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NANOSTRUCTURED BIOACTIVE MATERIALS
PREPARED BY DUAL NOZZLE SPRAY DRYING TECHNIQUES

REFERENCE TO RESEARCH GRANTS AND GOVERNENT LICENSE

[01] This invention was made during research activities that were supported in part by
Grants DE11789 from the NIDCR to the ADAF and carried out at the National Institute of
Standards and Technology. '

BACKGROUND OF THE INVENTION

[02] In a principal aspect the present invention comprises apparatus and preparation
methods, by a spray drying technique for forming nanostructured particles of bioactive materials
that have high reactivity, small particle sizes and high surface areas. Such manufactured materials

have performance advantages in a range of biomedical applications.

[03] The mineral component of bone and teeth consists primarily of non-stoichiometric
and highly substituted hydroxyapatite (HA) in poorly crystalline 6r nearly amorphous forms. The
“impurity” components that are present at significant levels in such biominerals include sodium,
potassium, magnésium, and strontium substituting for célcium, carbonate for phosphate, and
chloride and fluoride for hydroxyl ions. Because HA is stable under in vivo conditions and is
osteoconductive, synthetic HA has been widely used in hard tissue repair application, such as
implant coatings and bone substitutes. Other calcium phosphate phases have also been shown to
be highly biocompatible and/or osteoconductive. As a result, with the exception of fluorapatite
(FA), the calcium phosphate compounds listed in Table 1 have been used in some form of bone

repair applications.
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Table 1 — Calcium Phosphate Compounds that Have Being Used in Bone Repair Applications

Compound Formula Bone repair applications
Monocalcium phosphate Ca(H,P0O4)2H,0 Components of calcium
monohydrate (MCPM) phosphate cement (CPC)
[Mejdoubi et al., 1994]
Dicalcium phosphate CaHPO4 CPC component [Brown and
anhydrous (DCPA) Chow, 1987]
Dicalcium phosphate CaHOP42H,0 CPC product [Bohner et al.,
dehydrate (DCPD) 1995]
CPC component [Brown and
Chow, 1987]
Octacalcium phosphate CagH2(PO4)s5H,0 CPC product [Bermudez et al.,
1994]
(OCP)

a-Tricalcium phosphate

0-Ca3(POg),

CPC component [Ginebra et

al. 1997]
(o-TCP)
B-Tricalcium phosphate B-Caz(POq), CPC component [Mejdoubi et
al., 1994]
(B-TCP)
Granular bone graft [Ogose et
al., 2002]
Amorphous calcium Ca3(POq), CPC component [Lee et al.,
phosphate (ACP) 1999]
Hydroxyapatite (HA) Cas(POy4);0H CPC product [Brown and

Chow, 1987]; granular bone
graft [den Boer et al., 2003];

Implant coating [Jaffe and
Scott, 1996]
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3
Fluorapatite (FA) Cas(POy)sF
Tetracalcium phosphate Cays(PO4),0 CPC component [Brown and
(TTCP) Chow, 1987]
[04] Calcium phosphate compounds are also useful in various dental applications. For

example, a slurry or gel that contained MCPM and fluoride was used as topical F agents that
produced significant amounts of both tooth-bound and loosely bound F deposition on enamel
surfaces. A chewing gum that contained o-TCP as an additive released sufficient amounts of
calcium and phosphate ions into the oral cavity and significantly alleviated cariogenic challenges
produced by sucrose. A calcium phosphate cement that contained TTCP and DCPA was shown to
provide effective apical seal when used as a root canal filler/seal, or as a sealer with as a
retrievable master cone. The cement was also effective as a perforation sealer. ACP or a .
TTCP+DCPA mixture has been used as the mineral source in remineralizing dental restorative

materials.

[05] In addition to calcium phosphates, a number of calcium-containing compounds also
have significant dental applications. Calcium fluoride, CaF,, which is the major product of most
topically applied F (F dentifrices, F rinses, professionally applied F gel, etc.), is the source of
ambient F in the mouth that is primarily responsible for the cariostatic effects of F. The greater the
amount of CaF, that adheres to fhe oral tissue surfaces after a F application, the greater is the oral F
retention and therefore the F cariostatic effects. Calcium-silicate compounds, tricalcium silicate
and dicalcium silicate, are the major components of mineral trioxide aggregates (MTA), a material
that finds wide uses in endodontic procedures, such as root end and perforation fills and for apical
closure in the apexification procedure. Calcium silicate hydrates (CSH), xCa(OH), ySiO,zH,0, of
varying Ca/Si/H,O0 ratios are among the products formed in MTA.

[06] Defined broadly, the term ‘“nanostructured” is used to describe materials
characterized by structural features of less than 100 nm in average size (WTEX Panel Report on

Nanostructure Nanodevices, 1999). Clusters of small numbers of atoms or molecules in
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nanostructured materials often have properties (such as strength, electrical resistivity and
conductivity, and optical absorption) that are significantly different from the properties of the same
matter at the bulk scale. In the case of calcium phosphates and other bioactive inorganic materials,
there are a numbér of reasons to believe that the combination of small particle size and high
reactivity can lead to performance advantages in a range of clinical applications. For example, as
set forth in the description of the preferred embedment hereinafter, experimental results showed
that nano sized HA, when incorporated into a TTCP+DCPA calcium phosphate cement caused a
drastic reduction in setting time from 30 min to 10 — 12 min. It is anticipated that nano particles of
other calcium phosphate phases, which are ingredients of the various calcium phosphate cements
in clinical use, will also significantly improve the setting and other handling properties, e.g.,

cohesiveness, injectability, etc., of the cements.

[07] The apatite crystallites in human bone, enamel, dentin and cementum are all
extremely small in size and can be considered as nanostructured materials. Because HA is the
prototype for bioapatites, which are in nano crystalline forms, extensive efforts have been made to
produce synthetic nano HA materials. Methods that have been used for ‘preparing nano HA
material include chemical precipitation, in some cases followed by spray drying or hydrothermal
treatment, sol-gel approach, microemulsion techniques, precipitation from complex solution
followed by microwave heating, wet chemical methods incorporating a freeze drying step,
mechanochemical synthesis, and eletrodeposition. Additional studies reported synthesis of
composites of nano HA and bioactive organic componeﬂts including HA-collagen, HA-chondroitin
sulfate or HA-chitosan using direct precipitation method, nano HA-polyamide using HA slurry and
solution method, and Ca-deficient nano HA-high molecular weight poly (D,L-lactide) through a

solvent-cast technique.

