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METHOD OF MANUFACTURING
HYDROXYAPATITE AND USES THEREFOR
IN DELIVERY OF NUCLEIC ACIDS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation-In-Part of U.S. Non-
Provisional patent application Ser. No. 10/393,507 filed Mar.
19,2003, now U.S. Pat. No. 7,247,288, which claims priority
under 35 U.S.C. §119(e) to U.S. Provisional Patent Applica-
tion No. 60/373,494, filed Apr. 18, 2002, both of which are
incorporated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with Government support under
Grant No. NSF-NIRT (CTS-0210238) from the National Sci-
ence Foundation, Grant No. ONR(N00014-0110715) from
the Office of Naval Research’s Defense University Research
Initiative on Nanotechnology, Grant No. NIH-NIBIB
(1RO1EB002706) from the National Institutes of Health’s
National Institute of Biomedical Imaging and BioEngineer-
ing, and Grant No. NIH-NIDCR (5SR03DE015905) from the
National Institutes of Health’s National Institute of Dental
and Craniofacial Research. The Government may have cer-
tain rights in this invention.

BACKGROUND

1. Field of the Invention

Provided is a method for preparing hydroxyapatite, and
uses thereof, including in tissue engineering and repair and in
gene delivery.

2. Description of the Related Art

Calcium phosphate in its broadest sense is a ubiquitous
material that naturally exists in a broad variety of places. It is
typically an organic product that is found in bone, teeth and
shells of a large variety of animals. It exists in a variety of
forms as are well-known in the art, such as hydroxyapatite
(Hydroxyapatite, Ca,,(PO,);(OH),, Ca/P=1.67), tricalcium
phosphate (TCP, Ca,;(PO,),, Ca/P=1.5) and brushite
(CaHPO,.2H,0, Ca/P=1), as well as in amorphous form
(ACP, Ca(PO,),.NH,0) (Ca/P=~1.5). The relative stability
of the predominant forms of calcium phosphate are:

ACP<TCP<<Hydroxyapatite.

Calcium phosphate, in the form of hydroxyapatite has been
widely studied as a bone substitute due to its osteoconductive
characteristics and its structural similarity to the mineralized
matrix of natural bone (T. Kanazawa, Inorganic phosphate
materials, 1989, 52, p 15-20). Hydroxyapatite also has
attracted much attention as a substitute material for damaged
teeth over the past several decades and its biocompatibility
has been experimentally proven to be superior to many other
materials.

Nano-structured hydroxyapatite is believed to have several
advantages in its use in bone tissue engineering due to its
higher surface area and consequently higher reactivity which
offers better cellular response. In addition, nano-sized
hydroxyapatite is useful as an effective surface modification
agent for binding numerous biological molecules.

There are several reported methods for the synthesis of
hydroxyapatite. Some of the widely used processes include
aqueous colloidal precipitation, sol-gel, solid-state and
mechano-chemical methods. The solid state methods require
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elevated temperatures, which lead to grain growth and coars-
ening of the microstructure. Low temperature methods such
as sol-gel, mechano-chemical synthesis and colloidal precipi-
tation are performed at ambient temperatures and therefore
provide the ability to synthesize nano-structured material
with direct control of the particle and grain size. However,
because the calcium and phosphate ions in the precursor
solutions spontaneously react to form the CaP precipitates,
the initial burst of nuclei can result in the rapid aggregation of
particles over time due to the strong van der Waal’s and
secondary surface interaction between particles. Such aggre-
gation is a common phenomena observed in colloidal suspen-
sions of ceramic particles. The problem becomes even more
severe when the particles are in the nano-size range due to the
inherent surface reactivity which results in a stronger driving
force, further facilitating agglomeration. One approach to
minimize such aggregation is to use dilute solutions of the
reactants, thus inducing homogeneous nucleation and con-
trolled monodispersed particle growth.

Most widely used aqueous colloidal precipitation reactions
to synthesize hydroxyapatite are as follows (R. Doremus.
Review Bioceramics, Journal of Materials Science, 1992,27,
p 285-297):

10Ca(OH),+6H;P0,—Ca, 4(PO,) o(OH)»+18H,0 (Formula T)

10Ca(NO,),+6(NH,),HPO ;+2H,0— (Formula TT)

Ca,o(PO,)6(OH),+12NH,NO,+8HNO,.

Both of the reactions shown in Formulas I and II require the
continuous maintenance of pH in excess of 11.0 during the
entire duration (at least 12-24 hours of the reaction) to ensure
the formation of stoichiometric quantities of hydroxyapatite.
This is a major disadvantage for gene delivery. Furthermore
this pH range is not suitable for cell stability and growth.

Current popular methods of gene delivery include viral
gene delivery, chemical methods, such as calcium phosphate
precipitation methods and liposome delivery. Non-viral plas-
mid gene delivery methods have certain advantages, includ-
ing transient expression of the delivered gene, low systemic
toxicity and are typically relatively simple to manufacture.
However, there procedures typically result in low transfection
efficiency. Calcium phosphate has long been recognized as a
useful transfection agent, with many commercially available
kits (Graham, F. L., et al. (1973); Wigler, M., et al., (1978)).
Calcium phosphate (CaP)-based approaches remain an
attractive option for delivering plasmid DNA (pDNA) into
cultured cells. However, despite their appeal, current synthe-
sis methodologies typically yield lower, less consistent trans-
fection efficiencies when compared to viral approaches. In
the case of CaP-based approaches, lower levels of gene
expression (in comparison to viral approaches) are observed
because of difficulties associated with endosomal escape,
partial protection of the DNA from nuclease degradation and
inefficient nuclear uptake. Orrantia et al., Exp. Cell Res. 190:2
(1990). Therefore, there is a need for a much more effective
and a biocompatible synthesis approach, as well as a method
of reducing aggregation without a need for diluting the reac-
tants.

Gene delivery recently has been investigated for use in
bone tissue engineering therapies to repair or heal challeng-
ing wound or defect sites. Tissue engineering approaches
have typically involved implanting 3D biomimetic extracel-
Iular matrices (bECMs), seeded with cells or signaling mol-
ecules (SMs) or both, into defects to induce and guide the
growth of new bone by host tissue ingrowth (Oldham, J. B., et
al. “Biological activity of thBMP-2 released from PLGA
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microspheres.” J Biomech Eng. 2000 June; 122(3):289-92;
Whang K, et al. “Ectopic bone formation via rhBMP-2 deliv-
ery from porous bioabsorbable polymer scaffolds.” J Biomed
Mater Res. 1998 Dec. 15;42(4):491-9; Hollinger, J. O., et al.,
“Poly(alpha-hydroxy acid) carrier for delivering recombinant
human bone morphogenetic protein-2 for bone regeneration,”
J. Controlled Reel., (1996) 39:287-304 and Sexual, H. D., et
al., “Bone formation with use of rhBMP-2 (recombinant
human bone morphogenetic protein-2),” J. Bone Joint Surge.,
(1997) 79-A(12):1778-1790.). The beams are typically poly-
meric, biodegradable, and highly porous to mimic the micro-
structure of bone. Calcium phosphate and polymer/calcium
phosphate composite beams have also been used (Lu, H. H.,
et al. “Three-dimensional, bioactive, biodegradable, poly-
mer-bioactive glass composite scaffolds with improved
mechanical properties support collagen synthesis and miner-
alization of human osteopath-like cells in vitro.” J Biomed
Mater Res. 2003 Mar. 1; 64A(3):465-74; Spitzer, R. S., et al.
“Matrix engineering for estrogenic differentiation of rabbit
preinstall cells using alpha-tribalism phosphate particles in a
three-dimensional fibrin culture.” J Biomed Mater Res. 2002
Mar. 15; 59(4):690-6; Marra, K. G., et al., <<In vitro analysis
of biodegradable polymer blend/hydroxyapatite composites
for bone tissue engineering.” J Biomed Mater Res. 1999 Dec.
5;47(3):324-35). A gene therapy approach to tissue engineer-
ing incorporates DNA in the beck. The DNA transfect local
resident cells to secrete desired signaling molecules in a sus-
tained fashion. When the beck/DNA is implanted into the
wound site, the structural matrix serves as an interactive sup-
port to wound repair cells that are naturally recruited during
the granulation phase of bone wound repair. The cells migrate
into the matrix and subsequently come in contact with the
incorporated DNA. The ideal matrix would mimic the micro-
structure of the target tissue, optimize the activity of the
expressed growth factors, enhance transfection efficiency of
the DNA, provide stability in vivo, and degrade in a controlled
fashion with minimal inflammatory response. Additional
desirable attributes include controlled release of the gene and
ability to promote conducive cell growth and differentiation.

The non-viral gene therapy approach to tissue engineering
has been demonstrated by Fang et al. and Bandai et al. (Fang,
J., et al., “Stimulation of new bone formation by direct trans-
fer of estrogenic plasmid genes,” Proc. Natl. Acad. Sic.
U.S.A., (1996) 93(12):5753-8 and Bandai, I., et al., “Local-
ized, direct plasmid gene delivery in vivo: prolonged therapy
results in reproducible tissue regeneration,” Nar. Med.,
(1999) 5(7):753-9). Fang et al. and Bonadio et al. reported the
use of a “Gene Activated Matrix” (GAM) to locally deliver
pDNA to wound sites in rats. Fang et al. delivered either a
bone morphogenetic protein-4 (BMP-4) plasmid or a plasmid
coding for a fragment of parathyroid hormone (amino acids
1-34) (PTH, 5,). In both cases, a biological response was
shown. Both Fang et al. and Bonadio et al. used a collagen-
based bBECM. However, a major problem with the approach is
that they had to use high concentrations of plasmid DNA to
achieve a clinical result since collagen based scatfolds do not
provide any properties to transfect DNA into the cells. The
combination of a biodegradable polymer and plasmid DNA
without the addition of a transfecting agent thus appears to
yield an inefficient transfection of plasmid DNA into the cell.
Hence, there is a need for an optimum delivery system that
would enhance in vivo gene transfer. To overcome these limi-
tations, researchers are investigating various transfecting
agents such as cationic lipids (liposomes or lipoplexes) and/or
cationic polymers to incorporate into polymers for tissue
engineering applications.
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U.S. Pat. Nos. 5,258,044, 5,306,305, 5,543,019, 5,650,
176, 5,676,976, 5,683,461, 5,783,217, 5,843,289, 6,027,742,
6,033,582, 6,117,456, 6,132,463 and 6,214,368 disclose
methods of synthesizing calcium phosphate particles and a
variety of biomedical uses for nanocrystalline calcium phos-
phate particles. These patents each describe to varying extents
coating of substrates with calcium phosphates, including
medical implants and medical devices. The implants and
matrices formed from the calcium phosphate materials
described in those patents are useful in tissue engineering and
repair, especially bone engineering and repair. U.S. Pat. Nos.
5,258,044, 5,306,305, 543,019, 5,650,176, 5,676,976, 5,683,
461, 5,783,217, 5,843,289, 6,027,742, 6,033,582, 6,117,456,
6,132,463 and 6,214,368 are incorporated herein by reference
in their entirety for their teachings relating to uses for calcium
phosphate.

U.S. Pat. Nos. 5,460,830, 5,441,739, 5,460,831, 5,462,
750, 5,462,751, 5,464,634 and 5,639,505 describe a number
of'uses for brushite and TCP nanoparticles and various meth-
ods for preparing nanocrystalline brushite and TCP by stan-
dard methodology using acidic sodium phosphate as a pre-
cursors. Calcium phosphate is described in those patents as
useful as a bioreactive particle, such as a transfection agent,
that is complexed with nucleic acids, proteins and peptides
(including antibodies) and pharmacological agents. Also
described in those patent references are nanocrystalline cal-
cium phosphate particles coated with viral proteins, useful as
viral decoys for immunizing an animal, and nanocrystalline
calcium phosphate particles coated with hemoglobin for use
as red blood cell surrogates. U.S. Pat. Nos. 5,460,830, 5,441,
739, 5,460,831, 5,462,750, 5,462,751, 5,464,634 and 5,639,
505 are incorporated herein by reference in their entirety for
their teachings relating to uses for calcium phosphate nano-
particles.

Dental Pulp Injury Model to Treat Carious Lesions—For
many years, the treatment of dental carious lesions has been
based on physical, chemical and biomechanical properties of
the restorative materials. In recent years, we have seen the
emergence of biological therapies that hold considerable
promise to change the practice of dentistry.

The production of dentin under pathological inflammatory
conditions often results in poor quality reparative dentin con-
taining irregular deposition of collagen matrix, fewer and
wider dentinal tubule and hypomineralization. Clinically,
pulpal inflammation with minor exposure is treated with cal-
cium hydroxide (for example Dycal®) using the direct pulp-
capping technique. Some of the effects of calcium hydroxide
treatment may include reparative dentin formation with pres-
ervation of tooth vitality, pulpal resorption, apical lesions and
excessive reparative dentin formation. The mechanism of
reparative dentin stimulation by Dycal® is that the inherent
alkalinity (pH 11-12) of calcium hydroxide induces a focal
necrosis upon contact with the pulp and neutralizes the acid-
ity produced during the inflammatory response. This alkalin-
ity may increase the risk of pulp morbidity and apical lesions.
The surviving pulp may deposit excessive reparative dentin in
response to Dycal®.

