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Abstract

Purpose—Biodegradable elastomers, which can possess favorable mechanical properties and
degradation rates for soft tissue engineering applications, are more recently being explored as
depots for biomolecule delivery. The objective of this study was to synthesize and process
biodegradable, elastomeric poly(ester urethane)urea (PEUU) scaffolds and to characterize their
ability to incorporate and release bioactive insulin-like growth factor-1 (IGF-1) and hepatocyte
growth factor (HGF).

Methods—Porous PEUU scaffolds made from either 5 or 8 wt% PEUU were prepared with
direct growth factor incorporation. Long-term in vitro IGF-1 release kinetics were investigated in
saline or saline with 100 units/ml lipase to simulate in vivo degradation. Cellular assays were used
to confirm released IGF-1 and HGF bioactivity.

Results—IGF-1 release into saline occurred in a complex multi-phasic manner for up to 440
days. Scaffolds generated from 5 wt% PEUU delivered protein faster than 8 wt% scaffolds.
Lipase-accelerated scaffold degradation lead to delivery of >90% protein over 9 weeks for both
polymer concentrations. IGF-1 and HGF bioactivity in the first 3 weeks was confirmed.

Conclusions—The capacity of a biodegradable elastomeric scaffold to provide long-term
growth factor delivery was demonstrated. Such a system might provide functional benefit in
cardiovascular and other soft tissue engineering applications.

Keywords
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Introduction

The influence of substrate mechanical properties on cell proliferation, differentiation, and
extracellular matrix production is increasingly appreciated.(1, 2) As such, more attention is
being paid to the mechanical properties of candidate scaffolds for tissue engineering and
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regenerative medicine applications in an effort to improve functional outcomes. Historically,
synthetic polymers used for cardiovascular replacement and repair have included non-
degradable polymers such as poly(ethylene-terephthalate) and poly(tetrafluoroethylene) and
tissue engineering approaches have frequently employed common polyesters such as
poly(lactide), poly(glycolide), and their copolymers.(3) However, these polymers are
relatively stiff and not mechanically similar to native cardiovascular tissue. Polyurethanes as
a class of polymers are attractive for soft tissue applications because of their ability to
exhibit elastic behavior generally similar to many soft tissues and to be able to do so through
physical crosslinking. To this end, biodegradable, elastomeric polyurethanes have been
developed using a variety of techniques to introduce lability (4-7), and these materials have
been investigated in several locations in vivo, including both vascular and myocardial
applications.(8, 9)

In order to enhance cellular infiltration into and survival within scaffolds and to direct the
differentiation of endogenous and exogenous stem cell populations in situ, agents such as
growth factors and adhesion molecules have been incorporated into polyurethane scaffolds
for controlled release.(10-15) The kinetics describing drug release from biomaterial
scaffolds can be complex and varied. For example, many systems demonstrate simple
diffusion-controlled delivery characterized by a burst release of near-surface drug, a
subsequent fast diffusion period, and ending with lower release rates as the agent is
exhausted.(16) However, in the case of biodegradable materials a two-stage release profile
can also be observed, wherein a significant amount of drug remains trapped in the material
bulk until adequate degradation of the material occurs, at which point the remaining drug
diffuses out quickly.(17) Other drug release profiles including constant, zero-order release,
or even triphasic release can be achieved depending on factors such as material composition,
material processing, drug physical properties, and drug loading.(17, 18) In the case of
biomolecule delivery from polyurethane scaffolds, studies generally do not extend beyond a
few weeks, meaning that the complexities of the release kinetics may be left unobserved.
Additionally, whereas enzymes have been routinely used to investigate polyurethane
degradation, reports of the use of enzymes in the context of controlled release are scarce.(19,
20)

Of particular interest for controlled release applications in myocardial tissue engineering is
insulin-like growth factor-1 (IGF-1), which has been implicated in many physiological
processes including tissue growth, protection and repair. Specifically, IGF-1 has been linked
to several pathways in skeletal muscle formation and regeneration (21) and is expressed
during the early and middle stages of muscle repair.(22—24). Following myocardial
infarction, IGF-1 has been shown to stimulate hypertrophy and prevent cardiomyocyte
death, thereby attenuating ventricular dilation.(25) Another growth factor that plays both a
protective and reparative role in cardiac muscle is hepatocyte growth factor (HGF).(26-28)
However, the therapeutic use of these growth factors is limited by their short half lives in
vivo.(29, 30) Thus, the sustained delivery of IGF-1 or HGF coupled with the attractive
mechanical properties of a biodegradable, elastomeric polyurethane scaffold may prove
more advantageous for myocardial or skeletal muscle repair and regeneration than the
administration of growth factor or polymer matrix alone.

