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Abstract

This invention relates to thermally crosslinked and photo-crosslinked biodegradable and
biocompatible elastomeric polymers. The elastomers can be used for biomedical devices such
as needles, stents, catheters, scaffolds for tissue engineering, and implantable drug delivery
devices. The photo-crosslinked elastomers are particularly useful for delivery devices for
proteins and peptides.
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BIODEGRADABLE ELASTOMER AND METHODS OF PREPARING SAME

Field of the Invention

This invention relates to biodegradable/biocompatible elastomers.

Background of the Invention

Star polymers and co-polymers have been prepared using degradable monomers such
as D,L-lactide, glycolide, e-caprolactone, d-valerolactone, dioxanone, dioxepanone, trimethylene
carbonate, and cyclic amides such as O-benzyl-L-serine (Schindler et al., Journal of Polymer
Science: Polymer Chemistry Edition 20:319-326, 1982;.Storey et al., Polymer 38(26):6295-
6301, 1997; Storey et al., Polymer 35(4):830-838, 1994; Bruin et al., Makromol. Chem. 9:589-
594, 1998; Joziasse et al., Polymer 39(2).467-473, 1998; Li et al., Polymer 39(18):4421-4427,
1998; Kim et al., Makromol. Chem. 194:3229-3236, 1993; Kim et al., Makromol. Chem.
193:1623-1631, 1992; Hiljanen-Vainio et al., Journal of Biomedical Materials Research
34(1):39-46, 1997). These prepolymers have been thermally crosslinked to form elastomers
using diisocyanate linkages (Storey et al., Polymer 35(4).830-838, 1994; Bruin et al., Makromol.
Chem. 9:589-594, 1998) and methacrylate groups on the terminal ends (Storey et al., Polymer
38(26):6295-6301, 1997). However, diisocyanate crosslinked elastomers, depending on the
diisocyanate used, have several disadvantages where biocompatibility/biodegradability are
concerned. For example, they may degrade to potentially toxic compounds, they can only be
crosslinked in solution, and they require a potentially carcinogenic solvent in order to achieve a
dispersion of the crosslinking agent in the polymer. Also, use of such a solvent requires a
further solvent removal step, and any residual solvent may jeopardize the biocompatibility of the
material. Methacrylate end-capped star co-polymers have been cured to form elastomers,
however, the reaction requires cobalt napthenate as a catalyst in an organic solvent. The
catalyst raises concerns about biocompatibility as does the use of a solvent.

U.S. Patent No. 3,072,680, issued January 8,1963, describes the synthesis of a number
of bis-lactones. These compounds have been used to prepare elastomers by co-polymerization
with monomers such as caprolactone and other lactones (U.S. Patent No. 4,379,138, issued
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April 5, 1983) and dioxepanone (Palmgren et al., J. Polym. Sci. A: Polym Chem. 35:1635-1649,
1997). This type of co-polymerization produces a random co-polymer whose crosslinks are
strictly tetrafunctional. As this procedure provides littie control over the structure of the
prepolymers, there is high batch-to-batch variation in the characteristics of the resulting
elastomers, making the physical properties and degradation kinetics of the elastomers difficult to
reproduce.

Photo-crosslinking has been used to prepare elastomeric materials from acrylate tipped
star polyurethanes (U.S. Patent No. 5,674,921, issued October 7, 1997). However, these
urethanes are composed of monomers which produce toxic degradation products. Lactone star
co-polymers composed of e-caprolactone and trimethylene carbonate end tipped with coumarin
(Matsuda et al., Macromolecules 33:795-800, 2000) have been crosslinked using long wave UV
light, however these materials are rigid and brittle.

Summary of the Invention

In accordance with one aspect of the invention there is provided a method of preparing a
thermally crosslinked biodegradable/biocompatible elastomeric polymer comprising: combining
a star co-polymer with a bis-lactone crosslinking agent, and heating the combined star co-
polymer and crosslinking agent, so that a crosslinked biodegradable/biocompatible elastomeric
polymer is prepared. According to the invention, the star co-polymer comprises at least one
monomer, said at least one monomer capable of forming a biodegradable linkage to another
monomer, and an initiator. According to one embodiment, the star co-polymer is capable of
undergoing ring-opening polymerization. Preferably, said at least one monomer is a member of
a group selected from lactones, carbonates, and cyclic amides. The initiator can be any polyol
such as glycerol, pentaerythritol, and xylitol. In one embodiment, the star polymer is a lactone

star co-polymer. In further embodiments, the lactone star co-polymer comprises e-caprolactone

and D,L-lactide. Preferably, the bis-lactone crosslinking agent is (2,2-) bis (e-caprolactone-4-yl)
propane (BCP).

In accordance with another aspect of the invention there is provided a method of
preparing a photo-crosslinked biodegradable/biocompatible elastomeric polymer comprising:
combining a photo-crosslinkable star co-polymer with an initiator, and exposing the combined
star co-polymer and initiator to photo-crosslinking light; so that a crosslinked biodegradable/
biocompatible elastomeric polymer is prepared. According to the invention, the star co-polymer
comprises at least one monomer, said at least one monomer capable of forming a
biodegradable linkage to another monomer, and one or more photo-crosslinkable groups on the
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polymer chain termini. According to one embodiment, the star co-polymer is capable of
undergoing ring-opening polymerization. Preferably, said at least one monomer is a member of
a group selected from lactones, carbonates, and cyclic amides. In accordance with this aspect
of the invention, the initiator absorbs photons to form a free radical which reacts with an allyl
group of the photo-crosslinkable group. In various embodiments, the initiator can be an
acetophenone derivative, camphorquinone, Irgacure®, Darocur® and eosin dye.

The invention further provides a thermally crosslinked biodegradable/biocompatible
elastomeric polymer, and a photo-crosslinked biodegradable/biocompatible elastomeric
polymer.

According to a further aspect of the invention there is provided a method of preparing a
thermally crosslinked biodegradable/biocompatible elastomeric polymer comprising: preparing a
star co-polymer from at least one monomer and an initiator, said at least one monomer capable
of forming a biodegradable linkage to another monomer and capable of undergoing ring-
opening polymerization, combining the star co-polymer with a bis-lactone crosslinking agent,
and heating the combined star co-polymer and crosslinking agent, so that a crosslinked
biodegradable/ biocompatible elastomeric polymer is prepared. In various embodiments, the
sald at least one monomer is selected from lactones, carbonates, and cyclic amides, and the
Initiator can be a polyol. In one embodiment, the bis-lactone crosslinking agent can ’be (2,2-) bis
(e-caprolactone-4-yl) propane (BCP).

In accordance with yet another aspect of the invention there is provided a method of
preparing a photo-crosslinked biodegradable/biocompatible elastomeric polymer comprising:
preparing a photo-crosslinkable star co-polymer from at least one monomer capable of forming
a biodegradable linkage to another monomer and capable of undergoing ring-opening
polymerization, the star co-polymer further comprising one or more photo-crosslinkable groups
on the polymer chain termini, combining the photo-crosslinkable star co-polymer with an
initiator, and exposing the combined star co-polymer and initiator to photo-crosslinking light; so
that a crosslinked biodegradable/ biocompatible elastomeric polymer is prepared.

According to a further aspect, the invention provides a device comprising a
biodegradable/biocompatible elastomeric polymer. In some embodiments the device is a
biomedical device selected from a needle, stent, and catheter. In other embodiments the
iInvention provides a coating material on a metallic biomedical device such as a needle, stent, or
catheter. In a further embodiment, the device is a scaffold for tissue engineering.
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In yet another aspect of the invention, there is provided an implantable drug delivery

devce comprising a biodegradable/biocompatible elastomeric polymer and a pharmaceutical
agent.

Brief Description of the Drawings

Embodiments of the invention will now be described, by way of example, with reference
to the accompanying drawings, wherein:

Figure 1 shows the preparation of a thermoset elastomeric polymer using BCP ((2,2-) bis
(e-caprolactone-4-yl) propane) according to an embodiment of the invention;

Figure 2 shows the preparation of a photo-crosslinked elastomeric polymer according to
an embodiment of the invention;

Figure 3 shows the IR spectrum of SCP (star co-polymer) before and after reaction with
acryloyl chloride;

Figure 4 is an IR spectrum of SCP showing a gradual increase in the intensity of OH
stretching as the amount of acryloyl chloride used decreases (SCP: star co-polymer before
reacting with acryloyl chloride; MOD A: 1 mole SCP reacted with 3.0 moles ACLR; MOD B: 1
mole SCP reacted with 2.4 moles ACLR; MOD C: 1 mole SCP reacted with 1.2 moles ACLR;
MOD D: 1 mole SCP reacted with 0.5 moles ACLR);

Figure 6 shows a 1H-NMR spectrum of SCP after reacting with acryloy! chloride;

Figure 7 shows a 130-NMR spectrum of SCP reacted with acryloyl chioride;

Figure 8 shows the effect of degradation of the elastomer of Example 1 in PBS (pH 7.4)
at 37 °C on extension ratio;

Figure 9 shows the effect of degradation of the elastomer of Example 1 in PBS (pH 7.4)
at 37 °C on Young’s Modulus;

Figure 10 shows the effect of degradation of the elastomer of Example 1 in PBS (pH 7.4)
at 37 °C on ultimate tensile strength;

Figures 11A and 11B show results of tensile tests (strength, Figure 11A; Young'’s
moduius, Figure 11B) of UV crosslinked polymers SCP1 and SCP6. Note the different scale for
each sample. Each point represents the average of 4 measurements;

Figure 12 is a plot of the mass fraction of bupivicaine released into distilled water from a
bupivicain-loaded elastomer as a function of time;

Figures 13A and 13B show cumulative % pilocarpine released from 2.5% and 5% loaded
elastomer, respectively, in distilled water, PBS, and 3% NaCl dissolution media; and



10

15

20

25

30

CA 02385140 2002-05-07

Figure 13C shows cumulative % pilocarpine released for 2.5% pilocarpine with 2.5%
trehalose loaded elastomer in PBS.