Reparative dentin is formed by matrix-mediated biomin-
eralization. The predentin matrix is synthesized and secreted
by odontoblasts and is subsequently mineralized to form den-
tin. After pulp exposure, cytokines are needed to induce cell
division to replenish lost cells and transcription factor(s) are
required to upregulate the genes encoding the extracellular
matrix proteins(ECM). Nakashima has observed that several
growth factors induces the proliferation and differentiation of
pulp cells (Nakashima, M., “The effects of growth factors on
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DNA synthesis, proteoglycan synthesis and alkaline phos-
phatase activity in bovine dental pulp cells,” Arch. Oral Biol.,
(1992) 37(3):231-6 and Nakashima, M., et al., “Regulatory
role of transforming growth factor-beta, bone morphogenetic
protein-2, and protein-4 on gene expression of extracellular
matrix proteins and differentiation of dental pulp cells,” Dev.
Biol., (1994) 162(1):18-28). Rutherford, et al. have reported
that osteogenic protein-1 (OP1 or BMP-7) induces formation
of reparative dentin after pulp exposure in monkeys (Ruther-
ford, R. B., et al., “Induction of reparative dentine formation
in monkeys by recombinant human osteogenic protein-1,”
Arch. Oral Biol., (1993) 38(7):571-6).

SUMMARY

A novel method for making hydroxyapatite and the product
of that method is provided. The method includes the step of
reacting calcium ions with phosphate ions in the presence of
hydroxyl ions at a ratio of calcium ions to phosphate ions is
greater than 1.67, and typically greater than about 16.7 and
even greater than 167. In one embodiment, the phosphate is
trisodium phosphate and the calcium is calcium chloride. In
that embodiment, the hydroxyapatite is prepared according to
the formula:

#(CaCly)+6(NazPO,)+2NaOH—>Ca, (PO, o OH) o+
20NaCl+(n-10)CaCl,,

wherein n is greater than 10, and typically greater than 100, or
even 1000.

Also provided is a hydroxyapatite complex in which the
above-described hydroxyapatite is complexed with a bioma-
terial and methods of making the same. Such methods can be
used to consistently synthesize efficient, nano-sized, mono-
dispersed CaP-pDNA nano-particles. Two parameters of
importance in the methods are the stoichiometry (Ca/P ratio)
of the CaP nano-particles as well as the mode in which the
calcium and phosphate precursor solutions are mixed. For
example, in certain embodiments, when calcium and phos-
phate precursors are mixed in a controlled and regulated
manner, nano-sized particles can be formed that consistently
yield higher transfection efficiencies when compared to par-
ticles synthesized via manual mixing. In another embodi-
ment, highly efficient transfections can be obtained when a
Ca/P ratio of between 100 and 300 is used. Such nano-par-
ticles can be between 20 to 50 nm and 25 to 50 nm in size. In
one embodiment, the biomaterial is plasmid DNA that con-
tains a gene, such as a bone morphogenetic protein gene.
Examples of suitable genes include rhBMP-2, Osx, Runx2,
PDGF, NGF, VEGF, IGF, FGFs, EGF, TGF-} and BMP-7.

The hydroxyapatite complex can be used to transform cells
in vitro or in vivo. A method is therefore provided for trans-
forming cells. The method includes the step of contacting a
cell with the described hydroxyapatite complex. The
hydroxyapatite may be associated with an appropriate tissue
engineering matrix for use in regenerative medicine. A prod-
uct including the described hydroxyapatite and a substrate,
such as a bio-degradable porous natural and/or synthetic
polymer, useful in tissue engineering and wound healing also
is described.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph showing pH changes over time for
hydroxyapatite prepared as described herein.

FIG. 2 shows DTA/TGA graphs of HAp with and without
NaOH addition.
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FIGS. 3A and 3B show XRD patterns of HAp (3A) with
NaOH and (3B) without NaOH at various heating tempera-
tures.

FIGS. 4A and 4B show FT-IR spectra of HAp (4A) with
NaOH and (4B) without NaOH at various heating tempera-
tures.

FIG. 5 is a scanning electron microscope (SEM) micro-
graph of the as-prepared HAp obtained with addition of
NaOH showing nano-crystalline (<100 nm) agglomerates
(>>2~5 mm).

FIG. 6 is a SEM micrograph of stoichiometric HAp heat
treated to 900° C. for 10 h in air.

FIG. 7 (prior art) is a schematic drawing showing wound
healing. Bonadio. J Mol Med. (2000) 78:303-311.

FIG. 8A is a SEM micrograph showing the morphology of
the nanocrystalline hydroxyapatite particles described
herein.

FIGS. 8B and 8C are Transmission Flectron Microscopy
micrographs showing the morphology of the nanocrystalline
hydroxyapatite particles described herein.

FIG. 9 is a graph showing amount of >*P-DNA retained to
the hydroxyapatite as a function of time.

FIGS. 10A and 10B are graphs comparing transformation
efficiency of the nanocrystalline hydroxyapatite particles
described herein as compared to a commercially-available
kit.

FIG. 11A is a schematic diagram illustrating an in vitro or
ex vivo method for transforming cells. FIG. 11B is a SEM
micrograph of cells treated according to the method shown in
FIG. 11A.

FIGS. 12A and 12B compare transformation efficiency of
the polymer-associated nanocrystalline hydroxyapatite par-
ticles described herein as compared to a commercially-avail-
able kit in an embodiment of the system shown in FIGS. 11A
and 11B.

FIG. 13 depicts schematically repair of a tooth as described
in Example 3.

FIGS. 14A and 14B show x-rays of fibrin matrix contain-
ing the nanocrystalline hydroxyapatite particles described
herein both with (14A) and without (14B) plasmid DNA
implanted into the mouse hind limb muscle.

FIGS. 15A and 15B show x-rays of a fibrin matrix contain-
ing hydroxyapatite complexes with pBMP-2 (encoding for
the recombinant human Bone Morphogenetic Protein-2 (rh-
BMP-2)) implanted into the mouse hind limb muscle.

FIG. 16 shows the effect of mixing conditions on transfec-
tion efficiency. Hel.a cells transfected with nano-particles
synthesized using a flow rate of 13.4 pl/s yielded higher, more
consistent transfection efficiencies when compared to nano-
particles synthesized via manual mixing (n=3).

FIG. 17 shows the effect of the Ca/P ratio on transfection
efficiency. Both (a) HeLL.aand (b) MC3T3-E1 cells were trans-
fected with CaPs-pDNA precipitates synthesized with vari-
ous Ca/P ratios ranging from Ca/P=30 to Ca/P=700 (n=9).

FIG. 18 shows the particle size distribution of CaPs-pDNA
precipitates with varying Ca/P ratios. Particle sizes within the
three subgroups (i.e., Ca/P=30-75, 100-300 and 500-700)
were on average 1.8-2.5 um, 25-50 nm and approximately 20
nm, respectively. The data is presented as average
sizexstandard error (n=3).

FIG. 19 shows TEM images of CaPs-pDNA complexes
synthesized using the following Ca/P ratios: (A) Ca/P=30,
(B) Ca/P=130 and (C) Ca/P=700.

FIG. 20 shows the effect of the Ca/P ratio on pDNA binding
capacity. Ca/P ratios ranging from 30 to 300 yielded pDNA
binding capacities of 90% or greater. Ca/P ratios ranging from
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500 to 700 were less efficient at binding pDNA and yielded
pDNA binding capacities ranging from 36% to 62%.

FIG. 21 shows the effect of the Ca/P ratio on pDNA con-
densation. pDNA condensation capacity was optimum for
Ca/P ratios ranging from 100 to 700. The data is presented as
the average relative fluorescence intensityzstandard error
(n=3).

FIG. 22 shows XRD patterns of the as-prepared precipi-
tates synthesized using various Ca/P ratios: (A) Ca/P=30, (B)
Ca/P=140, (C) Ca/P=700 and (D) Ca/P=1.67. All the synthe-
sized precipitates exhibited the formation of single phase
hydroxyapatite phase.

FIG. 23 shows FTIR patterns of the precipitates synthe-
sized using various Ca/P ratios: (A) Ca/P=30, (B) Ca/P=140
and (C) Ca/P=700. All particles exhibited vibration frequen-
cies characteristic of hydroxyapatite.

DETAILED DESCRIPTION

The use of numerical values in the various ranges specified
in this application, unless expressly indicated otherwise, are
stated as approximations as though the minimum and maxi-
mum values within the stated ranges were both preceded by
the word “about.” In this manner, slight variations above and
below the stated ranges can be used to achieve substantially
the same results as values within the ranges. Also, the disclo-
sure of these ranges is intended as a continuous range includ-
ing every value between the minimum and maximum values.

Itisto be understood that certain descriptions of the present
invention have been simplified to illustrate only those ele-
ments and limitations that are relevant to a clear understand-
ing of the present invention, while eliminating, for purposes
of clarity, other elements. Those of ordinary skill in the art,
upon considering the present description of the invention, will
recognize that other elements and/or limitations may be desir-
able in order to implement the present invention. However,
because such other elements and/or limitations may be
readily ascertained by one of ordinary skill upon considering
the present description of the invention, and are not necessary
for a complete understanding of the present invention, a dis-
cussion of such elements and limitations is not provided
herein. As such, it is to be understood that the description set
forth herein is merely exemplary to the present invention and
is not intended to limit the scope of the claims.

Notwithstanding that the numerical ranges and parameters
setting forth the broad scope of the invention are approxima-
tions, the numerical values set forth in the specific examples
are reported as precisely as possible. Any numerical value,
however, inherently contains error necessarily resulting from
the deviation found in its underlying respective testing mea-
surements. Furthermore, when numerical ranges are set forth
herein, these ranges are inclusive of the recited range end
points (i.e., end points may be used). Also, it should be under-
stood that any numerical range recited herein is intended to
include all sub-ranges subsumed therein. For example, a
range of “1 to 10” is intended to include all sub-ranges
between (and including) the recited minimum value of 1 and
the recited maximum value of 10, that is, having a minimum
value equal to or greater than 1 and a maximum value equal to
or less than 10.

All patents, publications, or other disclosure material ref-
erenced herein are incorporated by reference in their entirety.
Any patent, publication, or other disclosure material, in
whole or in part, that is incorporated by reference herein is
incorporated herein only to the extent that the incorporated
material does not conflict with existing definitions, state-
ments, or other disclosure material set forth in this disclosure.
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As such, and to the extent necessary, the disclosure as explic-
itly set forth herein supersedes any conflicting material incor-
porated herein by reference. Any material, or portion thereof,
that is said to be incorporated by reference herein, but which
conflicts with existing definitions, statements, or other dis-
closure material set forth herein will only be incorporated to
the extent that no conflict arises between that incorporated
material and the existing disclosure material.

The articles “a,” “an” and “the” are used herein to refer to
one or more than one (i.e., to at least one) of the grammatical
objects of the article. By way of example, “a component”
means one or more components, and thus, possibly, more than
one component is contemplated and may be employed or
used.

Provided herein is a novel method for the aqueous synthe-
sis of nanocrystalline hydroxyapatite. The method provides
superior quality hydroxyapatite and is robust, in that the
method does not require stringent pH conditions, as do pre-
vious methods for the production of hydroxyapatite. In addi-
tion, the approach does not require continuous monitoring of
the pH to ensure formation of hydroxyapatite. In the present
method, the pH remains invariant during the entire course of
the reaction and even beyond over a period of 24 h thus
ensuring that the hydroxyapatite formed is entirely stoichio-
metric with no point defects. It is well known that the current
approaches mentioned above (Formulas I and II) undergo
significant pH variations and need continuous monitoring of
the pH. Furthermore, in the present case, the hydroxyapatite
formed is nanocrystalline in nature, superior to commer-
cially-available calcium phosphate transfection reagents in
its use as a gene transformation vehicle. The nanocrystalline
hydroxyapatite also is useful in tissue engineering as further
outlined below.

As used herein, a “gene” is an operative genetic determi-
nant in its broadest sense. A gene includes an “expressed
sequence” that encodes a protein or is transcribed into a
functional RNA product. A typical gene includes an
expressed sequence, along with operably linked regulatory
sequences that control expression of the gene, including, but
not limited to, promoters, enhancers, operators and termina-
tors. Two sequences are “operably linked” if they are
arranged to act in an expected manner in relationship to each
other. In a gene, regulatory sequences are operably linked in
a manner sufficient to cause correct and/or desired transcrip-
tion of the expressed sequence in a cell. Promoters can be, for
example and without limitation, constitutive or semi-consti-
tutive (for example, CMV and RSV promoters) or tissue-
specific promoters (for example, a muscle creatinine kinase
(MCK) promoter).

The terms “expression” or “gene expression,” and like
words and phrases, mean the overall process by which the
information encoded in a nucleic acid, typically a gene, is
converted into a functional ribonucleic acid, such as a
ribozyme, an antisense RNA or an interfering RNA; a protein
or a post-translationally modified version thereof; and/or an
observable phenotype. Expression of a gene, or the activity of
a cellular factor, such as a protein, is “modulated” if the
expression or activity of the cellular factor either is up- or
down-regulated.

Asusedherein, a “nucleic acid” may be any polynucleotide
or polydeoxynucleotide and, unless otherwise specified
includes as a class DNA and RNA and derivatives, conserva-
tive derivatives, homologs (a nucleic acid of a different spe-
cies performing the same function) and analogs thereof.
Without limitation, a nucleic acid may be single-stranded or
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double stranded. A nucleic acid or a protein “analog” is a
nucleic acid or peptide containing one or more modified bases
and/or a modified backbone.

