5A (with 1-Glutamine,

without Phenol Red and Sodium Bicarbonate) (Sigma Chemical Co, Saint Louis, MO),

supplemented with 10% fetal bovine serum, 2.2 gram/liter sodium bicarbonate, 0.1 gram/liter

penicillin and 0.1 gram/liter streptomycin. OPCl cells were seeded on top of ceramic matrices

placed on a petri dish and are cultured in an incubator at 37°C in a humidified 5% CO

atmosphere.

Results. Microscopic observations were done on various time points to assess cell

attachment, anchoring and differentiation on a particular ceramic composition. The results

cofirmed that the matrices were non-toxic, and in particular instances enhanced cell spreading

was observed due to the presence of metal-ions as shown in FIGURE 16.

FIGURE 8 shows OPCl cells on Hap ceramics: (a) pure Hap and (b) Hap with dopants.

It is clear that both cell adhesion and cell spreading were significantly modulated by the use of

small quantities of dopants.
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Example 10

(Infuence of MgO, ZnO and SiOs in Calcium Phospate Based Resorbable Ceramics)



Example summary. This Example investigates and disclosed the influence of dopants on

the physical, mechanical and biological properties of tri calcium phosphate (TCP) resorbable

ceramics with special emphasis towards in vitro strength degradation and cell-materials

interactions as a function of time. For this purpose, 3-TCP was doped with magnesia (MgO),

zinc oxide (ZnO) and silica (SiO ) . Those dopants were added as individual dopants, and their

binary and ternary compositions. It was found that these dopants significantly influenced

densification behavior and as sintered micro structures of TCP. In vitro mineralization studies in

simulated body fluids (SBF) for 12 weeks showed apatite growth on the highly porous

compositions either on the surface or inside. From SEM analysis it was evident that surface

degradation occurred on all compositions in simulated body fluid (SBF). Compression strengths

for samples up to 12 weeks in SBF showed that it is possible to tailor strength loss behavior

through compositional modifications. The highest compression strength was found for binary

MgO-ZnO doped TCP. Overall, samples showed either a similar strength level during the 12

weeks test period, or a continuous decrease or a continuous increase in strength depending on

dopant chemistry or amount. In vitro human osteoblast cell culture was used to determine

influence of dopants on cell-materials interactions. All samples were non-toxic and

biocompatible. Dopant chemistry also influenced adhesion, proliferation and differentiation of

OPCl cells on these matrices.

Example overview. Human bone consists of a calcium phosphate-based inorganic phase,

collagen polymer phase and water. In addition, ions like Na+, Mg2+, K+ and F are also present

in traces. Bones are classified as "compact bone" or cortical bone that has low porosity, and

"spongy bone" or cancellous bone with high porosity. The cortical bone consists of cylindrical

channels i.e., osteons that are held together by a framework of hard tissue, mainly

hydroxyapatite (HAp) crystals. Cylindrical fibers of collagen, the major organic component of

bone, fill the pores of these bones, which are typically between 190-230 µm in size. The

inorganic matrix of the cancellous bone consists of a porous structure with an interconnected

porosity of ~ 65 volume%. (2 3 FIGURE 17 shows a schematic diagram of human bone.

Calcium-to-phosphorus ratio in naturally occurring bone mineral is close to 1.67 to 1.

CaPs can be bio-active i.e., implants are osteoconductive, and implant materials have a very

slow degradation rate in vivo; or bio-resorbable i.e., implant not only osteoconductive, but also

degrades in vivo. Of particular interest are those with calcium-to-phosphorus ratios between

1.5:1 (Tricalcium phosphate, TCP, (Ca3(PO4)2)) and 1.67:1 (Hydroxyapatite, Cai0(PO4)6(OH)2,

Hap). Calcium phosphates also exist in different phases depending on temperature, impurities

and the presence of water and shown in FIGURE 18(8) and TABLE 3 .(9) In FIGURE 18, the



binary equilibrium phase diagram between CaO and P2O5 gives an indication of the compounds

formed between the two oxides. Among them, two phases that are stable at body temperature

and in contact with body fluid are dicalcium phosphate (CaHPO4.2H2O) at pH < 4.2, and HAp at

pH > 4.2. Since human blood stays in a very narrow pH range ~ 7.3, clearly, HAp is the stable

phase 18 in that pH. TABLE 3 also shows solubility of different calcium phosphate phases and

it can be seen that increasing Ca to phosphorous ratio reduces the solubility product or reduces

the rate of degradation of these materials in vivo.

Table 3 Main Ca-P com ounds use as sur ical materials (9)

Properties of calcium phosphate (CaP) ceramics also vary significantly as a function of

porosity, composition and phase. TABLE 4 summarizes properties of various CaP phases with

different levels of porosity. (2) Unfortunately, synthetic CaPs do not show similar mechanical

and biological properties as in bone.