Detailed Description of the Invention

In accordance with a broad aspect, the present invention provides biodegradable and/or
biocompatible elastomeric polymers. The elastomeric polymers of the invention can be
thermally or photically crosslinked. These elastomers are useful in applications such as, for
example, biomaterials and biomedical devices, where they can be used in treatment of human
and non-human subjects, and in applications such as tissue engineering. Elastomers of the
invention can be formed into films, rods, screws, needles, stents, catheters, or other structures
with or without incorporated fibres; implantable drug delivery systems, in which a
pharmaceutical agent is disposed in the elastomer; film coatings for pills; scaffolds for tissue
engineering of soft tissues in vitro and in vivo, coatings on biomedical devices such as needles,
stents, and catheters; as well as other applications such as rubber tougheners for ceramic
devices.

Other applications of the elastomers of the invention include applications where delivery
of an agent encapsulated in, or loaded into, a biodegradable/biocompatible polymer is required,
or would be beneficial. For example, in agriculture, an elastomer of the invention can be loaded
with one or more agents such as a fertilizer or pesticide. Application of the loaded elastomer to
a crop results in sustained-delivery of the one or more agents. Such delivery helps to avoid
over-fertilizing of crops, and reduces or eliminates the need for repeated applications of such
agents. Depending on the properties of the agent loaded into the elastomer, and the desired
delivery rate of the agent, an excipient, as described below, can be used together with such
agent.

As used herein, the term “biodegradable” is intended to denote a substance that can be
chemically degraded, for example, via hydrolysis, or decomposed by natural effectors, for
example, via weather or biological processes, such as enzyme activity. Such biological
processes can take place within an organism or outside of an organism.

As used herein, the term “biocompatible” is intended to denote a substance having
substantially no known toxicity to or adverse affects on biological processes. The substance
can be a compound in its original state or one or more components of compound as the
compound biodegrades.

Accordingly to one aspect of the invention there is provided a thermally crosslinked
plodegradable/ biocompatible elastomeric polymer. The elastomeric polymer is prepared by
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reacting a star co-polymer with a bis-lactone crosslinking agent at an elevated temperature.
The inventors have discovered that bis-lactones can be used as crosslinking agents with star
polymers that are living polymers in the preparation of biodegradable/biocompatible elastomers.
This crosslinking strategy has not been demonstrated to date.

Suitable star co-polymers can be prepared from any monomer capable of forming a
biodegradable linkage to another monomer and capable of undergoing polymerization through a
condensation reaction, or preferably through a ring-opening reaction. Such monomers include,
for example, any lactone, any carbonate, or any cyclic amide (e.g., polyester amides,
polyamides), and any combination thereof can be used to prepare a star co-polymer in
accordance with the invention. Examples of such monomers are valerolactone, caprolactone,
dioxepanone, lactide, glycolide, trimethylene carbonate, and O-benzyl-L-serine.

Requirements for the formation of a useful elastomer using a star co-polymer as a
prepolymer are that the prepolymer has a glass transition temperature (T,) below physiological
temperature (e.g., 37 °C), and preferably below room temperature, and is amorphous. Glass
transition temperature is the temperature at which a polymer undergoes a phase transition from
a glassy state to a rubbery state upon heating. It is the temperature where the molecules of a
polymeric solid begin to move relative to one another, yielding a substance that behaves like a
rubber, rather than a brittle glass.

Thus, star co-polymers in which at least one monomer has a very low glass transition
temperature are the most suitable. An example of a monomer suitable for use in accordance
with the invention is e-caprolactone (T, = -60 °C). Such monomer can be used to prepare a star
polymer, such as star co-polymer, with another monomer such as D,L-lactide, even though the
glass transition temperature of D,L-lactide is 68 °C.

In preparing a star co-polymer from one or more species of monomers, an initiator is
used. The initiator can be any polyol, such as, for example, glycerol, pentaerythritol, and xylitol.

As noted above, a star polymer in accordance with the invention can comprise one or
more species monomer. In general, the properties (e.g., physical properties such as strength,
Young's modulus, etc., and degradation kinetics) of the elastomer are determined to a large
extent by the composition of the star polymer, and, where two or more monomers are
employed, by the molar ratios of the monomers. The elastomeric properties of the elastomer
can also be varied by varying the amount of crosslinking agent employed, relative to the amount
of star polymer. For example, where an elastomer having more rapid biodegradation kinetics is
desired, a monomer that either biodegrades more rapidly, and/or is more hydrophylic, should be
chosen for incorporation into the star co-polymer. Similarly, where an elastomer having greater
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elasticity is desired, the amount of crosslinking agent can be reduced. Thus, in the above
example of a co-polymer of e-caprolactone and D,L-lactide, polymers can be prepared with
molar ratios ranging from 100:0 to 0:100, respectively. However, increasing the D,L-lactide
content increases the biodegradation rate of the elastomer. It will be appreciated that, In
accordance with the invention, an elastomer having a desired set of physical properties,
including biodegradation rate, can be prepared by designing a star polymer with a specific
architecture, and controlling the amount of crosslinkihg agent used. Moreover, such an
elastomer is easily reproduced.

In accordance with another aspect of the invention, there is provided a photo-crosslinked
biodegradable/ biocompatible elastomeric polymer. In this aspect, a star co-polymer as
described above is modified such that it contains one or more photo-crosslinkable groups on the
polymer chain termini. A suitable photo-crosslinkable group is any group with an accessible
carbon-carbon double bond that can undergo free radical polymerization. Examples of photo-
crosslinkable groups are acrylate, coumarin, thymine, cinnamates, diacrylates, oligoacrylates,
methacrylates, dimethacrylates, and oligomethacrylates. The photo-crosslinking reaction is
initiated by a compound which absorbs photons to form a free radical which reacts with the allyl
group of the photo-crosslinkable group. Examples of such an initiator are acetophenone
derivatives (2,2-dimethyl-2-phenylacetaphenone, 2-methoxy-2-phenylacetaphenone),
camphorquinone, Irgacure®, Darocur® and eosin dye. The wavelength (e.g., visible, ultraviolet
(UV)) and intensity of light used for the photo-crosslinking reaction depend on the specific
initiator used.

An advantage of photo-crosslinking is that a biodegradable elastomer can be prepared
at room or physiologic temperature in vitro or in vivo. The photo-crosslinking reaction is rapid
which makes it particularly suitable for the manufacture of drug-loaded polymer implants.

Among the many advantages of the elastomeric polymer of the invention are:

1. The prepolymer is a star co-polymer which has a reduced viscosity when in melt form
which allows for easier insertion into molds for part manufacture, thus they can be processed at
lower temperatures than their linear counterparts.

2. The prepolymer is amorphous (non-crystalline) and produces an amorphous elastomer
which degrades at a more homogeneous rate than would a thermoplastic elastomer which relies
on crystalline blocks of homopolymer sections of the backbone to provide crosslinks
(amorphous regions degrade first, then the crystalline regions which degrade much slower).
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3. Because of its homogeneous degradation rate, the elastomer maintains its physical
properties for a longer time period (provides a linear decrease in strength with respect to mass
loss during degradation).

4. The elastomer is biodegradable and biocompatible.

In accordance with another aspect of the invention, there is provided a drug delivery
device. As noted above, the biodegradable and biocompatible photo-crosslinked elastomers of
the invention are particularly well suited for drug delivery devices, such as controlled release
devices. Firstly, an elastomer device surgically implanted in a subject provides administration of
a drug at a desired location, with sustained slow release and depot effect, so that the total
dosage administered to a subject can be reduced, and the potential for systemic side effects is
reduced. Secondly, because the elastomer is biodegradable and biocompatible, the need for
further surgery to retrieve the delivery device is avoided. Thirdly, the elastomer device may
protect the drug from degradation until it is released. Lipophilic drugs, (for example, but not
limited to bupivacaine, benzocaine, lidocaine, camptothecin, paclitaxel, etoposide, vincristine,
vinblastine, vitamin D, tacrolimus, hydrocortisone, nitroglycerin, fentanyl, estradiol, testosterone,
cortisone and other corticosteroids), hydrophilic drugs (for example, but not limited to
pilocarpine nitrate, Aspirin®, ibuprofen, potassium choride, ascorbic acid), and peptide and
protein drugs (e.g., cytokines such as interferons, interleukins, granulocyte macrophage colony
stimulating factor, and insulin, erythropoeitin, human growth hormone, epidermal growth factor,
vascular endothelial growth factor, basic fibroblast growth factor), and combinations thereof, can
be loaded into a delivery device using an elastomer of the invention.

In some embodiments an excipient Is included in addition to a drug or drugs. Excipients,
also referred to as bulking agents or osmotagens, are physiologically inert, and enhance
delivery or increase the rate of delivery of a drug by generating osmotic pressure within the
elastomer. The mechanism of osmotically controlled release is as follows: Upon immersion into
an aqueous medium, drug release begins as water vapor penetrates the polymer matrix until it
reaches a polymer encapsulated particle, hereafter referred to as a capsule. The water phase-
separates and dissolves the solid drug at the polymer/drug interface, forming a saturated
solution of drug and excipient particles. Under the reduced water activity gradient, water is
drawn into the capsule, causing it to swell. If the osmotic pressure is great enough the polymer
capsule wall ruptures. Due to the relaxation process of the elastomer, the capsule wall slowly
collapses and the solution of drug and excipient particles is forced out through the rupture
formed. This rupture and collapse process results in the drug being released at an almost
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constant rate. Osmotic drug delivery from monolithic polymer devices has been described
(Michaels et al., U.S. Patent No. 4,117,256, Di Colo, Biomaterials. 13(12).850-856, 1992;
Amsden et al., J. Controlled Rel. 30:45-56, 1994) in non-biodegradable polymers such as
poly(ethylene-vinylacetate) and silicone.