Nucleic acid analogs may be useful as functional RNA. For
example, the RNA analog may be used as antisense RNA, as
aribozyme or as an interfering RNA. Antisense technology is
described for instance in U.S. Pat. No. 6,117,273, among a
variety of other patents and publications. Interfering RNA
technology is described in U.S. Patent Publication No.
20020173478, Elbashir et al. “Analysis of Gene Function in
Somatic Mammalian Cells Using Small Interfering RNAs,”
Methods 26(2) (2002) 199-213, and Xia et al., “siRNA-me-
diated gene silencing in vitro and in vivo,” Nature Biotech-
nology, (October 2002) 20:1006-1010. Xia et al. describes
construction of suitable plasmid containing a gene for expres-
sion of an siRNA. That reference also describes recombinant
viral vectors, in vivo delivery, the appropriate expression of
an siRNA hairpin and down-regulation of the expression of
the target p-glucuronidase gene in mouse brain and liver,
thereby providing proof of concept of the usefulness of
siRNA technology in gene transfer.

A “peptide” or “polypeptide” is a chain of amino acids and,
unless otherwise specified includes as a class peptides and
proteins, post-translationally modified versions of proteins
and peptides and derivatives, conservative derivatives,
homologs (a protein or peptide from a different species per-
forming the same function) and analogs thereof. A “protein”
is a functional, naturally-occurring peptide or a derivative,
conservative derivative, homolog or an analog thereof. Pro-
teins and peptides, including fragments, analogs, homologs
and derivatives thereof, can be prepared synthetically, i.e.,
using the well-known techniques of solid phase or solution
phase peptide synthesis. Alternatively, polypeptides can be
prepared using well known genetic engineering techniques,
or affinity purified from biological samples, for example from
cells and cell extracts.

A “cell” is understood in its broadest sense to include,
without limitation, eukaryotic and prokaryotic cells, includ-
ing bacteria, fungi, animal and plant cells. A cell is trans-
formed if'an exogenous nucleic acid is transferred into the cell
and either 1) is transiently or permanently expressed within
the cell, or 2) is propagated with the cell.

As noted above, “polypeptides” include those polypep-
tides having wild-type (wt) amino acid sequences, but also
including the polypeptides modified with conservative amino
acid substitutions, as well as biologically active and/or func-
tional fragments, analogs, agonists, homologs and derivatives
thereof. The term “biologically active” refers to a specific
biological effect of the polypeptide, for example in trans-
forming cells, in promoting tissue growth and correct differ-
entiation in a tissue engineering scaffold, in activation of
signal transduction pathways ona molecular level or in induc-
tion (or inhibition by antagonists) of physiological effects
mediated by the native protein or polypeptide in vivo. A
“functional” compound includes “biologically active” com-
pounds, but more broadly means a compound that acts in the
manner intended or desired in a biological system or in vitro.

A “biomaterial” includes biologically functional materials
and materials of biological origin, including without limita-
tion: nucleic acids; peptides and proteins; polysaccharides;
pharmaceutically active compounds or compositions; and
binding reagents. Association of a biomaterial, such as plas-
mid DNA, an interfering RNA or a peptide or protein, with the
hydroxyapatite described herein facilitates transfer of that
biomaterial into cells and/or action of the biomaterial with
respect to the cells. In one embodiment, a biomaterial may be
delivered therapeutically by complexing the biomaterial with
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the hydroxyapatite described herein and delivering the bio-
material by any known and effective manner, including in
combination with any useful pharmaceutical delivery
vehicle. As used herein, a “hydroxyapatite complex” is
hydroxyapatite complexed with, or otherwise associated
physically with a second material, such as a biomaterial, drug
or chemical compound or composition.

The method for producing hydroxyapatite described herein
includes reacting calcium and a non-acidic ionic phosphate,
such as trisodium phosphate, in the presence of hydroxyl
ions. Previous methods involve reacting acidic phosphates
with calcium in a buffered solution to produce calcium phos-
phates, including hydroxyapatite. The reaction stoichiometry
preferably is such that the calcium ions far outnumber the
phosphate ions, which prevents the formation of large cal-
cium phosphate crystals. Furthermore, a large number of
Ca™ jons will ensure an overall positive charge on the Ca-
phosphate-DNA complex. For example, a reaction for the
production of hydroxyapatite would proceed according to the
following formula:

#(CaCl,)+6(NazPO,)+=2NaOH—>Ca, o(PO,)s(OH)»+
20NaCl+(#-10)CaCl,,

wherein n is greater than 10 and typically from about 50 to
about 5000 and most typically from about 100 to about 1000.
The relative ratio of Ca*? ions to PO, > ions should be suffi-
ciently large to favor production of nanocrystalline hydroxya-
patite particles with a diameter in the range of about 1 to about
100 nm. The amount of hydroxide ion should be equal to or in
excess of the amount needed to produce stoichiometric
amounts of hydroxyapatite, though not in large enough
amounts to hamper formation of the nanocrystalline
hydroxyapatite.

Although the reaction above uses calcium chloride, triso-
dium phosphate and sodium hydroxide, suitable substitutes
for these compounds are known in the art. Suitable substitutes
for calcium chloride include, without limitation, calcium and
any suitable divalent anion or anionic species, including for
example, calcium thiocyanate, calcium nitrite, calcium
nitrate-hydrate, calcium nitrate-anhydrous, calcium acetate,
calcium oxalate, calcium citrate, calcium stearate and a cal-
cium alkoxide (for example, calcium methoxide, ethoxide or
propoxide). Suitable substitutes for trisodium phosphate
include, without limitation, any phosphate having a trivalent
cation or cationic species, including for example, tripotas-
sium phosphate, tris(tetra-alkyl) ammonium phosphate (alkyl
groups can include methyl, ethyl, propyl, butyl etc.) Suitable
substitutes for sodium hydroxide include, without limitation
potassium hydroxide, ammonium hydroxide, tetraalkyl
ammonium hydroxide (alkyl groups include methyl, ethyl,
butyl, propyl, etc.). Buffers also may serve as a source of
hydroxide ions, including HEPES.

The nanocrystalline hydroxyapatite particles or hydroxya-
patite complexes prepared by the methods described herein
may be associated with a substrate (incorporated into a sub-
strate or deposited onto a substrate) for a variety of uses, for
example and without limitation, in tissue engineering and cell
transformation. In one embodiment, the calcium phosphate
particles are incorporated into a matrix, such as a biomimetic
extracellular matrix, which a synthetic matrix that is intended
to mimic a natural extracellular matrix in its structure and/or
function. The matrix may be a polymer that is either a natural
polymer or a synthetic polymer, or combinations thereof. The
polymer typically is a water-swellable polymer, optionally
containing water within its matrix. The nanocrystalline
hydroxyapatite particles are mixed with the polymer precur-
sors prior to or during polymerization of the polymer or its
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precursor, or prior to or during cross-linking of the polymers.
In one embodiment, the hydroxyapatite particles are added to
a solution containing a polymer and the polymer subse-
quently is cross-linked by standard methods. Including the
hydroxyapatite particles in the cross-linking reaction and not
in the polymer polymerization reaction ensures complete
polymerization of the polymer, while incorporating the
hydroxyapatite particles substantially homogenously in the
matrix. The hydroxyapatite particles also may be loaded into
a pre-formed-swellable polymer matrix. Examples of and
methods for post-loading a compound into a hydrogels may
be found in PCT Publication Nos. WO 01/91848 and WO
02/02182.

Polymer matrices of use as a tissue engineering substrate as
described herein typically are “bioerodible,” or “biodegrad-
able” unless a permanent matrix is desirable. The terms “bio-
erodible,” or “biodegradable,” as used herein refer to materi-
als which are enzymatically or chemically degraded in vivo
into simpler chemical species. Either natural or synthetic
polymers can be used to form the matrix, although synthetic
biodegradable polymers may be preferred for reproducibility
and controlled release kinetics. U.S. Pat. Nos. 6,171,610,
6,309,635 and 6,348,069, which are incorporated herein by
reference for their teachings regarding the art of tissue engi-
neering, disclose a variety of matrices for use in tissue engi-
neering. U.S. Pat. No. 6,171,610 discloses use of hydroxya-
patite in tissue engineering. The hydroxyapatite prepared by
the methods described herein is useful in such an application.
In any case, the hydroxyapatite prepared by the methods
described herein, for example complexed with a biomaterial
such as plasmid DNA, may be associated with any suitable
matrix, including without limitation those described herein.

Natural polymers include, but are not limited to, fibrin,
collagen, glycosaminoglycans (GAGs), such as chitin, chito-
san and hyaluronic acid and polysaccharides, such as starch,
L-, K- or h-carrageenan, alginate, heparin, glycogen and cel-
Iulose. In one embodiment, as shown for example below, a
solution containing fibrinogen and nanocrystalline hydroxya-
patite particles which are complexed with a transforming
nucleic acid and are then cross-linked by the action of throm-
bin. Other natural polymers containing the nanocrystalline
calcium phosphate particles, or complexes of nanocrystalline
calcium phosphate particles with a biomaterial, are prepared
in an equivalent manner, by mixing the hydroxyapatite com-
plex with a polymer and then complexing the polymer with a
cross-linker, or by any effective manner.

Synthetic polymers include, but are not limited to polylac-
tide (PLA), polylactide-co-glycolide (PLGA), polyglycolic
acid (PGA), polyurethanes, polycaprolactone, polymethyl
methacrylate (PMMA), polyamino acids, such as poly-L-
lysine, polyethyleneimine, poly-anhydrides, polypropylene-
fumarate, polycarbonates, polyamides, polyanhydrides,
polyortho esters, polyacetals, polycyanoacrylates and
degradable polyurethanes. Useful non-erodible polymers
include without limitation, polyacrylates, ethylene-vinyl
acetate polymers and other acyl substituted cellulose acetates
and derivatives thereof, non-erodible polyurethanes, polysty-
renes, polyvinyl chloride, polyvinyl fluoride, poly(vinyl imi-
dazole), chlorosulphonated polyolifins, polyethylene oxide,
polyvinyl alcohol, TEFLON™, and nylon. Structurally, the
polymers may have any useful form, including without limi-
tation, hydrogels, dendrimers, polymeric micellular struc-
tures and combinations thereof. Synthetic polymers can be
cross-linked or otherwise combined with natural polymers.

For certain tissue engineering applications, attachment of
the cells to the polymer is enhanced by coating the polymers
with compounds such as basement membrane components,

20

25

30

35

40

45

50

55

60

65

12

agar, agarose, gelatin, gum arabic, collagens types I, I, II1, TV,
and V, fibronectin, laminin, glycosaminoglycans, polyvinyl
alcohol, mixtures thereof, and other hydrophilic and peptide
attachment materials known to those skilled in the art of cell
culture. It also may be desirable to create additional structure
using devices provided for support, such as struts, or the like.
These can be biodegradable or non-degradable polymers,
which are inserted to form a more defined shape than is
obtained using the cell-matrices.

The use of a fibrin matrix might be preferred in many
instances over other natural or synthetic matrices, for
example when the matrix is used for wound-healing pur-
poses, such as in bone wound healing. The nanocrystalline
calcium phosphate particles carriers’ role is to enhance DNA
transfection into mammalian cells. In order to achieve this
goal in a bone wound, for instance as shown in Example 4,
below, the calcium phosphate particles are incorporated into
a matrix serving as an interactive support to the wound repair
cells that are naturally recruited during the granulation phase
of bone wound repair. The cells migrate into the matrix and
subsequently come in contact with the calcium phosphate/
pDNA particles resulting in incorporation of the DNA. The
ideal gene delivery matrix would enhance transfection effi-
ciency of the DNA, provide stability in vivo, and degrade ina
controlled fashion with minimal inflammatory response.
Additional desirable attributes include controlled release of
the gene and ability to be conducive to cell growth and dif-
ferentiation. A bone fracture, in general, will heal spontane-
ously, restoring form and function if the distance or size of the
defect is small. Spontaneous bone formation will not occur
when the bone defect exceeds a certain size, referred to as the
critical-sized defect (CSD). The compositions and methods
described herein could be used in repair of a critical size
defect to restore form and function of the bone (Bolander, M.
E., “Regulation of fracture repair by growth factors,” Proc.
Soc. Exp. Biol. Med. 1992; 200: 165-170; Reddi, A. H: “Ini-
tiation of fracture repair by bone morphogenetic proteins.”
Clin. Orthop. Rel. Res. 1998; 3558: S66-S72; Barnes, G., et
al. “Growth factor regulation of fracture repair,” J. Bone Min.
Res. 1999; 14(11):1805-1815 and Hollinger, I. O., et al.,
“Poly(alpha-hydroxy acids): Carriers for bone morphoge-
netic proteins,” Biomaterials 1996; 17(2): 187-194).

The nanocrystalline calcium phosphate particles are ver-
satile and could be injected directly into a wound with pDNA
bound and packaged to them, or they could be incorporated in
one or more matrices. The choice of an optimal matrix would
vary depending on the wound type. As described herein, the
matrices could be of natural origin, such as fibrin, or synthetic
polymers such as PLA, PGA and PLGA, and a variety of
hydrogels that are thermo-sensitive, photo-sensitive, pH-sen-
sitive, electrical field sensitive or magnetic field sensitive.
Fibrin may be preferable in many instances for various rea-
sons. For example fibrin provides a foundational substratum
for wound healing elements and angiogenesis. Fibrin is an
integral wound repair component supporting cell anchorage,
signaling molecule sequestration and localization, and cell
differentiation.