Table 4 Mechanical properties and strength of calcium phosphate ceramics (2)



The present Example is focused primarily on tricalcium phosphate based resorbable

ceramics. The chemical formula for tricalcium phosphate (TCP) is Ca (PO4)I. TCP has four

polymorphs, α, β, γ , and super- α. The γ polymorph is a high-pressure phase, and the super- α

phase is observed at temperatures above 1500°C. (13) Hence, the most frequently observed

polymorphs of TCP bioceramics are the alpha and beta phases. α-TCP crystal is in the

monoclinic space group P2i/α with lattice parameters =1.2887nm, =2.7280nm, c=1.5219nm,

and β=126.20 degrees. β-TCP has the rhombohedral space group R3c with unit cell

=1.0439nm, c=3.7375nm (hexagonal setting) with 2 1 formula units per hexagonal unit cell β-

TCP is stable up to 1125°C, but above this temperature and up to 14300C, α-TCP becomes the

stable phase. (14) For β-TCP, biodegradation has been reported to be incomplete even after 9.5

months after grafting in the human mandible. Histological examination of these biopsies

revealed that 34% of the biopsy consisted of mineralized bone tissue and 29% of remaining β-

τ c p (i5)

According to particular aspects of the present invention, resorbable characteristics of

CaPs can be tailored by adding trace elements that are already present in physiological

environment. This Example investigates the influence of these trace elements on biodegradation

behavior of calcium phosphates.

Influence of MgQ, ZnQ and SiQs in Calcium Phosphate Based Resorbable Ceramics :

A group of trace elements was initially selected for investigate; namely, Zn2+, Mg2+, Si2+,

Na+, Ag+, Ti4+ and F , and among these metal ions, the cell-materials interactions and influence

of Zn2+, Mg2+ and Si2+ are reported in this Example. In this Example, at a constant Ca:P ratio of

1.5:1, the Zn2+, Mg2+ and Si2+ contents were varied and physical, mechanical and biological

properties of those compositions were studied. The following section summarizes the

significance of some of these ions on bone formation and biodegradation. TABLE 5 lists

specific compositions of different dopants that were used in this study.

Table 5 : Compositions, average grain size and sintered densities of different combination of
dopants used



Magnesium : TABLE όshows the atomic radii of atoms in TCP and the dopants used.

Magnesium (Mg) is undoubtedly one of the most important bivalent ions associated with

biological apatites. (23 24) In calcified tissue, the amount of Mg is higher with the apatitic phase at

the beginning of the calcification process and decreases with increasing calcification. (25) There

is growing evidence that Mg depletion adversely affects all stages of skeletal metabolism,

causing cessation of bone growth, decreased osteoblastic and osteoclastic activities and bone

fragility. (26) Mg is substituted into tri-calcium phosphate in the formula MgxCa3_x(PO4)2 (x =

l,2,and 3). (27) Because of the smaller ionic radius, Mg atoms reside closer to the axis of the

cluster than the Ca atoms. When a Mg atom is substituted into the TCP structure the Mg-O

bond becomes stronger whereas, the Ca-O bonds are weakened by the increase in bond length

compared to the Mg-O interaction, which may be the reason for Mg stabilizing the structure of

TCP.27 FIGURE 19 shows equilibrium inter-atomic distances (A) and bond angles (degree) of

(a) fully relaxed Ca3(PO4)2 (TCP) fragment (b) fully relaxed MgCa3_i(PO4)2 fragment.

TABLE 6 . Atomic radii of atoms in TCP and the dopants used

Zinc : Tn is an essential trace element with stimulatory effects on bone formation in vitro

and in vivo. Zinc contents ranges from 0.012 to 0.025 wt% in human bone, which is relatively

higher than Zn content in adult soft tissues and plasma. (28 29) In vitro studies showed that Zn has

direct specific proliferative effect on osteoblastic cells (30) and a potent and selective inhibitory

effect on osteoclastic bone resorption/ 31 32) In vivo studies on Zn doped calcium phosphates on



rabbit femora showed over 50% more newly formed bone over undoped calcium phosphate

composition. Recent studies also linked clinical relationship between osteoporosis and Zn

deficiency in elderly subjects. (33) Our preliminary research showed that Zn addition increases

sinter densification and hardness of HAp and TCP ceramics. (34) In TCP, Zn replaces the Ca

atom causing some distortion in the crystal structure and is believed to be the reason for

improved bioactivity in TCP. (35) Similar to Mg addition, Zn addition also changes the

equilibrium inter-atomic distances (A) and bond angles. 27

Silicon : Si is an important trace element in bone formation and calcification. Localized

Si is found in active bone growth areas in young mice and rats using electron microprobe

studies. (36) It was also found that Si plays an important role during the apatite phase nucleation

in forming surface apatite layers for silica containing glasses. (37) It was reported that up to 2

wt% of Si does not cause any calcium silicate phase formation and is considered optimum. In

vitro studies also suggested that addition of up to 9 wt% of SiO enhances osteoblastic

differentiation and has higher potency for enhance osteogenesis. (38 39)

Methods :

Sample preparation: High purity oxide based sintering additives included silicon

dioxide (99%+ purity), magnesium oxide (96%+ purity) and zinc oxide (99.9%+ purity) were

purchased from 18 Fisher Scientific. Synthetic beta-tricalcium phosphate (BABI-TCP-N 100)

nano powder was obtained from Berkley Advanced Biomaterials Inc. (CA) with an average

particle size of lOOnm. Powders were weighed and mixed in 25OmL polypropylene Nalgene

bottles, with 15Og of 5 mm diameter zirconia milling media. Batches were made based on 3Og of

β-TCP. After dopant addition, ball milling was done for 6h at 70 rpm to minimize the formation

of agglomerates and increase the homogeneity of the powders. After milling, powders were

measured for each composition and pressed using a uniaxial press. There were two types of

samples made: disk compacts for biological analysis and compression compacts for mechanical

analysis. The amount of powder weighed to make disk compacts was 0.5g and the same for

compression compacts was 1.15g. The disk mold press produced 12mm in diameter by 3mm

thick green compacts while the compression mold press made 6.3mm diameter by 20mm long

green compacts. Disk samples were uniaxially pressed at 25 MPa of pressure whereas the

compression compacts were pressed at 15 MPa. At least, five samples were made from

individual compositions for each type of analysis. After pressing, all green compacts were

placed in a muffle furnace for densification at 12500C for 2h. Bulk densities for green and

sintered samples were measured for all compositions.



