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o (57) Abstract: A method of forming an implant to be implanted into living bone is disclosed. The method comprises the act of
roughening at least a portion of the implant surface to produce a roughened surface. The method further comprises the act of de-
positing discrete nanoparticles on the roughened surface though a one-step process of exposing the roughened surface to a solution.
The nanoparticles comprise a material having a property that promotes osseointegration.
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DEPOSITION OF DISCRETE NANOPARTICLES ON AN IMPLANT SURFACE

FIELD OF THE INVENTION

[002] This invention relates generally to implants and, in particular, o a dental
implant having discrete nanocrystalline calcium phosphate particles deposited thereon and
methods of making the same.

BACKGROUND OF THE INVENTION

[003] It is becoming more common to replace a missing tooth with a prosthetic tooth
that 1s placed upon and attached to a dental implant. Dental implants are often comprised of
metal and metal alloys, including titaniym (Ti) and titantum alloys. The dental implant
serves as an artificial root that integrates with the gingiva and the bone tissue of the mouth.

[004] For the dental implant to function successfully, sufficient osseointegration 1is
required. In other words, a direct chemical bond between the implant and the bone must be
formed and retained. Osseointegration materials may be incorporated onto the surface of the
implant to help enhance the osseoimtegration process. Non-limiting examples of
osseointegration materials include calcium phosphate ceramic materials such as
hydroxyapatite (HA), which is particularly chemically stable and osse'oconductive.

[005] To provide sufficient long-term behavior of an implant having an
osseomtegration compound on the surface, there must be a sufficient bond strength between
the implant and the compound. Moreover, the compound is desirably sufficiently biostable
such that the rate of dissolution of the compound is low.

[006] Several existing techniques involve forming a generally thin (e.g., generally
less than 10 microns) coating of HA, other calcium phosphates, or other osseointegration
compounds for improving the bond strength of the coating to the implant. Plasma spraying
and sputtering are two major techniques that have been used to deposit, for example, HA onto
an implant. The dissolution rate of HA. for these processes, however, may be undesirably
high. Moreover, the interface of the HA and the implant is prone to fracture, which is often
caused by poor adherence of the HA to the metal implant.
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[007] U.S. Pat. App. Pub. No. 2004/0249472 discloses a method of coating an
implant with nanoscale calcium phosphate (e.g., HA). Although effective, the disclosed
process 1s hazardous in that it requires utilizing highly flammable chemicals and produces
hazardous byproducts (e.g., waste). Moreover, the process 1s inefficient because it requires
that the 1mplant first be coated with a layer comprising alkoxides or tri-functional silanes
(1.e., aminopropyltriethoxysilane) to form a positively charged surface of the implant. A
second coating layer comprising negatively charged HA nanoparticles is then formed on the
first coating layer.

[008] The present invention is directed to an mmproved implant having discrete

nanocrystalline calcium phosphate (e.g., HA) deposited on the implant surface and methods

of forming the same.

SUMMARY OF THE INVENTION

[009] The present invention relates to a method of forming an implant to be
implanted mto living bone. The method comprises the act of roughening at least a portion of
the implant surface to produce a microscale roughened surface. The method further
comprises the act of depositing discrete 11aﬁ§particlcs on the roughened surface though a one-
step process of exposing the roughened surféce to a solution including the nanoparticles. The
nanoparticles comprise a material having a property that promotes osseointegration.

[0010] In another aspect, a method of forming a dental implant made of a titanium or
titantum alloy 1s disclosed. The method comprises the act of etching at least a threaded
bottom portion of the implant to remove a native oxide layer. The method further comprises
the act of acid etching the threaded bottom portion to form a roughened surface having a
substantially uniform array of microscale mrregularities having peak-to-valley heights not
greater than about 20 microns. The method further comprises the act of, without pretreating
the roughened surface, depositing discrete hydroxyapatite nanocrystals on the roughened
surface by exposure to a solution comprising 2-methoxyethanol solvent and the
hydroxyapatite nanocrystals.

[0011] The invention also discloses a method of forming a nanocrystalline surface on
an 1mplant. The method comprises the act of roughening at least a portion of the implant
surface to form a roughened surface. The method further comprises the act of, without

forming an alkoxide on the roughened surface, depositing nanocrystals on the roughened
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surface. = The nanocrystals comprise a material having a property that promotes
osseointegration.

[0012] According to another embodiment of the present invention, a dental implant 1s
disclosed. The dental implant comprises a head portion having a non-rotational feature. The
dental implant further comprises a lowermost end opposing the head portion, The dental
implant further comprises a threaded bottom portion for engaging bone between the head
portion and the lowermost end. The threaded bottom portion has a roughened surface with a
substantially umiform array of irregularities having peak-to-valley heights not greater than
about 20 microns. The threaded bottom portion further includes discrete nanoparticles
located on the roughened surface. The nanoparticles include hydroxyapatite nanocrystals.

[0013] According to another embodiment of the present invention, a method of
forming an implant to be implanted mnto living bone is disclosed. The method comprises the
act of depositing discrete nanoparticles on the surface of the implant though a one-step
process of exposing the surface to a solution. The nanoparticles comprise a material having a
property that promotes osseointegration.

[0014] According to another embodiment of the present invention, a method of
forming a nanocrystalline surface on an implant is disclosed. The method compnses the act
of providing a metal substrate, The method further comprises the act of immersing at least a
portion of the substrate in a colloidal solution having a temperature ranging from about 18° C
to about 32° C for about 11.5 minutes to about 240 minutes. The colloidal solution comprises
a 2-methoxyethanol solvent and a plurality of hydroxyapatite nanocrystals having a
concentration ranging from about 0.01 weight percent to about 1 weight percent relative tfo
the overall solution. The method further comprises adjusting the pH of the colloidal solution
to about 9 to about 11.

[0015] According to another embodiment of the present invention, a method of
jorming an implant to be implanted into living bone is disclosed. The method comprises the
act of providing an implant. The method further comprises the act of depositing discrete
nanoparticles on the surface of the implant though a one-step process of exposing the surface
to a solution. The nanoparticles comprise a material having a property that promotes
osseointegration. The method further comprises the act of rinsing the implant. The method

further comprises the act of drying the implant.
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In one aspect, the invention provides a method of forming an implant to be
implanted into living bone, the method comprising the acts of:
roughening at least a portion of the implant surface to produce a microscale roughened
surface; and
depositing discrete nanoparticles directly on the roughened surface though a one-step
process of exposing the roughened surface to a solution including the nanoparticles, the
nanoparticles comprising a material having a property that promotes osseointegration,
wherein the act of depositing discrete nanoparticles results in deposition covering less
than all of the roughened surface such that a portion of the roughened surface is exposed
between at least some of the discrete nanoparticles.
[n one aspect, the invention provides a method of forming an implant to be
implanted into living bone, the method comprising the acts of:
roughening at least a portion of the implant surface to produce a microscale roughened
surface; and
depositing discrete nanoparticles directly on the roughened surface through a one-step
process of exposing the roughened surface to a solution including the nanoparticles and a
2-methoxyethanol solvent, the nanoparticles comprising a material having a property that
promotes osseointegration, the nanoparticles including hydroxyapatite, wherein the act
of depositing discrete nanoparticles results in a deposition covering less than all of the
roughened surface.
In one aspect, the invention provides a method of forming a dental implant made
of a titanium or titanium alloy, the method comprising the acts of:
etching at least a threaded bottom portion of the implant to remove a native oxide layer;
after the etching, forming a roughened surface on the threaded bottom portion by use of
an acid etching process, the roughened surface having an array of microscale
irregularities having peak-to-valley heights not greater than about 20 microns; and
without pretreating the roughened surface, depositing discrete hydroxyapatite
nanocrystals directly on the roughened surface by exposure to a solution comprising 2-
methoxyethanol solvent and the hydroxyapatite nanocrystals, wherein the act of
depositing discrete hydroxyapatite nanocrystals results in deposition covering less than
all of the roughened surface.