Various means of achieving localized delivery of protein drugs have been investigated
and include the use of liposomes, polymer gels, and biodegradable microspheres. Problems
with these prior delivery systems include relatively short drug release durations, inefficient drug
loadings, insustained and/or incontrollable release rates, and inability to maintain protein
stability. Such delivery systems may subject proteins to conditions leading to aggregation,

denaturation and adsorption at interfaces, deamidation, isomerization, cleavage, oxidation, thiol

disulfide exchange, and 3 elimination in aqueous solutions. The major factors affecting these
changes are mechanical forces such as shear, the presence of surfactants, buffers, ionic
strength, the presence of oxidizers such as ions, radicals and peroxide, light, pH, temperature,
and material surface interactions. Protein denaturation may result in a loss of potency and the
conformation changes in the protein molecule may make the protein immunogenic.

The invention is particularly advantageous where peptide and protein drugs are used,
which drugs are sensitive to environmental conditions as discussed above. A protein delivery
device of the invention overcomes such problems by providing a polymeric delivery system
capable of long-term, relatively constant protein delivery from a biodegradable and
biocompatible elastomer device. The elastomer minimizes or avoids acidic degradation of a
protein incorporated therein, because the elastomer and its degradation products are not acidic
and are biocompatible. That is, the poly(caprolactone) homopolymer used in the elastomer of
the invention degrades slower and produces fewer acidic degradation products per molecular
weight than do other biodegradable polymers, such as poly(lactide-co-glycolide). These
properties provide a more suitable pH environment for protein stability within the polymer. Thus,
the protein released is more likely to be bioactive and non-immunogenic. Continuous release
from the elastomer is achieved by employing an osmotic mechanism and a balance of polymer
physical properties with polymer degradation. Aggregation of the protein within the delivery
device is minimized or avoided by incorporating the protein as a solid lyophilized with
appropriate agents. The lyophilization agents also serve as a driving force for an osmotic drug
delivery mechanism. Use of the photo-crosslinked elastomer of the invention allows the device
to be fabricated at, e.g., room temperature, thereby avoiding heat which can denature a protein.

The principle of osmotic drug delivery has previously been demonstrated in a delivery
system capabie of delivering a variety of proteins at the same, aimost constant release rate
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(Amsden et al., J. Control. Rel. 33:99-105, 1995). The proteins were released at the same rate
because the driving force for release was the same in each case : the osmotic pressure
generated by an inorganic salt. However, use of such salt should preferably be avoided
because of its destabilizing effect on a protein and the potential for tissue irritation. The

necessary polymer properties for this release mechanism are a radial extension ratio of greater

than 1.05, a water permeation coefficient of between 10° and 10" g cm/cm®sec cm Hg, a
degradation time of greater than 1 month, and minor tissue irritation and inflammation upon
implantation. In the previous work, non-degradable polymers such as silicone and
poly(ethylene-co-vinyl acetate) were used. With such polymers a device geometry having a
constant cross-sectional area is required in order to provide a constant release rate, because
the osmotic rupturing mechanism proceeds in a serial manner from the surface to the interior of
the device. As one moves from the exterior of the device, usually cylindrical in shape, to the
interior, fewer and fewer drug capsules exist within each rupturing layer. This reduction in the
number of capsules produces a declining release rate with time.

However, this problem is overcome by the biodegradable elastomers of the invention.
Due to their biodegradable nature, their mechanical properties change with time. This property
produces a drug-loaded device exhibiting a constant release rate. Although the mass of drug
per cross-sectional area of the device is difficult to manipulate, the time required to produce a
rupture of the elastomer is more easily manipulated. This latter parameter is determined by the
extension ratio and Young’s modulus of the polymer. Thus, according to the invention, the
elastomer can be tailored such that its Young’'s modulus decreases with time while the
extension ratio remains essentially constant during the release period without significant
polymer degradation, such that the time required to rupture the polymer decreases with time.
S0 long as this decrease keeps pace with the decrease in the mass of drug per cross-sectional
area of the device, a constant release rate is achieved.

In one embodiment, an osmotic excipient is used in the protein delivery device. The
excipient reduces protein aggregation and enhances osmotic protein delivery. Examples of
suitable excipients include, but are not limited to, polyols (e.g., trehalose, polyethylene glycol,
glycerin, mannitol) and small, neutral amino acids, and combinations thereof. Polyols are
preferable because they can generate significant osmotic pressures and are highly effective at
preventing protein aggregation. They accomplish this by re-ordering the water around the
protein molecule, exerting pressure to reduce the surface contact between the protein and the
solvent. This pressure forces hydrophobic portions of the protein to become further removed
from the solvent, thus decreasing the likelihood of a hydrophobic-hydrophobic interaction

10
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leading to aggregation. Thus, in accordance with the invention, the protein is combined with an
excipient by, for example, lyophilization. The ratio of excipient to protein can range from 1:1 to
99:1, depending on the specific conditions. A suspension of the protein/excipient is added to
the photo-crosslinkable polymer of the invention prior to crosslinking, and is contained with in

the elastomer upon crosslinking.

The invention is further described in the following non-limiting Examples.

Working Examples

Example 1. Thermally Crosslinked Elastomer

A rubbery polymer was made by first preparing a star co-polymer composed of D,L-
lactide and e-caprolactone. This co-polymer was crosslinked using a synthesized difunctional
pis-e-caprolactone (see Figure 1). The procedures for each process are outlined below.

Preparation of poly(star-D,L lactide-co-g-caprolactone) (SCP)
Pure D,L-lactide (DLL or DL) from PURAC was used as received, and e-caprolactone (&-

CL or CL) from Lancaster was purified by distillation under reduced pressure in the presence of
CaH,. Glycerol and stannous octoate from Sigma were used as received.

Star co-polymers of varying total molecular weight and e-caprolactone:D,L-lactide
monomer ratios were prepared. The preparation conditions are outlined in Table 1. A typical
orocedure, in which a 50:50 e-CL:DLL co-polymer is prepared, is given below.

To a flame dried 20 mL glass ampoule was added 6 g purified e-caprolactone, 7.6 g D,L-
lactide, and 0.48 g glycerol. This mixture was placed in an oven at 140 °C for 15 minutes after
which time the D,L-lactide was melted. The resulting solution was mixed by vortexing and 1
x10-4 mol stannous octoate/mol monomer was added. The solution was purged with nitrogen

for 5 minutes and the ampoule then sealed under vacuum. The sealed ampoule was placed in
the oven at 140 °C for at least 16 hours. The resulting polymer structure was confirmed using

NMR. The glass transition temperature of the viscous polymer was determined to be —20 °C
using a Seiko DSC and its weight-average molecular weight has been determined to be 2100
g/mol via GPC with a Precision Detectors combination static/dynamic light scattering detector.

11
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Table 1 : Preparation conditions of star co-polymers.

eCL:DLL | eCL | DLL | Glycerol Mw Appearance
@ | (9 @ |

W 6 | 76 | 048 | 2700 | clear, viscous liquid
70:30 8.8 4.8 0.48 2700 | clear liquid
30:70 I 3.4 10.2 0.48 2700 | clear, very viscous liquid
90:10 11.9 1.7 0.48 ! 2700 | white solid
10:90 1.1 125 | 048 2700 | clear solid
50:50 12.2 | 15.4 0.48 5400 | clear, very viscous liquid
50:50 18.4 23.3 0.48 8100 | clear, very viscous liquid
50:50 | 371 | 46.9 048 | 16200 | clear, very viscous liquid

Synthesis of crosslinking agent : (2,2-) bis (e-caprolactone-4-yl) propane (BCP)

5.40 g of 2,2-bis(4-hydroxycyclohexyl) propane were dissolved in 29.5 mL glacial acetic
acid. 6.50 g of CrO3 were dissolved in dilute acetic acid solution (25 mL of glacial acetic acid
and 4.0 mL. of distilled water). The CrO; solution was added drop by drop to the first solution

over a period of about 2 hours during stirring and cooling at 17-18 °C using a circulating water
bath. After 0.5 hours of the reaction, 25 mL of 2-propanol was added to the water-cooled
solution. The solution was left to stand overnight. The solution was concentrated under
reduced pressure in a fumehood. The remaining solution was poured into distilled water where
powdery white crystals precipitated. The solution was filtered using Whatman No.1 filter paper
and the cake washed several times with distilled water until white. The cake of white crystals
was then dried under vacuum in the fumehood. This white powder was dissolved in benzene
and filtered using Whatman No.1 filter paper. The filtrate was retained and evaporated to yield
4.1 g of white crystals of the 78% diketone (DSC m.p 163 °C).

The diketone was then dissolved in a sufficient quantity of dichloromethane to undergo a
Bayer-Villiger oxidation to yield the BCP. The procedure was as follows: 3.9 g (0.259 mol) of
m-chloroperoxybenzoic acid was added in batches to a stirred solution of diketone in
dichloromethane CH,Cl,. (N.B. m-chloroperoxybenzoic was previously dried with MgSO, in
dichloromethane prior to use. Both m-chloroperoxybenzoic and MgSO, were dissolved in a
sufficient quantity of dichloromethane and then fitered. The filtrate was dried under vacuum in
a fumehood to yield the dried m-chloroperoxybenzoic.) The product was purified by re-
crystallization in 2-heptanone. Purified crystals were filtered and dried. A pure white crystalline

12
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powder was obtained which was characterized by DSC, H-NMR, C*>-NMR, IR, elemental
analysis, and electron impact mass spectrometry. The final product had a molecular weight of

268 and a melting point of 210-215 °C. The product yield was 65% and had a purity greater
than 95%.

