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HOLLOW AND POROUS ORTHOPAEDIC OR DENTAL IMPLANT THAT
DELIVERS A BIOLOGICAL AGENT

Inventor: Jeremy Jian Mao

Biological agents are developed using orthopedic and dental implants as
vehicles. A hollow and porous orthopedic or dental implant functions as a vehicle
within which biological agents are loaded for their controlled release at a specific
implanted location.

BACKGROUND OF THE INVENTION

In the United States, about 2 billion dollars are spent each year on orthopedic
and dental implants. This correlates to about 700,000 orthopedic implant procedures
performed in one year alone. As for dental implant procedures, about 69 percent of
adults aged 35-44 years have lost at least one permanent tooth and, as such, are
candidates for dental implants.

An implant, be it dental, orthopedic or other, is usually a biologically
compatible material, like titanium, which is surgically inserted within the body to
replace defective structures such as bone or teeth. Although these implants are
becoming more commonplace, problems still remain in the area of osseointegration,
both immediate and long-term. Most implant procedures focus mainly on mechanical
repair without much thought as to regeneration of bone. It has been shown that the
replacement of bones such as hip joints that initially osseointegrate properly
deteriorate years later because of osteolysis at the bone to implant interface.

Tn order to lengthen the lifetime of implants and to accelerate the bone healing
process, some research focuses on improving the initial anchorage of the implant as
well as on preserving the strength of the bone to implant interface. However, none of
these current approaches are satisfactory.

Transforming growth factor-33 is a member of a superfamily of cell mediators
and plays fundamental roles in the regulation of cell proliferation and differentiation.
In wound healing, TGFB3 has been reported to attenuate type I collagen synthesis and
reduce scar tissue formation. TGF(3 has been reported to regulate the ossification of
fibrous tissue in cranial sutures in craniosynostosis, a congenital disorder affecting 1
in approximately 2,500 live human births and manifesting as skull deformities,
blindness, mental retardation, and death. During development, TGFp3 regulates the

adhesion of epithelial cells and subsequent fusion of the two palatal shelves, the



[0006]

[0007]

[0008]

WO 2006/047310

PCT/US2005/037948

failure of which leads to cleft palate. During umbilical cord development, TGFB3
downregulation results in the commonly observed abnormal structure and mechanical
properties of pre-eclampsia in umbilical cords, a leading cause of maternal and infant
death during umbilical cord formation. TGFB3 mediates the proliferation of corneal
stromal fibroblasts by activating other endogenous factors, including FGF-2. The
mechanism of fibrosis after glancoma surgery is mediated by TGF@33 and its effects
on subconjunctival fibroblasts.

The fundamental roles of TGFS3 in the development of a wide range of cells
and tissues have prompted its adoption in tissue repair approaches. Topical
application of TGF(3 in gels was reported to ameliorate wound healing in patients at
adose of 2.5 pg/ cm? compared to placebo gels. Collagen gels soaked with TGFG3
delivered to the ossifying cranial suture have been reported to delay its premature
fusion. Bioactive TGEB3 released from PLA microgrooved surfaces was reported to
inhibit the proliferation of lung epithelial cells up to 24 hrs. Previous attempts for
controlled release of cytokines include lipid nanoparticles, chitosan or gelatin-based
particles collagen ceramics and porous glass. Although the short-term bioactivity of
TGFB3 has been investigated, exploration of prolonged release via
microencapsulation is necessary for widespread needs to regulate cellular activities in
the long-term during wound healing and tissue regeneration.

Despite previous efforts to investigate the therapeutic potential of TGFf3, its
effective use is limited by a number of common shortcomings such as short half life,
instability in vivo, and relative inaccuracy of delivery systems.

SUMMARY

A hollow and porous implant is loaded with biologically active agents may be
biological, pharmaceutical, herbal or chemical, such as stem cells and growth factors.
These may be encapsulated, for example, in microspheres. A hollow and porous
dental or orthopedic implant is loaded with one or more encapsulated biological
agents that accelerates tooth or bone healing into and onto the implant after
implantation. Loading is accomplished by procedures known in the art, taking care to
contain the encapsulated biological agents in the implant, yet allow their release
outside of the implant to host tissues and growth on and inside the implant. One way
microspheres are loaded into biocompatible material is by vacuum. Stem cells and/or

PLGA microspheres encapsulating growth factors are inserted into a scaffold such as
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a collagen sponge. The sponge is then packed into the hollow portion of the implant.
Then the biocompatible materials are packed into the hollow core of the implant. The
hollow and porous implant is made of a biocompatible solid material that adds load-
bearing function to a defective bone or tooth, and yet is hollow and porous, thereby
lowering the mechanical strength of the implant and reducing stress-shielding effects
to the bone. Suitable materials for the hollow and porous implant include metal such
as titanium. Osteoblasts may attach to the titanium and produce new bone. The
hollow and porous implant can optionally have a coating on the metal. The cross
section of the implant may be cylindrical, square, rectangular or irregular. The shape
selected depends on the anatomical location and configuration of the tooth or bone to
be repaired. .