In one aspect, the invention provides a method of forming a nanocrystalline

surface on an implant, the method comprising the acts of:

3a
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roughening at least a portion of the implant surface to form a roughened surtace;

without forming an alkoxide on the roughened surface, depositing discrete nanocrystals
on the roughened surface, the nanocrystals comprising a material having a property that
promotes osseointegration, wherein a portion of the roughened surface is exposed
between at least some of the discrete nanocrystals such that the exposed roughened
portion between the discrete nanocrystals is for contacting bone.

In one aspect, the invention provides a dental implant comprising:

a head portion having a non-rotational feature;

a lowermost end opposing the head portion; and

a threaded bottom portion for engaging bone between the head portion and the
lowermost end, the threaded bottom portion having a roughened surface with a
substantially uniform array of microscale irregularities having peak-to-valley heights not
greater than about 20 microns, the threaded bottom portion further including discrete
nanoparticles located directly on the roughened surface, the nanoparticles including
hydroxyapatite nanocrystals, a portion of the roughened surface being exposed between
at least some of the discrete nanoparticles such that the exposed roughened portion
between the discrete nanoparticles is for contacting bone.

In one aspect, the invention provides a method of forming an implant to be
implanted into living bone, the method comprising the act of depositing discrete
nanoparticles directly on the surface of the implant though a one-step process of exposing
the surface to a solution, the nanoparticles comprising a material having a property that
promotes osseointegration, wherein the act of depositing discrete nanoparticles results in
deposition covering less than all of the surface of the implant such that a portion of the
surface is exposed between at least some of the discrete nanoparticles.

In one aspect, the invention provides a method of forming a nanocrystalline
surface on an implant, the method comprising the acts of:

providing a metal substrate;

immersing at least a portion of the substrate in a colloidal solution such that the
colloidal solution directly contacts an exposed outer surface of the metal substrate, the
colloidal solution having a temperature ranging from about 18° C to about 32° C for

about 11.5 minutes to about 240 minutes, the colloidal solution comprising

a 2-methoxyethanol solvent, and

3b
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a plurality of hydroxyapatite nanocrystals having a concentration ranging from about
0.01 weight percent to about 1 weight percent relative to the overall solution; and

adjusting the pH of the colloidal solution to about 9 to about 11,

wherein a portion of the exposed outer surface of the metal substrate is exposed between
at least some of the hydroxyapatite nanocrystals such that the exposed portion between
the discrete nanocrystals is for contacting bone.

In one aspect, the invention provides a method of forming an implant to be

implanted into living bone, the method comprising the acts of:

providing an implant;

depositing discrete nanoparticles directly on the surface of the implant though a one-
step process of exposing the surface to a solution, the nanoparticles comprising a material
having a property that promotes osseointegration;

rinsing the implant; and

drying the implant,

wherein the act of depositing discrete nanoparticles results in deposition covering less
than all of the surface of the implant such that a portion of the surface of the implant is

exposed between at least some of the discrete nanoparticles.

3¢
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[0016] The above summary of the present invention 1s not intended to represent each
embodiment, or every aspect, of the present invention. This is the purpose of the figures and

the detailed description which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The foregoing and other advantages of the invention will become apparent
upon reading the following detailed description and upon reference to the drawings.

[0018] FIG. 1 1s a side view of an implant according to one embodiment.

[0019] F1Gs. 2a, 2b, and 2c, are a side view, an insertion end view, and a gingival end
view, respectively, of an implant according to a second embodiment.

0020} F1Gs. 3a, 3b, and 3c, are a side view, an insertion end view, and a gingival end
view, respectively, of an implant according to a third embodiment.

[0021] FIGs. 4a and 4b are a side view, an end view, and a cross-sectional view,
respectively, of an implant according to a fourth embodiment.

[0022] FIG. S 1s a flow diagram detailing a method of forming an implant according
to an embodiment of the present mvention. |

[0023] F1G. 6 1s a side view of the implant of FIG. 1 with a roughened outer surface.

[0024] FIG. 7a 1s a flow diagram detailing a method of forming an implant according
to another embodiment of the present invention.

[0025] FIG. 7b 1s a flow diagram detailing a method of forming an implant according
to yet another embodiment of the present invention.

[0026] FIG. 8a 1s a field emission scanning electron microscope (FESEM) image
showing hydroxyapatite nanoparticles at 10kX.

[0027] FIG. 8b 1s an FESEM 1mage showing hydroxyapatite nanoparticles at 30kX.

[0028] F1Gs. 9-13 are FESEM images showing hydroxyapatite nanoparticles at 30kX

deposited onto an implant surface using various methods of the present invention.

DETAILED DESCRIPTION
[0029] The present invention 1s directed to implants having discrete nanocrystalline
calctum phosphate particles deposited thereon and methods of making the same. An implant
1n the context of the present invention means a device intended to be placed within a human
body such as to connect skeletal structures (e.g., a hip implant) or to serve as a fixture for a

body part (e.g., a fixture for an artificial tooth). Although the remainder of this application is

4
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directed to a dental implant, 1t is contemplated that the present invention may also be applied
to other (e.g.,, medical) implants.

[0030] FIG. 1 shows a standard dental implant 10 that includes an head portion 12, a
Jowermost end 14, and a threaded bottom portion 16. The implant 10 may, for example, be
made of titanium, tantalum, cobalf, chromium, stainless steel, or alloys thereof. It is
conternplated that other materials such as ceramics or ceramic-titanium combinations may
also be used. FIGs. Za-c, 3a-c, and 4a-b, which are discussed below, describe alternative
implant designs that may also be used with the present invention.

{0031} In the implant 10 of FIG. 1, the head portion 12 includes a non-rotational
feature. In the embodiment shown, the non-rotational feature includes a polygonal boss 20
that may be engageable with a tool that screws the implant 10 into bone tissue. In the
1llustrated embodiment, the polygonal boss 20 is hexagonal. The polygonal boss 20 may also
be used for non-rotationally engaging a correspondingly shaped socket on a restorative or
prosthetic component that 1s attached to the implant 10,

[0032] The extenor of the threaded bottom portion 16 facilitates bonding with bone or
gingiva, The threaded bottom section 16 includes a thread 18 that makes a plurality of turns
around the implant 10. The threaded bottom portion 16 may further include a- self-tapping
region with incremental cutting edges 17 that allows the implant 10 to be installed without
the need for a bone tap. These incremental cutting edges 17 are described in detail in U.S.

Pat. No. 5,727,943, entitled “Self-Tapping, Screw-Type Dental Implant™.