Thermal curing to yield elastomer

To a flame dried 5 ml ampoule was added 0.5 g of BCP and 0.5 g e-CL. The ampoule
was purged with dry nitrogen and then placed in a vacuum oven at 180 °C for 10 minutes after
which time the BCP was completely dissolved in the e-CL monomer. A vacuum pressure of 20
mm Hg was applied for 5 minutes to draw out dissolved oxygen. To this solution was added 1 g
of star co-polymer which had been pre-heated to 180 °C. A drop (10 mol) of stannous octoate
was added, the solution was quickly mixed by vortexing and then sealed under vacuum and
placed in the vacuum oven at 180 °C for at least 4 hours. It should be noted that varying

amounts of BCP:star co-polymer can be added to achieve varying elastomeric properties.
Physical properties of elastomers prepared in this way are given in Table 2.

Table 2 : Physical Properties of Biodegradable Elastomers Prepared Using BCP

SCP*:BCP(g) | T, (°6) ExIension Yo;mg’s Ultima{e tensile
ratio, A, modulus (MPa) | strength (MPa)
3:0.75 -21.0 t 3.8 J[ 0.13 0.27
3:1.00 -18.1 3.3 0.22 0.33
3:1.25 -14.0 2.1 0.33 0.37
3:1.50 -11.3 2.0 0.51 0.57

| , L
® star co-polymer (50:50 ¢-CL:DLL)

Example 2. Photo-Crosslinked Elastomer
A reaction scheme for the following method of preparing an elastomer using a photo-
crosslinkable polymer is shown in Figure 2, and procedures are given below.

Preparation of acrylate terminated star co-polymer
In a round bottom flask, 10 g of SCP (5 x 10-3 mole) was dissolved in 100 ml of
dichloromethane (DCM) using a magnetic stirrer. The flask was seaied using rubber septum

13
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and flushed with argon gas to remove the oxygen. This process was repeated every hour
throughout the procedure. The flask was then immersed in an ice bath to drop the temperature
of the solution to 0 °C. After reaching 0 °C, 1.25 ml of acryloyi chloride (ACLR) (0.015 mole), 2
ml of triethylamine (TEA), and 5 mg of dimethyl aminopyridine (DMAP) were added in a step
5  wise manner over a period of 12 hours while the solution was kept at 0 °C. The reaction was
continued at room temperature for another 12 hours. The reaction completion was detected
using TLC plates. The final solution was filtered to remove triethanolamine HCI salt, then
evaporated using a rotary evaporator, and the residue was purified by precipitation in diethyl
acetate. The solution was filtered and then ethyl acetate was evaporated. The final pure
10  acrylated SCP was tested using Fourier Transform Infra-Red, TH-NMR and "°C- NMR for the
disappearance of OH groups and the formation of C=C bonds.
Using this method, the amount of ACLR has been varied so as to provide varying
degrees of acrylation of the star co-polymer.

15  UV-crosslinking of acrylated SCP

3 g of acetophenone (a UV initiator) was dissolved in 10 mi DCM to provide 30% w/v
concentration of this solution. A 50% w/v solution of acrylated SCP in DCM (5 g in 10 ml) was

prepared. On a watch glass, to every 1 ml of this acrylated SCP solution, 10 pl of the 30%
acetophenone solution was added. The solution was exposed to UV light using a Black Ray

20  UV100 AP lamp, 21,700 uW/cm? at 5 cm, for 30-60 seconds to crosslink. The UV crosslinking

process was completely successful and resulted in the formation of an elastomer.

Argon laser crosslinking of acrylated SCP
S g of acrylated SCP was mixed with 7.1 mg (1mM) of ethyl eosin, 0.3 g of triethanolamine
25 (200mM), and 10 pl of 1-vinyl-2-pyrrolidinone in 10 mi DCM. The solution was exposed to an

argon laser at wavelength (A) of 514 nm and a power range between 20-100 mW for several

seconds. The laser crosslinking process was completely successful and resulted in the
formation of an elastomer.

30 Results and Discussion
Figure 3 shows the IR spectrum of SCP before and after the reaction with acryloyi

chloride. The SCP shows an OH stretching vibration at 3500 cm™, which totally disappeared
once reacted with acryloyl chloride. This indicates that the OH functional group at the chain

14
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terminal of SCP was totally blocked through the formation of the conjugate system holding the
C=C.

The decrease in the intensity of this IR stretching depends on the amount of acryloyl
chloride used to react with SCP. Figure 4 shows the gradual increase in the intensity of the OH
stretching as the amount of acryloyl chloride used decreases (less OH is converted to become
C=C). This is considered a very important issue in controlling the crosslinking density. By
manipulating the number of anchors (C=C in this case) that will participate in the UV/Laser
crosslinking reaction, the elasticity and the strength of the cross-linked product can be
manipulated.

To confirm the formation of the C=C, both 'H-NMR and "°C- NMR were utilized. In the
'H-NMR spectrum of SCP before its reaction with acryloyl chloride, no peaks were present in
the conjugated proton region between 5.5-7 ppm. On the other hand, two singlet (5.8 & 6.5
ppm) and one quartet (6.4 ppm) sharp peaks shown in Figure 6 correspond to the protons of the
conjugated system added to the chain through the reaction with acryloyl chloride.

Both Figures 6 and 7 confirm the purity of the final product through the absence of any
interfering peaks, i.e., peaks not related to those expected or those which belong to the SCP
protons and carbon backbone.

Example 3. Degradation of Elastomeric Polymer

The thermoset elastomeric polymers described in Example 1 were tested for in vitro
degradation rates in pH 7.4 phosphate buffered saline under gentle agitation. Results are
shown in Table 3 and Figures 8 to 10.

Tensile properties (extension ratio, Young’s Modulus, and ultimate tensile strength) of
the elastomer were measured over an eight week period of degradation. Tensile properties
were obtained at each time point of Figures 8 to 10 using an Instron® model 4443 tensile tester
(Instron® Corporation, Canton, MA) equipped with an elastomeric extensometer, and using a
crosshead speed of 50 cm/minute, as per ASTM 412. Each sample was pre-fabricated into
strips about 7.5 cm x 6 mm x 3 mm. Each data point in the figures represents the average of
from 3 to 5 samples and the error bars represent standard deviation.

Table 3 shows the mean percentage increase in weight of these elastomers over a
twelve week period.

15
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Table 3: Mean percentage increase in weight of elastomers over a 12 week period.

‘Ratio ~ Week1  Week2  Weekd4  Week8  Week12

3075 797 1344 2072 7981 ——
3:1.00 5.97 6.10 6.66 18.86 64.19
3:1.25 3.19 3.53 3.95 4.42 7.08

3:1.50 2.93 3.13 3.48 3.72 6.33

——— e = et —— o S ke e S

Example 4. Physical Properties of UV Crosslinked Elastomers Having Different
S Molecular Weight SCPs
Method
SCPs were prepared using the general method described in Example 2, but particulars
of the procedure were substituted as indicated below, to arrive at the following SCPs of different

molecular weights:
10
SCP1: A 50:50 molar ratio of e-caprolactone and D,L-lactide with 0.017 moles of glycerol
and 1X10™ mole of SnOct/mole of the monomer. This was prepared from 8.55 g of ¢-
caprolactone + 10.8 g D,L-lactide + 0.23 g glycerol + 1 drop SnOct (140 °C 18 h).
15 SCPS: A 50:50 molar ratio of ¢-caprolactone and D,L-lactide with 0.034 moles of

glycerol and 1X10™* mole of SnOct/mole of the monomer. This was prepared from 8.55 g of ¢-
caprolactone + 10.8 g D,L-lactide + 0.46 g glycerol + 1 drop SnOct (140 °C 18 h).

SCPB: A 50:50 molar ratio of ¢-caprolactone and D,L-lactide with 0.011 moles of
20 glycerol and 1X10™ mole of SnOct/mole of the monomer. This was prepared from 8.55 g of ¢-

caprolactone + 10.8 g D,L-lactide + 0.15 g glycerol + 1 drop SnOct (140 °C 18 h).

Each of these samples was reacted with acryloyl chioride and TEA according to the
scheme set forth in Table 4.
25
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Table 4. Detalils of reactions of SCPs with acryloyl chloride and TEA.

Sample Calculated Amount Reacted Acryloyl  Triethylamine DCM
MW (9) Chloride (ml) (ml) (ml)

SCP1 7829 20 0.6 1. - 200

SCP5 3960 20 1.2 21 200

SCPG6 11950 20 0.4 0.68 200

For UV cross-linking, 1 gram of each of the three polymers was dissolved in 1 ml DCM.
50 pl of 30% w/v DMPA was then added to the solution. The solution was mixed using a vortex
and then poured into Teflon® moulds (3 mm x 3 mm x 10 cm long). The samples were exposed
to UV light (see Example 2) at a distance of 4 inches for 5 minutes.

An additional SCP was prepared as follows, but was not subjected to the tensile tests
described below:

SCP2: A 70:30 molar ratio of e-caprolactone and D,L-lactide with 0.05 moles of glycerol
and 1X10™ mole of SnOct/mole of the monomer. This was prepared from 11.97 g of -
caprolactone + 6.48 g D,L-lactide + 0.69 g glycerol + 1 drop SnOct (140°C 18 h), and yielded a
clear, transparent, viscous semisolid.

For acrylation, 20 g of SCP2 was dissolved in 200 ml of DCM and reacted with 2.5 ml of
acryloyl chloride and 4 ml TEA for 12 h at 0°C and another 12 h at room temperature. The
reaction was stopped by adding 2 ml ethanol. The solution was then filtered and evaporated to
recover the semisolid non-pure acrylated polymer, which was then purified with ethyl acetate
and left to dry overnight. Purity of the polymer was confirmed with TLC, IR, and NMR.