Phase analysis: X-ray diffraction was used to test any phase changes to the starting

powders after the introduction of dopants. Powdered samples were prepared from sintered

compositions in a mortar and a pestle. Phase analysis was done with a Philips PW 3040/00

X'pert MPD system at room temperature using Co-K radiation with a Ni-filter. All runs were

carried out over a 2Θrange from 20° to 70° at a step size of 0.02° (2Θ) and a count time 0.5 sec

per step. No significant phase change was noticed in all of these sintered compositions.

Microstructural analysis: Scanning electron microscopy was used to analyze

micro structure of pure and doped sintered β-TCP structures. All compositions were observed

under SEM to study the effect of dopants on the microstructure of β-TCP. Microstructural

degradation was also observed as a function of time in SBF. Both top surface and fracture

surface SEM were taken for all samples.

Mineralization and controlled strength loss behavior: Bioactivity of pure and doped TCP

samples was evaluated by immersion in simulated body fluid (SBF), which has a similar

composition as of human blood plasma. The solution was prepared by dissolving NaCl, KCl,

NaHCO 3, MgCl2 H 2O, CaCl2.2H2O, Na2SO4-IOH2O and K2HPO4 into distilled water and

buffered at pH 7.35 with tris-hydroxymethyl aminomethane (TRIS) and 1 (N) HCl at 37 °C. (40)

Samples were immersed in the glass vial containing 10 ml of SBF solutions and were kept under

static conditions inside a biological thermostat at 37 0C for 2, 4, 6, 8, and 12 weeks. SBF

solution was changed twice per week with freshly made solutions. All experiments were

performed in triplicate, by running three independent glass vials simultaneously. After exposure,

samples were washed with distilled water and dried at 200 0C for 72h. After drying all samples

were weighted and compared with their dry weight prior to immersion.

Mechanical properties of as-sintered structures with various dopants were tested under

compressive loading and compared with undoped sample. Compressive strengths of these

samples were evaluated using a screw driven Instron with a constant crosshead speed of

0.33mm/min. Pieces of the broken samples were collected for fractography under SEM.

Compression strengths from as processed and SBF treated samples showed the strength

degradation behavior of these resorbable ceramic compositions.

Cell culture: All samples were sterilized by autoclaving at 121°C for 20 min. In this

study the cells used were an immortalized, cloned osteoblastic precursor cell line 1 (OPCl),

which was derived from human fetal bone tissue. (41) OPCl cells were seeded onto the samples

and then placed in 24-well plates. Cell density was 2.OxIO4 cells/well. 1ml of McCoy's 5A

medium (enriched with 5% fetal bovine serum, 5% bovine calf serum and supplemented with



4µg/ml of fungizone) was added to each well. Cultures were maintained at 37°C under an

atmosphere of 5% CO . Medium was changed every 2-3 days for the duration of the experiment.

MTT assay. The MTT assay (Sigma, St. Louis, MO) was performed to assess cell

proliferation. The MTT solution of 5 mg/ml was prepared by dissolving MTT in PBS, and filter

sterilized. The MTT was diluted (50µl into 450µl) in serum free, phenol red-free Dulbeco's

Minimum Essential medium (DME). 500µl diluted MTT solution was then added to each

sample in 24-well plates.

After 2 h incubation, 500µl of solubilization solution made up of 10% Triton X-IOO,

0.1N HCl and isopropanol were added to dissolve the formazan crystals. lOOµl of the resulting

supernatant was transferred into a 96-well plate, and read by a plate reader at 570nm. Data are

presented as mean+standard deviation. Statistical analysis was performed using Student's t-test,

and P<0.05 was considered statistically significant.

Morphology of OPCl cells on samples: All samples for SEM observation were fixed

with 2% paraformaldehyde/2% glutaraldehyde in 0.1M cacodylate buffer overnight at 4°C. Post-

fixation was performed with 2% osmium tetroxide (OsO4) for 2h at room temperature. The fixed

samples were then dehydrated in an ethanol series (30%, 50%, 70%, 95% and 100% three

times), followed by a hexamethyldisilane (HMDS) drying procedure. After gold coating, the

samples were observed by SEM.

Immunocytochemistry and confocal microscopy: Samples bearing cells were fixed in 4%

paraformaldehyde in 0.1M phosphate buffer. Those samples were stored at 4°C, for future use.