[0033] FIGs. 2a-c disclose an implant 36 that differs from the implant 10 of FIG. 1 in
the details of the cutting edges 17’ and the contours of the threads defining the exterior of the
threaded bottom portion 16°. When viewed in the cross-section (see FIG. 1b), the threaded

outer surface 16’ is non-circular in the region of the threads and/or the troughs between the
threads. This type of thread structure is described in detail in U.S. Pat. No. 5,902,109,

entitled “Reduced Friction, Screw-Type Dental Implant”.

[0034] In FIGs. 3a-c, an implant 41 having a wide diameter in the region of the
threaded bottom portion 42 is illustrated. The diameter is in the range of from about 4.5 mm
to about 6.0 mm with the diameter of 5.0 mm being a fairly common dimension for a wide
diameter implant. Such an implant 41 is useful to engage one or both cortical bones to

provide enhanced stability, especially during the period of time after installation.
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[0035] FIGs. 4a-b illustrate an implant 110 according to another embodiment that
may be used with the present invention. The implant 110 includes a middle section 114
designed to extend through the gingiva. Preferably, it is a smooth surface that imncludes a
titanium nitride coating so the underlying titanium or titanium alloy 1s not readily seen
through the gingiva. The implant 110 also includes a threaded portion 120 that may include
various thread structures and is preferably roughened to increase the osseointegration process.
It is contemplated that implants other than those illustrated in FIGs. 1-4 may be used with the
present mvention.

[0036] According to the present invention, a nanoparticle deposition overlies at least a
portion (e.g., the threaded bottom portion) of the surface of an implant. In one embodiment,
the nanoparticle deposition is a material that promotes osseointegration between the implant
and bone material (e.g., human bone material). One suitable material is a calcium phosphate
material, such as hydroxyapatite (HA). In one embodiment, the nanoparticle deposition
includes HA nanocrystals having dimensions ranging from about 10 nanometers to about 150
nanometers. In another embodiment, the HA nanocrystals have dimensions ranging from
about 20 nanometers to about 100 nanometers.

[0037] Turning now to FIG. 5, a general method of depositing nanoparticles of
calcium phosphate onto the surface of an implant is set forth according to one embodiment of -
the present invention. At step s200, an implant is provided. At least a portion of the implant
surface is roughened at step s201. As an example, FIG. 6 shows the implant 10 of FIG. 1
having a roughened surface 130. Discrete nanoparticles comprising a material having a
property that promotes osseointegration are then deposited onto the roughened surface of the
unplant at step s202.

[0038] Referring now to FIG. 7a, another general method of forming an implant
according to another embodiment of the present invention is illustrated. An implant
comprised of titanium, a titanium alloy (e.g., titanium 6AL-4V ELI alloy), stainless steel,
ceramic, or the like is provided at step s250. At step s254, discrete nanoparticles comprising
a material having a property that promotes osseointegration (e.g., HA nanocrystals) are then
deposited onto the roughened surface of the implant. The implant may then be rinsed in
reverse osmosis / deionized (RO/DI) water to remove residual solvents and HA at step s258.
The implant 1s then dried at step s264.

[0039] Referring to FIG. 7b, a more detailed method of depositing HA nanocrystals

onto the surface of a dental implant is illustrated according to another embodiment of the

6
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present mvention. A threaded dental implant comprised of titanium, a titanium alloy (e.g.,
titanium 6AL-4V ELI alloy), stainless steel, or tha; like 1s provided at step s300, The surface
of the dental implant 1s generally clean and dry. A threaded bottom portion of the implant is
etched to remove a native oxide layer from the implant surface at step s301. The native oxide
layer may be removed by a first acid solution, which may include aqueous hydrofluoric acid.
The threaded bottom portion is then acid etched to form a roughened surface at step s302.
The acid etching step may include a mixture of sulfuric and hydrochloric acids. The
roughened surface forms a substantially uniform array of microscalﬁe irregularities for
enhancing the integration of the implant with bone or other biological interfaces.
“Microscale,” as used herein, should be understood to describe an article or feature generally
measured in microns such as, for example, 1 micron to 100 microns. The irregularities may
include microscale cone-shaped elements and generally have peak-to-valley heights not
greater tﬁan about 20 microns and are preferably about 1 micron to about 10 microns. This

type of rougheming method utilized on commercially pure (CP) titanium is described in detail

in U.S. Pat. No. 5,876,453 entitled “Implant Surface Preparation”. An additional roughening
method utilized on Titanium 6AL-4V ELI alloy is described in detail in U.S. Pat. App. Pub. No.
2004/0265780 entitled “Surface Treatment Process for Implants Made of Titanium Alloy”. Itis
contemplated that other surface roughening techniques including, but not limited to, grit blasting
and titanium plasma spray may be used. After these acid-etching steps, the implant may then be
rinsed in hot deionized water (e.g., 70°C to 100°C) to remove any acid residuals and to

potentially enhance titanium hydroxide groups on the surface at step s304.

[0040] The HA nanocrystals are then deposited onto the roughened surface of the
1mplant at step s306. The HA nanocrystals may be introduced onto the roughened surface of
the implant in the form of a colloid. A representative amount of HA in the colloid is typically
In the range of about 0.01 weight percent to about I welght percent (e.g.,, 0.10 weight
percent). To form the colloid, HA nanocrystals may be combined in solution with a 2-
methoxyethanol solvent and ultrasonically dispersed and deagglomerated, The pH of the
colloidal solution may be adjusted with sodium hydroxide, ammonium hydroxide, or the like
on the order of about 7 to about 13. As such, the collojdal solution may include HA

nanocrystals, 2-methoxyethanol, and a pH adjuster (e.g., ammonium hydroxide, and/or
sodium hydroxide).
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[0041] In preparing a solution of HA nanocrystals, raw HA nanocrystal material may
be refined to achieve a stock solution with limited agglomeration of crystals. According to
one method, BABI-HAP-N20-E HA material, manufactured by Berkley Advanced
Biomaterials (Berkley, California), is dried to form a cake. The cake is then mechanically
crushed into a fine powder and subsequently combined with a 2-methoxyethanol solution.
The solution is then ultrasonically dispersed to de-agglomerate the HA nanocrystals. The
solution 1s then allowed to settle and is decanted. A top portion of the settled solution 1s used
as a stock solution for manufacturing a deposition solution. The stock solution 1s tested to
confirm particle size distribution and HA concentration. An appropriate particle size
distribution (volume) as indicated by the Nanotrac 150 (Microtrac, Inc., North Largo,
Florida) has a D10 (tenth percentile distribution) of less than 150 nanometers, a D50 (fiftieth
percentile distribution) of less than 300 nanometers, and a D90 (nmnetieth percentile
distribution)) of less than 900 nanometers.

[0042] The deposition solution i1s prepared by combining the stock solution of
appropriately sized HA nanocrystals in 2-methoxyethanol with additional 2-methoxyethanol
to achieve a desired éonoentration. One such concentration ranges from about 0.08 weight
percent to about 0.12 weight percent HA in 2-methoxyethanol. It 1s contemplated that the
concentration of HA may be lower than 0.08 weight percent or higher than 0.12 weight
percent, provided that other varmables (e.g., immersion time and pH) are modified
accordingly.