For UV crosslinking, 1 g of SCP2 was dissolved in 2 ml DCM, and 40 pl of 30% w/v 2,2-
dimethyl-2-phenylacetaphenone was added to the solution. The solution was vortex-mixed and
then exposed to nitrogen to evaporate the DCM. The solution was then poured into Teflon®

moulds and exposed to UV light (see Example 2 for details) at a distance of 4 inches for 5
minutes.

Results

All SCPs were clear transparent masses that were different in viscosity, such that SCP6

>SCP1>5CP5. After reaction with acryloyl chloride and TEA, appearance of the SCPs was as
follows:
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SCP1: Yellowish (+) in colour, transparent
SCP5: Yellowish (++) in colour, transparent

SCP6: Yellowish (+) in colour, transparent

SCP2: Yellowish (++) in colour, transparent

In all four samples, TLC resulted in one spot of product, indicating that the compounds
were relatively pure. IR indicated the disappearance of OH stretching vibrations at 3500 cm™
and the disappearance of any interfering peaks. NMR (not shown) confirmed the formation of
C=C and the purity of the compounds.

UV-linking of the SCPs produced elastic polymers. All three samples exhibited elasticity,
although SCP5 was tougher and more brittle than SCP1, and SCP6 was weaker and softer than
SCP1. This result was expected since the co-polymer of SCP1 has shorter arms (more glycerol
was used) compared to SCP6, which has longer arms resulting from using less of the initiator.
SCPs was more elastic than SCP1. From among SCP1, SCP5, and SCP6, it was concluded
that SCP1 and SCP6 were the best samples prepared and represent two different categories of
UV elastomers, in terms of tensile strength.

The tensile strength of SCP1 and SCP6 was measured using an Instron® model 4443
universal tensile testing machine with a crosshead speed of 500 mm/ min. Four specimens were
used for each measurement. The results from the tensile strength tests confirmed that SCP1
had greater tensile strength than SCP6 (Figure 11A). In Figure 11B, it can be seen from the
difference in slope (i.e., difference in Young’s modulus) of the curves for SCP1 and SCP6 that
SCP1 was less elastic than SCP6. [t is expected that further manipulation of the star co-
polymers and the monomer compositions (i.e., molar ratios) will produce changes in the

physical properties of the elastomer similar to those changes reported in Example 5 for the
thermally crosslinked elastomer.

Example 5. Manipulation of Physical Properties of Thermally Crosslinked Elastomer

Physical properties of the BCP crosslinked elastomer were manipulated by preparing
star-co-polymers of different molecular weights (900, 1350, 1800 and 2700 g/mol per arm) and
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monomer compositions (i.e., molar ratios of 30:70, 50:50, 70:30, and 90:10 D,L-lactide:¢-
caprolactone). Syntheses were carried out as described in Example 1.

(A) Characterization of star-co-polymer prepolymers

50:50 star-co-polymers of different molecular weights were all clear in appearance.

50:50, 900 (i.e, 900 g/mol Mw per arm) was a viscous liquid, 50:50, 1350 and 50:50, 1800

polymers were more viscous, whereas 50:50, 2700 was very glassy, like a solid. 30:70, 900

was a low viscosity liquid and slightly white in colour, and 70:30, 900 polymers were clear and

more viscous. Further increasing D,L-lactide to 90:10, 900 produced a polymer that was nearly

glass-like.

Influence of molecular weight on glass transition temperature (T,)

To study the effect of molecular weight on T, star-co-polymers of molecular weights

900, 1350, 1800 and 2700 g/mol per arm were characterized by DSC and differential DSC

(DDSC), wherein Ty was located as the peak in the slope of the DSC curve.
All prepolymers had Tgs below room temperature (-20 °C, -14 °C, -13 °C, and -11 °C for

the 900, 1350, 1800 and 2700 g/mol per arm prepolymers, respectively), and T, increased with

molecular weight. This increase in T, can be explained by the movement of the polymer chain

segment. The higher the molecular weight, the bulkier the segment of polymer and the more
energy required to move it. Therefore, the glass transition of a heavier prepolymer will be at a

nigher temperature.

Influence of monomer composition on glass transition temperature
The effect of D,L-lactide to e-caprolactone molar ratio on T, was characterized by DSC

and DDSC, wherein T, was located as the peak in the slope of the DSC curve. The results

indicated that as the amount of D,L-lactide in the prepolymer increased, T, increased

accordingly (30:70, -36 °C; 50:50, -20°C ;70:30, 4 °C,; and 90:10, 26 °C). This is due to the

chemical structure of D,L-lactide, which bears a methyl side group. As a general rule, any

structural feature that reduces chain mobility will increase T,. The methyl side group of the D,L-

lactide led to an increase in T, because of the increase of the steric requirements about the
main chain.

The increase in T, can also be explained by the decrease in e-CL content. &-
caprolactone has five methylene groups, which can act as soft segments in the co-polymer
chain. With the decrease in €-CL content, the mobility imparted to the polymer chain by the
methylene groups is decreased too. The star-co-polymer thus has a higher glass transition
temperature as D,L-lactide content increases.

As T, increased almost linearly with the increase in D,L-lactide content, changing

monomer composition is a very effective way to manipulate the thermal properties of the star-
co-polymer.

19
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Melting temperatures (T,,)
The DSC thermograms did not indicate any meiting temperatures for the polymers, as
expected, confirming that all the star-co-polymers were amorphous.

Crosslinking conditions

To prepare the elastomer, several crosslinking conditions were tried. First was to
crosslink the star-co-polymer using only BCP (BCP purity was confirmed with DSC and FT-IR).
As BCP had a fairly high melting temperature of around 210°C, the crosslinking temperature
was raised up to 220°C. This high temperature led to thermal decomposition of the star-co-
polymer, and the product after crosslinking was found to be dark yeliow in colour.

Secondly, the crosslinking temperature was reduced to 160°C by adding e-caprolactone
to dissolve BCP. The amount of e-caprolactone added was two times the weight of BCP, and
BCP dissolved at 160°C. But at this temperature, a good elastomer could not be formed
because g-caprolactone partly evaporated, producing samples with a lot of bubbles.

Finally, the crosslinking temperature was brought down to 140°C, and e-caprolactone
was added in a 2:1 ratio to BCP. At this temperature, good samples were prepared which were
slightly white in colour and had no bubbles. This indicated that there was no thermal
decomposition of the star-co-polymer or evaporation of e-caprolactone at this temperature.

(B) Characterization of elastomers
Swelling tests

Swelling tests were performed on the crosslinked elastomers, and the results indicated
that sol-content (i.e, the portion of elastomer that had no covalent bonds to any other chains in
the network) ranged from 13.1% to 31.7%, as listed in Table 5. As can be seen from the
results, sol-content increased as prepolymer molecular weight increased. Although the swelling
test results showed relatively high sol-contents, a true elastomer network was formed, as none
of the elastomers dissolved in dichloromethane (DCM), and each kept its original physical
structure after DCM was evaporated.

Table 5. Swelling test results (n = 3 samples for each elastomer).

DLL:e-CL, Mw/arm Avg. Sol-content Standard deviation

(%)
50:50, 900 17.9
50:50, 1350 18.8
50:50, 1800 29.2
50:50, 2700 31.7
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DLL:e-CL, Mw/arm Avg. Sol-content Standard deviation

(%)
30:70, 900 13.1
70:30, 900 16.1
90:10, 900 17.7
90:10, 1800 22

Glass transition temperature

DSC was run on all elastomers to determine the effects of prepolymer molecular weight
and monomer composition on the thermal properties of the elastomers.

Influence of molecular weight on glass transition temperature

All elastomers were amorphous and had T,s below room temperature. As molecular
weight of the prepolymers increased, T, of the elastomers also increased, which followed the
same trend as that of the prepolymers. The elastomers had Tgs of —-30, -23, -22, and -18°C for
50:50 polymers of molecular weights of 900, 1350, 1800, and 2700 g/mol per arm, respectively.
Theoretically, T, of a crosslinked elastomer should be higher than that of a prepolymer, because
covalent bonds are formed after crosslinking. Crosslinking provides anchoring points for the
chains and these anchor points retrain excessive movement and maintain the position of the
chain in the network. The decrease in glass transition temperature after crosslinking reported
herein was due to g-caprolactone being added before crosslinking, to dissolve BCP, which was
the crosslinker. g-Caprolactone contributed to the softness of the elastomers, and thus resuited
In lower glass transition temperatures.

The above result of decreasing T, of elastomer with decreasing molecular weight of
prepolymer indicates that thermal properties of the elastomer can be controlled by controlling

the properties of the prepolymer.

Influence of monomer composition on glass transition temperature
Thermal analysis indicated that the glass transition temperature of the elastomers could
also be manipulated by the monomer composition ratio in the prepolymer synthesis. The

elastomers were all amorphous, and had Tg4s of -40°C for 30:70 DLL:e-CL, -30°C for 50:50

DLL:e-CL, -20°C for 70:30 DLL:e-CL, and -11°C for 90:10 DLL:e-CL. The elastomers had lower

T,s than the prepolymers due to the effect of e-caprolactone being added as a solvent to

dissolve BCP. Poly (e-caprolactone) has a T, of -60°C, and the addition of e-caprolactone
increased the e-CL content of the material, thus decreasing the T, of the elastomers.
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Tensile tests

Tensile tests were performed on the crosslinked elastomers to determine the effects of
prepolymer molecular weight and monomer composition on the mechanical properties of the
elastomers.