[08] Preparation of microcrystalline and nanocrystalline HA have also been disclosed in
the patent literature. U.S. Patent No. 5,034,352 discloses that Spray drying is the preferred
technique for converting the gelatinous precipitate of hydroxyapatite into the fine dry articles
suitable for use in the agglomeration process. U.S. Patent No. 4,897,250 discloses that calcium
phosphate, including hydroxyapatite, precipitated by the reaction can be withdrawn in a powder

form by any conventional techniques such as filtration, centrigual separation, and spray drying.
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U.S. Patent No. 6,033,780 discloses a manufacturing method of a spherical apatite by means of a
slurry comprising hydrexyapatite as its main component which is dried and powdered to prepare
aggregates of primary apatite particles, preferably, spray dried to form spherical particles.‘ U.IS.
Patent No. 6,558,512 discloses that one method for preparing dense, rounded or substantially
spherical ceramic particles such as calcium hydrquapatite is by spray drying a slurry of about 20
to 40 weight % submicron particle size calcium hydroxyapatite. U.S. Patent No. 6,592,989
provides a method of synthesizing hydroxyapatite comprising the steps of preparing a mixed
material slurry by dispersing calcium hydroxide powder into a phosphoric acid solution and
conducting a mechanochemical milling treatment. U.S. Patent No. 5,585,318 provides methods for
producing non-porous controlled morphology hydroxyapatite granules of less than 8 pm by a
spray-drying process. Solid or hollow spheres or doughnut shapes can be formed by controlling
the volume fraction and viscosity of the slurry as well as the spray-drying conditions. Finally, U.S.
Patent No. 6,013,591 discloses a method for preparing nanocrystalline HA that involves
precipitating a particulate apatite from solution having a crystallite size of less than 250 nm and a
BET surface area of at least 40 m%/g. In all of the prior art methods cited above, HA was
precipitated from a solution. The slurry or emulsion containing the precipitated HA was spray-

dried to produce fine particles.

[09] In the above methods described in the scientific or patent literature, the nano HA
materials are formed in a solution environment, and in most cases, the product is washed with
water or other solvents to remove impurity or undeésired components. Exposure of the nano
particles to additional solution environments is likely to result in significant interactions between
the particle surfaces and the solvent, leading to modifications of the surface properties and a
reduction in the high reactivity innate to the nano particles. Thus, there has persisted the need to
identify methods and apparatus for the manufacture of high purity, amorphous or nearly

amorphous nano particles, especially those comprised of Ca and P.
SUMMARY OF THE INVENTION

[10] Briefly, the present invention comprises methods for preparing nano particles, such

as HA particles, by spray drying of a solution discharged through a nozzle in such a way that the
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nano particles form via in situ precipitation resulting from generally controlled evaporation of the
solution in a chamber. The product formed is essentially free of undesired components or
impurities such that the particles do not need to be washed. Thus, the particles need not be
exposéd to any solution environment and therefore will retain their original, highly reactive
surfaces. By adjusting the composition of the solution, e.g., the Ca/P ratio, Na and carbonate
concentrations, etc., nano HA particles of a range of Ca deficiency and substitution (Na for Ca and
carbonate for phosphate) can be prepared. The spray drying methods and apparatus described
hereinafter can be used to prepare not only nano HA, but also nano forms of MCPM, DCPD and/or
DCPA, and OCP by appropriately formulating the solution composition which is to be sprayed to

form droplets from which the liquid is evaporated.

[11] Many compounds of biomedical interest, such as fluorapatite (FA), have very low
solubilities so that a saturated solution would contain little amount of dissolved material. Other
compounds, such a calcium fluoride, calcium silicate, etc., have low solubilities that do not
increase significantly with increasing acid strength. As a result, the one-solution spray drying
method as described hereinafter may not be as commercially useful as desired for preparing nano
particles of these compounds. However, availability and use of two-liquid nozzles makes it
possible to prepare nano particles of these insoluble salts because the cationic and anionic
components of the salt are initially present in two separate solutions each one being dispersed from

a distinct, but adjacent nozzle to enable ionic combination upon atomization in a chamber.

[12] Thus, the invention is generically described as methods comprising preparation of
nano structured materials using a spray drying technique employing a one-liquid nozzle or multiple
liquid nozzles. An impdrtant feature of the inventive spray drying process comprises evaporation
of the liquid from which the nano particles are derived thereby leading to in situ precipitation of
HA (or another compound of interest) that is essentially free of undesired components or
impurities. In this way the nano particles formed do not need to be washed and therefore not be
exposed to any solution environment that could fnodify the particle surfaces. This process requires
that the solution being sprayed contain only calcium and phosphate ions (or constituent ions of the
salt to be prepared) and an acid component in water solution, if needed, to solubilize the calcium

phosphate compound. The acid must preferably be sufficiently volatile so that it can be readﬂy
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evaporated in the spray drying process. To achieve this, the volatile acid must preferably also-be a
weak acid such that no significant amounts of the acid anions, which are not volatile remain
present by the end of the evaporation process. Precipitation of HA, for example, resulted from
evaporation of water in the spray drying process causing a decrease in solution pH to about 4.0.
This, in turn, makes the weak acid become increasingly more undissociated and therefore readily
evaporated. Carbonic and acetic acids are examples of good candidates for the purpose. In the
specific example of HA particle formation, HA-saturated solutions can be prepared by dissolving
HA in a dilute acetic acid (for example, 17.5 mmol/L) solution (acetic acid-HA solution) or

- carbonic acid (266 mmol/L) solution (carbonic acid-HA solution).

[13] ‘Other examples of the methods of the invention include formation of nano particles
of other components. For example, compositions of solution to be spray dried for preparing nano
particles of various calcium phosphate pﬁases are set forth in Table 2. Because MCPM is highly
soluble, the soluﬁon for the nano MCPM production can be prepared by dissolving an appropriate
amount of MCPM or other sources of Ca (for example CaCQOs;) and P (for example HisPQOy) in a
solution of the desired concentration (Table 2). For the preparation of nano particles of other
célcium phosphates, a volatile weak acid is used to facilitate solubilization of the calcium
phosphate ions. The examples in Table 2 show acetic and carbonic acid as the volatile weak acids
but other acids of similar properties could also be used. With the exception of MCPM, the amount
of a calcium phosphate that can be dissolved is Strongly affected by the concentration of the
volatile acid. Table 2 shows examples of the solubility of various salts at two‘ concentrations of
carbonic acid or acetic acid. In general, a minimum amount of the volatile weak acid, necessary to
keep the calcium and phosphate ions in the solution, is used to facilitate the remova} of the acid in

the spray drying process.
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Table 2 — Compositions of Spray Drying Solutions for Use in the Single-Liquid Nozzle

Process

For MCPM preparation [Ca]/[P] = 0.5

PCT/US2005/033406

Solvent [Ca] mmol/L [P] mmol/L pH
Water low 0.1 0.2 49
high 2000 4000 4.0
DCPD/DCPA-saturated solution, [Ca]/[P] = 1.0
Acid [Ca] mmol/L [P] mmol/L pH
Carbonic Acid 1000 mol/L 20.1 20.1 4.6
Carbonic Acid 0 mmol/L 1 1 8.4
Acetic Acid 996 mmol/L 109 109 3.6
Acetic Acid 0 mmol/L 0.1 0.1 8.4
OCP-saturated solution, [Ca]/[P] = 1.33
Acid [Ca] mmol/L [P] mmol/L pH
Carbonic Acid 1018 mmol/L 29.6 22.2 4.8
Carbonic Acid 0.04 mmol/L 0.1 0.075 8.8
Acetic Acid 995 mmol/L 221 166 4.0
Acetic Acid 0.04 mmol/L 0.1 0.075 8.8
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ACP- or TCP-saturated solution, [Ca)/[P] =1.5