[0043] The deposition solution may be pH adjusted with, for example, ammonium
hydroxide. More basic solutions generally accelerate the deposition process and allow larger
particles to be deposited on the implant surface. Suitable concentrations may range from
between about 0.05 weight percent to about 0.1 weight percent ammonium hydroxide. A
25% by weight combination of the pH adjusted deposition solution with deionized water
generally has a pH of about 9 to about 11.

[0044] The HA nanocrystals are then deposited on the surface of the implant by, for
example, dipping the implant into the colloidal solution. The solution may be mixed 1nitially
but is generally stagnant during deposition. The implant may, for example, be immersed n
the colloidal solution for several hours (e.g., 2 hours to 4 hours). The deposition may be
performed at generally ambient temperatures or at temperatures higher or lower than ambient

temperature. The HA nanocrystals bond directly to the titantum hydroxide and/or titanium

oxide.
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[0045] Immersion time and HA concentration are among several factors that atfect
the rate and amount of deposition of HA nanocrystals onto the implant surface. Immersing
the implant in a solution having a concentration of about 0.1 weight percent HA and a pH of
approximately 10 for about 60 minutes, for example, typically resuits in deposition covering
about 40% to about 60% of the implant surface. Longer immersion times generally provide
ereater coverage and may form a layer or coating on the implant surface. Conversely, shorter
immersion times generally decrease the amount of material deposited on the implant surtace.
Solutions having lower concentrations of HA mnanocrystals generally require longer
immersion times, whereas solutions having higher concentrations of HA nanocrystals
generally require shorter immersion times.

- [0046] Another factor affecting the rate and amount of deposition of HA nanocrystals
onto the implant surface is the pH of the deposition solution. The pH of the solution also
affects, to some degree, the size of the HA nanocrystals that are deposited on the implant. At
an acidic pH (i.e., less than 7), the deposition rate is generally slow, and the average size of
the particles deposited onto the implant surface generally decreases. At a neutral pH
(approximately 7), the deposition occurs relatively slowly. For example, if a deposition
solution having an HA concentration of about 0.1 weight percent is used, the implant must be
immersed for about 2 hours to about 4 hours to achieve about 40% to about 60% coverage.
Additionally, the particles deposited on the surface are generally smaller (about 20
nanometers) and more uniform. At an elevated pH (i.e., greater than 9), the size of the HA
nanocrystals deposited is generally greater, ranging from about 20 nanometers to about 150
nanometers. The process time for a solution having an HA concentration of about 0.1 weight
percent and a pH greater than about 9 is also generally shorter, with an 1immersion time of 60
minutes resulting in deposition coverage of about 40% to about 60%.

[0047] The implant may then be rinsed in reverse osmosis / detomzed (RO/DI) water
to remove residual solvent and HA at step s308. The implant is then dried (e.g., oven dried).
At optional step s310, the implant may then be thermally cured to sinter the HA at a
temperature ranging from approximately 80°C to approximately 500°C (e.g., about 100°C).

[0048] Additional acts may then be performed to correct potential aesthetic
discoloration of the implants that may occur during the method of depositing the HA
nanocrystals on the implant. For example, at step s312, the implant is rinsed in delonized
water at a temperature ranging from approximately 40°C to approximately 80°C to remove

any water spotting that may have formed on the implant. The implant may then be dried.

9
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The implant may, for example, be oven dried at a temperature ranging from approximately
80°C to approximately 500°C at step s314.

[0049] The implant surface may be characterized ntilizing Field Emission Scanning
Electron microscopy (FESEM). Depending upon the resolution of the imstrument, the
deposition of the nanoparticles may typically be witnessed at magnifications of over 10kX
(e.g., 30kX). The amount of discrete nanocrystalline deposition coverage may be analyzed
by conducting contrast phase analysis on FESEM images using computer software. The
adhesion of nanocrystals to the surface of an implant may be verified through functional
testing or novel techniques such as testing adhesion strength (e.g., shear strength) using
atomic force microscopy and a nanometer length scale silica nitride (SiN) calibrated beam

with a diamond coated probe or tip.

[0050] According to another method of the present invention, discrete nanoparticles

(e.g., HA nanocrystals) are deposited onto an implant surface without first roughening the
surface of the implant. In this embodiment, the implant is machined, and its final surface
configuration is generally smooth as compared to the acid-etching steps previously described.

[0051] The colloidal solutions referred to in Examples 1-10 below were prepared
using the processes previously set forth.above. After the HA nanocystals were deposited on
the implant surface in Examples 1-10, the implants were oven dried at a temperature of

approximately 100 °C,

Example 1
[0052] FIGs. 8a, 8b are scanning electron microscope images showing HA
nanocrystals 402 after being deposited on the surface of a CP titanium implant 400. The

image of FIG. 8a was taken at 10kX utilizing an FESEM. The image of FIG. 8b was taken at
30kX utilizing an FESEM.

[0053] The surface of the implant 400 shown in FIGs. 8a, 8b was roughened using a
citric acid etching process, described in U.S. 20060219661 to produce an Osseotite® surface.

The roughening process resulted in irregularities 404 having peak-to-valley heights of no more

than 10 microns. The HA nanocrystals 402 were deposited on the surface of the implant 400
using a colloidal solution. The colloidal solution included about 0.07 weight percent of HA in

a 2-methoxyethanol solvent. The implant 400 was immersed in the colloidal solution for

10
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approximately 4 hours. The resulting deposition of HA nanocrystals 402 on the implant 400
are shown in FIGs. 8a, 8b.

E_gc_a_l_n;ple 2
[0054] FIG. 9a 1s a scanning electron microscope image showing HA nanocrystals
502 after being deposited on the surface of an implant 500. The image of FIG. 9a was taken
at 30kX utilizing an FESEM. |
[0055] The 1mplant 500 used in FIG. 92 was comprised of titanium 6AIL-4V ELI

alloy. The surface of the implant 500 shown in FIG. 9a.was roughened using the dual acid-

etched process described in U.S. Pat. App. Pub. No. 2004/0265780. The HA nanocrystals 502
were deposited on the surface of the implant 500 using a colloidal solution described above
including about 0.10 weight percent of HA in a 2-methoxyethanol solvent. The implant 500 was
immersed in the colloidal solution for approximately 150 minutes at ambient temperature. The

resulting deposition of HA nanocrystals 502 on the implant 500 is shown in FIG. 9a.

Example 3
[0056] FIG. 9b is a scanning electron microscope image showing HA nanocrystals

352 after being deposited on the surface of a titanium 6AL-4V BELI alloy tmplant 550. The
image of FIG. 9b was taken at 30kX utilizing an FESEM.

[0057] The procedure used for depositing the HA nanocrystals 552 on the surface of

the implant 550 was generally similar to the procedure used in Example 2. However, unlike
the procedure of Example 2, the pH of the colloidal solution of Example 3 was adjusted with
ammonium hydroxide to 0.10 weight percent ammonium hydroxide. The pH of the adjusted
solution was between 9 and 10 when measured at about 25 weight percent in deionized H,O.
The 1mplant 550 was immersed in the colloidal solution for approximately 60 minutes at
ambient temperature. The resulting deposition of HA. nanocrystals 552 on the implant 550 is
shown in FIG. 9b, | |

[0058] As shown in FIG. 9b, deposition of HA nanocrystals 552 on the surface of the
implant 550 is compérable to that of the implant 500 of FIG. 9a. However, the immersion
time of the implant 550 was considerably shorter. Thus, adjusting the pH to form a more
basic solution was shown to shorten the process time required for deposition of the HA

nanocrystals 552 on the surface of the implant.
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Example 4

[0059] FIG. 9c is a scanning electron microscope image showing HA nanocrystals
602 after being deposited on the surface of a titanium 6AL-4V ELI alloy implant 600. The
image of FIG. 9¢ was taken at 30kX utilizing an FESEM.