The objective of the current study was to synthesize and process a biodegradable,
elastomeric poly(ester urethane)urea (PEUU) with the ability to incorporate and release
bioactive IGF-1 and HGF. Porous PEUU scaffolds were fabricated using a thermally
induced phase separation technique, and growth factors were directly incorporated into
scaffolds during preparation. The long-term in vitro release kinetics of IGF-1 from scaffolds
were investigated in phosphate buffered saline (PBS) and in the presence of the enzyme
lipase to simulate in vivo degradation. The bioactivity of released IGF-1 was confirmed with
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in vitro cell assays. HGF was also loaded into PEUU scaffolds, and while controlled release
kinetics were not evaluated, it was also shown to maintain bioactivity upon release.

Materials and Methods

Biodegradable poly(ester urethane)urea (PEUU) synthesis

PEUU based on polycaprolactone diol (PCL, MW=2000, Aldrich), 1,4-diisocyanatobutane
(BDI, Fluka), and putrescine (Aldrich) was synthesized in a two-step solution
polymerization as previously reported (Figure 1).(4) In brief, a 15 wt% solution of PCL in
dimethyl sulfoxide (DMSQO) was stirred with a 5 wt% solution of BDI in DMSO under
argon gas. Stannous octoate, the catalyst, was added, and the reaction allowed to continue at
80°C for three hours with constant stirring. After this time, the prepolymer solution was
removed from heat and allowed to cool to room temperature. Putrescine in DMSO was then
added dropwise, with constant stirring, to the prepolymer solution, and the reaction allowed
to continue at room temperature for 12-18 hours. The stoichiometry of the reaction was
2:1:1 BDI:PCL:putrescine. The PEUU solution was precipitated in distilled water and
immersed in isopropanol to remove unreacted monomers. Finally, the polymer was dried
under vacuum at 50°C.

Fabrication of three-dimensional, growth factor-loaded PEUU scaffolds

Three-dimensional, porous PEUU scaffolds were fabricated by a thermally induced phase
separation (TIPS) method.(31) Following synthesis, PEUU was dissolved in DMSO at 80°C
to make 5 or 8 wt% polymer solutions. Insoluble, cross-linked polymer was removed by
centrifugation at 250xg, and PEUU solution was once again heated to 80°C. Hot polymer
solution was injected into a cylindrical glass mold (inner diameter 10 mm) capped with
rubber stoppers. The mold was immediately placed at —80°C for three hours. The cylinder
end caps were then removed, and the mold was transferred to 200-proof ethanol for 3—7
days at 4°C for solvent extraction. Solvent extraction was considered complete once the
polymer scaffold detached from the edges of the glass mold. Following DMSO removal,
scaffolds were placed in water overnight to remove ethanol and reconstitute pore structure.
Finally, the scaffolds were vacuum-dried for 24 hours. Electron microscopy was used to
verify porous scaffold morphology.

To fabricate growth factor-loaded scaffolds, IGF-1 and HGF (R&D Systems) were first
reconstituted in PBS in an excess of bovine serum albumin (BSA) (1:100, wt:wt) to stabilize
the protein. Solutions containing growth factor and BSA were then snap-frozen in liquid
nitrogen and vacuum-dried for 48 hours. Dried proteins with salts were mixed with DMSO
to make IGF-1 and HGF stock solutions at a concentration 25 pg/ml. Growth factor in
DMSO was added to the polymer solution at 80°C under rapid stirring for 15 s to make
protein homogeneous in solution, after which the solution was injected into a cylindrical
glass mold and immediately transferred to —80°C. 125|-IGF-1 was synthesized following
previously published methods.(32) IGF and 1251IGF-1-loaded scaffolds contained 2.5 mg of
BSA and a final IGF-1 concentration of 500 ng/ml in PEUU solution. HGF-loaded scaffolds
contained 2.5 mg of BSA and a final HGF concentration of 250 ng/ml of PEUU solution.
Scaffolds were also fabricated without growth factor, but with BSA.