PCT/US2005/033406

Acid : [Ca] mmol/L [P] mmol/L pH
Carbonic Acid 1152 mmol/L 147 98 54
Carbonic Acid 0 mmol/L 0.1 0.067 9.7
Acetic Acid 985 mmol/L 610 407 5.0
Acetic Acid 0 mmol/L, 0.1 0.067 9.7
HA-saturated solution, [Ca]/[P] = 1.67

Acid [Ca] mmol/L [P] mmol/L pH
Carbonic Acid 1004 mmol/L 14.2 8.54 4.6
Carbonic Acid 0.164 mmol/L 0.1 0.06 6.8
Acetic Acid 998 mmol/L 132 79 3.9
Acetic Acid 0.122 mmol/L 0.1 0.06 6.8
Calcium hydroxide-saturated solution

Solvent [Ca] mmol/L [P] mmol/L pH

Water ' 20.5 12.5
Calcium sulfate-saturated solution

Solvent _ [Ca] mmol/L [SO4] mmol/L pH

Water 14.5 7.1

For citric acid preparation

Solvent [Citric Acid] mmol/L pH

Water 10 2.6

Water 100 2.1

Water 1000 1.6
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[14] The spray formation and drying process in one embodiment thus comprises
introduction of a solution of the compound or compounds described through a spray nozzle
(nozzles) into a heated chamber where the spray particles are deliquified thereby resulting in high
purity, solid, generally amorphous, nano particles collected in a precipitation. Two nozzles may be
utilized for certain applications where the compounds would not otherwise adequately dissolve in a

weak acid solution.

[15] Thus, it is an object of the invention to provide methods for manufacture of nano

particleé of various compounds by a process which facilitates formation of high purity particles.

[16] Another object of the invention is to provide methods for manufacture of nano

particles that is efficient, and which avoids complex procedures.

[17] A further object of the invention is to provide a method for manufacture of nano

particles by spray drying techniques.

[18] These and other objects, advantages and features of the invention will be set forth in

the detailed description which follows.
BRIEF DESCRIPTION OF THE DRAWING

[19] In the detailed description which follows, reference will be made to the drawing

comprised of the following figures:

[20] Figure 1 is a schematic drawing which depicts an embodiment of a spray drying

apparatus useful in the practice of the invention;

[21] Figure 2 is an x-ray diffraction pattern for HA nano particles prepared with acetic

acid in accord with the invention;

[22] Figure 3 is transmission electron microscope image of the HA nano particles

prepared with acetic acid in accord with the method of the invention;
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[23] Figure 4 is a high resolution transmission electron microscope image of HA nano

particles prepared with acetic acid in accord with the method of the invention;

[24] Figure 5 is an x-ray diffraction patterns for HA nano particles prepared with

carbonic acid in accord with the method of the invention;

[25] Figure 6 is a transmission electron microscope image of HA nano particles

prepared with carbonic acid in accord with the method of the invention;

[26] Figure 7 is a graph depicting dissolution of HA in a pH 6 HA pre-saturated

solution;

[27] Figure 8 is an x-ray diffraction pattern of nano particles of CF, prepared in accord

with an alternative method of the invention utilizing two spray nozzles;
[28] Figure 9 is a scanning electron microscope image of a nano CaF, sample; and
[29] Figure 10 is a transmission electron microscope image of a nano CaF, sample.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[30] | Referring to Figure \1, there is depicted in a schematic view a device useful to form
nano particles. The apparatus depicted in Figure 1 consists of a spray nozzle 10 (SUC1120, PNR
America LLC, Poughkeepsie, NY) situated on the top of a glass column 12 (Model VM770-48,
VM Glass Co., Vineland, NJ, 6” diameter), which is heated with electrical heating tapes (Model
BIH 101100L, BH Thermal Co., Columbus, OH) and thermally insulated (fiberglass tape, Flextex,
Montgomeryville, PA). Dry HEPA filtered air is supplied at the top 14 of the column, and an
electrostatic precipitator 16 (MistBuster®, Air Quality Engineering, Inc., Minneapolis, MN)
connected to the lower end of the column 12 pulls air from the column, creating a steady flow of
air/mist through the column 12. The water and volatile weak acid in the solution are evaporated
into the dry, heated air in the column and are expelled from the precipitator 16 into a hood. The
fine particles suspended in the flow are trapped in the precipitator 16 and collected at the end of the

process.
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[31] The nozzle utilized in the apparatus is selected to provide spray droplets of
minimum size. Thus, the nozzle preferabiy has a diameter of the nozzle outlet passage in the range
" of about 12 to 15 microns for the compounds tested. The temperature in the dehydration chamber
is typically in the range of 100°C to about 200°C without dissociation or adverse impact upon the
formed particles. - On the other hand, materials such as DCPA and DCPD are dehydrated at a
temperature adequately under 200°C to avoid dissociation or other adverse effects upon the formed
particles. Of course, the flow rate of the clean air into the system will affect temperature in the

forming chamber. The air may or may not be preheated.

[32] The size and shape of the evaporation chamber will also comprise a factor affecting
air flow rates, temperature and evaporation. An arrangement which avoids spray condensing or
collecting on the chamber walls is highly preferred. The pH of the acid solution is also preferably
controlled for reasons noted previously and preferably is about 4.0 or less. Of course, as the liquid |
evaporates to leave the powder particles, the effective pH increases. A weak acid is desired to

preclude inclusion of acid based artifacts in the formed particles.
[33] Characterization of the Nano Particles

[34] XRD (Rigaku DMAX 2200, Rigaku Denki Co. Ltd. The Woodlands, TX) was used
to determine the crystalline phases present in the formed nano particle product. Scans were
performed between 10°<26<50°. The estimated standard uncertainty of the 20 measurement is
0.01° and the mass fraction of a crystalline phase to be detected by XRD is about 3%. It was
anticipated that the product will contain primarily amorphous materials and the location and the

intensity of the broad peak were noted.

[35] A ThermoNicolet NEXUS 670 FT-1R spectrometer (Thermo Nicolet, Madison,
WI) was used to record the infrared spectra of the nano powders. The formed nano particle
powders were mixed with IIR quality KBr at a mass ratio of = 1:400 and finely ground in a mortar
and 1iaestle. The mixture was then pressed into a pellet in a 13 mm diameter evacuated die. The
sample KBr pellet to cancel the impﬁrity bands. The absorbance spectra were acquired over the

range of 400 cm™ — 4000 cm’ using a DTGS detector and KBr beam splitter, with a resolution of 2
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em”. Each spectrum was scanned 32 times to increase the signal-to-noise ratio. The estimated

standard uncertainty of wavelength was + 4 cm™.