The encapsulated biological agents are loaded into the hollow and porous
implant and promote the growth of new bone or tooth structures. The combination of
porosity and controlled release techniques produce a new dental and/or orthopedic
implant system that accelerates bone ingrowth and osseointegration (integration of,
e.g. titanium into host bone or teeth). The controlled release technology delivers
scheduled doses of growth factors and/or other chemical and/or pharmacological
substances in a pre-defined temporal and spatial manner to promote bone in growth
and/or osseointegration. The physical signs of the pores and hollow cylinder can be
altered to optimize bone ingrowth and/or osseointegration. Suitable agents include
growth factors and media specific to the growth or healing of new bone or teeth.
Adult or embryonic stem cells may be added. The biologic agents act in the area of
the implant, usually adjacent to it. Illustrative growth factors include the BMP family
2,7,8,9), TGF~ family (1, 2, 3), ~FGF family, IGF family, VEGF, bFGF and
mixtures of growth factors and chemical substances. Stem cells, when present, include
endogenous adult mesenchymal stem cells. A suitable biocompatible vehicle is
titanium and suitable encapsulating material is polymerized polylactic-co-glycolic
acid.

Despite reports of roles in wound healing and tissue regeneration, long-term
controlled release of TGFP3 has not been demonstrated. A suitable composition for
controlled release is TGFB3 in poly-d-l-lactic-co-glycolic acid (PLGA) is
encapsulated in microspheres. The release profiles of PLGA-encapsulated TGF(33
with 50:50 and 75:25 PLA:PGA ratios differed throughout the analysis of bioactivity.
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To compare sterilization modalities of microspheres, bFGF was encapsulated in 50:50
PLGA microspheres and subjected to ethylene oxide (EO) gas, radio frequency glow
discharge (RFGD) or ultra-violet (UV) light. The release of bFGF was significantly
attenuated by UV light, but not significantly altered by either EO or RFGD. To verify
its bioactivity, TGFB3 (1.35 ng/ml) was control-released to the culture of human
mesenchymal stem cells (hMSCs) under induced osteogenic differentiation. Alkaline
phosphatase staining intensity was markedly reduced 1 wk after exposing hMSC-
derived osteogenic cells to TGFB3. This was confirmed by lower alkaline
phosphatase activity (2.25+0.57 mU/ml/ng DNA) than controls (TGFp3 free) at
5.8+0.9 mU/ml/ng DNA (P<0.05). Control-released TGFp3 bioactivity was further
confirmed by lack of significant differences in alkaline phosphatase upon direct
addition of 1.35 ng/ml TGFP3 to cell culture (p>0.05). Microencapsulated TGFB3 is
useful in wound healing and tissue engineering applications.

TGFf3 was encapsulated in PLGA microspheres, its release kinetics were
determined and the bioactivity of control-released TGFf3 on osteogenic
differentiation of human mesenchymal stem cells (AMSCs) was investigated. The
effects of several commonly used sterilization methods on the morphology of PLGA
microspheres and the release kinetics of encapsulated growth factor were determined.
These include ultraviolet light, ethylene oxide gas, and radio frequency glow
discharge, and were designed to aid in the choice of sterilization modality in
subsequent in vivo studies using PLGA microspheres encapsulating various growth
factors.

Hollow and porous implants may be biologically engineered in any shape or
size as long as they are capable of incorporating growth factors and/or adult
mesenchymal stem cells. Immunorejection issues are minimized by using bone-
forming cells from the patient's own bone marrow.

New bone is integrated with the patient's own tissues as a biologically driven
healing process. Orthopedic surgical approaches to place the implant are known in
the art and can be utilized without requiring separate human subjects approval
process.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a series of three photographs (FIG. 1A, FIG. 1B and FIG.1C) that

illustrate titanium implants. The implants were smooth, hollow and porous cylindrical
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titanium rods measuring 4 mm X 2 mm x 6 mm (outer diameter x inner diameter x
length) containing four cross-holes measuring 1 mm in diameter. A: Dental implant
commercially available from NobelBioCare under the name Steri-OssTM. B: Dental
implant commercially available from Straumann under the name ITITM. C: Custom-
made hollow and porous titanium implant which mimics the dimensions of
commercially available implants.

FIG. 2 is a photograph (FIG. 2A) and graph (FIG. 2B) that illustrate
polylactic-co-glycolic acid (PLGA) microspheres fabricated in the laboratory using an
oil-water-oil double emulsion technique and their use. FIG. 2A: PLGA microspheres
with diameter of about 64 ~ 16 pm and encapsulating TGF-~L The bar in the photo is
about 100 p. FIG. 2B: Graph illustrating in vitro release profile for microspheres
loaded with TGF-~1. TGF-~1 is released in a quick burst of about 0.2 0.05ngin 3
days and sustains release up to 4 weeks.

FIG. 3 is a photograph (FIG. 3A) and graph (FIG. 3B) that show PLGA
microspheres and the results of their usage. FIG. 3A: PLGA microspheres were
injected into a collagen sponge in preparation for in vitro studies. FIG. 3B: In vitro
studies showed an increase in the DNA content within the collagen sponges at 3
weeks suggesting an increased number of cells that migrated into microsphere loaded
implants.

FIG. 4. relates fabrication and degradation of PLGA microspheres. A:
Representative SEM image of microspheres fabricated from poly-d-I-lactic-co-
glycolic acid (PLGA) with 50:50 PLA:PGA ratio with encapsulated TGFP3; the
average diameter of TGFP3-encapsulating PLGA microspheres was 108+62 um. B:
Representative SEM image of anticipated degradation of TGFB3-encapsulating PLGA
microspheres in PBS solution after 4 days.

FIG. 5. shows morphological changes of sterilized PLGA microspheres under
SEM. A: Un-sterilized PLGA microspheres. B: Ultra-violet light (UV) sterilized
PLGA microspheres (30 min) showing severe detrimental effect of UV sterilization.
C: Ethylene oxide (EO) gas sterilized PLGA microspheres for 24 hrs. D: Radio
frequency glow discharge (RFGD)-sterilized PLGA microspheres (4 min, 100 W). In
contrast to severe surface degradation changes induced by UV light, EO gas and
RFGD did not yield marked surface degradation of PLGA microspheres.