A tissue-engineered plasmid DNA delivery system prefer-
ably is biodegradable and biocompatible at implantation. It
must localize, protect the pDNA, promote cell attachment and
ingress, support osteoconduction and angiogenesis, and
erode concurrently with bone formation. These stringent
requirements can be fulfilled by fibrin designs (Hollinger, J.
O., et al., Role of bone substitutes, Clin. Orthop., (1996)
(324):55-65; Hollinger, J. O. and Leong, K., Poly(alpha-hy-
droxy acids): carriers for bone morphogenetic proteins, Bio-
materials, (1996) 17(2):187-94; Hu, Y., J. O. Hollinger, and
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K. G. Marra, Controlled release from coated polymer micro-
particles embedded in tissue-engineered scaffolds, J. Drug
Target., (2001) 9(6):431-8; Lasa, C., Ir., et al., “Delivery of
demineralized bone powder by fibrin sealant,” Plast. Recon-
str. Surg., (1995) 96(6):1409-17; discussion 1418 and
Amrani, D. L., et al., “Wound healing. Role of commercial
fibrin sealants,” Ann. N. Y. Acad. Sci., (2001) 936:566-79).
The degradation rate and porosity for fibrin can be controlled
(Nowotny, R., et al., “Preparation of fibrin clot samples for
tensile stress-strain experiments, Biomaterials, (1981) 2(1):
55-6 and Carr, M. E., Ir,, et al. “Effect of fibrin structure on
plasmin-mediated dissolution of plasma clots,” Blood
Coagul. Fibrinolysis, (1995) 6(6):567-73). Furthermore,
fibrin-bound nanocrystalline calcium phosphate particles/
pDNA is more resistant to enzymatic degradation than naked
DNA. Resistance to enzymatic degradation will improve
DNA uptake and survival for osteogenesis.

In addition to the hydroxyapatite and hydroxyapatite com-
plexes described herein, it may be desirable to add one or
more additional biomaterials to a cell growth matrix or
medium. These additional biomaterials may or may not be
complexed with the hydroxyapatite described herein. These
biomaterials include growth factors, angiogenic factors, com-
pounds selectively inhibiting ingrowth of fibroblast tissue
such as anti-inflammatories, and compounds selectively
inhibiting growth and proliferation of transformed (cancer-
ous) cells. These biomaterials may be utilized to control the
growth and function of implanted cells, the ingrowth of blood
vessels into the forming tissue, and/or the deposition and
organization of fibrous tissue around the implant. Examples
of growth factors include heparin binding growth factor
(hbgt), transforming growth factor alpha or beta (TGFa or
TGEFp), alpha fibroblastic growth factor (FGF), epidermal
growth factor (EGF), vascular endothelium growth factor
(VEGF), some of which also are angiogenic factors. Addi-
tional factors include hormones, such as insulin, glucagon,
and estrogen. In some embodiments it may be desirable to
incorporate factors such as nerve growth factor (NGF) or
muscle morphogenic factor (MMP). Steroidal antiinflamma-
tories can be used to decrease inflammation to the implanted
matrix, thereby decreasing the amount of fibroblast tissue
growing into the matrix. These biomaterials are known to
those skilled in the art and are available commercially or are
described in the literature. The biomaterials may be incorpo-
rated to between one and 30% wt. (percentage by weight),
although the biomaterials may be incorporated to a broader
range of weight percentage between 0.01% wt. and 95% wit,
or even beyond that range depending on the specific activity
(activity per unit weight or volume) of the biomaterial.

Biomaterials can be incorporated into the matrix and
released over time by diffusion and/or degradation/erosion of
the matrix, they can be suspended with the cell suspension,
they can be incorporated into microspheres which are sus-
pended and distributed among the cells or associated with the
matrix, or some combination thereof. Microspheres typically
would be formed of materials similar to those forming the
matrix, selected for their release properties rather than struc-
tural properties. Release properties also can be determined by
the size and physical characteristics of the microspheres.

Medical devices can be coated with the hydroxyapatite and
hydroxyapatite complexes prepared according to the methods
described herein. Medical devices include medical implants
as are known in the art, such as bone implants and stents. A
variety of methods are known in the art for deposition of
hydroxyapatite onto such devices. In one example, the
devices are coated with a hydroxyapatite-containing or
hydroxyapatite complex-containing polymer film prepared as

20

25

30

35

40

45

50

55

60

65

14

described herein and coated onto an implant, for example, as
described in U.S. Pat. No. 5,306,305. This method would be
particularly suited to uses that require association of a bioac-
tive material onto the implant. Other uses for the hydroxya-
patite described herein require only pure hydroxyapatite, and
do not require that a complexed biomaterial survive the depo-
sition process. In such a case, the electrodeposition methods
described, for example and without limitation, in U.S. Pat.
Nos. 5,258,044 and 5,543,019 may be used to deposit the
hydroxyapatite onto the device.

The hydroxyapatite described herein is a material useful
for any purpose to which hydroxyapatite is suited, whether or
not related to its use in bio-engineering or biotechnology
applications. The hydroxyapatite described herein, however,
finds use in the biomedical field in a bone or tooth matrix and
for its cell transformation capabilities. The hydroxyapatite
described herein is useful in tissue engineering as described
above, in the United States patents described above and as is
shown in the Examples below. The hydroxyapatite or
hydroxyapatite complexes may be associated with a biode-
gradable or bioerodable matrix, for instance it can be incor-
porated into a matrix as described above or may be deposited
onto or imbibed into such a matrix. Cells can be grown on or
within in the matrix, either in vitro or in vivo.

One particularly surprising result, as shown in the
examples below, is that when the hydroxyapatite described
herein is complexed with DNA it forms a particularly potent
cell transfection material. Calcium phosphate materials,
including hydroxyapatite, have a long history of use as a cell
transformation vehicle. Watson et al. RecomBinanT DNA, Sec-
ond Edition, Scientific American Books, 1992, p. 215. As
shown below, the hydroxyapatite described herein, when
complexed with a transforming nucleic acid (a nucleic acid
capable of transforming a cell), can transform cells with
surprising efficiency, with a multi-fold increase as compared
to commercially-available calcium phosphate transformation
systems, even at conditions optimized for the commercial
systems. In transfections, the nucleic acid is complexed with
the hydroxyapatite by including the nucleic acid either in the
phosphate-containing solution or the calcium-containing
solution prior to mixing of the two solutions to form the
hydroxyapatite. The hydroxyapatite complex is prepared by
mixing the two solutions. Cells to be transformed with the
nucleic acid then are contacted with the hydroxyapatite com-
plex for a time sufficient to produce a desired degree of
transformation. This is determined empirically, by a time-
course study correlating transformation efficiency with the
time of transformation. In vitro experiments with cell lines
are described in the examples below and demonstrate that
consistent transfection efficiencies can be achieved by regu-
lating the manner in which the calcium and phosphate pre-
cursor solutions are mixed, as well as the Ca/P ratio that is
used. All of these parameters can be shown to play a key role
in regulating the particle size, pDNA binding capacity, pPDNA
condensation ability, and transfection efficiency of the nanoc-
rystalline hydroxyapatite-nucleic acid complexes. Transfor-
mation of cells in vitro is nevertheless only one use for the
transformative capacity of the nanocrystalline hydroxyapa-
tite-nucleic acid complexes described herein.

In some embodiments, the nanocrystalline hydroxyapatite
complexed with nucleic acid can yield a nucleic acid (e.g.,
RNA or DNA) binding capacity of 70%, 80%, 90% or greater.
Other embodiments include compositions in which the
nucleic acid is condensed at 70%, 80%, 90% capacity or
greater. In certain other embodiments, the nanocrystalline
hydroxyapatite complexed with nucleic acid can have a size
range of 1-10 nm, 10-20 nm, 20-30 nm, 30-40 nm, 40-50 nm,
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50-60 nm, 60-70 nm, 70-80 nm, 80-90 nm, 90-100 nm or
larger. In further embodiments, the nanocrystalline
hydroxyapatite complexed with nucleic acid can have a size
range of 1.8-2.5 um, 2.5-20 nm, 20-50 nm and 50-100 nm. In
yet other embodiments, a composition may comprise a com-
plex in which both the nucleic acid binding capacity is 70%,
80%, 90% or greater; the nucleic acid condensation capacity
70%, 80%, 90% or greater; and further wherein the size range
is 2.5-25 nm, about 20 nm, 25-50 nm, about 50 nm, 50-100
nm, 100-2000 nm, 2000-2500 nm, 1800-2500 nm and any
size there between. In some other embodiments, a composi-
tion may comprise a complex in which both the DNA binding
capacity is 70% or greater and the size is 25-50 nm or, in
certain embodiments 20-50 nm.

In yet other embodiments, the method of synthesizing
nanocrystalline hydroxyapatite complexed with nucleic acid
may include co-precipitating a nucleic acid and hydroxyapa-
tite from a solution in which the Ca/P ratio is 15, 30, 50, 75,
100, 110, 120, 130, 140, 150, 165, 180, 190, 200, 300, 500,
700 or greater. Additional embodiments include any range
there between, such as, for example, a low range including a
ratio of 30 to 75, a median range including a ratio of 100 to
300, and a high range of 500 to 700. Those of skill in the art
recognize that the ratio of calcium to phosphate in a precipi-
tate is a function of the relative concentrations (i.e., molarity)
of the ions in the solution. As such, it is a routine matter to
interconvert the concentration of the ions in solution to the
concentration of the calcium and phosphate in particulates
precipitated from the solution. Thus, it is intended herein that
any recitation of the ratio of Ca/P necessarily recites the
relative concentrations of these elements in a precursor solu-
tion from which the hydroxyapatite is synthesized, and vice
versa. See, for example, Table 2 showing conversion factors
from molarity to Ca/P ratio.

As shown herein, nanocrystalline hydroxyapatite com-
plexed with nucleic acid may be incorporated into a hydrogel
matrix, particularly a biodegradable or bioerodable matrix to
transform cells in vivo. As shown in the data below, nanoc-
rystalline hydroxyapatite complexed with DNA containing a
gene encoding thBMP-2 was incorporated into a fibrin
matrix, which was then implanted into muscle. Over time, the
matrix became electron-dense, indicating successful trans-
formation with the thBMP-2 gene. Other genes are predict-
ably useful in a similar manner, such as, without limitation,
members of the bone morphogenetic protein (BMP) sub-
group of the transforming growth factor beta supergene fam-
ily. Specific examples of potentially useful genes include,
without limitation rhBMP-2, BMP-4, Osx, Runx2, NGF,
EGF, PDGF, IGF, TGF-3, VEGF and BMP-7. A biologically
active nucleic acid, such as a nucleic acid containing any
suitable gene, is complexed with nanocrystalline calcium
phosphate and incorporated into a matrix. The matrix is then
deposited/inserted into a suitable site in vivo. The matrix can
be seeded with suitable progenitor cells or optionally depos-
ited without cells, with the object that endogenous cells
migrate into the matrix. The site of insertion either is the site
in a permanent recipient where the engineered tissue will be
permanently located, such as in a tooth or bone, or at a site
where the engineered tissue is grown, to be transplanted at a
later time to the ultimate recipient. In the second instance, one
such site that commonly is used for tissue engineering pur-
poses is the omentum. In that instance, a matrix, optionally
seeded with suitable progenitor cells, is implanted into the
omentum. Once the engineered tissue prepared and is
matured into a suitable differentiated organ or other structure,
it is transplanted into a suitable host. Typically the organ or
other structure is grown in an immunocompromised host and
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the organ later is transferred into a suitable permanent recipi-
ent. Though use of a matrix may be preferred in some
instances for tissue engineering purposes, the hydroxyapatite
complex may be deposited into a suitable site in vivo without
a matrix, for example as a solution, gel or solid, to elicit a
desired biological effect. For example, the hydroxyapatite
complex may be injected intravenously, intramuscularly,
intraperitoneally, or by any desirable route. Additionally, tis-
sue such as skin or a wound may be washed with a suitable
solution containing the hydroxyapatite complex.

Depending on the ultimate use for the hydroxyapatite com-
plex described herein, the complex can be formulated in a
variety of appropriate and effective forms. For example, for
topical application of a hydroxyapatite complex to the skin,
the complex may be formulated into a pharmaceutically-
acceptable ointment, salve, balm or lotion as are known in the
art. For oral ingestion, the complex may be formulated into a
capsule, tablet, liquid or other suitable dosage form as are
known in the art. Other dosage forms, such as intravenous,
otic, ocular, suppository, transmucosal, subcutaneous or
transdermal dosage forms can be prepared in any manner
known in the art. For all dosage forms, the hydroxyapatite can
be formulated with any suitable excipient (vehicle) as is
known, including without limitation, diluents, lubricants,
coatings, capsules, emulsifiers, adjuvants, buffers, solvents,
matrices, colorants, flavorings, sweeteners, humectants and
thickening agents.

The hydroxyapatite complex may be delivered as an
immune-modulating composition, for example as a vaccine.
The immune-modulating composition also may be injected or
otherwise introduced into a host animal to elicit a desired
immune response, for example as part of a process to produce
polyclonal or monoclonal antibodies. When used in an
immune-modulating composition, the hydroxyapatite can be
formulated with a suitable adjuvant.

The hydroxyapatite may be used as a gene delivery vehicle
as described in brief above. In its simplest form, the
hydroxyapatite-DNA complex can be used alone in an aque-
ous solution, for instance suspended in normal saline. The
complex may be associated with a synthetic or natural poly-
mer either to enhance viscosity or to produce a gel or a formed
matrix. The synthetic or natural polymers used may be in
different forms, including: spheres (hollow or solid), rods
(hollow or solid), tubes, fibrils, sheets, foams and otherwise
porous polymer structures, wovens, nonwovens, tablets, cap-
sules, meshes, membranes, plugs, stents, plates, sutures, films
and sprays (including aerosol sprays incorporated into suit-
able inhaler devices). The synthetic or natural polymers could
be degradable or non-degradable, porous or non-porous.