[36] Multipofnt Brunauer-Emmett-Teller (BET) surface area analyses were done
(Gemini 2375 Surface Atea Analyzer, Micromeritics, Norcross, GA) with ultra high purity
nitrogen as the adsorbate gas and liquid nitrogen as the cryogen. The pressure sequence was (0.05,
0.10, 0.15, 0.20, 0.25) P/Po and the evacuation time was three minutes. The analysis mode was
equilibration with the equilibration time of 5 s. The samples were dried in air overnight at 110°C
(Micromeritics Flow Prep station) before the measurement. Analyses were conducted on replicate
samples to established standard deviation. In this and other measurements in the present study, the

standard deviation was taken as the standard uncertainty.

[37] A TA Q500 thermo gravimetric analyzer (TA Instruments — Waters LLC, New
Castle, DE) was used to determine the weight loss of the nano powder sample with the increase of
temperature. The temperature range was from 25°C to 950°C, and the heating rate was 10°C/min.

Estimated standard uncertainty of temperature calibration was & 5°C.

[38] Samples of the nano materials were analyzed for calcium (Ca) and phosphate (P) by
spectrophotometric methods and carbon (C) by combusting the sample at 1000°C in a constant
oxygen flow and detecting the carbon dioxide by infrared absorption using a LECO CHN 000
Analyzer (St. Joseph, MI) [35,36]. This information was used in conjunction with FTIR data to

estimate the chemical composition of the nano samples.

[39] Transmission electron microscopy (TEM) was used in characterizing the particles.
For this purpose, particles were deposited onto Cu grids, which support a “holey” carbon film.
The particles were deposited onto the support grids by deposition from a dilute suspension in
acetone or ethanol. The particle shapes and sizes were characterized by diffraction (amplitude)
contrast and, for crystalline materials, by high resolution electron microscope (JEOL, Peabody,

MA), equipped with a Gatan Image Filter (with parallel EELS) and a iight element EDS system.

[40] The transient nature of the dissolution behavior of HA was taken into consideration

when conducting the solubility measurements as follows. The solubilify experiments were
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conducted by dissolving the nano HA sample in solutions pre-saturated with crystalline HA at pH
(5.0, 5.5, and 6.0). Based on calculations using a commercially available software “Chemist”
(MicroMath, Salt Lake City, UT), the solutions were prepared by equilibrating crystalline HA in
8.1 mmol/L, 2.7 mmol/L, and 0.92 mmol/L phosphoric acid solutions, that also contained 150
mmol/L KNO, as an electrolyte background, until saturation followed by filtration. In each
solubility measurement conducted at (21 + 1) °C, a pre-calibrated combination pH electrode
[60110B, Extech Instruments Co., Waltham, MA] and a Ca-ion specific electrode [Orion 97-20 Ion
Plus, Thermo Electron Co., Woburn, Ma] were placed in 100 mL of a HA-saturated solution under
constant stirring (52.4 rad/s or 500 rpm), and stable electrode readings were recorded ever 10 s, 5
mL of the equilibrating slurry was removed at (1, 2, 3, 4, 5 and 10) min and immediately filtered
for analysis of [Ca] and [P] concentrations using spectrophotometric methods [34]. The pH, [Ca],
and [P] values were used to calculate solution ion activity products (IAP) with respect to HA [Eq.

(D] and other calcium phosphate phases using the software “Chemist”
[41] = IAP(HA)=(Ca®H'(PO,)%OH)}? (1)

[42] where quantities in ( ) on the right hand side of equation denote ion activities.

Solubility measurements were conducted on replicate samples to established standard deviation.
[43]  Properties of Nano HA prepared from an acetic acid-HA solution.

[44j Once brushed off the precipitator plates, the nano HA had the form of a white fine
powder. Powder X-ray diffraction (XRD) patterns showed that the material was amorphous
(Figure 2). Transmission electron microscopic (TEM) observations show clusters that contained
spherical particles about 10 nm to 100 nm in diameter (Figure 3). High resolution TEM performed
on particles that had been suspended in ethanol for 2 days showed packed crystalline HA particles
5nm to 10 nm in size (Figure 4). BET measurement results showed a surface area of (mean +
standard deviation, n = 2) (33.1 + 3.4) m?/g, leading to a calculated (assuming spherical particles)

" mean particle size of 58 nm.



WO 2006/130167 PCT/US2005/033406
15

[45] Fourier transformed infrared (FTIR) analyses of the samples showed a pattern
indicative of HA with the presence of some acid phosphate (874 cm™, 1356 cm™, 1389 cm™),
absorbed water, and acetate (670 cm’, 1417 cm, 1462 cm™, 1568 cm).

[46] Elemental analysis showed that the materials had a carbon content of 5.79% mass
fraction (5.79%) from acetate residue. Because calcium acetate is quite soluble and this may mask

the true solubility of the nano HA, solubility measurements were not performed on this material.

[47] The nano HA particles were used as seeds to determine whether the setting time of
a calcium phosphate cement (CPC) could be reduced. Cement hardening or setting time was
measured with a Gilmore needle apparatus using a heavy Gilmore needle (453.5 g load, 1.06 mm
diameter). The sample was considered set when the needle fails to leave a visible indentation
when placed over the surface of the cement. Two CPC mixtures were prepared. The control CPC
consisted of equimolar amounts of TTCP (72.9%) and DCPA (27.1%), and the experimental CPC
was a mixture that consisted of 95% control CPC and 5% nano HA seeds. The setting times of the
control and experimental CPCs were 30 = 1 min (n = 2) and 12 £ 1 min, respectively. These
results showed that the nano HA produced dramatic effects on the TTPC+DCPA cement setting
times. Because of the similarities in setting reaction mechanism, the nano particles of calcium
phosphate materials are expected to produce similar effects on setting times of CPCs of different

compositions.

[48] Properties of nano HA prepared from a carbonic acid-HA solution.

\

[49] The sample was a white powder. XRD patterns showed that the material was
amorphous (Figure 6). TEM observations showed clusters of porous spherical amorphous that
arrange from 50 nm to about 1 um in size (Figure 4). BET analysis showed surface area of (7.17
+0.19) m%/g (n = 2), leading to a calculated particle mean size of 266 nm. Because the material has -
the stoichiometry similar to that of HA but is amorphous under both XRD and TEM examinations,
this material will be referred to as “amorphous HA” (AHA).

[50] FTIR showed the pattern of amorphous calcium phosphate with the presence of

some acid phosphate (870 cm™), adsorbed water (3407 cm™), molecular water (16435 cm™), and a
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large amount of trapped CO, (2342 cm™) as well as some carbonate incorporation in the structure
(870 cm™, 1422 cm™, and 1499 cm™). Elemental carbon analysis showed the material also

contained 9.1 percent mass fraction (9.1%) of carbon.

[51] Solubility experiments were conducted by dissolving the nano HA' in a solution
presaturated with well crystalline HA. The HA-presaturated solution was prepared by
equilibrating crystalline HA in a 0.92 mmol/L. phosphoric acid solution that also contained 150
mmol/L KNO; as an electrolyte background until saturation followed by filtration. The solution
had [CA] and [P] concentrations of 0.75 mmol/L and 1.22 mmol/L, respectively, and a pH of 6.07.
Dissolution experiment results showed that both the [Ca] and [P] concentrations as well as the pH
increased rapidly with time (Figure 7). This indicated that the nano-HA was much more soluble
than the crystalline HA> The calculated pIAP(HA) value for the nano HA was (mean =+ standard
deviation; n = 2) 93.5 =+ 0.3, which is significantly less positive (indicating greater solubility) than

the value of 117 for macro scale HA.