[00019]

[00020]

[00021]

[00022]

[00023]

WO 2006/047310

PCT/US2005/037948

FIG. 6. illustrates release kinetics of bFGF from PLGA microspheres; ultra-
violet light (UV) significantly altered the release rate of bFGF from PLGA
microspheres up to 21 days (n=3, *p<0.05); no significant changes in release kinetics
were observed after ethylene oxide (EO) gas or radio frequency glow discharge
(RFGD) sterilizations; ethylene oxide is the most economically efficient and safe
sterilization method for cytokine-encapsulating PLGA microspheres.

FIG. 7. shows release?kinetics of TGFB3 from PLGA microspheres in 1%
BSA solution; TGFp3 was released in a sustained fashion up to 36 and 42 days from
50:50 or 75:25 copolymer ratios PLGA microspheres respectively, as detected by
ELISA; initial burst-like release was observed for both copolymer ratios, although the
50:50 PLA:PGA ratio yielded a more rapid release rate than the 75:25 PLA:PGA
ratio.

FIG. 8 shows alkaline phosphatase (ALP) activity of human mesenchymal
stem cells (hMSCs) cultured with osteogenic supplemented medium for 7 days. A:
ALP staining upon exposure to TGFp3-free PLGA microspheres. B: ALP staining
upon exposure to TGFp3 released from PLGA microspheres; stain is limited to
isolated regions as shown by a white arrow head; C: ALP activity of hMSCs cultured
in osteogenic supplemented medium quantified by ALP reagent; significant decrease
in staining was observed for hMSCs cultured in osteogenic supplemented medium in
PLGA microsphere delivered TGFP3, suggesting that TGFB3 at 1.35 ng/ml inhibits
early osteogenic differentiation of hMSCs in vitro (n=3, p<0.05). 10x magnification.
DETAILED DESCRIPTION

A hollow and porous orthopedic or dental implant is loaded by methods
Kknown to those of skill in the art with one or more encapsulated biological agents for
release within or on a human body. The encapsulated biological agents are loaded in
the hollow core and accelerate tooth or bone healing adjacent to the implant after
implantation. The biological agents may diffuse or otherwise travel through the
encapsulating cell membrane, or the encapsulating structure ruptures to provide
release of the biological agents, or both occur such that the biological agents traverse
through the porous implant and into the surrounding tissue.

A hollow and porous implant containing an encapsulated biological agent
includes a growth factor that can be provided alone or in addition to embryonic or

adult stem cells, for example, adult mesenchymal stem cells (MSCs). MSCs can be
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prepared from bone marrow cells or other sources such as adipose tissue or peripheral
blood. Use of endogenous cells minimizes risk of immunorejection.

Exemplary growth factors include the BMP family, for example those factors
designated BMP-2, BMP-7, BMP-8 and BMP-9 (also referred to as BMP 2, 7, 8, and
9), the TGF~ family that includes those molecules referred to as TGF~-1, TGF~-2 and
TGF~-3 (also referred to as TGF~ 1, 2, and 3), the ~FGF family, the IGF family,
VEGF, bFGF, other growth factors, and mixtures of two or more of the above or other
growth factors.

Stem cells such as embryonic or adult stem cells contain growth factors and
are surrounded by a cell membrane that encapsulates the growth factors. T hese cells
can be obtained from bone marrow, adipose tissue and peripheral blood, as well as
from other sources. Adult mesenchymal stem cells (MSCs), fetal stem cells or other
adult stem cells can be used. Adult mesenchymal cells are derived from bone marrow
cells that can differentiate into osteocytes.

Adult MSCs are capable of differentiating into all connective tissue-forming
cell lineages including cartilaginous, osseous, and adipose tissues. MSCs can be
obtained with minimally invasive procedures from bone marrow or other connective
tissue sources in the body, are highly expandable in culture, and can be readily
induced to differentiate after exposure to well-established inducing supplements.
Moreover, the use of the adult stem cells is advantageous over the use of embryonic
stem cells for ethical reasons.

The hollow and porous implant is constructed from a biocompatible solid
material, e.g. made of one or more metals, such as stainless steel or titanium (FIG. 1).

The shape of the hollow and porous implant is programmed as needed. The
shape of the implant may resemble a bone, or is cylindrical, or other as needed. The
implant is porous or foraminous (has one or more holes that penetrate a wall of the
implant to permit transfer of cells, proteins and smaller molecules from the inside to
the outside of the implant and vice versa). That is, the surface of an implant defines
spaces that permit entrance and egress of liquid and proteins into and out of the
hollow and porous implant. The hollow and porous implant may resemble a metal
mesh. The wall-penetrating holes need not directly traverse the implant wall, but can
take a meandering path.

The hollow and porous implant may contain a second biocompatible material

inside and may also have a coating of a second biocompatible material such as a
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hydrogel polymer. Hydrogel polymers provide bone-forming cells with an
environment mimicking the extracellular matrix in the body.

Hydrogel polymers are hydrophilic, three- dimensional networks that absorb
Jarge amounts of water or biological fluids while maintaining their distinct three-
dimensional structure. The coating may be a photopolarizable hydrogel polymer, or
hydrated polylactic-co-glycolic acid.

Polylactic-co-glycolic acid-based hydrogel polymers have certain advantages
for biological applications because of their proven biocompatibility and their
demonstrated capacity to support growth and differentiation of MSCs into multiple
lineages such as bone. These polymers assist maintaining microspheres within the
implant. Also, the administration of the cell- polymer system under the skin with a
minimally invasive procedure (injection) and the ability of these hydrogels to undergo
transdermal photopolymerization are advantageous in biological systems.

