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We have recently reported on the preparation of biodegradable elastomers through photo-cross-linking acrylated
star-poly(e-caprolactoneso-p,L-lactide). In this paper we assess the change in their physical properties during in
vivo degradation in rats after subcutaneous implantation over a 12 week period. These parameter changes were
compared to those observed in vitro. Two different cross-link densities were examined, representing the range
from a high Young’'s modulus to a low Young modulus. Elastomers having a high cross-link density exhibited
degradation behavior consistent with a surface erosion mechanism, and degraded at the same rate in vivo as
observed in vitro. Young's modulus and the stress at break of these elastomers decreased linearly with the
degradation time, while the strain at break decreased slowly. Elastomers having a low cross-link density exhibited
a degradation mechanism consistent with bulk erosion. Young’s modulus and the stress at break of these elastomers
decreased slowly initially, followed by a marked increase in mechanical strength loss after 4 weeks. The elastomers
were well tolerated by the rats over the 12 week period in vivo.

Introduction the elastomer. As a natural progression in the development of
the elastomer delivery vehicle, it is necessary to determine the
Synthetic, biodegradable elastomers based on aliphatic poly-changes in its mechanical properties with time during in vivo
esters have a number of potential biomaterial applications, piodegradation as well as its in vivo biocompatibility. Further-
including as scaffolds for engineering soft tissUeand as drug  more, it would be useful to be able to compare these changes

delivery depot$ ! These materials are particularly suitable for tg those observed in vitro as a means of developing a rapid
situations where biomaterial mechanical properties should morescreening technique for device development.

g[osely mir.rg)i.::. the extrace'Ll\ular rgatrb; Lc_)r(tjissue deE?intTering OF  polyesters are considered to degrade in vivo primarily by bulk
h|ocorrt1)pat| |(|ity relasor:js. Eurl? ero blo dgg_r; g e eaitomers hydrolysis32 Various groups have shown that degradation occurs
ave been developed, which can be divided Into thermo- at a faster rate in vivo than in vitro. For example, Therin et

plastic§'2-22and thermoset®:?* 28 Thermoplastics, due to their 5,33 found that PLGA 2 mm thick disks degraded at a faster
semicrystalline nature, often degrade in a heterogeneous manner,

- . ) . “rate when implanted subcutaneously in sheep than when
with the amorphous regions degrading faster than the CrySta”'nedegraded in phosphate buffer maintained at body temperature.

regions, because of the ease of water penetration into theMoreover, this degradation behavior was not strongly geometry

amorphous regions. This degradation pehavior can be disafj'dependent as it has been reported that PLGA microspheres also
vantageous because it produces a nonlinear strength loss W'ﬂ'blegrade faster in vivo than in vitfd:36 Similar findings of

respect to mass loss with time, and often total mechanical failure 4 g ater degradation in vivo than in vitro have been reported for
before a significant mass loss has occuffeth that respect,  p| Ga jigating clips?” The same behavior occurs for other

3mqrpglou3 the(rjmc_)sets can _be viewed as possessing MOrGjiphatic polyester polymers and copolymers. Poly(lactide)
esirable degradation properties. formed into rods83° spinal cage4? and screws and platés

hWe have r_ecer;tl;; reported on the dp][eparart]lon and |n|_v||<t_ro has been reported to lose mass faster in vivo than in vitro. Jeong
characterization of elastomers prepared from photo-cross-linking o 51 have recently reported that random, equimolar monomer

an acrylatedgtar—poly(e-cgprolaqtone:{rD,L-Iactlde) macro- composition, thermoplastic copolymers of caprolactone and
monomer using UV or visible light; and dgmo_nstrated the L-lactide fashioned into 2 mm diameter rods lost mass faster in
possibility of obtaining nearly zeroth-order in vitro release of ;4 than in vitro2 The faster in vivo degradation has been

interferony delivered from a biodegradable, photo-cross-linked attributed to plasticization of the polymer due to the absorption

e!asto.m.er, wh'ile maintaining a very high. degree of protein of lipids or other biological compounds, leading to greater water
bioactivity during the release peridd.In this approach, the uptake, the foreign body response, the action of enzymes, a