[0060] The procedure used for depositing the HA nanocrystals 602 on the surface of
the implant 600 was similar to the procedure used in Example 3. However, unlike the
implant 550 of Example 3, the surface of the implant 600 shown n FIG. 9¢c was not
- roughened. Rather, the surface of the implant 600 was machined, and its final surface
configuration prior to depositing the HA nanocrystals 602 was generally smooth.

[0061] As shown in FIG. 9c¢, the deposition of HA nanocrystals 602 on the surface of
the implant 600 is comparable to that of the implants 500, 550 of FIGs. 9a and 9b
respectively. Thus, adequate deposition of HA nanocrystals on an implant surface may occur

without roughening the implant surface prior to deposition.

Example 5

[0062] FIG. 94 is a scanning electron microscope image showing HA nanocrystals
652 after being deposited on the surface of an implant 650. The image of FIG. 9d was taken
at 30kX utilizing an FESEM. '

[0063] The procedure used for depositing the HA nanocrystals 652 on the surface of
the implant 650 was similar to the procedure used in Example 3. However, the implant 650
used in FIG. 9d was comprised of 316 stainless steel such that it could be used on, for
example, a cortical screw. The sﬁrface of the substrate was not roughened prior to
deposition. The implant 650 was immersed in the colloidal solution for approximately 120
minutes at ambient temperature. The resulting deposition of HA nanocrystals 652 on the
implant 650 1s shown 1n FIG. 9d.

[0064] As shown in FIG. 9d, the amount of HA nanocrystals 652 deposited on the
surface of the implant 650 is comparable to that of FIGs. 9a-c. Thus, adequate deposition of
HA nanocrystals on an implant surface may occur on implants comprising metals other than

titanium and titanium alloys (e.g., stainless steel).

Example 6
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[0065] FIG. 10 i1s a scanning electron microscope image showing HA nanocrystals
702 after being deposited on the surface of an implant 700. The image of FIG. 10 was taken
at 30kX utilizing an FESEM.

[0066] The implant 700 used in FIG. 10 was comprised of titanium 6AL-4V ELI
alloy. The surface of the implant 700 shown in FIG. 10 was roughened using the dual acid-

etched process described in U.S. Pat. App. Pub. No. 2004/0265780. The HA nanocrystals. 702
were deposited on the surface of the implant 700 using a colloidal solution including about 0.80
weight percent of HA in a 2-methoxyethano! solvent. The pH of the colloidal solution was
adjusted with ammonium hydroxide to 0.01 weight percent ammonium hydroxide. The pH of the
adjusted solution was between 8 and 9 when measured at about 25 weight percent in deionized
H,O. The implant 700 was immersed in the colloidal solution for approximately 55 minutes at a

temperature of about 18°C. The resulting deposition of HA nanocrystals 702 on the implant 700
is shown in FIG. 10.

[0067] The procedure of Example 6 utilized a lower concentration of HA
nanocrystals (i.e., 0.08 weight percent) and a relatively low concentration of ammonium
hydroxide (i.e., 0.01 weight percent). The deposition of HA nanocrystals 702 on the surface
of the implant 700, however, is comparable to that of FIGs. 9a-d. -

Example 7
[0068] FIG. 11 is a scanning electron microscope image showing HA nanocrystals

752 after being deposited on the surface of an implant 750. The image of FIG. 11 was taken
at 30kX utilizing an FESEM.
[0069] The implant 750 used in FIG. 11 was comprised of titanium 6AL-4V ELIL

alloy. The surface of the implant 750 shown in FIG. 11 was roughened using the dual acid-
etched process described in U.S. Pat. App. Pub. No. 2004/0265780. The HA nanocrystals 752

were deposited on the surface of the implant 750 using a colloidal solution including about 0.12
weight percent of HA in a 2-methoxyethanol solvent. The pH of the colloidal solution was
adjusted with ammonium hydroxide to 0.30 weight percent ammonium hydroxide. The pH of the
adjusted solution was between 10 and 11 when measured at about 25 weight percent in deionized

H,0. The implant 550 was immersed in the colloidal solution for approximately 70 minutes at a
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temperature of about 30°C. The resulting deposition of HA nanocrystals 752 on the implant
750 1s shown in FIG. 11,

[0070]} The procedure of Example 7 utilized a higher concentration of HA
nanocrystals (i.e., 0.12 weight percent) than that of Example 6 (i.e., 0.08 weight percent).
The procedure of Example 7 also substantially increased the concentration of ammonium
hydroxide (1.e., 0.30 weight percent) as compared to the procedure of Example 6. The
deposition of HA nanocrystals 752 on the surface of the implant 750, however, is comparable

to those of the examples above.

Example 8
[0071] FIG. 12a is a scanning electron microscope image showing HA nanocrystals

780 after being deposited on the surface of an implant 775. The .image of FIG. 12a was taken
at 30kX utihizing an FESEM.

[0072] The implant 775 used in FIG. 12a was comprised of CP titanium. The surface
of the implant 775 shown in FIG. 12a was roughened using the dual acid-etched process
described in U.S. Pat. No. 5,876,453. The HA nanocrystals 780 were deposited on the surface of
the implant 775 using a colloidal solution including about 0.1 weight percent of HA in a 2-
methoxyethanol solvent. The pH of the colldidal solution was adjusted with ammonium
hydroxide to 0.05 weight percent ammonium hydroxide. The pH of the adjusted solution was
between 9 and 10 when measured at about 25 weight percent in deionized HO. The implant 775
was immersed in the colloidal solution for approximately 11.5 minutes at ambient temperature.
The immersion time, 11.5 minutes, is relatively low compared to that of the previous examples.

Accordingly, the amount of HA nanocrystals 780 deposited on the surface of the implant 775 is

generally less than those of the previous examples.

Example 9
[0073] FIG. 12b is a scanning electron microscope image showing HA nanocrystals

802 after being deposited on the surface of a CP titanium implant 800. The image of FIG.
12b was taken at 30kX utilizing an FESEM.

[0074] The procedure used for depositing the HA nanocrystals 802 on the surface of
the implant 800 was similar to the procedure used in Example 8. However, the immersion

time used in FIG. 12b was approximately 60 minutes. Thus, the immersion time is higher
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than that of Example 8. Accordingly, the amount of HA nanocrystals 802 deposited on the
surface of the implant 800 1s generally greater than that of Example 8.

Example 10

[0075] FIG. 12c¢ 18 a scanning electron microscope image showing HA. nanocrystals
830 after being deposited on the surface of a CP titanium implant 825. The image of FIG.
12¢ was taken at 30kX utilizing an FESEM.

[0076] The procedure used for depositing the HA nanocrystals 830 on the surface of
the implant 825 was similar to the procedure used in Examples 8 and 9. However, the
mmersion time used in FIG. 12¢ was approximately 240 minutes. Thus, the immersion time
i1s considerably higher than those of Examples 8 and 9. Accordingly, the amount of HA
nanocrystals 830 deposited on the surface of the implant 825 is generally greater than those
of Examples 8 and 9.