After rinsing in Triton X-IOO for 10 min, samples were blocked with TBST/BSA (tris-buffered

saline with 1% bovine serum albumin, 25OmM NaCl, pH 8.3) for 1 h . Primary antibody against

alkaline phosphate (ALP) or vinculin (Sigma, St. Louis, MO) was added at a 1:100 dilution and

incubated at room temperature for 2 h . The secondary antibody, goat anti-mouse (GAM) Oregon

green (Molecular Probes, Eugene, OR), was added at a 1:100 dilution and incubated for 1 h .

Samples were then mounted on coverslips with Vectashield® Mounting Medium (Vector Labs,

Burlingame, CA) with propidium iodide (PI) and observed using a confocal scanning laser

microscopy (BioRad 1024 RMC).

Results :

Density : Density measurement was used to identify the amount of dopants to be used for

each composition of TCP with MgO, ZnO and SiO2. Green and sintered densities were

measured and were normalized with respect to the theoretical density of β-TCP (3.07 g/cc).



FIGURE 20 shows influence of MgO addition on densification of TCP based on 0.25 wt% and 1

wt % and compared to undoped TCP. Clearly, 1 wt% addition lead to higher density compared

to 0.25 wt% of MgO in TCP, and 1 wt% was used for all further studies. Similarly, FIGURE 2 1

shows influence of ZnO addition on densification of TCP based on 0.25, 0.5 and 1 wt% and

compared to undoped TCP. Though the highest density was observed for 1 wt% addition, some

concerns were raised regarding cytotoxicity of Zn doped compositions higher than 0.33 wt%, (42)

therefore, for all our further experiments, only 0.25wt% composition was considered. FIGURE

22 shows influence of SiO addition on densification of TCP. It can be seen that densification

increased at 1 wt% and continued up to 5wt%. Based on this data, for single component, we

have studied both 1 and 5 wt% SiO2 effect on TCP, however, for binary and ternary dopant

systems, we have used only lwt% SiO2. TABLE 5 (herein above) shows different compositions

that were studied. TABLE 5 also shows sintered densities for the disc samples of all of those

compositions. Apart from density, influence those dopants on microstructure, compressive

strength, mineralization in SBF, weight change in SBF and strength degradation in SBF up to 12

weeks were studied. Human osteoblast (HOB) cell-materials interactions as well as adhesion and

differentiation protein expressions were studied with a select group of samples.

Microstructure : All as sintered compositions were studied using SEM to understand the

influence of dopants effect on microstructure. Microstructural degradation was also studied for

samples after immersion in SBF for 2, 4, 8 and 12 weeks. All the starting grain sizes are given in

TABLE 5 . FIGURE 23 shows as received and SBF degraded microstructures of pure TCP

ceramics. Pure TCP microstructure is used as control to compare dopants effects. A well

established pattern of degradation is observed over 12 weeks. There is significant increase in

porosity from the initial stage to the final stage; which is an indication of dissolution. Though

apatite formation is not evident on the top surface, interconnected pores are filled with these

apatites, which are believed to be due to saturation effect from the local release of calcium and

phosphorous ions in a semi-closed environment than the free surface. FIGURE 24 shows

microstructures of TCP-I wt% SiO2. Significant growth of flake-like apatite layer on the surface

of the compacts can be seen from 2 weeks. With time, these flaky apatites grew in size and

degraded the TCP grain structure. FIGURE 25 shows microstructures of TCP-5 wt % SiO2 only

up to 6 weeks in SBF. No apatite formation is visible on the surface and grain structure remains

somewhat distinct throughout the 6 week period. Minimal surface porosity is observed with this

composition. FIGURE 26 shows surface microstructures of TCP-ZnO composition that is

changed very little throughout the experiment. Very little surface apatite layer formation is also

noticed, though some apatite can be seen inside the sample from fracture surface analysis.



FIGURE 27 shows TCP-MgO composition, which also showed the highest starting grain size. A

unique crystal-like apatite formation on the surface microstructure is observed up to 8 weeks,

which are similar to the octacalcium phosphate (OCP) crystals found by the electrochemical

method. (43 44) These apatites are also seen in the pores. FIGURE 28 shows microstructures of

binary and ternary dopants after 12 weeks. Overall, no apatite formation can be seen at the top

surface for all of these compositions. Also, MgO-ZnO doped binary composition is shown

minimum degradation even after 12 weeks in SBF. Degradation in other compositions is evident

through increase in surface porosity and loss of distinct grain structure.

Mechanical properties : Mechanical properties of various dopant combinations

incorporated into TCP structures were evaluated via uniaxial compression testing using a screw

driven machine. Five samples of each composition were tested. In an average, sintered densities

of compression samples were 5% below the disc sample density due to low green density of the

pressed samples. FIGURE 29 shows compression strengths of as sintered samples. Most dopant

additions actually dropped compressive strengths of sintered TCP even if a small increase in

density can be seen for those compositions. The lowest strength was found for ZnO doped

samples while the highest strength was for MgO-ZnO doped samples. Over 200% increase in

compressive strength was found due to the addition of 0.25wt% ZnO and lwt% MgO. Similarly,

over 100% increase in compressive strength was found for 5wt% SiO doped sample. The third

set of samples that showed an increase in compressive strength was SiO2-ZnO, with a modest

30% increase. The results clearly show that the individual dopant effects on compressive

strength may be significantly different compared to their combined effects. For example, just

ZnO or MgO additions dropped the compressive strength of TCP, however, their combined

addition increased the same over 200%. Phase analysis of all of these compositions didn't reveal

formation of any significant separate phases. Therefore, the primary reason for strength

variations can be related to grain boundary strengthening and change in densification.