[52] Thermal gravimetric analysis (TGA) showed that sample mass losses occurred at
(60 to 120)°C, (210 to 380) °C, (440 to 580) °C and (650 to 750) °C. Most of the trapped CO, was
lost after being held for one hour in vacuum at 600°C (Figure 6¢) and completely escaped after
heating to 950°C (Figure 6d). The intensity of the carbonate bands in AHA (870 cm’, 1422 cm’
and 1499 cm™) decreased with increasing temperature (Figures 6a-c) and finally changed to type B
(870 cm™, 1457 cm™, and 1552 cm™) and type A (870 cm™, 1457 cm’; and 1421 cm™) carbonate
incorporation, substituting for phosphate and hydroxyl groups, respectively, as the AHA structure

transformed to a carbonated HA after heating to 950°C in vacuum.

[53] The solubility results showed that in each dissolution experiment, the [Ca] and [P]
concentrations as well as the pH increased rapidly with time. This indicated that the nano-HA was
much more soluble than the crystalline HA. For dissolution experiments conducted with pH 5.0
and pH 5.5 HA-presaturated solutions, rapid increases in [Ca] and [P] were followed by gradual
decreases in these concentrations starting at about 2 min., while the pH continued to increase. This
observation suggested that a less soluble HA phase began to precipitate as the nano HA continued
to dissolve. The calculated PIAP(HA) =-log [IAP(HA)] (see Eq. (1) for IAP definition) values
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were (mean #standard deviation; # =2) 99.7 £ 0.2, 97.2 + 0.4 and 93.5 & 0.3, respectively, for data
obtained from dissolution experiments with HA-presaturated solutions having pH 5.0, 5.5 and 6.0.
The smaller IAP values (more positive pIAP values), observed at the lower pHs probably was, in

part, a result of the simultaneous dissolution-precipitation phenomenon.

[54] More specifically, HA prepared from carbonic acid would likely be more soluble
than crystalline HA, both because of ifs small particle size and CO, content. An IAP(HA) value as
high as 3.3 x 10®°* (pIAP = 93.6), compared to 1 x 10" for crystalline HA, was obtained from
experiments in which the nano HA was dissolved in the pH 6 HA-presaturated solution. In this
dissolution run, the [Ca] concentration increased from the initial value of (0.75 + 0.01) mmol/L in
the crystalline HA-presaturated solution to a near a plateau value of (4.5 & 0.2) mmol/L at 10 min
when the experiment ended. The [P] conéentration similarly increased from the initial value of
(1.2 £ 0.1) mmol/L to a stable value of (3.5 + 0.2) mmol/LL at 5 min. The pH of the solution
continued to increase and reached 7.03 £ 0.01 at 10 min. Dissolution of the same nano HA into the
pH 5 HA-presaturated solution led to initial increases in [Ca] and [P] concentrations as in the pH 6
experiment. However, the initial increases were followed by continued decreases in these
concentrations beginning at about 2 min to levels that were below the starting [Ca] and [P]
concentrations. These results suggested that addition of nano HA to a pH 5 HA-saturated solution
led to sustained precipitation of crystalline HA. Such a process might be-useful for remineralizing
dental carious lesions or for occluding open dentinal tubules as a treatment for dental

hypersensitivity.

[55] Both nano HA samples, prepared with acetic acid and carbonic acid, appeared
amorphous in SRD, but the former HA was crystalline as revealed by high resolution TEM despite
the extremely small particle sizes of 5 nm to 10 nm. It is noted that this sample for the high
resolution TEM analysis was suspended in ethanol for 2 days and there is a possibility that a phase
transformation may have occurred during this pefiod. However, under similar sample handle
conditions, the carbonic acid derived nano HA remained amorphous under TEM analysis. Because
the acetic acid- and carbonic acid-HA solutions had identical [CA] and [P] concentrations and the

spray drying processing conditions were essentially the same, the differences in crystallinity of the
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nano HA samples prepared from the two solutions may be attributable to factors related to the

nature of the acids.
[56] Process Comparison

[57] As described above, by using a minimal amount of a volatile weak acid to prepare
the spray drying solutions, the process is capable of producing HA materials that contain little or
no impurity components. In practice, a fair amount of acetate was found in the nano HA sample
prepared with the acetic acid-HA saturated spray drying solution, and a large amount of trapped
CO, was present in the nano HA prepared with the carbonic acid-HA saturated solution. The
amount of residual acid components in the spray dried product could be reduced by using a more
dilute solution, i.e., with lower [Ca] and [P] concentrations, because a smaller amount of acid
would be required to prepare the solution. A complication with HA preparation in general is that
HA has a high “affinity” for carbonate. Carbonate is readily incorporated into the HA structure in
conventional HA preparation processes unless measures are taken to exclude CO, from the system.
Because HA is the most alkaline salt among all calcium phosphates that can be prepared in an
aqueous system, a larger amount of acid is needed to prepare HA saturated solutions compared to
saturated solutions of Ithe other calcium phosphates. Consequently, the residual acid problem is
most pronounced in the HA prepafation. Preliminary data indicates that no residual acid was
| present in dicalcium phosphate dihydrate nano particles prepared by this process. . These
observations indicate that the spray drying technique should be useful for preparing nano particles

of a range of calcium phosphate phases with minimum impurities.
[58] Multiple Nozzle Techniques

[59] Many compounds of significant biomedical of industrial interests have low
solubilities under all pH conditions. As a result, the spray drying technique described above using
a one liquid nozzle is not useful because it is impossible to prepare a solution that contains a
significant amount of dissolved mass of the salt. Availability of a two liquid nozzle makes it
possible to prepared nano particles of these compounds because the cationic and anionic
components of the salt are present in separate solutions that are combined only at the time of

spraying. Nozzles that can simultaneously spray than two liquids can be constructed following the
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same principle as that for the single liquid nozzle. Thus, the spray drying process described here
can be used for multi-liquid systems when needed to keep incompatible components in separate

liquids, which are mixed at the time of atomization and spray drying.