Example 11
[0077] FIG. 13a 1s a scanning electron microscope image showing HA nanocrystals

852 after being.deposited on the surface of an implant 850. The image of FIG. 13a was taken
at 30kX utilizing an FESEM.

[0078] The implant 850 used in FIG. 13a was comprised of titanium 6AL-4V ELL
The surface of the implant 850 shown in FIG. 13a was roughened using the dual acid-etched

process described in U.S. Pat. App. Pub. No. 2004/0265780. The HA nanocrystals 852 were
deposited on the surface of the implant 850 using a colloidal solution including about 0.10 weight
percent of HA in a 2-methoxyethanol solvent. The pH of the colloidal solution was adjusted with
ammonium hydroxide to 0.05 weight pe;cent ammonium hydroxide. The implant 850 was
immersed in the colloidal solution for approximately 11.5 minutes at ambient temperature.

[0079] The resulting deposition of HA nanocrystals 852 on the implant 850 is shown in
FIG. 13a. The immersion time, 11.5 minutes, is relatively low compared to that of the previous
examples. Accordingly, the amount of HA nanocrystals 852 deposited on the surface of the

implant 850 is generally less than those of the previous examples.

Example 12
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[0080] FIG. 13b is a scanning electron microscope 1mage showing HA nanocrystals
880 after being deposited on the surface of a titanium 6AL-4V ELI alloy implant 875. The
image of FIG. 13b was taken at 30kX utilizing an FESEM.

[0081] The procedure used for depositing the HA nanocrystals 880 on the surface of
the implant 875 was similar to the procedure used in Example 11. However, the immersion
time used in FIG. 13b was approximately 60 minutes. Thus, the immersion time is higher
than that of Example 11. Accordingly, the amount of HA nanocrystals 880 deposited on the
surface of the implant 875 is generally greater than that of Example 11.

Example 13

[0082] FIG. 13c is a scanning electron microscope image showing HA nanocrystals
902 after being deposited on the surface of a titantum 6AL-4V ELI alloy implant 900. The
image of FIG. 13¢ was taken at 30kX utilizing an FESEM.

0083] The procedure used for depositing the HA nanocrystals 902 on the surface of
the implant 900 was similar to the procedure used in Example 9. However, the immersion
time used in FIG. 13c¢ was approximately 240 minutes. Thus, the immersion time 1s
considerably higher than that of Examples 11 and 12. Accordingly, the amount of HA
nanocrystals 902 deposited on the surface of the implant 900 is generally greater than those
of Examples 11 and 12.

Laboratory Testing On Animals

- [0084] An animal study was conducted to test the performance of several implants
having HA nanocrystals deposited thereon. The study utilized a bone-to -implan;t tensile
strength test comparing the results of two control groups and six test groups. The control
groups included Osseotite® etched titanium alloy (6AL-4V ELI) implants and commercially
pure (CP) titanium implants. Three of the test groups included Osseotite® etched CP
titanium implants with HA nanocrystals deposited thereon. The remaining three test groups
included Osseotite® etched titanium alloy (6AL-4V ELI) implants with HA nanocrystals
deposited thereon. The test groups differed in the level of coverage (light, medum, and
heavy) of the HA nanocrystals on the respective implants. Twelve implants were tested tfor
each of the six test groups and two control groups.

[0085] CP titanium implants like the implants 775, 800, 825 shown in FIGs. 12a-c

and described in Examples 8, 9, and 10 above were also among the implants tested during the

16



CA 02629600 2008-05-13
WO 2007/059038 PCT/US2006/044000

study. Implants made pursuant to Example 8 (FIG. 12a) were among the group of Osseotite®
CP titanium implants having light coverage. Implants made pursuant to Example 9 (FIG.
12b) were among the group of Osseotite® CP titanium implants having medium coverage.
Implants made pursuant to Example 10 (FIG. 12c) were among the group of Osseotite® CP
titanium implants having heavy coverage.

|0086] Titanium alloy implants like the implants 850, 875, 900 shown in FIGs. 13a-c
and described in Examples 11, 12, and 13 above were among the implants tested during the
study. Implants made pursuant to Example 11 (FIG. 13a) were among the group of
Osseotite® titanium 6AL-4V ELI implants having light coverage. Implants made pursuant to
Example 12 (FIG. 13b) were among the group of Osseotite® titanium 6AL-4V ELI implants
having medium coverage. Implants made pursuant to Example 13 (FIG. 13c) was among the
group of Osseotite® titanium 6AL-4V ELI implants having heavy coverage.

[0087] The tensile strength test study was conducted utilizing rats as the test subjects.
The immplants were surgically implanted into both femurs of the test subjects in a bi-cortical
manner. The implantation site was then closed and allowed to heal for nine days, after which
the test subjects were sacrificed. The subject femurs were then removed, and the
bone/implant cross sections were prepped for the tensile strength testing. Wires were then
inserted through the medullary cavity on both sides of the implant. The implants were
subsequently fixed on an Instron® Universal Testing System, manufactured by Instron
Corporation® (Burlington, Ontario). The wire was pulled vertically with increasing force
until the bone broke away from the implant. The maximum amount of force before breakage
was measured m Newtons. The implant was then turned 180 degrees, and the test was
repeated on the other side of the implant. Thus, two tests were available for each 1mplant.

[0088] The results of the testing indicated statistically significant differences (95%
confidence level) between the mean values of the control groups and each of the
corresponding test groups. The mean values of each of the Osseotite® titanium alloy 6AL-
4V ELI implanfs test groups (light, medium, and heavy coverage) required 10.8N (n = 23,
standard deviation = 5.32), 14.1N (n = 24, standard deviation = 5.98), and 12.8N (n = 23,
standard deviation = 4.78) of force, respectively, to break away the bone from the implant.
The mean values of the Osseotite® CP titanium test groups (light, medium, heavy coverage)
required 8.2N (n = 24, standard deviation = 4.21), 10.5N (n = 24, standard deviation = 4.38),
and 11.6N (n = 24, standard deviation = 4.89) more force, respectively, to break away the

bone from the implant. The mean values of each of the Osseotite® titanium alloy 6AL-4V

17



CA 02629600 2008-05-13
WO 2007/059038 PCT/US2006/044000

ELI implants test groups (light, medium, and heavy coverage) required 157%, 235%, and
204% more force, respectively, to break away the bone from the implant than that of the
corresponding control group. The mean values of the Osseotite® CP titanium test groups
(light, medium, heavy coverage) required 901%, 1178%, and 1319% more force,
respectively, to break away the bone from the implant than the corresponding control group.
Thus, any amount of HA nanocrystal coverage (i.e., light, medium, and heavy) was shown to
be beneficial to the performance of the implants, and the implants having medium and heavy

HA nanocrystal depositions were found to have slightly better performance than those having

light deposition.

Initial Results Of Clinical Testing On Humans

[0089] A human study was conducted to compare the performance of implants having
HA nanocrystals deposited thereon to those not having HA nanocrystals deposited thereon.
All of the implants used in the study were custom made 2mm x 10mm Osseotite® titanium
alloy 6AL-4V ELI site evaluation implants (SED, which included a roughened etched surface
as defined above. The control group included sixteen SEI with no further treatment (Control-
SEI). The test group included sixteen SEI with discrete HA nanocrystals deposited on the
roughened surface (Test-SEI).