The hydroxyapatite complexes may be used in many clini-
cal and basic science applications, including: gene replace-
ment therapy, as a pharmacological agent to treat diabetes,
osteoporosis, and a host of other diseases, to engineer stem
cells to introduce specific growth factor genes and any other
genes to influence the differentiation pathway, for drug deliv-
ery in all organs of the body, for bone tissue engineering; for
cartilage tissue engineering. Other tissue that the hydroxya-
patite complexes could be used for in a therapeutic capacity
include: liver, kidney, lungs, stomach, brain, muscle spine,
ligament, tooth, periodontal structures. pancreas, eyes and
nerve. In one use, a paste can be formulated with the
hydroxyapatite complex to facilitate wound healing.

Specific therapeutic examples include: direct injection of
the complexes into the heart to deliver the gene VEGF to
induce angiogenesis for the treatment of ischemic limbs;
direct injection of the complexes into the muscle to deliver
genes to eliminate scar tissue formation. This has great appli-
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cation in sports medicine, and direct injection of the complex
into knee ligaments for ligament repair.

In dental applications, the complexes might be incorpo-
rated on material surfaces such as dental implants to deliver
an osteogenic gene to enhance implant osteointegration, pulp
gene delivery, to treat caries and induce dentin formation. In
such an application, the hydroxyapatite complex is incorpo-
rated in a polymer natural or synthetic (resorbable or not
resorbable) that could be used in periodontal defects (single
rooted teeth, multi rooted teeth and furcation involvement and
extraction sockets), and incorporated in a synthetic or natural
polymer for use in oral surgery and cleft palate.

In the dental applications, a variety of structures can be
used to repair the damaged tooth. In one embodiment, the
hydroxyapatite complex containing DNA for expressing a
suitable regenerative gene is incorporated into a polymer
matrix and implanted in a damaged portion of a tooth. Peri-
odontal membrane may be overlayed or the matrix may be
occluded by other methods, such as be sealing with a polymer.

In one embodiment, the polymer/hydroxyapatite complex
may be multi-layered to create a multi-layered structure. In
one example, to treat periodontal disease, a first (tooth side)
layer contains a first gene, such as an amelogenin gene, com-
plexed with hydroxyapatite, the second layer contains a sec-
ond gene, such as BMP-3, complexed with hydroxyapatite
and the third layer (defect side) contains a third gene, such as
BMP-2, complexed with hydroxyapatite. In another example
for periodontal treatment, the hydroxyapatite-complexed
DNA will be injected in a hydrogel or other synthetic and/or
natural polymers in a periodontal defect.

EXAMPLES

The following chemicals were used in the Examples: ana-
Iytical grade calcium chloride dihydrate (100.0%), sodium
chloride (99.0%), potassium chloride (99.0%), sodium phos-
phate tribasic dodecahydrate (98.0%), dextrose monohydrate
(100.0%), and HEPES free acid (100.0%).

Significant mean differences (p=05) for pPDNA condensa-
tion values and in vitro transfection efficiencies for both HeLLa
and MC3T3-E1 cells across the various Ca/P ratios were
analyzed using oneway analyses of variance (ANOVA). Each
ANOVA analysis of these response variables was significant
at p=0.0004. Post hoc tests for pair-wise differences and
identification of homogeneous subgroups were also per-
formed using the Tukey HSD procedure.

Example 1

Hydroxyapatite was chemically synthesized using CaCl,
and Na; PO, in water. The overall chemical reaction in aque-
ous route can be described as follows:

10CaCl,+6Na3PO,+2NaOH—>Ca, o(PO,)s(OH)»+
20NaCl

Inthereaction, 1.3293 g Na, PO, was added to 80 mL water
and the Na PO, was dissolved by mixing for 30 minutes. To
the Na,PO, solution was added 0.1080 g NaOH, which was
stirred for 30 additional minutes. To form nanocrystalline
hydroxyapatite, 1.5 g of CaCl, (100 mL of 0.135 M CaCl,)
was added to the Na;PO,/NaOH solution and the solution
was mixed for 24 hours. After the reaction, the by-product
NaCl was removed by periodic washing with water followed
by centrifuging the solution. The resultant paste obtained was
dried in air.

The hydroxyapatite powders obtained after drying were
heated to 1000° C. in air to analyze its thermal stability. The
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chemical composition and stoichiometry of the synthesized
hydroxyapatite was analyzed by investigating its thermal sta-
bility in the presence and absence of NaOH. The morphology
of the as-prepared and heat-treated powders was observed
under the SEM after coating the powders with carbon.

Results

The pH of the reaction shows an abrupt initial drop and a
gradual decrease in pH for the synthesis of Hydroxyapatite
without the addition of NaOH. However, the formation of
Hydroxyapatite with NaOH addition does not show a rapid
drop in pH. Barring a slight initial drop, the pH appears to be
stable~11.5. Most of the reaction for Hydroxyapatite pre-
pared with NaOH is completed within a few hours of the
reaction. The as-prepared Hydroxyapatite synthesized under
these two conditions exhibit almost identical XRD and FT-IR
spectra. However, after heating to high temperature (900° C.),
completely different results are obtained for the two cases.

Hydroxyapatite obtained with the addition of NaOH was
stable up to 1000° C. in air, but Hydroxyapatite obtained
without NaOH transformed to TCP (tricalcium phosphate)
when heated above 600° C. This phase transformation of
Hydroxyapatite to TCP is indicative of the calcium deficiency
(Ca/P<1.67) in the synthesized Hydroxyapatite.

Based on the XRD and F'T-IR results, the possible reaction
pathways for the formation of Hydroxyapatite in the two
cases can be proposed as follows:

10CaCl,+6Na3PO,+2NaOH—Ca, o(PO,)s(OH),+
20NaCl

10CaCl,+6Na;PO,—Cayo . (PO,)6(OH),.,+18NaCl

pH—The pH of the solution was measured using pH meter
(Accumet 916, Fisher Scientific) and electrode (AccuTupH+,
Fisher Scientific). The pH change corresponding to four
batches of experiments was observed for a period 0f 24 h. The
initial pH of both solutions were above 12 which is possibly
due to the following reaction:

NayPO,+H,0—>NaOH+(1-x)Na,HPO 1+xNal,PO,

When CaCl, is dissolved in water, it could undergo
hydrolysis yielding an acidic solution due to the following
reaction:

CaCly+2H,0—Ca(OH),+2HCl

The reaction of Na,PO, and CaCl, is quite rapid since one
solution creates a basic condition and the other an acidic
environment yielding a rapid drop in the pH immediately
following the reaction.

As shown in FIG. 1, the pH of the Hydroxyapatite synthe-
sized with the addition of NaOH however shows a slight
decrease in pH after mixing the two reactants indicating the
occurrence of the reaction. There is also no further change in
pH indicating that the reaction is almost complete. However,
Hydroxyapatite synthesized without NaOH shows consider-
able changes in pH even after 2 h indicative of the multistep
reaction.

DTA/TGA—DBoth differential thermal (DTA) and differ-
ential thermogravimetric (DTGA) analyses were conducted
using TA Instrument (SDT 2960). The analyses were per-
formed in air employing a heating rate of 5° C./min from
room temperature to 1000° C. Results are shown in FIG. 2.
The weight loss up to 450° C. is due to the removal of
absorbed, adsorbed and lattice water. The weight loss for
Hydroxyapatite prepared without NaOH was greater than the
case with NaOH. The carbonate introduced into hydroxyapa-
tite during synthesis in the aqueous environment when phos-
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phate groups are substituted with carbonate at high pH when
the reaction is conducted in air are removed in the 400~950°
C. temperature range.

The abrupt drop in weight for Hydroxyapatite obtained in
both processes around 700° C. might be due to the dehydra-
tion of Hydroxyapatite forming oxyhydroxyapatite (OHAp).
However, a more detailed study is needed to validate this. The
calcium deficient Hydroxyapatite decompose into §-TCP and
CaO accompanied by slight weight loss which is difficult to
detect via TGA. The decomposition reaction is as follows:

Ctty0, (PO, (OH),,—>3Ca5(PO,),+CaO+H,01

XRD—The phase purity of the synthesized and heat-
treated powders was analyzed by x-ray diffraction using
Rigaku diffractometer operating at 35 kV and a current of 20
mA (CuKa) at a 20 range of 10 to 80° employing a step size
01'0.05 and a 2 second exposure. Results are shown in FIGS.
3 A and 3B. The hydroxyapatite has the strongest XRD peak
at31.7° with crystallographic space group notation of P6,/m.
On the other hand, B-TCP (whitlockite) has the strongest
XRD peak at 31.1° with the space group notation R-3c.
p-TCP is formed when Hydroxyapatite synthesized without
the addition of NaOH was heated up to 900° C. The
Hydroxyapatite to f-TCP transition is a strong indication of
calcium deficient Hydroxyapatite. The broad XRD peaks for
the as-prepared Hydroxyapatite gets sharper as the heat treat-
ment temperature increases due to grain growth, coarsening
of the crystallites.

FT-IR—The FT-IR spectra were collected using a Mattson
Galaxy Series FT-IR 5000 in the range 4000 to 300 cm™". One
milligram of the sample was mixed with 200 mg of KBr
powder and pressed into a pellet by applying a 1000 psi
pressure (Carver press). Results are shown in FIGS. 4A and
4B. Characteristic FT-IR absorption peaks of Hydroxyapatite
are provided in Table 1.

TABLE 1

prior art)!
Absorption Wavenumber
H—O stretching 3567 cm™!
H—O bending 633 cm™!
Absorbed water 3440 cm™!
Carbonate
Vs 1452 em™
vy 863 cm!
PO, v, 960 em™
PO, v, 603 cm™!

563 om™

Carbonyl stretching 1780~1680 cm™*

M. Toriyama, Y. Kawamoto, T. Suzuki, Y. Yokogawa, K. Nishizawa and H. Nagae, Journal
of the Ceramic Society of Japan. Int. Edition, 1992, 100, p939-943.

2Toshiyuki Tkoma and Atsushi Yamazaki, Journal of Solid State Chemistry, 1999, 144,
p272-276.

The H—O stretching band at 3567 cm™" confirms the for-
mation of Hydroxyapatite along with the strongest XRD peak
at 31.7°. The Hydroxyapatite synthesized without NaOH
shows no H—O stretching peak at 900° C. This confirms the
transformation of Hydroxyapatite to B-TCP phase consistent
with the XRD data. The carbonate peak is due to the substi-
tution of phosphate groups by carbonate at high pH when the
reaction is conducted in air. This carbonate absorption
decreases with increase in temperature in the 400~950° C.
temperature range. Carbonate substitution, however, does not
diminish the biocompatible characteristics of Hydroxyapa-
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tite. The stronger absorption peak of carbonate group at 1452
cm™ and 863 cm™ can be observed for Hydroxyapatite syn-
thesized with NaOH addition.

SEM—The powders were coated with carbon using a
Polaron 6100 Sputter Coater System. The images were taken
using Phillips XL 30 FEG SEM. All the images were col-
lected using the secondary electron mode. Images are pro-
vided in FIGS. 5 and 6. The microstructure of the as-prepared
Hydroxyapatite powder shows nano-sized (<100 nm)
Hydroxyapatite crystallites aggregated into agglomerates
(=2~5 pm). The Hydroxyapatite powder heat-treated at 900°
C. for 10 h in air shows a uniform distribution of larger
crystallites (<1 um). This increase in crystallite size can be
also confirmed by the peak broadening analysis of the XRD
data using the Scherrer equation.

T=0.9/B cos 6 B=6,-6,

where, T: thickness of the crystallites A: wavelength
(CuKa=1.5406 A)

The broad XRD peaks for the as-prepared hydroxyapatite
is sharpened as the heat treatment temperature is increased
due to coarsening of the crystallites.

In conclusion, the hydroxyapatite powder obtained at high
pH using NaOH was stable at high temperatures. Hydroxya-
patite synthesized at low pH without the addition of NaOH
transformed into B-TCP, characteristic of other calcium defi-
cient Hydroxyapatite synthesized by using various low tem-
perature chemical methods.

The presence of hydroxyapatite and the formation of
p-TCP was confirmed using both XRD and FT-IR analysis.
The as-prepared hydroxyapatite shows agglomerates of
nano-crystalline hydroxyapatite (<100 nm). However, heat-
treated hydroxyapatite shows uniform<2 pm sized crystals.

Example 2

Plasmid Gene Delivery Using Nanosized Calcium
Phosphate Particles

As shown schematically in FIG. 7, one use for gene deliv-
ery is in tissue engineering or reconstruction. In these meth-
ods, a gene activated matrix (GAM) is provided in which
DNA is incorporated into a structural matrix. When the GAM
is inserted at a desired location in vivo, for example in bone
tissue as a bone growth matrix, granulation tissue fibroblasts
proliferate and migrate from viable tissue surrounding the
bone wound. The cells then uptake and transiently express
plasmid DNA and will act as local in vivo bioreactors, pro-
ducing plasmid-encoded proteins that stimulate bone healing
(Boniado (2000), J. Mol. Med. 78:303-311).

It is therefore desired to develop a non-viral gene delivery
carrier, such as, without limitation, a GAM, that provides
improved transfection efficiencies through the addition of a
transfecting agent such as calcium phosphate (calcium phos-
phate).