[60] Materials

[61] The compositions of the solutions to be spray dried for preparing nano particles of
several compounds are given in Table 3. It is noted that in some cases, such as in the preparation
of F-substituted apatites, solution 1 will contain (Ca(OH), and solution 2 will contain H3PO4 and
HF. Upon mixing and spray drying the two solutions, only water needs to be evaporated to
pfoduce FA or a F-substituted apatite. In other cases, an acid (or a base) is neéded to solubilize the
cationic (or anionic) component, and the acid will also need to be evaporated during the spray
drying process. An example for this is the preparation of calcium silicate hydrate (CSH). Because
SiO; is insoluble in acid but is slightly soluble in concentrated alkaline, amorphous SiO; is
dissolved in a NH4OH solution, and NH; will be evaporated together with water during the spray
drying process. " |

Table 3 — Composition of Spray Drying Solutions for Use in the Two-Liquid Nozzle Process

For calcium phosphate preparation
)

Solution 1 Ca(OH), 1 to 15 mmol/L; pH from 11.3 to 12.2
Solution2  H3;PO4 [P]= (0.5 to 2) x [Ca]; pH from 4.4 to 4.9

Example of reaction: 5 Ca(OH); + 3 H3PO, — Cas(PO4);OH + 9 H,O 1
For FA preparation

Solution 1 mmol/L Ca(OH), 1 to 15 mmol/L; pH from 11.3 to 12.2
Solution2  H;POj + HF [P] = 3/5 x [Ca]; [F] = (1/500 to 1/5) x [Ca];
pH from 3.2 to 2.2

Example of reaction: 5 Ca(OH), + 3 H;PO4 + HF — Cas(PO4)sF + 10 H,O ¢
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For CaF, preparation
Solution 1 Ca(OH), 1 to 15 mmol/L; pH from 11.3 to 12.2
Solution2  NHF [F]=2x [Cal; pH from 7.3 to 7.8

Example of reaction: Ca(OH), + NH4F — CaF, + NH3 1+ H,O 1
For Calcium silicate hydrate (CSH) preparation

Solution 1 Ca(OH), 1or15mmol/L; | pHfrom11.3t012.2
Solution 2 SiO, in 1 NNH,OH [Si]=(0.1to 1) x [Ca]; pH from 13.8 to 13.8

Example of reaction: x Ca(OH),+ v SiO, + z HyO — x Ca(OH), - y Si0, - z H,0

[62] Two Nozzle Methods

[63] The spray drying apparatus (Fig. 1) described for one-liquid spray drying process is
used except that a 2-liquid nozzle (ViscoMist™ Air Atomizing Spray Nozzle, Lechler Inc., St.
Charles, IL) is employed. This nozzle will simultaneously atomize two liquids that are mixed at

the moment of atomization.
[64] Results of Example of Two Nozzle Spray Method

[65] Nano particles of CaF, was prepared by spray drying a 10 mmol/L Ca(OH),
solution and a 20 mmol/L ammonium fluoride (NH4F) solution that were combined at the time of
atomization. XRD analysis (Fig. 8) showed crystalline CaF, despite that the particles are

submicron 1in size.

[66] Preparation and Properties of Nano Calcium Fluoride, CaF, , Particles Using a

Spray Drying Method Employing a 2-Liquid Nozzle

[67] A 2 mmol/L Ca(OH), solution and a 4 mmol/L, ammonium fluoride (NH4F) solution .
were atomized and spray dried. Mixing of the Ca(OH), and NH,F) solutions led,to formation of
CaF, and NH,OH; the latter was removed as NH; gas in the drying process. The CaF; nano
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particles were collected by the electrostatic precipitator as described before. XRD analysis showed
crystalline CaF, with trace amount of DCPD also present due to contaminations from the
precipitator plates. SEM examinations indicated that particles ranged from <50 nm to about 500
nm in size, see Figure 9 and Figure 10. The larger particles exhibited numerous spherical
protuberances on the surfaces, suggesting that they were formed during the spray drying process
through fusion of the much smaller particles. This suggests that well dispersed small particles
could be produced by using a much lower spray rate. BET measurements showed that this sample
has a surface area of 35.5 m%g, corresponding to a particle size of 53 nm. Transmission electron
microscopic examinations confirmed that the nano calcium fluoride contained clusters comprised
of still smaller particles of 10 to 15 nm in size (Fig. 3). This indicates that better dispersed
individual particles can be produced by using more dilute solutions and with a lower spraying rate.
Chemical reactivity of the nano CaF, was evaluated by stirring (300 rpm) 33 mg of the nano CaF,
in a 30 mL of a solution pre-saturated with crystalline CaF,. Specific ion electrodes for Ca and F
and a combination pH electrode monitored the changes in [Ca] and [F] concentrations and pH.
The results showed that both the [Ca] and [F] concentrations increased nearly by a factor of 2 and
the solubility product (Ksp of the nano CaF,) was (2.3 + 0.2) x 10" which is about 6 times greater
than the Ksp of value of 3.9 x 10! for crystalline CaF,. These results indicated that the nano CaF,

is significantly more reactive than macro CaF,.

[68] In another test, mixtures containing a macro. (median size 1.6 pm) DCPD and either
the nano CaF; or a macro CaF, were mixed with water (1g/1mL) and the pastes were left in 100%
humidity at 37°C for 24 h. XRD patterns showed that there was no reduction in the amount of the
macro CaF, whereas the nano CaF, was partially consumed by reacting with the DCPD forming a
larger amount of apatitic product. DCPD was nearly completely consumed in either mixture.
These results showed the nano CaF, was more reactive than the macro CaF,. It also indicated that
the nano CaF, was not as reactive as the macrovDCPD, suggesting that it would be necessary to use

even smaller nano CaF; particles in order to have the CaF, dissolve in time for the reaction.

[69] A Filter Paper Model for Evaluation of Fluoride Deposition by a Nano CaF,
Prepared by the Spray Drying Method ' '
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[70] The ability of the nano CaF, to be attached to tooth and other oral substrate surfaces
was evaluated in vitro using a filter disc model. Five filter discs (Millipore, Bedford, MA) with a
pore size of 0.2 pm and pore volume of 75% were placed in 20 mL of a nano CaF,. water
suspension or a NaF solution (250 ppm total F in either case). After 1 min of exposure, the filters
were rinsed twice in 50 mL of a solution saturated with respect to CaF, to remove particles that
.were not firmly attached on/in the disc or remove unréacted F ions. Firmly fixed CaF, particles
would not be lost to the washing solution by dissolution because the solution was presaturated with
respect to CaF,. The F content in each disc was them determined by a F ion selective electrode
method. F deposition on samples immersed in the nano CaF, suspension was 2.3 % 0.3 pg/cm?® of
surface area (n = 5) which was significantly 9p < 0.001) greater than that (0.31 % 0.06 pg/cm?)
produced by the NaF solution. These results showed that the nano CaF, particles were able to
penetrate into the pores and fixed onto the substrate. Previous studies have shown a good
correlation between the F deposition on .the filter disc substrate and that"on sound enamel. Thus,
the results suggest that the nano CaF, suspension should be more effective than the currently used

NaF solution for increasing oral F level.

[71] Use of Nano Calcium Fluoride for Oral Fluoride Rinse and Dentifrice

Applications

The following are examples of rinse and dentifrice formulations that include nano calcium

fluoride:

Example 1 ~ The following two F rinses, both containing 250 ppm of F, were evaluated for their

efficacy in depositing F in an in vitro model.

Rinse Composition ‘ F deposition (ug/cm?)

1 0.055 g NaF dissolved in 100 g water 0.31£0.06 (n=15)

2 0.051 g nano CaF, suspended in‘100 g water 23+030(m=5)

The F deposition by the inventive rinse using nano calcium fluoride as the fluoride source

produced more than 7 times higher F deposition than the conventional sodium fluoride rinse. The
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inventive rinse was about equally effective than a novel two-component rinse (US patent
5,891,448) which produce F deposition of 2.62 + 0.16 pg/cm®. However, the inventive rinse has

the advantage of being a single component rather than a two-component product.