To further understand the rate of strength degradation and influence of dopants on that,

15 samples were kept in SBF up to 12 weeks. After 4th , 8th and 12 th week, five samples were

taken out each time, dried and tested for their compressive strengths. Dried samples were also

measured for their weight to evaluate the weight change during the same period. Two different

mechanisms can affect the change in compression strength and weight of TCP: (i) the

degradation or dissolution effect which is the loss of strength due to the increase in porosity and

weakened grain boundaries, and (U) apatite and/or octacalcium phosphate (OCP) formation

which fills the pores and increases the density and strength of the material. The final weight and

strength will depend on which one of these mechanisms is the dominant one. FIGURE 30 shows



weight change as a function of composition up to 12 weeks. Except MgO-ZnO and the ternary

compositions, all other cases a modest weight increase between 1-3% of their as starting sintered

weight can be seen. Weight of 5wt% SiO2 remained almost constant up to 8 weeks. Weight

change was also influenced by starting density where lower density samples gained more weight

due to the presence of initial interconnected porosity in them in which fluids could go in and

form apatite and/or OCP. FIGURE 3 1 shows strength degradation behavior up to 12 weeks in

SBF.

For pure TCP, compressive strength increased from 83 MPa to 120 MPa during the 4th

week and maintained the same up to the 8th week. However, during the 12 th week, strength

dropped to 45 MPa. This result indicates that strength degradation in TCP is most significant

after 8th week and prior to that deposition mechanism controls the overall strength of the

material. Overall, doped samples showed three general trends: (1) compressive strength of as

sintered and samples after 12 weeks are fairly similar or remain constant, (2) compressive

strength increased and (3) compressive strength decreased continuously as a function of time in

SBF. For ZnO, MgO, SiO -ZnO, SiO2-MgO and ternary compositions, strength remain almost

constant over 12 weeks, however, there may be some variations during the 4th and the 8th week

period. For lwt% SiO2, strength increased continuously from 65 MPa for as sintered to 125 MPa

after 12 weeks. Significant deposition can also be seen in this sample. Both ZnO-MgO and

5wt% SiO2, strength decreased continuously with time. For ZnO-MgO, from >275 MPa for as

sintered, strength dropped to 65 MPa after 12 weeks in SBF. This was the biggest strength drop

among all the compositions. For 5wt% SiO2, strength drop was from 160 MPa to 80MPa after 8

weeks. Overall, these results indicate that both dopant chemistry and amount can influence as

sintered strength as well as in vitro strength degradation behavior significantly. FIGURES 32,

33, 34 and 35 show fracture surfaces of compression samples after 12 weeks in SBF. All

compositions with single dopant and pure TCP show deposition inside the sample that suggests

a continuous network of porosity in the sintered samples. This is related to the density of the

samples and from TABLE 5, it is clear that pure TCP and single dopant samples had the lowest

density of all the samples. Among the binary and ternary dopant samples, only SiO2-ZnO

sample showed some deposition, but others had no evidence of any deposition in the fracture

surface. Clearly degradation and deposition in these samples took place primarily at the surface.

Biological properties : Cell culture experiments were done using osteoblast precursor cell

line 1 (OPCl) to determine toxicity due to the addition of dopants into TCP. It is important that

dopants do not compromise the biocompatibility of TCP. If OPCl cells are not affected by the

dopants then they would tend to spread out and occupy as much surface area as possible, thus,



having a more flattened structure. However, if there is some toxicity, cells will rather adhere to

themselves than the material's surface, therefore, OPCl cells will reduce the contact surface

with the material and will look like a ball. Cell culture experiments were done at two intervals, 5

days and 11 days. These intervals were chosen because it was found that after day 5, cells on a

bioactive surface should begin the proliferation process in which they spread to cover as much

surface area as possible and after day 11 some differentiation should be in progress where the

OPCl cells nearest to the material begin to release calcium and phosphorous which are the

major constituents of bone material onto the surface. (45) Overall, after 11 days all samples

showed good bioactivity and cell spreading. Some directional growth of cells was observed, an

indication for differentiation. FIGURE 36 shows OPCl cells on pure TCP and single dopant

samples. Cell proliferation was clearly evident in all cases, however, ZnO doped samples

showed extensive flaky deposition layer while MgO doped sample showed cell banding and

layering. The cells displayed numerous lamellipodia and filopodia extensions, which are noted

contacting cells to the substrate and to neighboring cells. This suggests good cell-materials

interactions and cell to cell communication. Extracellular matrix (ECM) (46) formation was found

on the surface of cells and between the neighboring cells, which were confirmed using EDS to

be composed of Ca and P. FIGURE 37 shows OPCl cells on binary and ternary compositions.

All sample surfaces are fully confluent with OPCl cells. Some layering of cells is also visible

after 11 days. To further understand the formation of ECM, ZnO and MgO-ZnO doped samples

were selected and OPCl cells were cultured for 56 days. FIGURE 38 shows a three dimensional

fibrillar network of ECM formation in both of these surfaces. Numerous apatite-like granules

were also precipitated on the collagen ECM, revealing the ECM starting to mineralize. FIGURE

39 shows results from MTT assay regarding cell proliferation of pure TCP, and with ZnO and

ZnO-MgO dopants. The optical density is a representative of number of living cells on the

substrate. It can be seen that both doped samples had significantly higher number of living cells

compared to pure TCP, a good sign for cell proliferation.