[0090] The protocol used during the clinical testing was approved by the Ethic
Commuttee of the University of Chieti-Pescara, and all patients provided written informed
consent. To ensure balance and to minimize differences in bone density and patient biology,
one Control-SEI and one Test-SEI were placed in each of fifteen patients. One of the fifteen
patients received an additional Control-SEI and Test-SEI for a total of four SEI (Patient No.
11 of Table 1). The SEI were placed, using a.randomization scheme, either in close

proximity to each other on the same side of the posterior maxilla or in contralateral sites.

After 8+1 weeks of healing, a guide post was attached to each of the SEI, and the SEI were
removed using a trephine with an internal diameter of 4 mm. The SEI were then evaluated
under light microscopy and confocal laser scanning microscopy (CLSM).

[0091] Significant differences were observed between the Control-SEI and the Test-
SEL For example, histologic observations in the Control-SEI showed formation of new bone
around the mmplant surface that was not always in direct contact with the entire perimeter of
the threads of the implant. The newly formed bone in the Test-SEI, on the other hand, was in

tight contact with the implant surface and adapted completely to the micro-irregularities of

the implant surface.
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[0092] Histomorphometric analysis of bone-to-implant (BIC) contact was performed

on each of the Control-SEI and Test-SEI. The results of the analysis are summarized 1n

Table 1 below.

Table 1
Patient No. % BIC (Control Group) % BIC (Test Group)
1 4.3 45.1
2 54.1 0
3 40.0 52.0
4 24.0 635.1
S 3.0 23.0
6 15.3 22.4
7 30.3 15.0
8 19.6 47.7
9 8.1 53.1
10 7.2 47.0
11 (case 1) 9.8 19.0
11 (case 2) 19.8 13.5
12 53.1 22.0
13 13.0 7.1
14 18.1 19.0
15 0 16.3
| Summary (excluding
| patients with “0” values)
N 14 14
Mean 19.0 32.2
- Std. Dev. 14.18 18.49
Minimum 3.0 7.1
Maximum 53.1 65.1

f

[0093] As shown in Table 1, the initial results of the testing indicated statistically
significant differences between the mean BIC values of the Control-SEI and the Test-SEL
Possible cutting artifacts were suspected in one Control-SEI (Patient No. 15) and one Test-
SEI (Patient No. 2), both of which were removed without any surrounding bone (BIC = 0).
Excluding these patients, the mean BIC value for the Control-SEI was 19.0 (n = 14, standard
deviation = 14.18) and the mean BIC value for the Test-SEI was 32.2 (n = 14, standard
deviation = 18.49). Thus, the Test-SEI having discrete HA nanocrysta:ls deposited thereon

were found to perform substantially better than the Control-SEL

[0094] According to the methods of the present invention, the nanoparticles of
calcium phosphate directly bond to a titanium oxide and/or titanium hydroxide layer formed

on the surface of the implant. Thus, one of the benefits of the present invention is that 1t does
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not require an intermediary molecule (e.g., an alkoxide or tri-functional silanes such as
aminopropyltriethoxysilane) to bond the nanoparticles to the implant.  Rather, the
nanoparticles are deposited using a one-step process of exposing the roughened surface of the
implant to a colloidal solution including the nanoparticles.

[0095] While the present invention has been generally described relative to the part of
the 1mplant contacting bone tissue, it is contemplated that the acts etching, acid etching,
roughening, and depositing herein described may be performed on the entire implant.

[0096] While the present invention has been described with reference to one or more
particular embodiments, those skilled in the art will recognize that many changes may be
made thereto without departing from the spirit and scope of the present invention. Each of
these embodiments and obvious variations thereof is contemplated as falling within the spirit

and scope of the claimed invention, which is set forth in the following claims.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A method of forming an implant to be implanted into living bone, the method
comprising the acts of:
roughening at least a portion of the implant surface to produce a microscale roughened

surface; and

depositing discrete nanoparticles directly on the roughened surface though a one-step
process of exposing the roughened surface to a solution including the nanoparticles, the
nanoparticles comprising a material having a property that promotes osseointegration,

wherein the act of depositing discrete nanoparticles results in deposition covering less
than all of the roughened surface such that a portion of the roughened surface is exposed

between at least some of the discrete nanoparticles.

2. The method of claim 1, wherein the implant is made of a metal selected from the

group consisting of tantalum, cobalt, chromium, titanium, stainless steel, or alloys

thereof.
3. The method of claim 2, wherein the metal comprises titanium.
4, The method of any one of claims 1 to 3, wherein the implant is made from a

material including ceramic.

d. The method of any one of claims 1 to 4, wherein the implant is a dental implant.

6. The method of claim 5, wherein the portion of the implant surface 1s a threaded

bottom portion for facilitating bonding with bone.

7. The method of any one of claims 1 to 3, wherein the implant is made of titanium
and the act of roughening the implant surface comprises:
removing a native oxide layer from the implant surface; and

acid etching the resulting surface.

21
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8. The method of any one of claims 1 to 7, wherein the act of roughening the
implant surface creates irregularities, the irregularities having peak-to-valley heights not

greater than about 20 microns.

0. The method of claim 8, wherein the nanoparticles include hydroxyapatite

nanocrystals having dimensions of about 20 nanometers to about 100 nanometers.

10. A method of forming an implant to be implanted into living bone, the method
comprising the acts of:

roughening at least a portion of the implant surface to produce a microscale roughened
surface; and

depositing discrete nanoparticles directly on the roughened surface through a one-step
process of exposing the roughened surface to a solution including the nanoparticles and a
2-methoxyethanol solvent, the nanoparticles comprising a material having a property that
promotes osseointegration, the nanoparticles including hydroxyapatite, wherein the act
of depositing discrete nanoparticles results in a deposition covering less than all of the

roughened surface.

11.  The method of claim 10, wherein the act of depositing the hydroxyapatite

nanocrystals further comprises adjusting the pH of the solution.

12.  The method of claim 11, wherein the adjusting the pH of the solution includes

using ammonium hydroxide.

13.  The method of claim 11, wherein the pH is adjusted to between about 9 and about
11.

14.  The method of any one of claims 10 to 13, further comprising, after the depositing

step, the act of rinsing the implant in reverse osmosis/deionized water.

15.  The method of claim 14, further comprising thermally curing the implant to sinter

the deposited hydroxyapatite nanocrystals.
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16.  The method of claim 14, further comprising the acts of:
rinsing the implant in deionized water; and

drying the implant.

17.  The method of any one of claims 14 to 16, wherein prior to depositing the
hydroxyapatite nanocrystals, the method comprises rinsing the implant in deionized

water.

18. A method of forming a dental implant made of a titanium or titanium alloy, the

method comprising the acts of:
etching at least a threaded bottom portion of the implant to remove a native oxide layer;

after the etching, forming a roughened surface on the threaded bottom portion by use of
an acid etching process, the roughened surface having an array of microscale
irregularities having peak-to-valley heights not greater than about 20 microns; and

without pretreating the roughened surface, depositing discrete hydroxyapatite
nanocrystals directly on the roughened surface by exposure to a solution comprising 2-
methoxyethanol solvent and the hydroxyapatite nanocrystals, wherein the act of
depositing discrete hydroxyapatite nanocrystals results in deposition covering less than

all of the roughened surface.