Example 2 — The following is an example of the composition of a 250 ppm F mouth rinse using the

inventive nano calcium fluoride:

ethyl alcohol (95%) 20 grams
glycerol ‘ 8.0 |
sorbitol (70% solution) 10

sodium lauryl sulfate 0.5

sodium lauryl sarcosinate 0.5

sodium saccharin 01

nano calcium fluoride 0.103
water, coloring, flavoring balance
Total 100 grams

Example 3 — The following is an example of the composition of a 1000 ppm F dentifrice using the

inventive nano calcium fluoride:

calcium glycerophoéphate : 4.2 grams
nano calcium fluoride 0.411
sorbitol (70% solution) 15

: silica 35
glycerol 15
carboxymethyl cellulose 1
sodium n-lauryl sarcosinate 1
water, coloring, flavoring balance

Total 100 grams
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[72] Effect of a Nano CaF, Oral Rinse on Salivary F Levels

[73] This study evaluated the effects of an oral rinse with the nano CaF,. water
suspension used in the above experiment on salivary F levels. Five subjects (1 hour without food
or drink) rinsed for 1 min 20 mL of a nano CaF,. water suspension (10.3 mg CaF; in 20 mL, 250
ppm totalyF) or a control F rinse (250 ppm F from NaF) and expectorated the rinse. Saliva sample
was collected 1 hour post rinse and analyzed for F significantly (p = 0.004, a log-transformation
was performed to obtain normally distributed samples) higher F level (158 pg/mL) compared to
that produced by the control rinse (36 pg/mL). This observation suggests that the nano CaF; rinse
should be significantly more effective than the currently used F regimens. Because the nano CaF
material used in this study had a wide range of particle sizes (from < 50 nm to about 500 nm), it is
likely that an even more effective rinse could be developed by using nano CaF, with an optimal

particle size distribution.

[74] Preparation of Nano Calcium Phosphate-Polymer Composites Using the 2-
Liquid Nozzle Spray Drying Technique

Thé first liquid contains a calcium phqsphate solution given in Table 2 for preparing a
calcium phosphate. The second liquid contains a polymer dissolved in 4an aqueous solution or in a
non-aqueous solvent that is miscible with water. Nano particles of calcium phosphate-polymer
composites with highly homogeneous calcium phosphate/polymer intermixture are formed in the
spray drying process. Examples of calcium phosphates are HA, calcium-deficient HA, carbonated
HA, Fluoride containing HA, amorphous calcium phosphate, tricalcium phosphate, dicalcium
phosphate dihydrate, dicalcium phosphate anhydrous, monocalcium phosphate monohydrate, and
monocalcium phosphate anhydrous. Examples of polymers to be used include chitosan, collagen,

chrondroitin sulfate, polyamide, poly (D,L-lactide), alginate, and pectinate.
[75] Summary of Factors Affecting Methods of Particle Formation

[76] The methods disclosed in the invention are useful for preparing nano particles of

any compound that can be formed by precivitation from an aqueous solution. The temperature
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under which the spray during process occurs is controllable by controlling the inlet air temperature
and the temperature of the column (Fig. 1). Air temperature in the range from -185 °C to 800 °C
can be obtained using commercially available equipment. Similarly, a wide range of the column
temperatures can be readily obtained using commercially available equipment. The wide range of
temperatures facilitates preparation of materials that would form most rpadily at different

temperatures.

[77] The inventive method is suitable for preparing particles from 1 nm to 100 pm in
size. The particle size can be controlled by (1) the concentration of the compound in the solution
to be spray dried, (2) size of the atomized droplets, i.e., nozzle design. Droplet size is preferably
less than the final particle size and thus less than about 100 pm. Chamber design is also a factor.
The chamber fs generally designed to minimize collection of condensate i.e., liquid from on the

chamber walls.

[78] The nature and composition of the compound that will be formed will depend on the
solution composition. In many cases, the solution pH is the most important factor because, for
calcium phosphates and other compounds that are salts of weak acids, it is the pH that determines

the solid phase that would precipitate as the water evaporates from the solution.

[79] The purity of the compound prepared, i.e., being free from undesired components,
is dependent on the ability of spray drying process to remove the acid or base used to dissolve the
compound in the spray drying solution. The acid/base must be a weak acid/base so that a
substantial portion of the acid/base is in undissociated form, and the acid/base is almost totally
~ undissociated as the last portion of the liquid is evaporated. The undissociated acid/base must also

be sufficiently volatile to facilitate evaporation of the acid/base.

[80] The nano particles prepared by the methods disclosed in the invention are useful in
any application in which the compound is currently useful but a performance advantage can be
gained by having a higher reactivity and/or smaller particle size. Examples of this include (1)
accelerated hardening of calcium phosphate cements when one or more calcium phosphate nano
particles are included in the ingredients, (2) accelerated hardening of mineral trioxide aggregate

(MTA) when one or more calcium silicate nano particles are included in the ingredients, (3)
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desensitization of teeth by effective obturation of exposed dentin tubule opening with calcium

phosphate nano particles, (4) deposition of fluoride in/on oral tissue by application of agents that

contain calcium fluoride or other fluoride nano particles. (5) as a source of calcium, phosphate, or

fluoride in remineralizing dentifrices, gels, rinses, chewing gums, and candies; and (6) as a source

of calcium, phosphate, or fluoride for formulating scaffolds for bone defects repair.

Thus, examples of compounds of biomedical interests that can be prepared by the spray drying

method:
1)
)

€)

)

The calcium phosphate and other compouhds named in Tables 1, 2 and 3.

Calcium containing corripounds that may be used as a source of calcium for
remineralization of teeth or for formulation of scaffolds for bone defects repair.
Examples are calcium lactate, calcium gluconate, calcium glycerophosphate,
calcium acetate, calcium fumarate, calcium citrate, calciurh malate, calcium

chloride, calcium hydroxide, calcium oxide, calcium carbonate.

Phosphate containing compounds that may be used as a source of phosphate for
remineralization of teeth or for formulation of scaffolds for bone defects repair.
Examples are the monobasic, dibasic and tribasic phosphate salts of sodium,

potassium, and ammonium.

Fluoride containing compounds thét may be used as a source of fluoride for
remineralizatioﬁ of teeth or for formulation of scaffolds for bone defects repair.
Examples are sodium fluoride, potassium fluoride, fluorophosphates fluosilicate,
flurortitanate, and fluorostannate salts of ammonium, sodium, potassium and

calcium.

While various techniques and api)arams have been described with particularity the

invention is subject to variations and this is to be limited only by the following claims and

equivalents thereof.
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CLAIMS
What is Claimed is:
1. A method for manufacture of high purity, nano sized particles of a partially water

soluble compound comprised of a first component and a second component, said components
capable of precipitation in chemical combination as solid particles, said particles generally sized in

the range of less than about 100 pm in mean diameter, said comprising the steps of:

a) forming a first liquid solution of a first solvent and a first component of said
compound; | |
b) fornﬁng a second liquid solution of a second solvent and a second

component of said compound,;

c) combining and directing said first and second solutions separately with gas
through a separate spray nozzle to atomize each of the first and second
solutions into a spray;

d) directing the sprays simultaneously into a common chamber at a temperature
to evaporate the liquid solverits and effect chemical combination of the first
‘and second components to form said compound as dried nano particles; and

e) collecting said dried particles.