To further understand cell-materials interaction, protein expression was characterized for

only ZnO and Zno-MgO doped compositions only. Different protein markers can be

characterized for different stages of cell-materials interactions. Since these samples already

showed good cell proliferation, we focused our effort on proteins related to cell adhesion and

cell differentiation. For cell adhesion, vinculin expression was studied and for cell

differentiation, expression of alkaline phosphate (ALP) was studied. The confocal micrographs

of vinculin expression in OPCl cells at culture on TCP-ZnO and TCP-MgO-ZnO are shown in

FIGURE 40. Vinculin within the cells can be identified by the expression of green fluorescence,



and nuclei counterstained with PI expressed red fluorescence. OPCl cells cultured on TCP-ZnO

and TCP-MgO-ZnO displayed positive immunostaining for vinculin. OPCl cells showed

obvious vinculin production after 4 days of culture. With the increase of culture time, vinculin

activity increased significantly. FIGURE 4 1 shows the confocal micrographs of ALP expression

in OPCl cells cultured on TCP-ZnO and TCP-MgO-ZnO. ALP within the cells was identified

by the expression of green fluorescence, and nuclei counterstained with PI in the mounting

medium expressed red fluorescence. At day 10 and day 28, OPCl cells cultured on TCP-ZnO

and TCP-MgO-ZnO displayed positive immunostaining for ALP. OPCl cells showed obvious

ALP production after 10 days of culture. With the increase of culture time, ALP activity also

increased significantly.

The results obtained indicated that doped TCPs are better for cell attachment and growth.

As a bio-resorbable material, TCP degrades within human body environment. Fast dissolution of

TCP diminishes cell-material interface even though the interface has well established. In

addition to dissolution, the change in the surrounding milieu after dissolution is also an

important reason for the relatively poor biocompatibility of TCP. The dissolution of TCP

increases the calcium and phosphate ionic concentration in surrounding fluid, and results in the

re-crystallization of apatite over the surface. The formation of the apatite on the surface

decreases the pH of the environment which in turn increases the solubility of TCP. The addition

of zinc decreases the dissolution, and enhances the stability of TCP ceramics. It is helpful for

cell attachment and growth. In this Example, TCP-ZnO and TCP-MgO-ZnO exhibited excellent

biocompatibility with OPCl cell. This result suggests that these two samples promote better cell

attachment and spreading behavior. As an adhesive molecule, vinculin aids in the assemblage of

focal contact by crosslinking and recruiting other proteins to form adhesion plaques. (47) The

existance of vinculin represents the TCP-MgO-ZnO, indicating that these two samples have

surface properties favorable for cell adhesion. Moreover, formation of collagenous ECM

indicates that OPCl cells on these two samples are capable of producing a matrix suitable for

mineralization and suggest initiation of a biomineralization pathway. Immunocytochemistry

showed that strong ALP expression in the OPCl cells cultured on ZnO and TCP-MgO-ZnO.

ALP is a major marker characteristic of osteoblasts. ALP is regarded as an early marker for

osteoblast differentiation, and it is generally accepted that as the specific activity of ALP in a

population of bone cells increases there is a corresponding shift to a more differentiated state. (48)

High levels of ALP expression on these two samples can be related to rapid differentiation of

OPCl cells on these surfaces.



Therefore, according to particular aspects, β-tricalcium phosphate ceramic compacts

were made with the addition of MgO, ZnO and SiO dopants in various combinations. These

samples were then tested for physical, mechanical, and biological properties. The compacts

doped with MgO, lwt% SiO2 and 5wt% SiO2 separately did not alter densification, however,

0.25wt% ZnO decreased sintered density of TCP. All binary and ternary dopant compositions

showed an increase in densification compared to pure TCP. Weight change measurements after

SBF treatment indicated that all single component systems and TCP-SiO2-ZnO produced an

increase in weight which was an indication of apatite growth. This data was also supported by

microstructural analysis. However, for all binary and ternary compositions, weight change was

negligible and sometimes negative, an indication that there was little or no apatite formation.

Microstructural analysis revealed signs of surface dissolution after 12 weeks for all samples.

TCP was found to degrade after 8 weeks in SBF solution. TCP lwt% SiO2 compacts showed a

continuous increase in compressive strength for 12 weeks in SBF while TCP-5wt% SiO2 and

TCP-MgO-ZnO compositions both illustrated a continuous decrease in compressive strengths

over 12 weeks in SBF. It was also found that degradation began after 2 weeks for these

compositions. For all other compositions, compressive strengths after 12 weeks remained similar

to their as sintered value. Fractographic analysis revealed apatite formation inside the sample for

pure TCP and single dopant compositions suggesting an interconnected open porosity

throughout the sample. However, for binary and ternary dopants, higher densification reduced

the open pore network. In vitro cell materials interaction work with OPCl cells proved that all

compositions were biocompatible and non-toxic. Specific experiments on adhesion, proliferation

and differentiation showed that dopants play a significant role towards improving cell-materials

interactions.
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CLAIMS

1. A bioresorbable and biocompatible composition for bioengineering, restoring or

regenerating tissue or musculoskeletal tissue, comprising: a three-dimensional porous or non-

porous scaffold material comprising a calcium phosphate-based ceramic, the ceramic having at

least one dopant included therein selected from the group consisting of metal salts with metal

ions and metal oxide dopants, wherein the composition is sufficiently biocompatible to provide

for a cell or tissue scaffold, and resorbable at a controlled resorption rate, to control mechanical

strength and strength degradation, dependent upon the dopant composition, under body, body

fluid or simulated body fluid conditions.