Mechanical testing of PEUU scaffolds

Scaffolds with and without growth factor were snap frozen in liquid nitrogen and cut into
500 pm-thick discs. In order to demonstrate similarity to scaffolds previously reported (15),
tensile properties were measured on an MTS Tytron™ 250 MicroForce Testing Workstation
(10 mm/min crosshead speed) according to ASTM D638. Five samples were tested for each
scaffold.
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Degradation of PEUU scaffolds

BSA-loaded scaffold disks were weighed and then immersed in PBS with or without 2 pL
lipase enzyme solution (Sigma Aldich, 100 units/ml final concentration) at 37°C. At
specified time points, scaffolds (n=3) were collected, dried, and weighed. After collecting
the data for each time point the studied scaffolds were discarded. The mass of dry scaffolds
at each time point was compared to the starting dry mass of the sample. Release fluid was
changed at regular intervals in order to maintain a constant pH and to keep an active
concentration of enzyme present. Differential scanning calorimetry (DSC) of scaffold disks
(n=3) at different stages of enzymatic degradation over 1 wk, or without enzyme over 2 wk,
was completed using a Thermal Analyst 2000 (TA Instruments) DSC 2910 differential
scanning calorimeter. Scaffold disks were heated from —100°C to 80°C at a heating rate of
10°C/min.

Quantification of growth factor release from PEUU scaffolds

Release kinetics for PEUU scaffolds containing 12°1-IGF-1 were determined in vitro.
Scaffold disks (750 pum thickness, 10 mm diameter) were placed in test tubes and incubated
in release media consisting of either 2 ml PBS or 2 ml PBS + 100 U/ml lipase enzyme per
well at 37°C. Releasate was collected at pre-determined time points and replaced with 2 mi
of fresh release media. The calculation of protein release at every time point was adjusted to
account for the radioactive decay of 1125 which is 59.6 days. These studies extended for up
to a 440 day period. Growth factor release was determined by quantifying the radioactivity
of the release fluid using a gamma counter (Auto Gamma Il, Perkin Elmer).

Verification of bioactivity of released growth factor

The bioactivity of IGF-1 released from scaffolds without lipase enzyme was measured by a
cell mitogenicity assay, employing Balb/3T3 cells (a mouse embryonic fibroblast cell line,
R&D Systems) and MG-63 cells (a human osteosarcoma cell line, R&D Systems). These
cell types were selected due to their documented dose-dependent proliferation in response to
IGF-1 treatment.(33, 34) Preliminary studies involving direct addition of IGF-1 to these
cells over a range from 0-200 ng/ml showed a maximum growth response for both cell types
at 150 ng/mL IGF-1. Thus, this concentration was used as the standard for comparison in
bioactivity assays. The bioactivity of released HGF was measured by a cell motogenic assay,
and human umbilical vein endothelial cells (HUVECSs) were selected due to their
documented motogenic response to HGF.(35) Scaffold disks (500 pum thickness, 10 mm
diameter) with and without growth factor loading were placed into wells of 24 well tissue
culture plates in cell basal media (Minimum Essential Medium (MEM) for MG-63 cells and
Dulbecco's Modified Eagle Medium (DMEM) for Balb/3T3 cells, both without fetal bovine
serum). Basal medium from wells containing scaffolds was collected at pre-determined time
points over three weeks, sterile-filtered, and kept frozen at —20°C until transfer to cells.

Balb/3T3 and MG-63 cells were plated at 1 x 10 cells/cm? in each well of 24 well TCPS
plates in cell growth medium (MEM or DMEM supplemented with 10% fetal bovine serum
and penicillin and streptomyocin). Prior to growth media exchange with polymer releasate
(basal medium), cells were treated overnight with 1 pl/ml colcemid (Sigma Aldrich) to
synchronize cell cycle. Cells were then washed with PBS to remove traces of colcemid and
fed with the appropriate polymer releasate. Four days following releasate treatment, cell
numbers were indirectly quantified using a colorimetric assay for mitochondrial activity
(MTT assay).(34) MTT results were qualitatively confirmed by visual cell inspection. Cell
numbers for cells cultured in releasate were normalized to cells maintained in growth media.

HUVECSs were plated at 1 x 104 cells/cm? in each well of 6 well TCPS plates in growth
medium (Endothelial basal medium, Lonza Inc). An in vitro wound healing assay was used
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to confirm the motogenic effect of HGF on cells.(35) Briefly, once cells had grown to
confluence, a cell scraper was used to create a wound down the center of each well of the 6
well plate. Cells were then washed with PBS to remove cell debris from the wound and
treated with polymer releasate. A live-cell imaging system from Automated Cell
Technology (ACT) was used to image cells at 10 min intervals over a four day period. Cell
motility was quantified in terms of cell velocity (using ACT software) and cell migration
into the wound (using NIH ImageJ software).