19.  The method of claim 18, wherein the irregularities have a peak-to-valley height of

from about 1 micron to about 10 microns.

20.  The method of claim 19, wherein the etching, acid etching, and roughening

occurs on all surfaces that will be in contact with bone or gingiva.

21.  The method of any one of claims 18 to 20, further comprising, prior to the

exposure to the solution, adjusting the pH of the solution.

22.  The method of claim 21, wherein the adjusting the pH of the solution includes

using ammonium hydroxide.
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23.  The method of claim 21, wherein the pH is adjusted to between about 9 and about
11.

24.  The method of any one of claims 18 to 23, wherein the hydroxyapatite

nanocrystals have dimensions of about 20 nanometers to about 100 nanometers.

25.  The method of any one of claims 18 to 24, further including one or more cleaning
or rinsing steps after the acid-etching step and prior to depositing the hydroxyapatite

nanocrystals.

26.  The method of claim 25, wherein the rinsing step includes rinsing the implant in

deilonized water.

27.  The method of any one of claims 18 to 26, further comprising the act of rinsing

the implant in reverse osmosis/deionized water.

28.  The method of claim 27, further comprising the act of thermally curing the

implant to sinter the deposited hydroxyapatite nanocrystals.

29.  The method of claim 27, further comprising the acts of:
rinsing the implant in deionized water; and

drying the implant.

30. The method of any one of claims 18 to 29, wherein the irregularities include

cone-shaped elements.

31.  The method of any one of claims 18 to 30, wherein the native oxide layer is

removed by a first acid solution.

32.  The method of claim 31, wherein the first acid solution is aqueous hydrofluoric

acid and the act of acid etching includes a mixture of sulfuric and hydrochloric acids.
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33. A method of forming a nanocrystalline surface on an implant, the method

comprising the acts of:

roughening at least a portion of the implant surface to form a roughened surface;

without forming an alkoxide on the roughened surface, depositing discrete nanocrystals

on the roughened surface, the nanocrystals comprising a material having a property that
promotes osseointegration, wherein a portion of the roughened surface is exposed
between at least some of the discrete nanocrystals such that the exposed roughened

portion between the discrete nanocrystals 1s for contacting bone.

34. The method of claim 33, wherein the implant is tantalum, cobalt, chromium,

titanium, stainless steel, or alloys thereof.
35.  The method of claim 33, wherein the metal comprises titanium.

36. The method of claim 33, wherein the implant is made of a material including

ceramic.

37.  The method of any one of claims 33 to 36, wherein the implant is a dental

implant.

38.  The method of claim 37, wherein the portion of the implant surface is a threaded
bottom portion for facilitating bonding with bone.

39. The method of any one of claims 33 to 38, wherein the act of roughening the

implant surface comprises:

removing a native oxide layer from the implant surface; and

acid etching the resulting surface.

40.  The method of any one of claims 33 to 38, wherein the act of roughening the
implant surface creates irregularities, the irregularities having peak-to-valley heights not

greater than about 20 microns.
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41.  The method of any one of claims 33 to 40, wherein the nanocrystals include
hydroxyapatite, the nanocrystals being on the order of about 20 nanometers to about 100

nanometers.

42.  The method of claim 41, wherein the act of depositing the hydroxyapatite
nanocrystals further includes using a solution of 2-methoxyethanol solvent and the

hydroxyapatite nanocrystals.

43.  The method of claim 42, wherein the act of depositing the hydroxyapatite
nanocrystals further comprises adjusting the pH of the solution.

44.  The method of claim 43, wherein the adjusting the pH of the solution includes

using ammonium hydroxide.

45.  The method of claim 43, wherein the pH is adjusted to between about 9 and about
11.

46.  The method of any one of claims 33 to 45, further comprising the act of rinsing

the implant in reverse osmosis/deionized water.

47.  The method of claim 46, further comprising thermally curing the implant to sinter

the deposited hydroxyapatite nanocrystals.

48.  The method of claim 46, further comprising the acts of:
rinsing the implant in deionized water; and

drying the implant.

49.  The method of any one of claims 46 to 48, wherein prior to depositing the
hydroxyapatite nanocrystals, the method comprises rinsing the implant in deionized

water.

50. A dental implant comprising:

a head portion having a non-rotational feature;

26



CA 02629600 2010-09-28

a lowermost end opposing the head portion; and
a threaded bottom portion for engaging bone between the head portion and the

lowermost end, the threaded bottom portion having a roughened surface with a
substantially uniform array of microscale irregularities having peak-to-valley heights not
greater than about 20 microns, the threaded bottom portion further including discrete
nanoparticles located directly on the roughened surface, the nanoparticles including
hydroxyapatite nanocrystals, a portion of the roughened surface being exposed between
at least some of the discrete nanoparticles such that the exposed roughened portion

between the discrete nanoparticles is for contacting bone.
51.  The implant of claim 50, wherein the implant is titanium or titanium alloys.

52.  The implant of claim 50, wherein the implant is made of a material including

ceramic.

53.  The implant of any one of claims 50 to 52, wherein the hydroxyapatite

nanocrystals are on the order of about 20 nanometers to about 100 nanometers.

54,  The implant of any one of claims 50 to 53, wherein the roughened surface that

receives the discrete nanoparticles does not include an alkoxide or a tri-functional silane.

55. A method of forming an implant to be implanted into living bone, the method
comprising the act of depositing discrete nanoparticles directly on the surface of the
implant though a one-step process of exposing the surface to a solution, the nanoparticles
comprising a material having a property that promotes osseointegration, wherein the act
of depositing discrete nanoparticles results in deposition covering less than all of the

surface of the implant such that a portion of the surface is exposed between at least some

of the discrete nanoparticles.

56.  The method of claim 55, wherein the implant is made of titanium.

J7.  The method of claim 55, wherein the implant is made of a material including

ceramic.
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58. A method of forming a nanocrystalline surface on an implant, the method
comprising the acts of:

providing a metal substrate;

immersing at least a portion of the substrate in a colloidal solution such that the
colloidal solution directly contacts an exposed outer surface of the metal substrate, the
colloidal solution having a temperature ranging from about 18° C to about 32° C for
about 11.5 minutes to about 240 minutes, the colloidal solution comprising

a 2-methoxyethanol solvent, and

a plurality of hydroxyapatite nanocrystals having a concentration ranging from about
0.01 weight percent to about 1 weight percent relative to the overall solution; and

adjusting the pH of the colloidal solution to about 9 to about 11,

wherein a portion of the exposed outer surface of the metal substrate is exposed between
at least some of the hydroxyapatite nanocrystals such that the exposed portion between

the discrete nanocrystals 1s for contacting bone.

59. A method of forming an implant to be implanted into living bone, the method
comprising the acts of:

providing an implant;

depositing discrete nanoparticles directly on the surface of the implant though a one-
step process of exposing the surface to a solution, the nanoparticles comprising a material
having a property that promotes osseointegration;

rinsing the implant; and

drying the implant,

wherein the act of depositing discrete nanoparticles results in deposition covering less
than all of the surface of the implant such that a portion of the surface of the implant is

exposed between at least some of the discrete nanoparticles.
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