Influence of molecular weight on mechanical properties

Table 6 lists the maximum stress, maximum strain, and Young's modulus of the 50:50
DLL: e-CL elastomers prepared from prepolymers of different molecular weights. The stress-
strain data indicate that the ultimate network strength was reduced by increasing the molecular
weight of the prepolymer, whereas ductility was increased by the increase in molecular weight.
This can be explained by the decrease in crosslinking density with the increase in molecular
weight. A lower crosslinking density allows the network to be stretched more easily, and thus
results in a decrease in maximum stress. With the decrease in crosslinkng density, restriction
between polymer chains is decreased. The chains become more flexible, and a higher
maximum strain can be obtained. The decrease in Young's modulus indicates that the polymer
is more elastic, which results from decreasing crosslinking density with increasing molecular
weight of the prepolymer.

Table 6. Stress-strain data for elastomers prepared from prepolymers of different
molecular weights.

| DLL: e-CL, (MW/arm) Max. Stress Max. Strain | Young's Modulus
(MPa) (%) (MPa)
~ 50:50, 900 0.839 [ 120 | 0.0070
[ 50:50,1350 |  0.766 | 171 0.0045
~ 50:50, 1800 r 0.695 260 ~0.0026
50:50, 2700 0.621 ] 310 ~0.0020 ‘—|

Influence of monomer composition on mechanical properties

Stress-strain data for elastomers prepared from prepolymers of different monomer
composition ratios (DLL: €-CL) are shown in Table 7. Results indicate that both maximum
stress and maximum strain increase as the amount of D,L-lactide in the prepolymer increases.
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Table 7. Stress-strain data for elastomers prepared from prepolymers of different DLL.: &-

10

15

20

29

CL ratios.
DLL: e-CL, (MW/arm) | Max. Stress Max. Strain Young’s Modulus
(MPa) (%) | (MPa)
30:70, 900 ~0.812 92 ~0.0088
50:50, 900 0.839 120 ~ 0.0070
70:30,900 1.041 150 0.0069
90:10, 900 1.259 186 0.0067

Example 6. Biocompatibility of Thermally Crosslinked Elastomer

In use of a biodegradable elastomer, such as in the above examples, in applications
such as scaffolds in tissue engineering, the rate and extent of initial cell infiitration into the
elastomer is important in determining the utility of the material. Accordingly, short term toxicity
assays of the material are necessary. Polymers prepared from D,L-lactide and g-caprolactone
and co-polymers of these monomers have been demonstrated to be biocompatible and are
used in FDA-approved devices, but little information exists for the toxicity of the BCP
crosslinker. BCP was first proposed for use in preparing elastomers of biodegradabie
polycaprolactone by Pitt et al. (J. Control. Rel. 1:3-14, 1984), who noted that at 14 and 28 days
post-implantation in rat, host reaction to the elastomers was minimal. No other toxicity
information was provided.

Method

50:50 poly star co-polymer (SCP) of caprolactone and D,L-lactide was prepared as

described in Example 1, and purified by precipitation from dichloromethane (DCM) solution into
cold methanol. '

An elastomer slab was prepared by compression molding in a Teflon® mold (7.5 cm x
11 cm x 3 mm). In a flame-dried vacuum ampoule, 5 g of BCP was dissolved in 1 g of e-CL
monomer at 140°C for 15 minutes under a nitrogen blanket. 15 g of molten SCP (140 °C) and
an amount of SnOct equivalent to 1.4 (10™) mol for each 1 mol of the SCP prepolymer were
added to the ampoule which was then mixed by vortexing. The ampoule was replaced in the
oven for 5 minutes under a mild vacuum of 10 mm Hg, to draw out entrapped air. The contents
of the ampoule were then poured into a pre-heated Teflon® slab mold, taking care not to
introduce air bubbles, covered with an additional sheet of Teflon®, and allowed to cure for 18
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hours at 140 °C. After curing, the elastomer sheet was removed using sterile surgical gloves

and heat-sealed in sterile aluminum pouches for storage. The polymer was sterilized by Co®
irradiation at a dose level of 50 kGy.

5 Compatibility studies
All compatibility studies were carried out by Toxikon Inc., Bedford, MA.

In vitro cytotoxicity
The biological reactivity of a mammalian monolayer of L929 mouse fibroblast cells to

10 leachate extracts of the elastomer was determined as outlined in ISO 10993-5, 1999, as follows.
1.929 cells were incubated in 6-well plates at 2 mi per well (seeded at 2(10-5) cells/well) for 24
hours at 37 £ 1 °C for 24 hours in a humidified atmosphere containing 5 £ 1% CO,. Sterilized
and clean polymer slabs (2.1 cm thick, 4.8 cm wide, and 2.9 cm long) were immersed in 10 m
=agle’s minimum essential medium, which also contained 0.25% trypsin, for 24 hours at 37 % 1

15  °C for 24 hours in a humidified atmosphere containing 5 £ 1% COZ2 to prepare the test article
extraction medium. After extraction, the pH of the extraction medium was checked to determine
if it had been altered from 7.2. Extraction mediums of a positive control (natural rubber), a
negative control (negative control plastic), and a cell medium only control, were prepared in the
same manner. The extracts were used to replace the maintenance medium of the cell culture.

20  All cultures were incubated in triplicate for 48 hours for 24 hours at 37 + 1 °C for 24 hours in a
humidified atmosphere containing 5 £ 1% CO,. At time frames of 0, 24, and 48 hours, the
cultures were examined for biological reactivity, as indicated by cellular degeneration and

malformation. Biological reactivity was rated on a scale from Grade 0 (no reactivity) to Grade 4
(severe reactivity).
25

intracutaneous extract injection
Local response of an intracutaneous injection of a ieachate extract of the elastomer in
rabbits was determined by following ISO 10993-10, 1995. New Zealand White rabbits (2 male
and 1 female) were acclimatized for a minimum of 5 days prior to the test. Sterilized and clean
30 polymer slabs (2 cm thick, 5 cm wide, and 5.6 cm long) were immersed in 20 mi of either 0.9%
USP sodium chloride for injection or cottonseed oil for 24 hours at 37 £ 1 °C. A volume of 0.2
ml of each test article was injected intracutaneously at S sites on one side of the shaved dorsal
area of the three test animals. At 5 other sites on the other side of each rabbit, 0.2 m! of a
control consisting of 0.9% USP sodium chioride for injection or cottonseed oil was injected.
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Prior to testing, the shaved areas of the rabbits were examined and found to be free of
mechanical trauma and/or irritation. The injected sites were examined at 24, 48, and 72 hours
post-inoculation for gross evidence of tissue reaction, such as erythema, edema, and necrosis.
=ach site was subjectively scored, and a Primary Irritation Index was caiculated by averaging
the scores for each of the test article and control extracts for each of the three individual
animals. This total was divided by 15 and the control score then subtracted from the test article
score. The values thus obtained for each animal were then added and the sum divided by 3.

Systemic extract injection

The systemic response of mice to leachate extracts of the elastomer was determined as
outlined in ISO 10993-12, 1996. 20 ICR male mice were acclimatized for 5 days prior to testing.
Extracts were prepared in the same manner as was done for the Intracutaneous Injection study.
The test article extracts were injected intravenously (0.9% USP sodium chloride for injection)
and intraperitoneally (cottonseed oil) at a dose of 50 ml/kg, in groups of 5 mice. Similarly,
groups of 5 mice were injected with the control vehicles. The animals were observed for 72
hours post inoculation for signs of biological reactivity, such as lethargy, convulsions,
hyperactivity, body weight loss, piloerection, and death.

Implantation test

Tissue reaction to the presence of the solid elastomer was determined as outlined in ISO
10993-6, 1985. Three healthy New Zealand white rabbits, each weighing at least 2.5 kg, were
acclimatized for 5 days prior to testing. On the day of testing, the implant sites were clipped so
as to be free of fur. The animals were anaesthetized and 5 slabs of the elastomer (of
dimensions 1mm x 1 mm x 10 mm) sterilized in 70 v/v% ethanol were implanted aseptically into
the paravertebral muscles using a sterile hypodermic needle. Similarly, S strips of a Negative
Control Plastic of the same dimensions were also implanted but on the opposite side of the
animal. The animals were maintained for a period of 14 days, and then humanely euthanized.
After allowing sufficient time that bleeding would not occur post-mortem, the test article sites
and the control article sites were removed from the muscle tissue by carefully slicing around the
implant site with a scalpel and lifting out the tissue with forceps. A macroscopic evaluation of
the excised tissue was done prior to fixation, in which the sites were examined visually via a
magnifying lens for inflammation, necrosis, encapsulation, hemorrhage, and discoloration, The
excised tissue was fixed in formalin, processed histologically and examined microscopically by
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a pathologist. The effects of the articles on the tissue were graded using the following scale : 0
= normal, 0.5 = very slight, 1 = slight, 2 = moderate, and 3 = severe. Effects examined were
inflammation (polymorphonuclear cells, lymphocytes, eosinophils, plasma cells, macrophages,
giant cells), fibrosis, fatty infiltrate, hemorrhage, necrosis, degeneration, foreign debris, and
relative size of the involved area. A Nominal Total Score for the test and control sites for each
animal was determined by dividing the mean score of all the sites for each animal (total score
divided by the 13 categories of reactions) by the total number of sites examined. This average
score was multiplied by 4 to yield a Nominal Total Score for four test and four control sites. The
difference between the Nominal Total Scores for the test articie and the control article implant
sites was used to determine the Overall Toxicity Rating of the test article.

Results

In the preparation of BCP a number of solvents and reactants are used. These
compounds include acetic acid, benzene, heptanone, dichloromethane, and m-
chloroperoxybenzoic acid. Extensive efforts were taken to remove these compounds from the
final product, but the presence of even trace amounts could result in toxicity of the final
elastomer product. These compounds could potentially be leached out of the elastomer and be
a cause of biological incompatibility.