2. The method of claim 1 wherein said collecting step includes electrostatic’
precipitation of dried particles.

3. The method of claim 1 wherein said compound is selected from the group
consisting of FA, CaF,, CSH and CP; and said first and second solvents are each selected from the
group consisting of water, a weak acid, and a base. '

4. The method of claim 3 wherein said wéak acid solvent has a pH of about 4.0.

5. The method of claim 1 wherein said compound is generally insoluble in a single
solvent; and further comprising a preliminary step of forming said first solution of a soluble
precursor of a component of said compound and a second solution of a soluble precursor of
another component of said compound, and wherein the step of directing each of said solutions
through a spray nozzle comprises directing the first solution through a first nozzle and directing

substantially simultaneously the second solution through a second nozzle into the same chamber
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for ionic and atomic combination of the components and substantially simultaneous particle
formation.

6.  The process of claim 1 wherein in the step of atomizing at least one of said
solutions comprises spraying through at least one of said nozzles having an orifice with an
effective discharge opening of less than about 15 microns.

7. The process of claim 1 wherein the components comprise a first solution of
Ca(OH); and a second solution of Hj POy each solution being separately discharged substantially
simultaneously through a separate one of said spray nozzles into the same chamber to form
Cas(PO4)3 OH particles. |

8. The process of ‘claim 1 wherein the components comprise a first solution of
Ca(OH); and a second solution of H3PO4 and HF, each solution being separately discharged into
the chamber through a separate one of said spray nozzles substantiélly simultaneously to form
(Cas(PO4)sF) particles. |

9. The process of claim 1 wherein the componénts comprise a first solution of
Ca(OH), and a second solution of NHyF, each solution being separately discharged into the
chamber through a separate one of said spray nozzles substantially simultaneously to form CaF,
particles.

10.  The process of claim 1 wherein the components comprise a first solution of
Ca(OH), and a second soluﬁon of SiO; in one nbrmal NH4OH, each one of said solutions being

discharged substantially simultaneously into said chamber to form CSH particles.
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AMENDED CLAIMS

Received by the International Bureaun on 08 June 2006 (08.06.2006)

What is Claimed is:

1. A method for manufacture of high purity, nano sized particles of a partially

water soluble compound comprised of a first component and a second component, said

components capable of precipitation in chemical combination as solid particles, said particles

generally sized in the range of less than about 100 um in mean diameter, said method

comprising the steps of:

a) forming a first liquid solution of a first solvent and a first component of
said compound;

b) forming a second liquid solution of a second solvent and a second
component of said compound,

c) directing said first and second solutions separately with a gas through a
separate spray nozzle to atomize each of the first and second solutions
into a spray;

d) directing the sprays simultaneously into a common chamber at a
temperature to evaporate the liquid solvents and effect chemical
combination of the first and second components to form said compound
as dried nano particles; and

€) collecting said dried particles.

2. The method of claim 1 wherein said collecting step includes electrostatic

precipitation of dried particles.

3. The method of claim 1 wherein said compound is selected from the group

consisting of FA, CaF,, CSH and CP; and said first and second solvents are each selected from

the group consisting of water, a weak acid, and a base.

4, The method of claim 3 wherein said weak acid solvent has a pH of about 4.0.

AMENDED SHEET (ARTICLE 19)
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5. The method of claim 1 wherein said compound is generally insoluble in a single
solvent; and further comprising a preliminary step of forming said first solution of a soluble
precursor of a component of said compound and a second solution of a soluble precursor of
another component of said compound, and wherein the step of directing each of said solutions
through a spray nozzle comprises directing the first solution through a first nozzle and directing
substantially simultaneously the second solution through a second nozzle into the same
chamber for ionic and atomic combination of the components and substantially simultaneous
particle formation.

6. The process of claim 1 wherein in the step of atomizing at least one of said
solutions comprises spraying through at least one of said nozzles having an orifice with an
effective discharge opening of less than about 15 microns.

7. The process of claim 1 wherein the components comprise a first solution of
Ca(OH), and a second solution of H; PO, each solution being separately discharged
substantially simultaneously through a separate one of said spray nozzles into the same
~ chamber to form Cas(PO4); OH particles.

8. The process of claim 1 wherein the components comprise a first solution of
Ca(OH), and a second solution of H3PO4 and HF, each solution being separately discharged
into the chamber through a separate one of said spray nozzles substantially simultaneously to
form (Cas(POs);F) particles.

9. The process of claim 1 wherein the components comprise a first solution of
Ca(OH); and a second solution of NH4F, each solution being separately discharged into the
chamber through a separate one of said spray nozzles substantially simultaneously to form
CaF, particles.

10.  The process of claim 1 wherein the components comprise a first solution of
Ca(OH), and a second solution of SiO; in one normal NH4OH, each one of said solutions being
discharged substantially simultaneously into said chamber to form CSH particles.

11.  The method of Claim 1 including the further step of compounding said particles
in a formulation selected from the group consisting of a dental rinse and a dentifrice.

12.  The method of Claim 3 including the further step of compounding said particles
in a formulation selected from the group consisting of a dental rinse and a dentifrice.

13.  The method of claim 11 including the step of compounding a dental rinse and

employing the dental rinse in vivo as an oral rinse.
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14.  The method of Claim 12 including the step of compounding a dental rinse and
employing the dental rinse in vivo as an oral rinsé.

15. The method of claim 14 wherein said particulate compound comprises CaF,,

16. A method for manufacture of high purity, nanosized particles of a partially water
soluble compound for in vivo use, said compound comprised of a first component and a second
component, said components capable of precipitation in chemical combination as solid particles
of said compound, said particles generally sized in the range of less than about 100 pm in mean
diameter, said method comprising the step of:

a) forming a first liquid solution of a first weak acid liquid solvent and said
first component of said compound,

b) forming a second liquid solution of a second liquid solvent and said
second component of said compound;

c) directing said first and second solutions separately with a gas through a
respective first a second spray nozzle to generally simultaneously
atomize each of said first and second solutions into a spray.

d) directing and combining said first and second atomized solutions ito s
common chambers at a temperature to evaporate the liquid solvents and
effect chemical combination of said first and second components to form
said compound as dry nano particles; and

e) collecting said particles.

17.  The method of Claim 16 wherein the compound is selected from the group

consisting of FA, CaF,, CSH and CP.

18.  The method of Claim 17 including the further step of compounding said

particles in a formulation selected from the group consisting of a dental rinse

and a dentifrice.
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Fig. 2a. XRD of nano HA prepared with acetic acid.
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Fig. 1 - TEM of a nano size calcium fluoride material showing conglomerates
consisting of particles about 10 to 15 nm in sizes.
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