The hollow and porous implant is loaded with one or more biological agents
such as embryonic or adult mesenchymal stem cells and/or one or more growth
factors encapsulated within a hydrogel polymer, or both. The encapsulating hydrogel
may be a material that is typically polylactic acid, polyglycolic acid, polyelthylene
glycol, polyethylene glycol and mixtures thereof. The hydrogel preferably includes
polylactic-co-glycolic acid which has been polymerized by the action of ultraviolet
light and a photoinitiator such as 2-hydroxy-1-[4- (hydroxyethoxy)phenyl]-2-methyl-
1-propanone.

Long-term delivery via controlled release offers a way to circumvent previous
limitations associated with instantaneous application of TGF/33, for example, in
collagen scaffolds. One approach of controlled release is by encapsulating peptides
and proteins in microspheres (FIG. 2). Poly-d-I-lactic-co-glycolic acid (PLGA) is
degraded by hydrolysis into biocompatible byproducts including lactic and glycolic
acid monomers. Lactic and glycolic acids are eliminated in vivo as CO» and H,0 via
the Krebs cycle, eliciting minimal immune response. PLGA microspheres are
fabricated using the double-emulsion-solvent-extraction technique, which allows the
control of sphere diameter and degradation kinetics, while maintaining the stability
and bioactivity of the encapsulated growth factors. The encapsulation and release
kinetics of several growth factors such as BMPs, TGFf1 and 2, neurotrophic growth
factors, VEGF, and IGFs have been reported. However, microencapsulation of

TGF(3 and its release kinetics is unknown. The other two mammalian isoforms,
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TGFf1 and TGFB2, promote cranial suture fusion and osteogenesis. TGFp1 has been
shown to enhance the proliferation and osteoblastic differentiation of marrow stromal
cells cultured on poly(propylene fumarate) substrates. TGFB1 and 2 are continuously
present during the osseous obliteration of the frontonasal suture of the rat. TGF(3, in
contrast, is associated with the maintenance of the rat coronal suture unossified state.

[00034] The encapsulated biological agent is present within a biological matrix that
may include a natural material comprised of alginate, sponge, chitosan, coral, agarose,
fibrin, collagen, bone, silicone, cartilage, hydroxyapatite, calcium phosphate, and
mixtures thereof. A collagen sponge may be used to carry encapsulated growth factors
or stem cells or both within the hollow and porous implant (FIG. 3). Hydrogel
polymers may also be used as a biological matrix.

[00035] In addition, the biological matrix may include an osteogenic agent, for
example dexamethasone. Additional exemplary osteogenic agents include one or
more members of the bone morphogenetic protein family, the transforming growth
factor protein family, and the vascular endothelial growth factor protein family, and
mixtures of such osteogenic agents. The biological matrix may further include a
nutrient medium.

[00036] A composition may be in the shape of a partial or entire bone in a titanium
vehicle; a biological matrix; an osteogenic agent; a nutrient medium,; at least one
antibiotic; and adult mesenchymal stem cells, wherein the titanium vehicle provides a
solid support for the biological matrix that holds the osteogenic agent, medium,
antibiotic and cells.

[00037] A composition may be in the shape of a cylinder or a partial or entire bone that
is composed of a titanium vehicle; a hydrogel comprising polylactic-co-glycolic acid
and 2-hydroxy-1-[4- (hydroxyethoxy)phenyl] -2-methyl-1-propanone; osteogenic
agents including dexamethasone and transforming growth factor beta-1; a nutrient
medium including beta-glycerophosphate and ascorbic acid 2-phosphate; penicillin;
streptomycin; and adult mesenchymal stem cells derived from human bone marrow
wherein the titanium vehicle serves as a solid support for the hydrogel that holds the
osteogenic agents, medium, antibiotics and cells.

[00038] A method of producing an osteochondral construct includes the steps of
providing adult or embryonic stem cells such as adult mesenchymal stem cells from
bone marrow; treating the cells with osteogenic media to induce differentiation into

osteoblasts; and loading the osteoblasts onto a biocompatible vehicle comprised of
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titanium mesh and a hydrogel matrix. Suitable osteogenic media is any used in the art
to initiate or promote bone growth. Endogenous bone marrow minimizes rejection.

A method of producing a biologically engineered partial or entire bone ir vivo
includes implanting a composition of a biocompatible titanium vehicle with a
hydrogel coating and a sample of adult or embryonic stem cells such as adult
mesenchymal stem cells into a host animal. Illustrative host animals include
laboratory animals such as rat, mouse and rabbit, a companion animal such as a dog
or cat, a veterinary animal such as a horse (equine), cow (bovine), sheep (ovine) or
goat (caprine) , or an primate such as a monkey, ape (chimp, orangutan or gorilla) or
man (humans).

A method for inducing growth of new bone or tooth at the site of an implant
includes the steps of (a) providing an implant of a hollow and porous biocompatible
vehicle containing a biological matrix admixed with osteocytes, (b) implanting that
implant into a host animal (e.g. a patient); and (c) maintaining the animal (e.g. a
patient) for a time period sufficient for the bone or tooth to grow. Illustratively, stem
cells such as adult mesenchymal stem cells are harvested. Those cells are treated with
an osteogenic medium to induce differentiation into osteocytes. The osteocytes so
prepared are loaded into a hollow and porous perforated titanium vehicle having a
hydrogel matrix to form an admixture with the matrix. The implant is implanted into a
patient. That patient is maintained as medically (dentally) appropriate for a time
sufficient for new cells to grow.