As a first indication of possible leachate toxicity, a cytotoxicity study was done using
.929 mouse fibroblast cells. This test is sensitive, relatively inexpensive and quick to conduct.
The elastomer test article was immersed in the cell culture medium at 37 °C for 24 hours and
the medium was then used to replace the culture medium of a monolayer of cells and the celis
were monitored for 48 hours. After the leaching step, the pH of the extract medium was
measured and found to be unaltered from the original pH of 7.2. Cell condition was subjectively
assayed in terms of reactivity to the extract medium as either 0 for no reactivity, to 4 for severe
reactivity. Severe reactivity is the situation in which there is nearly complete destruction of the
cell layers. These scores were then compared to both a positive and a negative control, as welt
as a cell culture medium control. There was no sign of cell reactivity to the extract medium over
the 48 hour observation time frame. The same result was noted for both the medium and the
negative control, while the positive control showed a severe reaction at 24 and 48 hours.

The elastomer was then tested for leachate toxicity in an in vivo setting, by examining
both intracutaneous injection for the evaluation of local skin responses and systemic injection
for the evaluation of acute systemic toxicity. In these studies, the elastomer test article was
extracted in both normal saline for injection and cottonseed oil, to determine if either hydrophilic
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or hydrophobic leachates are present that may produce a toxic response. The responses of the
animals were again subjectively scored and compared to controls consisting of the injection
vehicles themselves.

In the intracutaneous testing, none of the test rabbits exhibited any irritation response
(erythema, edema, or necrosis) to the extract from the elastomer test article that was greater
than that exhibited by the injection vehicles. The Primary lIrritation Index for both the saline and
cottonseed oil extracts was 0. In every case, the rabbits were observed to remain healthy and
they all gained weight. The elastomer test article can therefore be considered a negligible
intracutaneous irritant.

The results of the systemic toxicity testing indicated that none of the animais exhibited
any signs of systemic toxicity to the extract injection medium over the 3 day observation period.
The average score for each time period was zero, and every mouse gained weight at a
comparable rate as the control animals. The elastomer test article can therefore be classed as
a negligible systemic toxicity threat, for the conditions studied.

Finally, a two week implantation study was undertaken to assess biocompatibility of the
elastomer test article in contact with living tissue. After excision of the test article, the excision
sites were macroscopically examined for signs of inflammation, encapsuiation, hemorrhage,
necrosis and discoloration and these examinations compared to those of a negative control. It
was observed that the test article and control sites had no inflammation or other signs of
biological reaction. Microscopic evaluation of the elastomer test article did not show any
increase in biological reactivity as compared to the control article sites after the 14 day period.

The Toxicity Rating (average of the three animals) of the test article was 0.41, which indicates
no toxicity.

Conclusion

It is concluded that, under the conditions examined, the leachate of the elastomer
material does not exhibit any cytotoxicity, is not locally irritating, and does not exhibit any signs
of systemic toxicity. This finding means that the method used to prepare the material does not
leave any toxic compounds within the material. The implantation study shows that the
elastomer material is not toxic after two weeks in the body. However, preliminary in vitro studies
show that the elastomer material does not significantly degrade until about 4 months in PBS
buffer; thus, possible toxicity as a result of degradation products has not been completely
assessed. Nevertheless, previous work by Pitt and co-workers (J. Control. Rel. 1:3-14, 1984)
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using the same crosslinking compound demonstrated no adverse long-term tissue response. |t
is therefore expected that the elastomer of the invention will have no toxicity as it degrades.

Example 7. Drug Delivery.
(A) Bupivacaine-loaded elastomer

Drug-loading was achieved by soaking an elastomer prepared from a 30:70 (DLL:e-CL)
BCP crosslinked 2700 g/mol prepolymer (see Examples 1 and 5) in a solution consisting of
0.125 mg bupivacaine HCI in 90 mi of 4:5 acetone:dichloromethane (vol:vol). The elastomer
was soaked in this solution (which swells the elastomer but does not dissolve it) for 24 hours,
and the elastomers were then dried for 24 hours.

A release study was performed using distilled water. The bupivacaine-loaded elastomer
was cut into slabs (1 cm x 1 cm x 3 mm) and slabs were placed into 25 ml glass scintillation
vials, which were filled with 20 ml distilled water. The vials were placed in a shaking bath
maintained at 37 °C. At each sampling period, the slabs were removed and placed in a new
scintillation vial containing 20 ml of fresh distilled water. The amount of bupivacaine HCI in the
distilled water was measured by UV absorbance at 260 nm and the concentration obtained by
comparison to a calibration curve. The average (n = 3) mass fraction of bupivacaine released
as a function of time is shown in Figure 12, wherein it can be seen that approximately all of the
bupivacaine had been released after 80 hours.

(B) Pilocarpine nitrate-loaded elastomer

A 50% by weight solution of acrylated SCP was prepared using dichioromethane (DCM)
as the solvent (see Example 2) and a quantity of 30 w/v% 2,2-dimethoxy-2-phenyl
acetophenone was added (30 ul per 1 ml of SCP solution). To this solution was added
pilocarpine nitrate solid particles which had been sieved to have an average particle size of 45
um. The particles were suspended in the SCP solution by vortexing for 3 minutes. After
vortexing, the suspension was poured into a glass tube (3 mm diameter) and immediately
exposed to a UV lamp (see Example 2) at a distance of 5 cm for 10 minutes. The DCM was
allowed to evaporate and the drug-loaded elastomer cylinders were removed from the glass
tubing. The cylinders were then cut into lengths of 1 or 2 cm. Cylinders having 2.5% and 5% by
weight loading were prepared.

In some cases, trehalose was also added to the pilocarpine nitrate polymer solution

suspension. The trehalose was also sieved to an average diameter of 45 um, intimately mixed
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with the pilocarpine nitrate solids, and then suspended in the SCP solution. Crosslinking to form
an elastomer was performed as described above. In this way, elastomer cylinders were
prepared which contained 2.5 w/w % pilocarpine nitrate and 2.5 w/w% trehalose.

The drug-loaded elastomer cylinders were placed in 50 mi glass tubes filled with either
isotonic phosphate buffered saline (pH 7.4), distilled water, or 3% NaCl dissolution medium
which had been pre-heated to 37 °C. The tubes were then placed on a rotary shaker which was
housed in an oven maintained at 37 °C. At frequent sampling times, the release medium was
sampled, and replaced with fresh medium. The sampled release medium was assayed for
pilocarpine nitrate using UV absorbance at 215 nm and the concentration obtained by
comparison to a calibration curve.

Figures 13A and 13B show cumulative % pilocarpine nitrate released from 2.5% and 5%
loaded cylinders, respectively, in distilled water, PBS, and 3% NaCl dissolution media. Figure
13C shows cumulative % pilocarpine released for 2.5% pilocarpine with 2.5% trehalose loaded
cylinders in PBS. It can be seen that for the 2.5% and 5% loaded cylinders, the release profile
was similar for the three dissolution media, and approximately 100% of the pilocarpine was
released after 70 to 77 days. The rate of release was faster for the pilocarpine/trehalose

cylinder, with approximately 100% of the pilocarpine being released after about 100 hours (42
days).

(C) Osmotic protein delivery

Trehalose was lyophilized with interferon gamma at a ratio of 1:1 with succinate buffer at
pH 5.5. To prepare the lyophilized protein, the excipient was added as a solid to aliquots of the
protein solution and stirred gently at room temperature until dissolved. The solution was then
filtered with a 0.22 pm low protein binding filter to remove any particulates. The filtered solution
was subjected to a cycle of freezing to -55°C in dry ice, primary drying at -10°C and 120 mTorr
for 22 hours, followed by secondary drying at 5°C and 120 mTorr for 12 hours to obtained the
dried lyophilized product.

To provide good encapsulation efficiencies, a suspension of the lyophilized
protein/excipient solids, which had been sieved to < 10 ym, was prepared in a soiution of
polymer and dichloromethane containing the photo-initiator (see Examples 2 and 5). This
suspension was poured into a glass cylinder (e.g., a glass pipette, 1 mm dia., 1 cm long), sealed
at each end, and then exposed to UV radiation as described above, for 1 to 2 minutes, to
crosslink the elastomer. After crosslinking, the glass cylinder was broken and the drug-loaded
cylinder removed. To avoid any settling of the protein particles, the amount of dichloromethane
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added was kept to the minimal amount required. The small size of the protein particles also
assisted in retarding the settling rate.

A release study was conducted as follows: Drug-loaded elastomer cylinders were
placed in 50 mi glass tubes filled with isotonic phosphate buffered saline (pH 7.4) which had
heen pre-heated to 37 °C. The tubes were then placed on a rotary shaker which was housed in
an oven maintained at 37 °C. At frequent sampling times, the release medium was sampled,
and replaced with fresh medium. Interferon gamma activity was determined using ELISA.
Results to date indicate that after 15 days, activity of interferon gamma was the same as that for
interferon gamma as received from the supplier. It is expected that this represents about 50%
of the initially incorporated material. Further analyses are currently in progress.

Equivalents

Those skilled in the art will recognize variants of the embodiments described herein and
presented in the above Examples. Such variants are intended to be within the scope of the
invention and are covered by the appended claims.
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CLAIMS;

1. A method of preparing a thermally crosslinked biodegradable, biocompatible
elastomeric polymer comprising:
d combining a star co-polymer with a bis-lactone crosslinking agent, and
heating the combined star co-polymer and crosslinking agent,

so that a crosslinked biodegradable, biocompatible elastomeric polymer is
prepared.

10 2. The method of claim 1, wherein the star co-polymer comprises at least one

monomer, said at least one monomer capable of forming a biodegradable linkage to

another monomer.

3. The method of claim 2, wherein the monomer is capable of undergoing ring-
15  opening polymerization.

4. The method of claim 1, wherein the star co-polymer further comprises an
initiator.
20 5. The method of claim 2, wherein said at least one monomer is a lactone,

carbonate, or cyclic amide.