Statistical analyses

Results

Data are reported as mean + standard deviation. All statistical analyses were performed
using SPSS software. For cell proliferation, mass loss, and protein release studies t-tests
were used for evaluation of differences between 2 sets of data. For cell motility studies,
mechanical properties, DSC data, and protein release data involving 3 or more data sets, data
were analyzed by ANOVA with Tukey post-hoc testing for specific differences between
various degradation solutions. Significance was defined as p < 0.05.

Mechanical properties of PEUU scaffolds

TIPS scaffolds fabricated without the addition of any biomolecules (BSA or growth factors)
had tensile strengths of 0.61+0.15 MPa. Scaffolds containing BSA alone had tensile
strengths of 0.43+0.04 MPa, and scaffolds containing BSA and growth factor (IGF-1 or
HGF) had tensile strengths of 0.32+0.18 MPa (p>0.05).

Degradation of PEUU Scaffolds

Scaffolds incubated in PBS did not demonstrate significant mass loss over the time period
studied (Figure 2). In the presence of lipase scaffold mass loss was substantially accelerated,
with both polymer concentrations losing nearly half their mass over the first two days. With
enzyme present 5 wt% scaffolds lost more mass over the first week compared to 8 wt%
scaffolds with 38.9 + 11.5% and 60.2 * 2.5% mass remaining, respectively (p<0.05).
Polymer degradation was nearly complete after 8 weeks. Morphologically, scaffolds
maintained an organized pore structure, and after one week of incubation with lipase the
polymer surfaces were noticeably broken apart (Figure 3).

DSC confirmed the degradation of scaffolds in the presence of enzyme. The melting
temperature (Ty,) for original scaffolds was around 50°C for both 5 wt% and 8 wt%
scaffolds — Table I and Figure 4. During degradation a significantly lower second melting
peak grew near 30 °C as the primary peak weakened. By 7 days the original peak was gone
in 5 wt% scaffolds though it continued to persist in 8 wt% scaffolds. Scaffolds in PBS did
not show a significant change in T, after 2 wk.

IGF-1 Release from PEUU scaffolds

Before samples were utilized in the release kinetics study, a substantial amount of IGF-1 had
already been lost from the cylindrical scaffolds during DMSO extraction in ethanol. In
particular, 8 wt% scaffolds lost 15% of loaded protein during this step compared to 50% for
5 wt% scaffolds. Thus, the starting mass of IGF-1 in 8 wt% and 5 wt% scaffolds was 46.8 +
7.5 and 22.5 * 4.1 ng/scaffold, respectively. Once TIPS scaffold disks were immersed in
PBS the initial burst release occurred over 48 hours, the extent of which was dependent on
polymer concentration. Scaffolds with 8 wt% and 5 wt% polymer showed a burst release of
21.0 £ 1.0% and 10.3 £ 0.4 %, respectively (p<0.001) (Figure 5A, Table II). Following the
burst release, there was an extended period of slow, steady protein release from scaffolds,
termed latent phase I, and the release rate in this phase was faster in 5 wt% scaffolds
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(0.80%/week) than 8 wt% (0.39%/wk) scaffolds (p<0.001). Following latent phase I, a
period of more rapid release occurred, labeled diffusion phase I, wherein 10-30% of protein
was released. Observationally, the scaffolds showed distinct, moderate swelling at this point
but maintained their shape. Upon handling, a qualitative reduction in modulus was noted.
The initial burst, latent I, and diffusion | phases were followed by a second period of steady
protein release (termed latent phase 11) and then a second stage of accelerated protein release
(termed diffusion phase II) from the scaffolds. Protein release after this point was very low
for both polymer concentrations (latent phase 111). Neither scaffold released all incorporated
protein during the study, but radioactivity measurements confirmed that residual
incorporated protein still resided within the polymer scaffolds, both types of which remained
in a single piece throughout the study.

As is apparent in Figure 5A and Table I1, the rate of protein release varied depending on the
phase of the release profile and the initial polymer mass fraction. The rate of IGF-1 release
decreased for each subsequent latency phase. For example, during latent phase | in 5 wt%
scaffolds, IGF-1 released at 0.80%/wk compared to 0.53%/wk and 0.14%/wk for the second
and third latency periods, respectively (p<.001 between groups). The release rates in 8 wt%
scaffolds followed a similar pattern but were consistently lower than for the 5 wt% scaffolds
during these same latent phases at 0.39, 0.35, and 0.08%/wk respectively (p<.001 between
groups). The 8 wt% scaffolds consistently demonstrated longer latent periods. For example,
the latent phase | lasted over 20 weeks compared to 10 weeks for 5 wt% scaffolds.
Interestingly, diffusion I and diffusion 11 phases lasted similar amounts of time for both
scaffold mass fractions. The diffusion | stage released more protein in 5 wt% scaffolds than
8 wt% scaffolds (30.3 £ 3.9% vs. 11.9 + 2.1%, p<.001) but the diffusion Il stage release was
the opposite with less release from 5 wt% scaffolds (17.5 + 2.9% vs. 32.6 + 4.7%, p<.001)
than the 8 wt% counterparts.