The delivery system described herein comprises two com-
ponents. The first component are calcium phosphate (hy-
droxyapatite) nanocarriers. The second component is the
plasmid DNA (pDNA) bound to the hydroxyapatite nanocar-
riers, used for efficient transfection.

Hydroxyapatite nanocarriers have several advantages over
other calcium phosphate transfection techniques including
controlled loading of pDNA and enhanced pDNA transfec-
tion into the cell.
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Synthesis of Nanocrystalline Hydroxyapatite for Gene Deliv-
ery

Hydroxyapatite was chemically synthesized using CaCl,
and Na;PO, in deionized water. The overall chemical reac-
tion in aqueous route can be described as follows:

10CaCl,+6Na,PO +2NaOH—>Ca,o(PO,)4(OH) .+
20NaCl.

A solution of CaCl, containing 4 pg of plasmid DNA
luciferase gene was then mixed with Na PO, solution in the
presence of HEPES buffer and the reaction was allowed to
take place for 15 minutes. The mixture was then added to the
Osteoprogenitor cells-1 (OPC-1) (any cells could be used,
OPC-1 cells were available) and allowed to incubate for either
4 or 12 hours at a pH of 7.5. (in vitro cell assays). The
spherical crystals of the nanocrystalline hydroxyapatite are
shown in FIGS. 8A, 8B and 8C.

The protocol by which the nanocrystalline hydroxyapatite
complexes were formed is as follows. Stock reagent solutions
were first prepared, including: 2 M calcium Solution (2.22 g
of CaCl, in 10 ml sterile water), and 2xHEPES-Buffered
Saline (280 mM NaCl, 10 mM KCIl, 1.5 mM Na,PO,, 12 mM
dextrose, 50 mM HEPES pH 7.5).

OPCI1 cells were plated the day before the transfectionin 6
well plates (9.4 cm?). Approximately 4x10° cell were plated
in each well (cells were counted with a hemocytometer) with
MEM-F12 with 10% FBS and 1% P/S. The cells were
60-70% confluent the day of transfection. The cell growth
media was is changed one hour before the transfection
reagent was added to media.

The transfection medium was prepared as follows (per well
of a standard six well plate). Solution A contained 4 pg of
plasmid DNA (pGL3: Promega), 12.4 ul 2 M calcium Solu-
tion (2.44x10~> moles) and sterile water up to 100 ul total.
Solution B contained 100 ul of 2xHEPES Buffered Saline at
pH 7.5 (1.5x1077 moles of phosphate). Solution A was added
to Solution B dropwise while vortexing and the mixture was
incubated for 20 minutes at room temperature (~25° C., no
cloudiness seen). The mixture then was added dropwise into
media with cells, 200 ul total per well and the cells were
incubated in the presence of the transfection mixture for
either 4 or 12 hours. The cells then were washed several times
with PBS and fresh media was put on the cells. After washing,
the cells were incubated for 2 days at 37° C. in a CO, incu-
bator. Cells were lysed and luciferase activity was measured
in a luminometer. Control calcium phosphate transfections
were conducted using Clontech’s CalPhos Mammalian
Transfection Kit (standard protocol) using 4 pg of the same
plasmid DNA used with the nanocrystalline hydroxyapatite
synthesized using the method described herein.

Plasmid DNA Binding to NanoCaPs

Retention of **P-Luciferase DNA bound to nanocrystal-
line hydroxyapatite. >*P-LuciferaseDNA (~1 pg) was bound
to 50 pl of an 1:40 dilution (w:v) nanocrystalline hydroxya-
patite, for 45 minutes at 23° C. Bound DNA (DNA that pellets
when spun briefly in a microcentrifuge, unbound DNA
remains in the supernatant) was incubated under simulated in
vivo conditions, 10% serum media, 37° C., with agitation.
Fifty pl of incubation media was sampled at indicated time
points and percentage of DNA remaining bound was deter-
mined. Results are shown in FIG. 9. The DNA was labeled
with 2P using the Rediprime Il DNA Labelling System from
Amersham Biosciences.
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In Vitro Transfection Efficiency Experiment without Poly-
mers

DNA-containing nanocrystalline hydroxyapatite was pre-
pared according to the detailed protocol, provided above.
This mixture was then added to the OPC-1 cells and incubated
foreither4 or 12 hours at apH of 7.5. The cells were harvested
and processed using the Luciferase Assay System from
Promega, substantially as provided in Promega Technical
Bulletin No. 281, Revised 5/00, entitled “Luciferase Assay
System” and a standard luminometer (EGG Berthold Auto
Lumat [.LB953) was used to determine the Luciferase activity.
Results are shown in FIG. 10A. This experiment was repeated
using MG63 cells, further including the FUGENE, lipid-
based, non-liposomal transfection kit (Roche Applied Sci-
ence, Indianapolis, Ind.). Transfections were performed for 6,
12, 24, 48 and 72 hours, as shown in FIG. 10B.

In Vitro Transtfection Efficiency Experiment with Polymers

In a related experiment, nanocrystalline hydroxyapatite
complexed with luciferase plasmid DNA was prepared as
described above. These nanocrystalline hydroxyapatite par-
ticles were embedded in a hydrogel matrix as shown sche-
matically in FIG. 11A and by electron micrograph in FIG.
11B. As a control, DNA was incorporated into calcium phos-
phate particles obtained from commercially-available meth-
ods and the particles were embedded in a hydrogel matrix in
the same manner as the nanocrystalline hydroxyapatite par-
ticles. Cells were deposited onto the matrix and incubated for
5 days at which point luciferase activity was determined as
shown above. Results are shown in FIG. 12A. The experiment
was repeated using MG68 cells, with incubation periods of 6,
12,24, 48 and 72 hours. Results are shown in FIG. 12B. These
data indicate that the nanocrystalline hydroxyapatite particles
would enhance transfection efficiency for tissue engineering
application. Any other non-toxic hydrogel would be suitable
for use as a matrix into which the nanocrystalline hydroxya-
patite particles can be embedded.

Example 3
Treatment of Carious Lesions by Gene Therapy

It is believed that gene delivery of growth factor(s) into the
injured site may limit the inflammatory response, accelerate
tissue regeneration and lead to the deposition of mineralized
dentin of physiological quality.

The pulp injury model described herein is a well-estab-
lished model and has been used extensively by many inves-
tigators (Hu, C. C., et al., “Reparative dentin formation in rat
molars after direct pulp capping with growth factors,” J.
Endod., (1998) 24(11):744-51; Rutherford, B., “Dentin
regeneration,” Adv. Dent. Res., (1995) 9(3 Suppl):14; Ruth-
erford, R. B., et al., “The time-course of the induction of
reparative dentine formation in monkeys by recombinant
human osteogenic protein-1,” Arch. Oral Biol., (1994)
39(10):833-8; Imai, M., et al., “Ultrastructure of wound heal-
ing following direct pulp capping with calcium-beta-glycero-
phosphate (Ca-BGP),” J. Oral Pathol. Med., (1993) 22(9):
411-7 and Heys, D. R,

et al., “Healing of primate dental pulps capped with Teflon,”
Oral Surg. Oral Med. Oral Pathol., (1990) 69(2):227-37.). As
reviewed by Rutherford, et al. (Rutherford, B. et al., “A new
biological approach to vital pulp therapy,” Crit. Rev. Oral
Biol. Med., (1995) 6(3):218-29), most studies in this area
have focused on the preservation of pulp vitality and stimu-
lation of tertiary dentin matrices as simultaneously occurring
biological phenomena. The repair or regeneration of pulp
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tissue is usually considered in combination with dentinogen-
esis and not as a therapeutic goal unto itself. This is a logical
extension of the concept of the dentin-pulp complex as an
integral structural and functional unit. The approach outlined
below applies tissue engineering principles for dentin regen-
eration. The goal is to provide a matrix, such as a fibrin
matrix, that would be replaced by invading cells which will
uptake pDNA bound to the nanocrystalline calcium phos-
phate particles and thus differentiate into a specialized con-
nective tissue that is subsequently mineralized. This repara-
tive dentin forms superficial to the pulp tissue, and not at the
expense of the pulp tissue.

In detail, the rats will be heavily sedated and the operating
field will be disinfected with 5% solution of iodine. The pulps
will be exposed using a sterile high-speed rotary cutting
instruments with water coolant. Partial hemostasis will be
achieved with sterile cotton pellets but the teeth will not be
dried extensively before treatment. The pulps will be treated
with fibrin matrix containing the nanocrystalline calcium
phosphate particles/pDNA of interest (FIG. 13, step 1, area
3). This will be followed by the application of a biodegradable
self-setting cement to seal the injured pulp and insulate the
site from the final restorative material (FIG. 13, step 1, area 2).
The fibrin matrix will release the pDNA to migrating pulp
cells allowing them to uptake the plasmid DNA (FIG. 13, step
B). The teeth will then be sealed with a sealant, such as
Temp-Bond NE (Kerr U.S.A., Romulus, Mich., U.S.A.)
(FIG. 13, step 1, area 1). The goal of this therapy is to induce
dentin regeneration and the formation of a dentin bridge to
maintain a healthy pulp (FIG. 13, step C). The approach is
based on exploiting the existing model used by clinicians but
also implements dentin gene therapy, which will lead to sig-
nificant benefits to patients suffering from dental caries.

In the described procedure, the delivered gene is preferably
an OP1 gene, such as BMP-2, -4 or -7. The logic for selecting
BMP-7 is based on biology and literature. Recent evidence
has implicated proteins belonging to the bone morphogenetic
protein (BMP) subgroup of the transforming growth factor
beta supergene family in tooth formation and dentinogenesis.
It has long been known that bone and dentin contain bone
morphogenetic protein activity. Recombinant human BMP-2,
-4, and -7 have been shown to induce reparative dentin for-
mation in experimental models of large direct pulp exposures
in permanent teeth (Rutherford, B., (1995); Begue-Kirn, C.,
et al., “Effects of dentin proteins, transforming growth factor
beta 1 (TGF beta 1) and bone morphogenetic protein 2
(BMP2) on the differentiation of odontoblast in vitro,” Int. J.
Dev. Biol., (1992) 36(4):491-503; Ren, W. H., et al., “Induc-
tion of reparative dentin formation in dogs with combined
recombinant human bone morphogenetic protein 2 and fibrin
sealant,” Chin. J. Dent. Res., (1999) 2(3-4):21-4 and
Nakashima, M., “The induction of reparative dentine in the
amputated dental pulp of the dog by bone morphogenetic
protein,” Arch. Oral Biol., (1990) 35(7):493-7). BMP-7 has
documented potential for successful dentin regeneration and
is a well-established model therefor.

The rat BMP-7 plasmid DNA may be controlled by the
CMYV promoter 5' to the coding region as described by Kreb-
sbach P H, et al., “Gene therapy-directed osteogenesis: Bmp-
7-transduced human fibroblasts form bone in vivo,” Hum
Gene Ther 2000; 11: 1201-1210 and Franceschi, R. T., et al.
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“Gene therapy for bone formation: in vitro and in vivo osteo-
genic activity of an adenovirus expressing bmp7,” J Cell
Biochem 2000; 78: 476-486.

Example 4

Ectopic Gene Delivery of BMP-2 in Rat Muscle
Wound Model

In the experiments described below, the well-established
ectopic wound model was selected. The gene encoding
BMP-2 was selected as aknown bone inducing agent. Several
authors (Whang, K., et al, “Ectopic bone formation via
rhBMP-2 delivery from porous bioabsorbable polymer scaf-
folds,” J. Biomed. Mater. Res., (1998) 42(4): 491-9; Uludag,
H., et al., “Characterization of rhBMP-2 pharmacokinetics
implanted with biomaterial carriers in the rat ectopic model,”
J. Biomed. Mater. Res., (1999) 46(2):193-202; Uludag, H., et
al., “Implantation of recombinant human bone morphoge-
netic proteins with biomaterial carriers: A correlation
between protein pharmacokinetics and osteoinduction in the
rat ectopic model,” J. Biomed. Mater. Res., (2000) 50(2):
227-38; Urist, M. R., “Bone: formation by autoinduction,”
Science, (1965) 150(698):893-9 and Ogawa, Y., et al,
“Bovine bone activin enhances bone morphogenetic protein-
induced ectopic bone formation,” J. Biol. Chem., (1992) 267
(20):14233-7) have demonstrated that a matrix containing
rhBMP-2 implanted in an ectopic site will induce bone for-
mation.

To demonstrate bone formation using a hydroxyapatite
complex as described herein, nanocrystalline hydroxyapatite
particles complexed with plasmid DNA harboring a BMP-2
gene (see, generally, Lee, J. Y., et al., “Enhancement of bone
healing based on ex vivo gene therapy using human muscle-
derived cells expressing bone morphogenetic protein 2,” Hum
Gene Ther. 2002 Jul. 1; 13(10):1201-11; Nobuhiro Abe, et al.
Enhancement of bone repair with a helper-dependent aden-
oviral transfer of bone morphogenetic protein-2, 1 2002 Sep.
27, 297(3):523-7; and Laurencin, C. T, et al. “Poly(lactide-
co-glycolide)/hydroxyapatite delivery of BMP-2-producing
cells: a regional gene therapy approach to bone regeneration,”
Biomaterials. 2001 June; 22(11): 1271-7) under transcrip-
tional control of the CMV promoter were embedded in a
fibrin matrix and tested in vivo according to the following.