6. The method of claim 2, wherein said at least one monomer is selected from
valerolactone, e-caprolactone, dioxepanone, lactide, glycolide, trimethylene carbonate,

25 and O-benzyl-L-serine.

7. The method of claim 4, wherein the initiator is a polyol.

8. The method of claim 7, wherein the polyol is selected from glycerol,
30  pentaerythritol, and xylitol.

9. The method of claim 1, wherein the star co-polymer has a glass transition

temperature (T,4) below room temperature and is amorphous.

35 10. The method of claim 1, wherein the star co-polymer is a lactone star co-polymer.
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11. The method of claim 10, wherein the lactone star co-polymer comprises €-
caprolactone and D,L-lactide.

12. The method of claim 11, wherein the molar ratio of e-caprolactone to D,L-lactide
is from 10:90 to 90:10.

13. The method of claim 1, wherein the bis-lactone crosslinking agent is 2,2-bis(e-
caprolactone-4-yl)propane (BCP).

14. A thermally crosslinked biodegradable, biocompatible elastomeric polymer
prepared according to the method of claim 1.

15. A biomedical device comprising a biodegradable, biocompatible elastomeric
polymer according to claim14.

16. The biomedical device of claim 15, wherein said biomedical device is selected
from a needle, a stent, a catheter, and a scaffold.

17. An implantable drug delivery device comprising a biodegradable, biocompatible

elastomeric polymer according to claim 14, and a phaﬁnaceutical agent.

18. The device of claim 17, wherein the pharmaceutical agent is a protein or a

peptide.
19. The device of claim 17, further comprising an excipient.
20. The thermally crosslinked biodegradable, biocompatibie elastomeric polymer of

claim 14, wherein the star co-polymer comprises at least one monomer, said at least

one monomer capable of forming a biodegradable linkage to another monomer.

21. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 14, wherein the star co-polymer comprises at least one monomer capable of
undergoing ring-opening polymerization.
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22. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of
claim 14, wherein the star co-polymer further comprises an initiator.

23. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of
claim 22, wherein the inttiator is a polyol.

24 . The thermally crosslinked biodegradable, biocompatible elastomeric polymer of
claim 23, wherein the polyol is selected from glycerol, pentaerythritol, and xylitol.

25. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 20, wherein said at least one monomer is a lactone, carbonate, or cyclic amide.

26. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of
claim 20, wherein said at least one monomer is selected from valerolactone, &-

caprolactone, dioxepanone, lactide, glycolide, trimethylene carbonate, and O-benzyl-L-
serine.

27. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 14, wherein the star co-polymer has a glass transition temperature (1,) below
room temperature and is amorphous.

28. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 14, wherein the star co-polymer is a lactone star co-polymer.

29. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 28, wherein the lactone star co-polymer comprises e-caprolactone and D,L-lactide.

30. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 29, wherein the molar ratio of e-caprolactone and D,L-lactide is from about 10:90
to about 90:10.

31. The thermally crosslinked biodegradable, biocompatible elastomeric polymer of

claim 14, wherein the bis-lactone crosslinking agent is 2,2-bis(e-caprolactone-4-
yvipropane (BCP).

33



OH

OH
N
HO
glycerol

e

O
lactide

et e A mne A A AT WO AT S NN TN T A UL Sk 12 e S

CA 02385140 2009-09-23

120°C

g-caprolactone O,
(CL)

i N

s ety i B T e SR DAL af DR SR P S MR 2 T e b S S

TivrehS w2

.,
o Sn(Oc_:E)f O%J O{/U\/\/\/O

BCP

Qe M“. AR A ] . 2o K ﬂ’.‘\a 'ﬁmb\i%:%* Aﬁm --#Eb;wm't""éi}ﬁf'-‘u"h'&m"' A PO T RPE R L TR BT T L ek bl T T T -



CA 02385140 2010-08-09

0 . 0 O

s

OH o, \H\\O 5 SnOct), O O{JJ\/\/\/OHKLOJH/ }H

V tON 120°G S’ ™0 ”
0

HO 0 e-caprolactone
(CL) " -

glycerol lactide
' N

b O O }j\/
O -
R e e
V "o
O,

photoinitiator

UV, blue/green light

FIGURE 2



CA 02385140 2009-09-23

BF £ELL

€ 3dNOld

(] -W2) SiaquinNuUaABAn

000c
8'8E6C

aplIojyo JAojh1oe yim
uonoeal Jaye 4os <

spLIOoIYo [AojAuoe ym

uonoeal 810J8q 40S

000E

Gt £0GE

e man e T p—— ——— -

b

Oc L ZEE

el

000y

\

"
&
Si'4
5z
- OE
| ge
w OF
o
- 05
>
09
- 63

F 0L

e - o (U O O @

—~ »~ @& € w £



CA 02385140 2002-05-07

¥ 34NOld

(L-U3) SIBGQUINUBABAA

0001 G00C 00GE 0O0v

- - - . Vayeeve - - - X -~ - ’ (O \ . - v . g LA A . . . . TS - TR D . [ e R N . ..2*
A A et - . o - - ) At .. a o L - - - - . - s “.my . . .o we mee mbaas TR INEaL tE i YV AR W e s eh .n\.?}"“.“ B TEERITXY LN . .-. PR CELEX RERE LY. xurgl) (DL RISPN, B B CRE RN =72 S >

X ‘..V s s L e O S .. SR 0L A R Sl ON A e rgvg s.ur g.m.».r.%...?wu- R R feegirre” fup eere o . ' R A TR T ”“.n. S 2 P R A IR TN PR AT L st . .v... . RO R S TR ¢ . - SN - . AL ER N B SNALLE AL AR IAL T S K . By . * - S -~ 5

...... OSSR Ml > o L I R C S AR SRR LU L N i L NRCANNS . ot - . ' e e ’ Al A * '

AR .WAW‘J“WM'-\.'JV#"ZM A X e RATHSOY ¢

L T L Oy Ay e A ARLANR LNLT TR WO SV G OV SO PR I i W e T Ty

3
%
%
]
1
e .'I. . ':\-('\:((.,/;% .:“_’:_.

e i g f‘r KT e A

PO

by

|3

w 1 -
: , H
m 1 -
§ ) m
¥ qﬁ -
N X
® <
; _ .
w v
3 e
&

¢

¥ N U J g .. . .. . . se o % DL ML TR S A ’ . Bl

+

E

"l 4'

e

e

o
N————

» -y ] ns
&,
»¥
£

snet®

’”- .

\.‘\_
.
H'\o -

S - 2D S )

AT P RS I T, S RTRRCRR KR “.-..””n..“.v.l e .(.......-.“T.V.A\.u‘..nnw:.n%........nd..r(} edhaniaa

K
B SR SEGTR FEECDIE R

e e e

%

%

%

. v'CﬂﬂdeMnlmmﬂm.m'!.ulill-|-..l | |



CA 02385140 2002-05-07

2.0

FIGURE 6

h—:

~

I»

T A rvE s e novhhidtel steprmocsid Scambiantie boniviniii it ipinbinfiiviel WA A S



T s e it

CA 02385140 2002-05-07

T RPN VAT A 4311 P den = e e e R

h
e
-

.

N

8

FIGURE 7



CA 02385140 2002-05-07

2.40
)
BCP : SCP ratio
2.20
o 075:3
¥ 200 ¢ 1:3
= O 15:3
© 1.80
O
©
S 1.60
o
c
& 140
>
) i
1.20
1.00
-2.00 0.00 2.00 4.00 6.00 8.00 10.00

time (weeks)

FIGURE 8



Young's Modulus (MPa)

2.50

2.00

1.50

1.00

0.50

0.00
-2.00

e ATt G sy e o Y ORI b 2 (e A i e N G (e IR VY S LA DR AT ¢ PRSI L el et . .o et T NS TETI 40T K e

CA 02385140 2002-05-07

n [ BCP : SCP ratio
| o 0.75:3
T o 1:3
o 15:3

0.00 2.00 4.00 6.00 8.00

time (weeks)

FIGURE 9

10.00



ultimate tensile strength (MPa)

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00
-2.00

CA 02385140 2002-05-07

BCP : SCPratio
o 0.75:3

O 15:3

' e 1:3
\

b3 ;

0.00 2.00 4.00 6.00 8.00

time (weeks)

FIGURE 10

i “"W~"Fm'm“‘hmmmmmmmuu. “r Srm> e e G . L T S e . . . = . —

10.00



SCP I Load (K)

CA 02385140 2002-05-07

Displacement (mm)
0 20 40 60
0.0025
0.0020 wem SCP 1 s
— SCP 6

0.0015

0.0010 7

0.0005

0.0000

-0.0005

-0.0010

0 10 20

Displacement (mm)

B PR T R PP .*mmn;.m‘mm1.|m, . WY rdd O 1o fgdbm e, <1 AR

FIGURE 11A

B e L R S L L L AR I D 1 I BRI e L S et - ar ot e

30

80

100
0.0008

0.0006

0.0004

0.0002

0.0000

SCP 6 Load (KN)

-0.0002

-0.0004

-0.0006
40



Load (KN)

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

-0.0005

CA 02385140 2002-05-07

— SCP 1
— SCP 6
0 20 40 60 80
Displacement (mm)
FIGURE 11B

100

T T A I T A 4 Y e A S S STV ST N T e Sy e A ST



mass fraction bupivacaine released

1.200

1.000

0.800

0.600

0.400

0.200

0.000

— — - gyl

CA 02385140 2002-05-07

0 10 20 30 40

time (hr)

FIGURE 12

N 1B e B G o R R DR SR O A O £ b BRI 1 St b e D i L AT | A (VG STt M e -y

50

[ N R LU

60

70

80
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