Scaffolds incubated with lipase enzyme released protein much faster than those without
enzyme, with more than 90% of IGF-1 being released after 9 weeks for both polymer
concentrations (Figure 5B). The distinct release phases observed with scaffolds in PBS were
not apparent when enzyme was present. However, a noticeable attenuation of release rate
was demonstrated in 8 wt% scaffolds compared to 5 wt% scaffolds during specific early
time points. Specifically, IGF-1 release was slower in 8 versus 5 wt% scaffolds between
days 1-2 (2.1 £ 0.8% vs. 7.5 + 1.8% respectively, p<.05), days 2-4 (4.0 £ 1.6% vs. 10.4 +
0.5%, p<.05), and days 4-7 (7.6 + 1.4%, vs. 13.1 + 2.1%, p<.05).

Bioactivity of released IGF-1 and HGF

MG-63 and Balb/3T3 cells treated with releasate from IGF-1 containing scaffolds collected
between days 0—7 and days 7-14 exhibited a significant increase in proliferation compared
to those treated with degradation solutions from scaffolds without growth factor (p<0.05)
(Figure 6) Cellular proliferation was comparable to that for cells treated with 150 ng/ml
IGF-1. Specifically, cells treated with day 0—7 releasate from scaffolds containing IGF-1
exhibited a 2.0-fold (MG-63) and 2.1-fold (Balb/3T3) increase in cell number compared to
cells treated with releasate from scaffolds without growth factor. Cells treated with day 7-14
releasate from scaffolds containing IGF-1 exhibited a 1.6-fold (MG-63) and 1.7-fold (Balb/
3T3) increase over cells in releasate from scaffolds without growth factor. No significant
difference in cell proliferation was seen between cells treated with releasate collected
between days 14-21 from either set of scaffolds. For HGF, following treatment with the day
0-7 and day 14-21 polymer releasate from scaffolds containing HGF, endothelial cells grew
into and repopulated the wound area more extensively than those maintained in growth
medium or in releasate from scaffolds without growth factor (p<0.05) (Figure 7). Day 7-14
releasate was not collected to evaluate.
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Discussion

The release profiles of drugs from biodegradable elastomers vary widely depending on
material composition and processing. Biodegradable thermoset elastomers based on ¢-
caprolactone and D,L-lactide have been processed with solid drug particles to form an
osmotically-driven drug delivery device that delivers drug in a zero-order fashion.(18, 36,
37) The release rates in this system can be altered by changing the molecular weight of the
prepolymer or the amount of excipient included with the drug. In another report ascorbic
acid was incorporated into the backbone of a thermoplastic polyurethane and released only
after hydrolysis of ester bonds.(14) This led to a slow release rate initially which increased
substantially over time in a way that corresponded with bulk polymer degradation. Many
other biodegradable elastomers release molecules in a diffusion-controlled manner
characterized by high initial release rates that quickly taper off.(11, 16, 38) One such group,
a family of injectable biodegradable polyurethanes, has been of particular interest due to
their ability to crosslink in situ to form porous polymer scaffolds in a way that does not
substantially decrease the bioactivity of incorporated drugs. These systems generally show a
high initial release that plateaus after a few days with 50-90% of drug being released
depending on the drug loading mechanism and type of drug being delivered.(10, 39) Despite
the fact that some members of this family are relatively slowly degrading (~30% mass loss
over 36 weeks), release studies do not extend beyond a few weeks. This prevents
understanding the mechanisms involved over time in a slow-degrading polyurethane and
how the remaining 10-50% of protein is released from the system. In studying the long-term
release kinetics of protein from PEUU, as has been done here, more insight may be gained
toward developing extended release approaches for polyurethane systems.

IGF-1 release from this biodegradable porous scaffold system demonstrated a multi-phasic
release profile. There are a number of drug delivery systems that follow a biphasic drug
release profile characterized by two separate stages of quick drug release separated by a
latency phase.(17, 40, 41) The first phase of quick drug delivery occurs as drug is released
that is either close to the surface or can easily diffuse out of the bulk of the material.
Following this, delivery is slow in the latency phase until material degradation becomes
adequate to loosen the scaffold and allow trapped drug to quickly diffuse out. The current
report demonstrates a release profile wherein there are three distinct occurrences of rapid,
diffusion-controlled release. Importantly, because the quantitative studies of IGF-1 release
used radiolabeled protein, the release kinetics observed may be different from what actually
occurs when non-labeled IGF-1 is released, as in the case of the bioactivity studies. As the
scaffolds for both studies were made with identical protocols and loading concentrations, the
protein released at each stage would likely be similar. However, variation may arise due to
potential differences between IGF-1 and 1251-IGF-1 and processing variability.