The use of the article "a" or "an" is intended to include one or more.

Examples
Example 1: Sustained release of TGFS3 from PLGA microspheres and its

effects on early osteogenic differentiation of human mesenchymal stem cells.

Preparation of PLGA Microspheres and Encapsulation of TGF#33

[00043]

Microspheres of poly(DL-lactic-co-glycolic acid) (PLGA,; Sigma, St. Louis,
MO) of 50:50 and 75:25 PLA:PGA ratios (Sigma, St. Louis, MO) were prepared
using double emulsion technique ((water-in-oil)-in-water). (Lu, L., et al, 2001; Wei G,
et al, 2004; Ruan, G, et al, 2002) A total of 250 mg PLGA was dissolved into 1 ml
dichloromethane. A total of 2.5 pg of recombinant human TGFf33 with molecular
weight of 25kDa (R&D Systems, Minneapolis, MN) was diluted in 50 pl of

reconstituting solution per manufacturer protocol and added to the PLGA solution,
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forming a mixture (primary emulsion) that was emulsified for 1 min (water-in-oil).
The primary emulsion was then added to 2 mi of 1% polyvinyl alcohol (PVA, MW
30,000-70,000), followed by 1 min mixing ((water-in-oil)-in-water). Upon adding
100 ml PVA solution, the mixture was stirred for 1 min. A total of 100 ml of 2%
isopropanol was added to the final emulsion and continuously stirred for 2 hrs under
chemical hood to remove the solvent. Control microspheres (empty and without
TGFf3) were fabricated using the same procedures with the exception of using 50 pl
distilled water instead of TGF@3 solution. (Cleek RL, et al, 1997) Empty
microspheres containing only water as controls were 4implernented to subtract the
possible effects of degradation byproducts of PLGA alone. PLGA microspheres
containing TGFB3 or distilled water were isolated using filtration (2 um filter) and
washed with distilled water. Microspheres were frozen in liquid nitrogen for 30 min
and lyophilized for 48 hrs. Freeze-dried PLGA microspheres were stored at -20°C
prior to use.
Sterilization of PLGA Microspheres

[00044] Microspheres were sterilized prior to in vivo use in wound healing and
regenerative medicine. In order to determine the efficacy of several commonly used
sterilization techniques, basic fibroblast growth factor (bFGF) was encapsulated in
PLGA microspheres with 50:50 PLA:PGA ratio using the same technique as
described herein. The rationale for using bFGF instead of TGFf3 was that bEGF
costs less than TGFR3, and has similar structural properties. Although the solubility
properties of bFGF may differ from TGF#3, resulting in different encapsulation
officiencies and release kinetics, the effects of sterilization on polymer structural
changes following sterilization may be comparable. The fabricated bFGF-
encapsulating PLGA microspheres were randomly divided into 3 groups: 1) placed
under ultra-violet light (UV) for 30 min (n=3), 2) exposed to ethylene oxide gas (EO)
for 24 hrs (n=3), or 3) exposed to radio frequency glow discharge (RFGD) for 4 min
at 100 W (n=3). Four hours following the 3 sterilization modalities, scanning electron
microscopy (SEM) was used to determine the surface morphology of bFGF-
encapsulating PLGA microspheres. In addition, immediately after all 3 sterilization
modalities, 10 mg of bFGF-encapsulating PLGA microspheres were separately
weighed and immersed in 1 ml of 1% BSA solution in water bath at 60 rpm and 37°C
to determine bFGF release kinetics. Supernatants were fully collected at Days 7, 14,

21, and 28 after centrifuging at 5000 rpm for 10 min. After each collection, fresh 1
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ml of 1% BSA was added to microspheres. Release kinetics was measured using a
bFGF enzyme-linked immunosorbent assay kit (0FGF ELISA; R&D Systems,
Minneapolis, MN).

In Vitro TGFB3 Release Kinetics

[00045]

[00046]

After freeze-drying, the actual amount of encapsulated TGF(3 per ml in units
of mg of PLGA microspheres was detected using an enzyme-linked immunosorbent
assay kit (TGF83 ELISA; R&D Systems, Minneapolis, MN) in the hydrophilic
extraction of the dissolved PLGA microspheres. A total of 10 mg TGFfS3-
encapsulating PLGA microspheres were dispersed in 1 ml of 1% BSA solution, and
continuously agitated in water bath at 60 rpm and 37°C (n=3). The entire amount of
supernatants was collected periodically and amount of TGF(3 was quantitatively
measured using the TGF3 ELISA kit for each sample. The TGF(3 release rate was
expressed as a percentage of the total TGFS3 per mg PLGA microspheres.
Entrapment yield was determined by dissolving 10 mg of TGF3 encapsulating
PLGA microspheres in 1ml of chloroform and adding 1ml of 1% BSA solution (n=3).
Mixtures were allowed to settle for 6 hrs and TGFS3 rich solution was collected for
quantification of amount encapsulated using ELISA. PLGA microspheres
encapsulating TGF3 were imaged with SEM on Day 4 of exposure to aqueous

solution to observe surface morphology.