Matrix preparation: sterile stock solution of fibrinogen
(45.63 mg/ml) was prepared using sterile PBS solution.
BMP-2 plasmid DNA was lyophilized and mixed with the
nanocrystalline hydroxyapatite prepared as described above.
The hydroxyapatite/DNA complex was added to a stock solu-
tion of thrombin 5 U/ml in PBS and the hydroxyapatite/DNA
complex/thrombin was added to and mixed with the fibrino-
gen stock solution rapidly poured into 1 ml sterile syringes
with their tops removed to form gel plugs. The gel plugs were
implanted in the hind lateral muscle site of adult female
Sprague-Dawley rats. The surgical protocol consists of a
single 2-3 cm incision in the lateral aspect of the hind to reach
the muscle structure. The plasmid DNA-nanocrystalline cal-
cium phosphate particles incorporated in fibrin was inserted
in the muscle and the wound was then closed with 4.0 sutures.
The rats were euthanized 4 weeks later, x-rays of the rat leg
were performed and tissues from the muscle structure were
retrieved, fixed in formalin, and embedded in paraffin. Serial
histological sections were prepared and stained with Mas-
son’s Trichrome to determine bone formation.

These studies show the formation of a radio dense structure
following x-ray imaging when 500 pg of plasmid BMP-2/
Nanocrystalline calcium phosphate particles were incorpo-
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rated into a fibrin matrix and implanted into a rat muscle
(FIGS. 15A and 15B). The controls (FIGS. 14A and 14B)
using fibrin/nanocrystalline calcium phosphate particles
without plasmid DNA did not show any radio dense struc-
tures. The results of these studies provide an indication that
the pDNA was indeed uptaken and expressed by the cells in
vivo.

Example 5
Method for Synthesizing Membranes

The protocol described for synthesizing nanostructured
calcium phosphate can also be used for synthesizing mem-
branes. A typical protocol will include the steps of adding the
CaCl, solution containing plasmid DNA to the Na,PO,, solu-
tion in the presence of a water soluble polymer such as poly-
ethylene glycol or PMMA. The resulting mixture can then be
air-dried or dried in vacuum to generate the polymeric struc-
ture containing the nanosized hydroxyapatite particles. The
thickness of the membrane can be adjusted by controlling the
viscosity of the mixture which will essentially depend on the
concentration of the polymer and the water. The resulting
solution of appropriate viscosity can then be poured onto a
Teflon substrate to form membranes of different thicknesses.
A porous membrane structure can be generated by bubbling
air or oxygen into the mixture containing the phosphate and
the polymer. The gas droplets trapped in the viscous mixture
will help generate the porosities resulting in a porous struc-
ture. Alternatively the porogen can be a material that is not
water soluble such as poly-e-caprolactone which can then be
removed by adding tetrahydrofuran. The porosity and pore
sizes can be controlled by the amount of the pore former and
the size of the polymer beads.

Example 6
Method for Synthesizing Pastes, Creams or Gels

Any method described in the prior-art for manufacturing of
creams or pastes or gels can be used for generating the same
with nanosized calcium phosphates. A typical procedure
would consist of adding the CaCl, solution containing plas-
mid DNA to the Na,PO, solution to a mixture containing
ingredients, such as polyethylene glycol, mineral oil, isopro-
pyl myristate, sorbitan peroleate, glyceryl lanolate, sorbitol,
cetyl palmitate, magnesium sulfate, aluminum stearate, lano-
lin, alcohol, and amphiphilic surfactants such as laurel sulfate
ester or sodium dodecyl sulfate. These are components of
several commercial creams, pastes and gels used for cosmetic
applications. The addition of the hydroxyapatite solutions
into these mixtures containing the ampiphiles will result in
micellar structures of the nanocap within the gel structures.
Application on a surface will help in dissolving the structures
providing easy application and transfer of the hydroxyapatite
particles or complexes into the skin.

Example 7

Method for Synthesizing Solutions for Ocular
Applications

The protocol for this application typically includes the
steps of adding solution containing CaCl, and plasmid DNA
to the solution containing Na,PO,. Additional additives such
as PEG or EDTA could be added as well as any other biode-
gradable water soluble polymer which, for example, can
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serve as steric stabilizers or complexing agents to prevent
aggregation of the hydroxyapatite particles or complexes.
The resulting solution can be added to a saline mixture which
can then be easily dispensed into the eye for ocular applica-
tions. The amounts of the additives and the concentration of
the hydroxyapatite particles and the plasmid DNA can be
optimized depending on the use and type of therapy.

Example 8

Method for Synthesizing Aerosols for Respiratory
Applications

The protocol for this application is essentially very similar
to Example 6, except that a mist or aerosol droplets of the
resulting stabilized solution containing PEG or EDTA or any
water soluble biodegradable polymer will generated using an
ultrasonic transducer or like devices. In a typical aerosol
applicator the solution can be pressurized through an orifice
to generate a mist of extremely fine droplets of the hydroxya-
patite particles or complexes-containing solution. The size of
the droplets and the concentration of the complexes contain-
ing the DNA or other bioactive compound in each droplet can
be controlled depending on the therapy and application site.

Example 9

Method for Synthesizing Substrates Containing the
Nanosized Calcium Phosphates

The above methods also can be used for coating a number
of metal, ceramic, and semiconducting substrates for appli-
cations ranging from stents to hard and soft tissue implants. In
a typical protocol, a solution containing CaCl, and plasmid
DNA will be added to a solution containing the Na,PO, to
produce hydroxyapatite. The resulting solution can be stabi-
lized with PEG, EDTA or any biodegradable polymer. The
substrates can be, for example and without limitation metal-
lic, ceramic or semiconducting materials such as Ti—V—Al,
Co—Cr, Co—Mo alloys and SiC, semiconducting grade sili-
con, or silica, and carbon forms including amorphous pyro-
Iytic graphite and nanotubes. Silicon carbide (SiC) or silica
(Si0,) can be made porous on the surface by surface etching
techniques either chemical or bombardment by surface active
ions in a sputtering unit. The substrates containing porosities
on the surface will then be dipped into the solution mix
containing the plasmid DNA and the nanosized calcium phos-
phates. The coated solution will then be dried and can be used
for the desired application. The concentration of the DNA and
the hydroxyapatite and the porosity on the surface all can be
controlled and optimized depending on the application, the
site of use in the body and the therapy. Similar procedures can
be applicable to ceramic or metal fibers and porous mem-
branes of metal, ceramics or semiconductors including car-
bon nanotubes.

Example 10

Effect of the Rate of Mixing the Calcium and
Phosphate Precursors on Transfection Efficiency

CaP/pDNA particles were synthesized by adding the cal-
cium precursor to the phosphate precursor using a Harvard
Apparatus PHD 2000™ Infuse/Withdraw syringe pump at a
series of flow rates ranging from 13.0 to 14.2 pl/s (the flow
rate was adjusted in increments of 0.2 pl/s). As a control, the
precursors were also manually mixed on a vortexer at a speed
of 500 rpm.



US 7,776,600 B2

27
Particles of nano-sized CaP, were synthesized by adding
122.2 pl of a calcium precursor solution, comprised of 6.11 pl
(1 pg/ul) of pDNA (pCMV-luciferase (5 mg/ml)), 15.2 pl of
2M CaCl,.2H,0 and 100.9 ul of de-ionized water, to an equal

volume of a phosphate precursor solution, pH 7.5, comprised 5

of 280 mM NaCl, 10 mM KCl, 12 mM dextrose monohy-
drate, 50 mM HEPES free acid and various molar amounts of
Na;PO,.12H,0 ranging from 0.35 to 8.27 mM of phosphate.

On average, a flow rate of 13.4 ul/s yielded the highest
transfection efficiency (FIG. 16). This flow rate resulted in
precipitates that were approximately twice as effective at
transfecting Hel a cells as those formed with manual mixing.
In addition, particles synthesized using the syringe pump
yielded more consistent transfection efficiencies, as indicated
by the difference in standard errors between the two treatment
groups. Thus, maintaining precise control over the mixing
conditions can be a critical parameter for synthesizing CaPs-
pDNA precipitates in the nano-size range in a reproducible
manner such that efficient gene transfection is achieved.

For transfection, standard culture methods were used. Spe-
cifically, both the He[La and MC3T3-E1 cells were cultured in
75 cm? flasks in a humidified incubator at 37° C. and 5% CO,
in DMEM supplemented with 10% fetal bovine and 1% P/S.
Cells were maintained at subconfluency and passaged every
2-3 days. Cells were seeded in 12-well cell culture plates at a
cell concentration of 1.63x10° cell/well one day before trans-
fection so that a cell confluency of approximately 70% just
prior to transfection could be obtained. On the day of trans-
fection, the CaPs/pDNA particles were synthesized accord-
ing to the synthesis protocol described above. The resultant
transfection mixtures were then immediately added to the
wells (81.5 pl/well) in a drop-wise manner. The CaPs/pDNA
particles were allowed to remain in the cell culture medium
for 24 h, after which the cell culture medium was replaced
with fresh serum medium and the cells were allowed to incu-
bate for another 24 h. Forty-eight hours post transfection, the
activity of the reporter gene selected for these experiments,
luciferase, was assessed using a standard commercially avail-
able luciferase assay system in combination with an
AUTOLUMAT™  luminometer (Berthold Industries,
Oakridge, Tenn.). The transfection efficiency was then nor-
malized per milligram of total protein using a standard bicin-
choninic acid (BCA) protein assay kit (Pierce Biotechnology,
Inc, Rockford, 111.).

Example 11

Effect of Stoichiometry (Ca/P Ratio) in Regulating
Transfection Efficiency

CaP-pDNA precipitates were synthesized according to
Example 10 with various Ca/P ratios ranging from 30 to 700
(which corresponded to phosphate concentrations ranging
from 8.27 to 0.35 mM of phosphate) (Table 2).

TABLE 2
Table 1
Ca/P ratios with corresponding phosphate concentrations in mM phosphate
Ca/P ratio mM Phosphate
30 8.27
50 4.96
75 3.31
100 2.48
110 2.25
120 2.07
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TABLE 2-continued

Table 1
Ca/P ratios with corresponding phosphate concentrations in mM phosphate

Ca/P ratio mM Phosphate
130 191
140 1.77
150 1.65
165 1.50
180 1.38
190 1.31
200 1.24
300 0.83
500 0.50
700 0.35

The calcium concentration in the calcium precursor was fixed at 2M. Gene expression in
both HeLa and MC3T3-E1 cells was optimum between the phosphate concentration range
of 0.83 mM phosphate and 2.48 mM phosphate.

These precipitated nano-particles were synthesized by adjust-
ing the phosphate concentration in the phosphate precursor
while the calcium concentration in the calcium precursor was
maintained constantly at 250 mM. It was demonstrated that
transfection efficiency can be dependent on the Ca/P ratio as
shown in FIG. 17. Three discrete subgroups emerge (Ca/
P=30-75, 100-300 and 500-700). Gene expression was maxi-
mal when precipitated nano-particles within the Ca/P ratio
range of 100-300 were used. Both high phosphate concentra-
tions (i.e., from 3.3 mM to 8.27 mM of phosphate) and low
phosphate concentrations (i.e., from 0.35 mM to 0.5 mM of
phosphate) yielded lower transfection efficiencies as com-
pared to CaP nano-particles synthesized within the Ca/P ratio
range of 100-300 (i.e., from 2.48 mM and 0.83 mM of phos-
phate) in both HelL.a and MC3T3-E1 cells.

Example 12

Effect of Varying the Ca/P Ratio on Particle Size

Particle sizes of the CaP-pDNA complexes synthesized
using the various Ca/P ratios were determined using dynamic
light scattering (DLS). Specifically, 244 pl of the synthesized
CaP-pDNA particles were prepared and suspended in 611 ml
of ddH20. The particle sizes of the resultant solutions were
then assessed using a Coulter N4 PLUS™ Submicron Particle
Size Analyzer (Beckman Coulter, Inc.). The particle sizes
were automatically determined from the autocorrelation
function using the Stokes-Einstein equation: r=kT/D6mn,
where r is the particle radius, k is the Boltzmann constant, T
is the absolute temperature, D is the diffusion coefficient, and
M is the viscosity of the liquid in which the particles are
suspended. The values for the above parameters at room
temperature were:

k=1.38x10"23m2 kgs—2K*,
T=293K;

n=0.891cP:

All measurements were conducted using the optimal scat-
tering angle of 90° normal to the surface plane of the com-
plexed particles.

The particle sizes for the three subgroups, Ca/P=30-75,
100-300 and 500-700, were 1.8-2.5 pm, 20-50 nm and
approximately 20 nm, respectively (FIG. 18). Thus, the aver-
age particle size for the CaP/pDNA precipitates was found to
be inversely proportional to the Ca/P ratio. In particular, the
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sizes of the precipitates decreased from 2543+667 nm with a
Ca/P ratio of 30 to 19.30+7.54 nm with a Ca/P ratio of 700.

Also, the variability among trials decreased as the Ca/P
ratio increased (as indicated by the significant decline in the
standard error of the measured particle sizes as the phosphate
concentration decreased from 8.27 to 0.35 mM phosphate).
This data suggests that as the phosphate concentration in the
phosphate precursor was decreased, the particles became less
susceptible to fluctuations in particle sizes and thus yielded
smaller, more stable particles. These data also indicate that
synthesizing particles within the disclosed nanometer size
ranges can be a critical factor in achieving efficient transfec-
tion. For example, particles complexed with DNA in the size
range of 25-50 nm were very efficient for transfections, but it
was unexpectedly found that particles smaller than 20 nm in
size did not yield a high transfection efficiency.