While the exact mechanisms of the complex release profile are not clear and warrant further
investigation, it is likely that the phase segregated nature of PEUU plays a role. First, both
hard and soft segments may act independently in relation to degradation and drug release.
Additionally, PCL is known to contribute significant crystallinity to polyurethanes, the
gradual breakdown of which can be delayed even in the presence of enzyme.(5, 42) It is
possible that degradation follows a multi-step process where amorphous soft segment,
crystalline soft segment, and hard-segment degradation occur separately with each stage
influencing drug delivery. This hypothesis is supported by the DSC data which show a
change in Ty, during degradation. The transition from a T, near 50°C to one near 30°C in
the presence of lipase shows that the crystal structure of the polymer is being altered,
particularly to a Ty, below body temperature. In the case of the lower Ty, crystal structures
would largely be melted above 37°C which could loosen the polymer network and allow
more protein to be released. It may be that one of the diffusion phases seen for protein
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release from scaffolds in PBS is the result of a transition from the higher Ty, to the lower
one. Additionally, the delayed loss of the initial melting peak for 8 wt% scaffolds agrees
well with the slower mass loss and slower protein release that was demonstrated during
enzymatic degradation of 8 wt% scaffolds compared to 5 wt%.

The differences in protein release between 5 wt% and 8 wt% scaffolds illustrate the
influence that polymer mass fraction had on drug release. First, 5 wt% scaffolds lost more
protein in the solvent extraction step of scaffold processing, meaning these scaffolds had a
lower loading efficiency. Second, the delivery rates of protein from 5 wt% scaffolds were
consistently higher and occurred at earlier time points than for 8 wt% scaffolds. This
phenomenon may be attributed to the smaller mass fraction of PEUU in the 5 wt% scaffold
disks, which led to more free volume for molecular diffusion out of the scaffold and less
material that required degradation. Both polymer mass fractions, however, exhibited slower
release rates for IGF-1 than had been shown previously when basic fibroblast growth factor
(bFGF) was released from similar scaffolds.(15) The reason for this difference is not clear
but may be related to differences in the affinity of IGF-1 and bFGF to the polymer or the
slower polymer degradation that was present here compared to the previous study. While no
significant mass loss was seen in the scaffolds in PBS over the time period studied, in the
presence of enzyme, scaffolds with 8 wt% polymer had attenuated mass loss, particularly in
the first week compared to those with 5 wt% polymer. This difference in enzymatic
degradation between 5 and 8 wt% scaffolds was noticeable in the release profiles where the
rate of IGF-1 release was significantly lower between days 1 and 7 for the 8 wt% scaffolds.

The biodegradation of polyurethanes is a complex process that has gained significant
attention in recent decades.(43) Hydrolytically labile bonds in the soft segment provide the
most common mechanism of degradation. It has been shown that both oxidative and
enzymatic processes encouraged by inflammatory cells may speed polymer breakdown in
vivo.(44, 45) Two common esterase enzymes produced by macrophages that have been
utilized in vitro to simulate in vivo soft-segment biodegradation mechanisms are cholesterol
esterase and lipase.(20, 42, 44-46) The ability of cells and enzymes to degrade
polyurethanes is dependent on many factors including hard and soft segment chemical
composition, size, surface morphology and mechanical environment.(45, 47-49) These
studies illustrate that numerous complex processes are involved in biomaterial degradation,
which cannot be fully replicated in vitro.

The enzyme concentration in this report was chosen for its ability to provide a degradation
rate that corresponded to scaffold break down over approximately 8 weeks, similar to what
is histologically observed in vivo when a similar scaffold disk was implanted as a cardiac
patch.(8) The release profile exhibited when scaffolds were incubated with lipase
demonstrated that for in vivo environments where material degradation was accelerated,
release rates were markedly different than in the PBS environments often used for in vitro
controlled release studies. The rapid rate of polymer degradation in the presence of enzyme
made for protein release kinetics that appeared more like the simple diffusion controlled
systems discussed earlier, which was substantially different from the multiple phasic release
profile seen in the PBS. Therefore, these data emphasize that researchers should consider the
working environment when characterizing controlled release from biodegradable matrices, a
practice not regularly seen in the literature.