Culture and Osteogenic Differentiation of Human Mesenchymal Stem Cells

Human mesenchymal stem cells (1MSCs) were isolated from the bone marrow
of an anonymous healthy donor (AllCells, Berkeley, CA), culture-expanded in 6-well
plates at a density of 30,000 cells/well. (Alhadlag, A., et al, 2004; Alhadlag, A., and
Mao, 2004) Monolayer hMSC cultures were maintained at 37°C, 95% humidity, and
5% CO,, using Dulbecco’s Modified Eagle’s Medium (DMEM-c; Sigma, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Norcross,
GA), and 1% antibiotic and antimycotic (10,000 U/ml penicillin (base), 10,000 pg/ml
streptomycin (base), 25 pg/ml amphotericin B) (Atlanta Biologicals, Norcross, GA).
Media were changed every 3 to 4 days. Human MSCs were differentiated into
osteogenic cells with osteogenic supplements containing 100nM dexamethasone, 50
ng/ml ascorbic acid and 100mM B-glycerophosphate. MSCs treated with the
osteogenic supplements begin to differentiate into osteoblast-like cells that expressed
multiple osteoblast markers. The early osteogenic potential of hMSC-derived cells

was evaluated by alkaline phosphatase (ALP) staining and quantification using
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enzyme reagent. (Alhdlag, A., et al, 2004; Alhadlag, A., and Mao, 2004; Alhadlaq,
A.,Mao, 1.J., 2003).

Bioactivity of Control-Released TGFS3 on Osteogenic Differentiation of Human

Mesenchymal Stem Cells

[00047]

[00048]

Ethylene oxide gas sterilized 50:50 co-polymer ratio TGFpB3-encapsulating
PLGA microspheres (62.5 mg yielding 1.35 ng TGFf33 per 2 ml of medium in 7 days,
estimated from release kinetics, FIG. 7) were placed in transwell inserts (0.4 pm pore
size) (Becton Dickinson Labware, Franklin Lakes, NJ) (Lu, L., et al, 2001). The
transwell inserts with microspheres were placed in cell culture wells, approximately
0.9 mm above the monolayer culture of undifferentiated hMSCs, exposing the cells to
released TGFB3 without direct contact with PLGA microspheres. At this time,
osteogenic supplemented DMEM medium was added (n=3). In the control group, 0
or 1.35 ng/ml TGFB3 solution without microsphere encapsulation was added along
with osteogenic supplemented medium to monolayer culture of hMSCs (n=3).
Osteogenic supplemented medium was changed at day 3. Fresh TGFS3 in solution
was added for the control group at media change. ALP activity of hMSC-derived
osteogenic cells exposed to TGFS3 in solution (without microsphere encapsulation)
was measured after 7 days and compared to the ALP activity of hMSC-derived
osteogenic cells exposed to the same-dosed TGF/33 (1.35 ng/ml) released from PLGA
microspheres (n=3). The TGFf3 release amount obtained above was estimated from
the amount of TGF3 released from 62.5 mg PLGA microspheres over the initial 7
days. Alkaline phosphatase activity was measured using ALP Reagent (Raichem, San
Diego, CA) and normalized to DNA content of hMSC-derived osteogenic cells. DNA
content was measured using fluorescent DNA quantification kit (BioRad Labs,
Hercules, CA) (Alhdlaq, A., et al, 2004).

Statistical Analysis

Student T tests and ANOVA were used to compare the release rates of bFGF-
encapsulating PLGA microspheres after different sterilization modalities, TGFf3
release rates between 50:50 and 75:25 PLA:PGA ratios, and ALP activity of hMSC-
derived osteogenic cells between control group (TGFf3 free) and two experimental
groups (release from PLGA microspheres or directly added to cell culture medium).
All statistical analyses were performed with an a. level of 0.05 using Minitab 14

software (State College, PA).
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TGFf3 Encapsulated in PLGA Microspheres

[00049]

TGFf3-encapsulating PLGA microspheres prepared by double-emulsion-
solvent-extraction technique showed spherical shape and smooth surface for the two
compositions of PLGA (FIG. 4A). The average diameter of TGFB3-encapsulating
PLGA microspheres was 108+62 pm (FIG. 4A). Upon emersion in aqueous solution

for 4 days, PLGA microspheres apparently began surface degradation (FIG. 4B).

Sterilization of PLGA Microspheres and bFGF Release Kinetics

[00050]

[00051]

[00052]

Different sterilization methods for PLGA microspheres had different effects
on their surface degradation by SEM. PLGA microspheres sterilized with UV light
showed marked surface deleterious effects (FIG. 5B) in comparison with un-sterilized
PLGA microspheres (FIG. 5A). In contrast, ethylene oxide (EO) gas and radio
frequency glow discharge (RFGD) appeared to induce minimal morphological
changes on the surface degradation of PLGA microspheres (FIG. 5C and 5D).

The bFGF release rate was significantly reduced after UV light sterilization in
comparison to each of un-sterilized PLGA microspheres, EO or RFGD sterilization
modalities (FIG. 6). This reduction in bFGF release rate upon UV treatment
corroborated with the SEM observation of degrading surface structures of PLGA
microspheres after UV sterilization (FIG. 5SB). No statistically significant difference
was found in the bFGF release rates of either EO- or RFGD-sterilized PLGA
microsphere from un-sterilized controls (FIG. 6). Accordingly, ethylene oxide gas
was chosen as the sterilization technique for TGFB3 encapsulated PLGA
microspheres in subsequent experiments due to lower cost and less damage to

microsphere morphology.