2 . The composition of claim 1, wherein the at least one dopant is selected from the

group consisting of Zn2+, Mg2+, Si2+, Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+, CO3
2 , F , MgO,

ZnO, NaF, KF, FeO/Fe2O3, SrO, CuO, SiO2, TiO2, Ag2O and CaCO3, present in a single-

element or multi-element amount between Oand about 10 wt%, from about 0.5 to about 5 wt%,

from about 1 to about 3 wt%, from about 2 to about 7 wt%, from about 3 to about 7 wt%, from

about 4 to about 7 wt%.

3 . The composition of claim 1, wherein biocompatibility comprises biocompatibility

with respect to at least one cell or tissue type selected from the group consisting of eukaryotic

cells, mammalian cells, bone forming or restructuring cells, osteoblastic or osteoblastic

precursor cells, cartilage cells, muscle cells, stem cells, differentiated stem cells, bone marrow

stem cells, and nerve cells.

4 . The composition of claim 1, wherein the tissue comprises at least one selected

from the group consisting of bone, cartilage, muscle and musculoskeletal tissue.

5 . The composition of claim 2, wherein the at least one dopant is present in an

amount sufficient to maintain the compressive strength of the material at about 30% of original

or higher, 40% of original or higher, 50% of original or higher, 60% of original or higher, 70%

of original or higher, 80% of original or higher, 90% of original or higher, in each case, for a

period of at least 6, at least 7, least 8, at least 9, at least 10, at least 11 or at least 12 months

under body, body fluid or simulated body fluid conditions, to provide for a slow-degrading

composition..

6 . The composition of claim 2, wherein the at least one dopant is present in an

amount sufficient to reduce the compressive strength of the material to about 90%, or less than

90%, 80%, or less than 80%, 70%, or less than 70%, 60%, or less than 60% or 50%, or less than



50% of original, in each case, within a period of about 3 months, about 4 months, about 5

months or about 6 months under body, body fluid or simulated body fluid conditions, to provide

for a fast-degrading composition.

7 . The composition of claim 2, wherein the at least one dopant is selected from the

group consisting of SrO, ZnO, TiO , MgO and SiO2 dopants, present in a single-element or

multi-element amount between O and about 10 wt%, from about 0.5 to about 5 wt%, from

aboutl to about 3 wt%, from about 2 to about 7 wt%, from about 3 to about 7 wt%, from about 4

to about 7 wt%.

8. The composition of claim 1, wherein the ceramic comprises a multi-element

dopant comprising at least two dopants selected from the group consisting of Zn2+, Mg2+, Si2+,

Na+, K+, Sr2+, Cu2+, Fe3VFe2+, Ag+, Ti 4+, CO3
2 , F , MgO, ZnO, NaF, KF, FeO/Fe 2O3, SrO,

CuO, SiO2, TiO2, Ag2O and CaCO3, present in a single-element or multi-element amount

between Oand about 10 wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from

about 2 to about 7 wt%, from about 3 to about 7 wt%, from about 4 to about 7 wt%.

9 . The composition of claim 1, wherein the ceramic comprises at least one dopant

ions and/or oxides present in a single-element or multi-element amount between 0 and about 10

wt%, from about 0.5 to about 5 wt%, from aboutl to about 3 wt%, from about 2 to about 7 wt%,

from about 3 to about 7 wt%, from about 4 to about 7 wt%.

10. The composition of claim 1, wherein the calcium phosphate comprises at least

one single or mixed phase calcium phosphate material having the formula (Cax(PO4)y, where x =

1 or more, and y = 1 or more), or hydroxylated variants thereof.

11. The composition of claim 1, wherein the calcium phosphate comprises at least

one single or mixed phase calcium phosphate material having calcium to phosphate ratio (Ca/P)

in a range from about 1.4:1 to about 1.7:1, or from about 1.0:1 to about 2.0:1.

12. The composition of claim 11, wherein the calcium to phosphate ratio is about

1.5:1, or about 1.67:1.

13. The composition of claim 1, wherein the calcium phosphate-based ceramic

comprises at least one of tricalcium phosphate (TCP; Ca3(PO4)2) and Hydroxyapitite (HAp;

Ca
10

(PO4MOH) 2) .

14. The composition of claim 1, wherein the scaffold material comprises a plurality

of ceramic particles, and further comprises an open and interconnected porous network.



15. The composition of claim 14, wherein the open and interconnected porous

network is between and among said ceramic particles, and wherein the pore size of the open and

connected porous network is within a restricted or controlled range established during formation

of the scaffold material.

16. The composition of claim 15, wherein the restricted or controlled range of pore

size comprises a microporous or macroporous pattern having pore sizes in the range of about 10

µm to about 5 mm, or comprises nanoscale or microscale pores ranging from about 10 nm to

about 500 µm in diameter, or from about 1 nm to about 1 µm.