Linear thermoplastic elastomers have an advantage over thermoset elastomers in that drugs
can be readily incorporated during processing and in a way that does not risk drug
inactivation during polymer crosslinking. In the current research, protein bioactivity was
studied over the first three weeks of drug delivery. It is unclear if the loss of measurable
cellular response to IGF-1 between day 14-21 was from a loss of bioactivity or simply due
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to the low protein release during that time period as seen in the release profile. The latter
case would suggest that released protein was of insufficient concentration to influence cell
behavior in the assay used, which might be corrected with a higher initial loading dose of
protein. Additionally, it has been shown that growth factors incorporated into thermoset
degradable elastomers can maintain bioactivity over at least 3 weeks (36), suggesting that
longer-term maintenance of bioactivity is feasible.

One limitation of the current research deals with understanding the maintenance of protein
bioactivity during scaffold processing and throughout the release duration. To determine
changes in bioactivity the amount of protein released from a scaffold needs to be quantified
and then the functionality of that protein would be tested. However, in this report two
distinct experiments were employed to study IGF-1 release — quantitative release kinetics
using radiolabeled protein and bioactivity of non-labeled released protein. Both were needed
due to an inability to quantify non-labeled IGF-1 using enzyme-linked immunosorbent
assays (ELISA) and other spectrophotometric techniques. The inability to detect both IGF-1
and HGF protein with these techniques may be related to the presence of polymer
degradation products or conformational changes to the protein which would prevent binding
of the monoclonal antibody in the ELISA sandwich assay. In particular, the TIPS processing
involved mixing protein in organic solvent and brief exposure to high temperatures — both
factors that could damage the loaded protein. In order to preserve bioactivity, BSA was
added in excess to protect the protein of interest as has been done previously.(50)
Importantly, in spite of any presumed destruction of protein or changes to protein binding in
the ELISA, enough protein remained bioactive over the three wk studied to elicit the
expected results on cell behavior in vitro.

One basis of controlled release formulations is that while proteins generally have a short
half-life in vivo, their sequestration in a polymeric scaffold can act to protect them in vivo to
prevent rapid degradation. An important finding in this research is that maintaining protein
bioactivity for long durations as would be necessary for in vitro release studies may be
irrelevant given the much faster release seen in conditions that mimic the in vivo
environment. In the experiments using lipase, protein delivery was nearly complete after
only 9 wk compared to nearly 15 months for studies without lipase.

The ideal duration of IGF-1 delivery that would be desired is dependent on the drug delivery
application. For example, in the case of cardiac ischemia, rapid delivery of IGF-1 in the days
following injury has been shown to rescue injured myocardium.(51) However, in the case of
slowly-progressing, chronic degenerative diseases such as inherited cerebellar ataxia (52) or
diabetes (53), therapeutic options to treat severely debilitating symptoms are currently
limited by the short in vivo life-span of peptide molecules and the need to administer drugs
to patients on a daily basis. In such cases, controlled-release formulations leading to
sustained improvements in patient symptoms and/or disease conditions allows for more
convenient dosage and increased compliance with treatment.

Scaffold processing was also noteworthy for its role in determining protein loading
efficiency in PEUU scaffolds. The final step of scaffold synthesis using TIPS involved
DMSO solvent extraction. This step required 3—7 days of soaking in ethanol during which
time a substantial amount of protein was lost to the solvent. While this method was
necessary to create the mechanically robust, porous scaffolds studied here, other techniques
such as salt-leaching may be considered which do not have a lengthy liquid-phase solvent
extraction step. The short duration required to remove salts from thin scaffold disks in water
(<20 minutes) may lead to less protein loss in solution initially, even in spite of the higher
solubility of protein in water compared to ethanol. Regardless of processing technique it is
important to have a uniform distribution of protein throughout the scaffold. In this report
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disks cut from locations throughout the initial cylindrical scaffold were used in the release
experiments. The narrow standard deviation in the protein release kinetics among all disks
suggests a homogeneous distribution of protein throughout the cylindrical scaffolds.

Tissue engineering often seeks to combine appropriate scaffolding materials with important
signaling molecules to encourage healthy tissue regeneration. It has been demonstrated that
the controlled delivery of IGF-1 and HGF from biomaterials in the context of ischemic
myocardium has been influential in cardiac repair.(51, 54) These studies, however, utilize
biomaterials that provide minimal mechanical support in a setting where such support may
be advantageous. A mechanically robust, elastomeric scaffold similar to the one studied here
was able to prevent further cardiac deterioration after its application as a surface patch
following myocardial infarction.(8) Combining the benefit of this temporary mechanical
support system with growth factor delivery might act to abrogate disease progression and
encourage functional tissue repair in injured myocardium more effectively than either
system independently.