TGFS33 Release Kinetics

TGFf3 from PLGA microspheres was released up to the tested 36 and 42 days
in vitro for both 50:50 and 75:25 co-polymer ratios of PLA:PGA, respectively (FIG.
7). The TGFB3 entrapment yield was 0.68 ng/ml per mg of 75:25 PLGA
microspheres and 0.24 ng/ml per mg of 50:50 PLGA microspheres. A burst-like
release was observed for PLGA microspheres with either 50:50 or 75:25 copolymer
ratios during the first week, followed by more gradual increases in release rate for the
75:25 polymer ratio (FIG. 7). More rapid release of TGFB3 was obtained for the
50:50 copolymer ratio of PLA:PGA than the 75:25 PLA:PGA (FIG. 7), likely due to
more rapid degradation rate of 50:50 PLGA. Approximately 8% of the encapsulated
TGFR3 by 75:25 PLGA was released within the first week, versus nearly 16% TGFf3
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release from 50:50 PLGA for the same time period. After 35 days, approximately
14% and 34% TGFRB3 was released from 75:25 and 50:50 copolymer ratios PLGA,

respectively.

Inhibition of Osteogenic Differentiation of hMSCs

[00053]

[00054]

[00055]

Human MSC expressed a relatively high average alkaline phosphatase by Day
7 culture in osteogenic supplemented medium in vitro, as evidenced by both ALP
staining and quantification using enzyme reagent (FIG. 8A and 8C). ALP activity of
hMSC cells exposed to TGFB3 (1.35 ng/ml) released from PLGA microspheres by
Day 7 culture in osteogenic supplemented medium was significantly inhibited as
evidenced by not only reduced ALP staining (FIG. 8B), but also quantitative amount
of ALP (FIG. 8C). The same-dose TGFf3 (1.35 ng/ml) added directly to culture
medium of hMSC (without microencapsulation) also yielded significantly less ALP
activity than hMSC without exposure to exogenously delivered TGFB3 (FIG. 8C).
Moreover, the lack of statistically significant differences in ALP reductions between
TGFB3 added to cell culture medium and the same-dosed TGF(3 released from
PLGA microspheres (FIG. 8C) indicated that bioactive TGFS33 was released from
PLGA microspheres after microencapsulation and the subsequent EO sterilization.

Previous work has shown that TGF3 induces chondrogenic differentiation of
mesenchymal stem cells at a much greater concentration (10 ng/ml) than reported
herein (1.35 ng/ml). To rule out chondrogenesis by the present TGFB3 dose up to
1.35 ng/ml, negative safranin-O staining of hMSC monolayer cultured with TGFG3

loaded PLGA microspheres was observed.

Discussion

The findings of sustained release of TGFP3 in PLGA microspheres is
applicable to wound healing and tissue regeneration. Long-term delivery of TGF(3
via controlled release approach regulates cell recruitment, proliferation and
differentiation. TGFP3 acts on cell metabolism via the Smad pathways to target gene
transcription. The type I and type II dimeric TGF[ receptors capture TGFp3 at cell
surfaces and activate a cascade of Smad events, relaying the signal to cell nucleus.
Sustained release enables prolonged delivery of cytokines in contrast to diffusion,
inactivation and loss of bioactivity associated with injection or soaking cytokines in
biomaterials. The presently identified TGFP3 sustained release profiles from PLGA
microspheres using 50:50 and 75:25 PLA:PGA ratios shows that the release rates of
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TGFB3 from PLGA microspheres can be readily tailored towards specific degradation
needs by modifying the ratio of PLA:PGA. The methyl group in PLA is responsible
for its hydrophobic and slow degradation. PGA is crystalline and increases
degradation times. Therefore, different ratios of PGA and PLA accommodate specific
growth factor release rates. Although the initial burst release was lower than
expected, the preparation of PLGA microspheres did not include techniques to
prevent the burst. The encapsulation of TGF(3 in PLGA microspheres is a novel
approach, and relatively lower initial burst release may be attributed to specific
growth factor-polymer interactions. This system for TGFB3 via PLGA microspheres
provides a mechanism for sustained long-term release.

The application of PLGA microspheres in drug delivery and regenerative
medicine requires adequate preparation methods including appropriate sterilization
techniques. The optimal sterilization technique should maintain the bioactivity and
the predefined release kinetics of the encapsulated growth factors. The present
demonstration that ultra-violet light induced significantly more surface damage of
bFGF-encapsulated PLGA microspheres and reduced the rate of growth factor release
than both ethylene oxide gas and radio frequency glow discharge, cautions against the
use of UV light for PLGA microsphere sterilization. The reduced release rate may be
attributed to polymer surface and/or bulk degradation during sterilization and
consequent decreases in the amount of bFGF. Also, direct growth factor degradation
due to light, may explain the decreases in bFGF release rate from UV sterilized PLGA
microspheres. Surface degradation was observed subsequent to incubation in aqueous
environment, suggestive of hydrolysis of the polymer structure.

Neither ethylene oxide gas nor radio frequency glow discharge significantly
altered the release kinetics of bFGF from PLGA microspheres. Although sterilization
using gamma irradiation is well documented, the equipment for gamma-irradiation
sterilization may not be widely available in most laboratories. Accordingly, ethylene
oxide is a logical choice for the sterilization of growth factor-encapsulating PLGA
microspheres.

The bioactivity of TGFB3 released from PLGA microspheres is verified by a
lack of statistically significant differences in ALP activity of osteo genic cells derived
from human mesenchymal stem cells between microsphere-released TGFp3 and the

same-dose TGFP3 added directly to cell culture.
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The inhibitory effects of TGFB3 on osteogenic differentiation of human
mesenchymal stem cells are useful in several tissue engineering models. For
example, undesirable ectopic bone formation occurs in approximately 28% of tissue-
engineered rabbit tendon repairs from mesenchymal stem cells. Sustained release of
TGFpB3 from PLGA microspheres, may help reduce the incidence of ectopic bone
formation. Unintended osteogenic differentiation of mesenchymal stem cells may
occur in articular cartilage tissue-engineering, and can be dealt with by the delivery of
TGFB3 in microspheres. At higher doses, TGFB3 or TGFp1 (typically 10 ng/ml)
induces chondrogenic differentiation of mesenchymal stem cells.