Example 13

Effects of Varying the Ca/P Ratio on the Morphology
of the CaPs/pDNA Complexes

Three Ca/P ratios were selected, which included particles
synthesized with a high (Ca/P=30, corresponding to 8.27 mM
phosphate), median (Ca/P=130, corresponding to 1.91 mM
phosphate) and low (Ca/P=700, corresponding to 0.35 mM
phosphate) phosphate concentration. For transmission elec-
tron micrography the CaP/pDNA complexes were prepared
according to the synthesis protocol described in Example 11,
and one drop (approximately 5 ul), of each sample was then
immediately deposited onto a formvar carbon coated grid
(0.12% wi/v solution of formvar was prepared in spectro-
scopic grade chloroform) and allowed to equilibrate for 3
min. The grids were then stained with 2% uranyl acetate,
rinsed in 95% ethanol and allowed to air dry. Images were
taken using a JEOL 1011™ transmission electron micro-
scope (TEM) set to an accelerating voltage of 80 kV.

As showninthe TEM of FIG. 19A, CaP/pDNA precipitates
synthesized with these ratios were all spherical in nature.
Particles synthesized with a high phosphate concentration
(i.e., 8.27 mM), corresponding to a Ca/P ratio 0’30, exhibited
considerable aggregation and yielded particles in the micron
size range. By contrast, particles synthesized with both low
and median phosphate concentrations (i.e., 0.35 and 1.91
mM, respectively), corresponding to Ca/P ratios of 700 and
130, respectively, yielded particles that did not exhibit high
aggregation and were on average between 20 and 50 nm. It
was observed that at high Ca/P ratios (or low concentrations
of phosphate), fewer CaP particles were formed, and as such,
fewer pDNA binding sites were generated, which therefore
led to a decline in the extent to which these particles effec-
tively bound pDNA, which was confirmed by the TEM data.
In contrast, larger, more defined particles were observed
using a Ca/P ratio of 130 (FIG. 19B). Only the beginning
stages of toroid formation (i.e., nano-particles of CaP binding
and condensing the pDNA into a larger doughnut-shaped
particle) could be observed for particles synthesized using a
Ca/P ratio of 700 (FIG. 19C).

Example 14

Effects of Varying the Ca/P Ratio on pDNA Binding
Capacity

Spectrophotometry was used to determine the extent to
which pDNA was effectively bound to the nano-particles
synthesized with various Ca/P ratios (FIG. 20). Specifically,
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two milliliter solutions of both pDNA loaded CaPs and void
CaPs were prepared for each sample. Once synthesized, all
solutions were then centrifuged at 4° C. for 1 h at 25,000 g
(14,400 rpm) using an ultracentrifuge. Following centrifuga-
tion, the amount of unbound, non-precipitated DNA remain-
ing in the supernatant of each solution was then quantified by
measuring the optical density (OD) at 260 nm using the void
CaPs as a blank. It was also verified that none of the super-
natants absorbed at 320 nm, since this would indicate that
either not all of the precipitate was removed by centrifugation
orthat further precipitation occurred after centrifugation. The
binding efficiencies were then determined using the equation
E %=([pDNA],.[pDNA])/[pDNA],x100, where [pDNA],
represents the optical density ofthe original amount of pDNA
added to the reaction mixture and [pDNA], represents the
optical density of the non-precipitated pDNA remaining in
the sample.

CaP particles synthesized with a Ca/P ratio ranging from
30 to 300 resulted in binding efficiencies of 90% or greater.
By contrast, particles synthesized with a Ca/P ratio ranging
from 500 to 700 resulted in particles that were less efficient at
binding pDNA. The pDNA binding capacities for the Ca/P
ratios of 500 and 700 were 62.14+8.48% and 35.80+7.16%,
respectively. These data clearly indicate that the loading
capacity of DNA onto the CaP particles can be a critical factor
in controlling transfection efficiency.

Example 15

Effects of Varying the Ca/P Ratio on pDNA
Condensation Capacity

The ability of the CaP particles synthesized with the vari-
ous Ca/P ratios ranging from 30 to 700 was assessed using an
ethidium bromide (EtBr) competitive displacement assay.
EtBr produces a strong fluorescence signal upon intercalation
with DNA. When condensation of the DNA occurs, a signifi-
cant decline in this fluorescence signal occurs because the dye
is displaced. Briefly, 244 pl solutions of the CaP-pDNA par-
ticles containing 6.11 pg of pPDNA(1 pg/ul) were synthesized.
Immediately following the synthesis of the complexes, 0.153
ul of a 10 mg/ml EtBr solution was added. The fluorescence
intensity of each sample was then measured in triplicate using
a Wallac 1420 Victor3 V™ fluorescence plate reader (Perkin
Elmer, Waltham, Mass. at an excitation wavelength of 520 nm
and an emission wavelength of 615 nm. Results are reported
as relative fluorescence values and were determined using the
following equation: Relative displacement=(F_, —F)/
(Fpny=Fo), where F_, ., F, and F ., respectively, represent
the fluorescence intensity of a given CaPs-pDNA sample, the
fluorescence intensity of EtBr in the buffer alone (comprised
0t 280 mM NaCl, 10 mM KCl, 12 mM dextrose monohydrate
and 50 mM HEPES free acid), and the fluorescence intensity
of EtBr bound to DNA alone without the presence of another
competitive binding agent.

As shown in FIG. 21, low Ca/P ratios (i.e., Ca/P=30-75)
yielded low pDNA condensation efficiencies. The relative
fluorescence intensities for the Ca/P ratios of 30, 50 and 75
were 0.925£0.156, 0.972+0.302 and 0.939+0.159, respec-
tively. Although approached, there was no statistically sig-
nificant difference between the Ca/P ratio range that yielded
the optimum transfection efficiency (i.e., Ca/P=100-300) and
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the Ca/P ratio range that yielded the lowest levels of gene
expression (i.e., Ca/P=500-700).

Example 16

Phase Determination of Nano-Sized Cap Particles
Via X-Ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FT-IR)

Both x-ray diffraction (XRD) and Fourier Transform Infra-
red spectroscopy (FT-IR) were used to determine both the
phase and the crystallinity of the nano-sized particles synthe-
sized with a low, median and high Ca/P ratio, represented by
Ca/P=30 (8.27 mM phosphate), 140 (1.77 mM phosphate)
and 700 (0.35 mM phosphate), respectively.

The phases of particles synthesized using the following
three Ca/P ratios were determined using X-ray diffraction
(XRD): Ca/P=30 (8.27 mM phosphate), 140 (1.77 mM phos-
phate) and 700 (0.35 mM phosphate). The phase of each was
determined using a Philips X-ray diffractometer (X’PERT
PRO™) using Cu—Ka radiation (A=1.5418 angstroms) and
operated at 45kV and 40 mA. All samples (0.2 g) were run for
1 h in the 26 range of 10-70° C.

Fourier transform infrared spectroscopy (FTIR) was con-
ducted on particles synthesized using the Ca/P ratios of 30,
140 and 700. Specifically, 1 mg of each of the synthesized
powders was mixed with 100 mg of spectroscopic grade KBr
powder using an agate mortar. A stainless steel die, with an
applied load of 1000 psi (Carver Press, Wabash, Ind.), was
then used to press the mixtures into transparent pellets. The
FTIR spectra of these samples were then obtained using a
Mattson Galaxy Series FTIR 5000™, which was purged with
dry, CO,-free nitrogen. All of the spectra were collected in the
4000-400 cm™" wavenumber range.

XRD confirmed that all three samples exhibited the
hydroxyapatite (HAp) phase (highest intensity peak at 31.7°
(21 1)) (FIG. 22). No other peaks indicating the presence of
any other secondary phases of CaP such as monetite (stron-
gest peak at 30.24° (1 2 0) or B-TCP (strongest peak at 30.1°
(02 10)) were observed. In addition, all of the FT-IR spectra
exhibited typical apatitic features (FIG. 23). In particular, all
of the spectra contained PO, bands between both 1000-1100
and 550-560 cm™" as well as OH bands at around both 3570
and 605 cm™". There was a noticeable loss, however, in reso-
Iution of both the XRD and FT-IR spectra as the Ca/P ratio
increased from 30 to 700. This loss in resolution was likely
due to the decline in particle size and thus the corresponding
decline in crystallite size of the precipitates as the phosphate
concentration decreased from 8.27 to 0.35 mM phosphate.
This decline in crystallite size resulted in a decline in the
crystallinity of the samples, and, thus, led to both a broaden-
ing of the diffracted peaks and a loss in resolution of the
infrared spectra.

Example 17

Effects of Sedimentation on Transfection Efficiency

For smaller hydroxyapatite DNA complexes (i.e., 20 nm or
smaller), the effects of Brownian motion can increase and,
thus, the particles fail to efficiently sediment and adhere to
cultured cells. Specifically, it was determined that by centri-
fuging the 20 nm or smaller sized CaP-pDNA complexes (i.e.,
Ca/P=500 and 700) after being added to the cell culture
medium, transfection efficiencies of the centrifuged particles
were higher.
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Nevertheless, the efficiencies were still approximately six
times less efficient than the control centrifuged Ca/P=130
particles. Thus, sedimentation can be used in addition to other
parameters such as pPDNA binding to adjust transfection effi-
ciency.

Itwill be appreciated by those skilled in the art that changes
could be made to the embodiments described herein without
departing from the broad concept of the invention. It is under-
stood, therefore, that this invention is not limited to the par-
ticular embodiments disclosed, but is intended to cover modi-
fications that are within the spirit and scope of the invention as
defined by the claims.

We claim:

1. A method for making a complex of hydroxyapatite and a
biomolecule, comprising reacting calcium ions with Na,PO,
in the presence of hydroxyl ions and a biomolecule, wherein
the calcium ions and Na;PO, have a ratio of calcium to
phosphate (Ca/P) of 100-300 and combine to precipitate as
hydroxyapatite, wherein the complex has a size of 20 to 50
nanometers.

2. The method of claim 1, wherein the biomolecule is a
nucleic acid.

3. The method of claim 2, wherein the nucleic acid is
selected from the group consisting of DNA, plasmid DNA
(pDNA), RNA, antisense RNA, and interfering RNA.

4. The method of claim 3, wherein the DNA comprises a
gene.

5. The method of claim 4, wherein the DNA comprises a
bone morphogenetic protein gene.

6. The method of claim 3, wherein the DNA comprises a
gene selected from the group consisting of thBMP-2, VEGF,
EGF, NGF, TGF-f, FGF, PDGF, IGF, Runx2, Osx, and BMP-
7.

7. The method of claim 1, further comprising associating
the hydroxyapatite with a substrate.

8. The method of claim 1, wherein the hydroxyapatite is
prepared according to the formula:

#(CaCl,)+6(NazPO,)+2NaOH—>Ca, (PO, OH) o+
20NaCl+(#-10)CaCl,,

wherein n is greater than 10.

9. The method of claim 8, wherein n is greater than about
100.

10. The method of claim 8, wherein the Ca,,(PO,)s(OH),
is precipitated by mixing a solution of calcium chloride with
a solution of NaCl, KCl, Na,PO,, a sugar, and a buffer
adjusted to pH 7.5 with NaOH.

11. The method of claim 8, wherein the Ca,,(PO,),(OH),
is precipitated by mixing a solution of calcium chloride with
a solution of about 280 mM NaCl, about 10 mM KCl, about
1.5 mM Na,PO,, about 12 mM dextrose, and about 50 mM
HEPES adjusted to pH 7.5 with NaOH.

12. The method of claim 2, wherein the nucleic acid is
condensed by greater than 70% when compared to the nucleic
acid when it is not complexed with hydroxyapatite.

13. The method of claim 2, wherein the nucleic acid is
bound with greater than 90% efficiency.

14. A composition, comprising a complex of hydroxyapa-
tite and a biomolecule wherein the hydroxyapatite is formed
from calcium ions and Na;PO, having a ratio of calcium to
phosphate (Ca/P) of 100-300 and the complex has a size 0f 20
to 50 nanometers.

15. The composition of claim 14, wherein the biomolecule
is selected from the group consisting of a nucleic acid, a
protein, and any combination thereof.
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16. A composition comprising the complex of claim 15 and
a polymer matrix.

17. The composition of claim 16, wherein the polymer
matrix is selected from the group consisting of fibrin, col-
lagen, glycosaminoglycans, chitin, chitosan, hyaluronic acid,
polysaccharides, starch, carrageenan, alginate, heparin, gly-
cogen, cellulose, polylactide (PLA), polylactide-co-gly-
colide (PLGA), polyglycolic acid (PGA), polyurethane,
polycaprolactone, polymethyl methacrylate (PMMA),
polyamino acids, poly-L-lysine, polyethyleneimine, poly-an-
hydrides, polypropylene-fumarate, polycarbonates, polya-
mides, polyanhydrides, polyortho esters, polyacetals, poly-
cyanoacrylates, degradable polyurethanes, and combinations
of any thereof.

34

18. The composition of claim 14, wherein the hydroxya-
patite is prepared according to the formula:

#(CaCl,)+6(NazPO,)+2NaOH—>Ca, (PO, OH) o+
20NaCl+(#-10)CaCl,,

wherein n is greater than 10.

19. The composition of claim 18, wherein n is greater than
about 100.

20. A method for introducing a biomolecule into a cell,
comprising contacting a cell with a composition comprising a
complex of hydroxyapatite and a biomolecule wherein the
complex has a size of 20 to 50 nanometers and wherein the
hydroxyapatite is formed from calcium ions and Na PO,
having a ratio of calcium to phosphate (Ca/P) of 100-300.

#* #* #* #* #*
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