Conclusion

A biodegradable, elastomeric PEUU scaffold system was characterized for its ability to be
loaded with and deliver growth factors (IGF-1 and HGF) of clinical relevance. Cellular
assays confirmed that the bioactivity of IGF-1 and HGF was maintained during scaffold
processing and for at least the early period of drug delivery. The kinetics of IGF-1 release
over a period up to 440 days demonstrated a complex, triphasic profile. Much of this
complexity was lost and replaced by a single phase release profile when enzyme was present
to simulate in vivo scaffold degradation. The ease of processing associated with this
thermoplastic biodegradable elastomer for both scaffold formation and drug loading make
this material an attractive option for soft tissue applications where both drug delivery and
appropriate mechanical support are desired.
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Abbreviations

BDI 1,4-diisocyanatobutane

bFGF basic fibroblast growth factor

BSA bovine serum albumin

DMEM Dulbecco’s modified Eagle medium
DMSO dimethyl sulfoxide

HGF hepatocyte growth factor

HUVECs human umbilical vein endothelial cells
IGF-1 insulin-like growth factor 1

MEM minimum essential medium

PBS phosphate buffered saline

PCL polycaprolactone

PEUU poly(ester urethane)urea
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Figure 1.
Synthesis of PEUU. Poly(caprolactone) diol reacts with 1,4 diisocyanatobutane to form the
prepolymer. The final product is formed by chain extension of prepolymer with putrescine.
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Figure 2.
The mass loss of PEUU scaffolds was determined over time for 5 and 8 wt% scaffolds

soaked in PBS or with 100 units/ml lipase enzyme. * denotes p<0.05 between scaffold
polymer concentrations
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Figure 3.

Electron micrographs of TIPS scaffolds (5wt% A and C, 8 wt% B and D) incubated in PBS
(top panels) or lipase solution (bottom panels) for 1 week. Scaffolds maintained an
organized pore structure after one week in PBS (top panels). After one week of incubation
with lipase, scaffold surfaces were noticeably broken apart. Scale bar = 100 pum.
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Figure 4.

DSC heating curves of 5 wt % (A) and 8 wt% (B) scaffolds during degradation with lipase
enzyme. In all situations the initial primary melting temperature near 50°C is lost as a new
substantial peak near 30°C is formed. Scaffolds with 8 wt% PEUU maintain the first peak
for 7 days (black arrow) suggesting a slower degradation than 5 wt% scaffolds which have
lost that peak by 7 days.
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Figure 5.

A) Scaffolds in PBS demonstrated a tri-phasic release profile for IGF-1 over the time period
studied. Alternating periods of slow, steady protein release (latent phases) and more rapid
release (diffusion phases) followed an initial burst release. B) Both scaffold types incubated
with 100 units/ml lipase enzyme released IGF-1 at a much faster rate than those without
enzyme.
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Figure 6.

MG-63 (A) and Balb/3T3 (B) cells cultured in releasate from polymer containing IGF-1
demonstrated significantly greater cell metabolic activity (as an index of cell number)
compared to cells cultured in releasate from polymer without growth factor (*p<0.05).
IGF-1 added at 150 ng/ml to releasate from polymer without growth factor served as a
positive control.
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Figure 7.

HUVECs maintained in releasate from scaffolds containing HGF grew into and repopulated
the artificial wound area more extensively than those maintained in growth medium or in
releasate from scaffolds without growth factor (*p<0.05). HGF added at 100 ng/ml to
releasate from polymer without growth factor served as a positive control.

Pharm Res. Author manuscript; available in PMC 2012 June 1.



1duasnue Joyiny vd-HIN

Nelson et al. Page 22

Table |

Melting Temperature of Polymer Scaffolds

Scaffold wt% Incubation Primary Secondary
Conditions  peak (°C)*  Peak (°C)”

5 wt% Original 51.0+1.3 -
2DaysinlLipase 51302 3g249f
7 Days in Lipase  34.4+4.61 -
14 Days in PBS 54.1+0.8 -

8 wt% Original 52.6+1.3 -
2DaysinLipase 53107 3534247
7 Days in Lipase 35.3+3.1f1 53.8+0.02
14 DaysinPBS  54.8+0.2 -

*

data presented as mean + standard deviation

Tp<0.05 compared to original Tm of same wt% scaffolds
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