Another tissue engineering use for sustained release of TGFp3 is to inhibit
osteoblast activity and to prevent premature ossification of cranial sutures, a
pathological condition leading to craniosynostosis manifesting as skull deformities,
seizure and blindness. Tissue-engineered cranial sutures, if applied to a
craniosynostosis model, may suffer the same fate of premature ossification as
pathologically synostosed cranial sutures. Previous approaches of TGFf3 delivery
may be further improved by a sustained release approach that enables more prolonged
action and precise control of the encapsulated growth factor. In early osteogenesis
differentiation of human mesenchymal stem cells in vitro can be inhibited by TGFp3
in both encapsulated and un-encapsulated forms. Due to the mesenchymal tissue
nature of patent cranial sutures, mesenchymal stem cells likely play a pivotal role in
premature suture ossification.

Example 2: Titanium Implants

Smooth, commercially pure titanium implants were custom manufactured at
the Medical Devices machine shop at the University of Illinois at Chicago. The
implants were hollow cylindrical titanium rods measuring 4 mm X 2 mm x 6 mm
(outer diameter x inner diameter x length). The implants also contained 4 cross-holes
measuring 1 mm in diameter. The dimensions of the implants reflected those of
common dental implants currently available on the market. Even though the implants

were modeled from dental implants, this technology has orthopaedic applications.

Materials and Methods

[00063]

Polylactic-co-glycolic acid (PLGA) is an FDA approved co-polymer that has
been shown to be effective in controlled delivery of large biomolecules, such as

growth factors. When processed correctly, PLGA can be made to form microspheres
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encapsulating biomolecules. PLGA microspheres were made in the laboratory that
averaged 64+ um in diameter and encapsulating TGF-81. PLGA microspheres can
also be made using varying ratios of PLA:PGA to vary the release rate of
encapsulated molecules. An in vitro release study of 50:50 PLGA microspheres
encapsulating TGF-B1 showed that the TGF-31 is released in a quick burst of

approximately 0.2+0.05 ng in 3 days and sustains release up to 4 weeks.
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WHAT IS CLAIMED:

An implant for tooth or bone, the implant having a hollow core, porosity on
side walls, and comprising a biocompatible material that contains an encapsulated
biological or chemical agent(s) loaded in the hollow core, wherein the biological or
chemical agent(s) are released by controlled release technology temporally and
spatially, accelerating tooth or bone healing.

The implant of claim 1 wherein the encapsulated biological agent is present
within a biological matrix or a scaffold.

The implant of claim 1 wherein the biocompatible material consists of
monomers or polymers.

The implant of claim 1 wherein the biocompatible material is one or more
metals selected from the group consisting of stainless steel, titanium, and metal alloys.

The implant of claim 1 further defined as having a cross section that is
cylindrical, square, rectangular or an irregular shape depending on the anatomic
location of the tooth or bone.

The implant of claim 6 has foraminae on side wall(s).

The implant of claim 1 wherein the biocompatible material has a coating of a
second biocompatible material on an inside surface, an outside surface or both
surfaces.

The implant of claim 7 wherein the biocompatible material is further defined
as having foraminae with edges that are coated.

The implant of claim 7 wherein the second biocompatible material is a
chemical monomer or polymer.

The implant of claim 1 wherein the agent is encapsulated by a chemical
polymer or monomer that is selected from the group consisting of collagen, gelatin,
polylactic acid, polyglycolic acid, polyelthylene glycol and a polyethylene glycol or a
mixture thereof.

The implant of claim 1 wherein said encapsulated biological agent is a growth
factor, pharmacological agent, herbal or chemical substance.

The implant of claim 2 wherein the biological matrix comprises a natural
material selected from the group consisting of alginate, chitosan, coral, agarose,
fibrin, collagen, bone, silicone, cartilage, hydroxyapatite, calcium phosphate, and

mixtures thereof,
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[C13] The implant of claim 12 wherein the biological matrix further comprises an
osteogenic, osteoinductive, osteoconductive and osteostimulative agent.

[C14] The implant of claim 13 wherein the osteogenic agent is selected from the
group consisting of dexamethasone, a protein of the bone morphogenetic family, a
protein of the transforming growth factor family, a protein of the vascular endothelial
growth factor family, and mixtures thereof.

[C15] The implant of claim 12 wherein the biological matrix further comprises a
nutrient medium.

[C16] An orthopedic or dental implant comprising a hollow and porous
biocompatible vehicle that comprises;

(i) a biological matrix;

(ii) an osteogenic agent, pharmacological, herbal, chemical or growth factor, or
combinations thereof;

(iii) a nutrient medium; and

(iv) stem cells;
wherein the vehicle provides a solid support for the biological matrix that holds the

osteogenic agent, pharmaceutical, herbal, chemical, or growth factor, medium, and stem

cells.
[C17] The orthopedic or dental implant of claim 16 wherein the hollow and porous
vehicle is perforated metal.
[C18] The orthopedic or dental implant of claim 16 wherein the osteogenic agent is
dexamethasone.
[C19] A method of producing a biologically engineered partial or entire bone or

tooth in vivo the method comprising implanting the implant of claim 1 or 16 into a
host animal.

[C20] A method for inducing growth of new bone or tooth at the site of an implant,
in an animal the method comprising the steps:
(a) implanting the implant into a animal; and

(b) maintaining the animal for a time period sufficient for the bone or tooth to grow.
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