17. The composition of claim 1, wherein the scaffold material comprises dense to

solid structures, or porous structures having internal cavities with sizes varying from nano-scale

to larger sizes, or micro porous structures, wherein the core of the bulk scaffold material is

comprised of a geometric pattern of material with voided areas or low density structures with a

quasi- solid exterior.

18. The composition of claim 1, further comprising at least one chemical, drug,

growth factor or biological agent deposited, incorporated into, or stored within and/or on a

surface of the scaffold material or within one or more pores thereof to operatively provide for

release, contolled release or burst release of the agent to facilitate bioengineering, restoring or

regenerating bone or other tissue.

19. The composition of claim 18, wherein the at least one agent comprises at least

one selected from the group consisting of antibiotics, antimicrobial agents, growth factors,

osteoinductive growth factors, drugs, polypeptides and proteins.

20. The composition of claim 18, wherein the at least one agent can be selectively

activated and/or released at set times by the application of at least one chemical, electrical,

magnetic or photochemical triggering event.

21. The composition of claim 20, wherein the at least one chemical, electrical,

magnetic or photochemical triggering event is at least one selected from the group consisting of

chemical ingestion or infusions, exposure to UV light, ultrasound, magnetic fields, and electric

current.

22. The composition of claim 1, wherein the composition is a coating material.

23. The composition of any one of claims 1-22, wherein the biocompatibility is

sufficient to provide for bioengineering, restoring or regenerating bone or other tissue in the

body of a human or other vertebrate or animal.



24. The composition of any one of claims 1-22, wherein the composition is useful for

at least one of dental and orthopedic implants, craniomaxillofacial applications, and spinal

grafting, and said composition is suitable to promote bone in-growth and repair.

25. The composition of any one of claims 1-22, comprising disks, solids, or porous

scaffolds.

26. A method for making a bioresorbable and biocompatible composition for

bioengineering, restoring or regenerating bone or other tissue according to any one of claims 1-

22, comprising at least one of sintering of the calcium phosphate-based ceramic, and the use of

synthesized nanopowders of the calcium phosphate-based ceramic.

27. The method of claim 26, wherein the material properties of the composition are

selectively modulated by using at least one of sintering processes to reduce grain sizes, and

synthesized nanopowders to further reduce grain size for increased strength and hardness and/or

improved cell materials interactions.

28. The method of claim 26, further comprising depositing, incorporating into, or

storing a chemical, drug, growth factor or biological agent within and/or on a surface of the

scaffold material or within one or more pores thereof to operatively provide for release,

contolled release or burst release of the agent to facilitate bioengineering, restoring or

regenerating bone or other tissue.

29. The method of claim 28, wherein the at least one agent comprises at least one

selected from the group consisting of antibiotics, antimicrobial agents, growth factors,

osteoinductive growth factors, drugs, polypeptides and proteins.

30. The method of claim 28, wherein the at least one agent can be selectively

activated and/or released at set times by the application of at least one chemical or

photochemical triggering event.

31. The method of claim 30, wherein the at least one chemical or photochemical

triggering event is at least one selected from the group consisting of chemical ingestion or

infusions, exposure to UV light, ultrasound, magnetic fields, and electric current.

32. A method for tissue or musculoskeletal tissue engineering, comprising placement,

under body, body fluid or simulated body fluid conditions, a bioresorbable and biocompatible

composition for bioengineering, restoring or regenerating bone and/or other tissue according to

any one of claims 1-22, wherein the bone and/or other tissue is, at least in part, bioengineered,

restored or regenerated.



33. The method of claim 32, wherein bioengineering, restoring or regenerating bone

or another tissue is in vitro or ex vivo, comprising placement under simulated body fluid

conditions or body fluid conditions.

34. The method of claim 32, wherein bioengineering, restoring or regenerating bone

and/or other tissue is in vivo, comprising placement under body fluid conditions or body

conditions.

35. The method of claim 32, wherein the three-dimensional tissue scaffold comprises

an open interconnected porous network to facilitate at least one of cell adhesion, growth,

spreading, metabolism, proliferation and differentiation, with temporally controlled strength loss

of the scaffold material such that the tissue being bioengineered, restored or regenerated is

subjected to a range of mechanical forces normally associated with such tissues.

36. The method of claim 32, wherein the bone tissue or other tissue comprises at least

one cell or tissue type selected from the group consisting of eukaryotic cells, mammalian cells,

bone forming or restructuring cells, osteoblastic or osteoblastic precursor cells, cartilage cells,

muscle cells, stem cells, differentiated stem cells, bone marrow stem cells, and nerve cells.

37. The method of any one of claims 32-35, wherein the composition is used for

dental and orthopedic implants, craniomaxillofacial applications and spinal grafting, and said

composition is suitable to promote bone in-growth and repair.

38. A method for providing a coated material for use in bioengineering, restoring or

regenerating tissue or musculoskeletal tissue, comprising:

obtaining a substrate material and

coating the material with a composition according to any one of claims 1-22, to provide

at material suitable for use in bioengineering, restoring or regenerating tissue or musculoskeletal

tissue.

39. A method for tissue or musculoskeletal tissue engineering, comprising placement,

under body fluid or simulated body fluid conditions, a coated material according to claim 37,

wherein the bone and/or other tissue is, at least in part, bioengineered, restored or regenerated.
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