protein is d'.St."bUted as a solid, colyophilized V_V'th a hlghly_ greater solubility of the degradation products in vivo, and the
osmotic excipient, throughout the elastqmer matrix. T.he Protein inqluence of additional mechanical stresses experienced in
is released through the use of an osmotic-pressure-driven releasg;, ) 2s,35,43-45

mechanism, generated by the excipient. The release rate is

determined to a large extent by the mechanical properties of There are fewer reports concerning the change in mechanical

properties of aliphatic polyesters with degradation in vitro versus
* To whom correspondence should be addressed. in vivo. The evidence _thus fa_r |nd|_cates that the mechanical
t Department of Chemical Engineering. properties of_ un-.cross-llnked allphath polyesters decrease at the
* Department of Cell Biology and Anatomy. same rates in vivo as observed in vitro. For example, Weir et
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al*¢ examined the in vitro versus in vivo degradation of poly-
(L-lactide) (2 mm rods implanted subcutaneously in rats) and

Amsden et al.

position were prepared through melt ring-opening polymerization
initiated by glycerol and catalyzed with stannous 2-ethylhexanoate (140

found that the shear strength of the rods changed at the samé&C for 24 h). The star homopolymers were purified by precipitation

rate in vitro as in vivo. Mainil-Varlet et & found that the

from tetrahydrofuran into water and then dried completely under mild

bending modulus, bending strength, and shear strength of 3.2heat and vacuum in the presence of desiccant, while the star copolymers

mm poly,L-lactide) bars implanted subcutaneously into sheep
decreased at the same rate in vitro as in vivo. Additionally,
Saikku-Backstrom et & found that self-reinforced fibrillated
poly(96./4p-lactide) rods lost mechanical strength at statistically
identical rates in vitro and in vivo. These results are contrary
to the findings of Suuronen et &k,who found that the
mechanical strength of self-reinforced paldéctide) screws and
multilayer plates degraded faster in vivo than in vitro; however,

this was attributed to the greater mechanical stresses experience

by the screws and plates in vivo than in vitro.
Although there are reports on the in vitro degradation of
photocureél484° and thermocured2°:50 aliphatic polyester

elastomers, there have been comparatively few reports on the

in vivo degradation of cured aliphatic polyester elastomers. For
the one elastomer that has been reported, Pitt and co-w&kers
have reported on the in vitro versus in vivo degradation of poly-
(e-caprolactoneso-6-valerolactone) cross-linked with varying
amounts of bis{-caprolacton-4-yl)propane added to the mono-

were purified by extracting the polymer with methanal foh at—20
°C. The extraction process was repeated twice. Overall yields of
acrylated star polymer were 885 mass %.

Two molecular weights were chosen for examination: 1250 and
7800. These star copolymers were converted to telechelic macromono-
mers by reaction of the terminal hydroxyl groups with acryloyl chloride,
catalyzed with 4-(dimethylamino)pyridine while triethylamine was
utilized as a HCI scavenger. Proton nuclear magnetic resonaice (
BIMR) spectroscopy was used to confirm the lactide:caprolactone
monomer ratio and that a random star copolymer was formed, and to
determine the degree of acrylatiotd NMR was performed in both
CDCLs andds-DMSO using a Bruker Avance-600 NMR spectrometer.
Chemical shifts were measured relative to the methyl proton resonance
of internal tetramethylsilane. The molecular weights of the telechelic
macromonomers were confirmed using a Waters Alliance GPC system
connected to a Wyatt Dawn EOS multiangle laser light scattering
(MALLS) detector. The mobile phase consisted of THF at a flow rate
of 1 mL/min with the system at 38C. The concentration of the
polymers used for the GPC measurements was 30 mg/mL, and the

mers during polymerization. These thermally cured elastomers injection volume was 5@L. The column configuration consisted of

showed little mass loss in vitro, but in vivo exhibited a linear
mass loss. The increase in and character of the in vivo

an HP Phenogel guard column attached to a Phenogel linean{2) 5
GPC column. The increment of refractive index used in molecular

degradation rate were taken as evidence of enzymatic degradaweight calculations was measured using a Wyatt Optilab refractometer
tion. In contrast, the mechanical properties decreased at the samend found to be 0.064 mL/g.

rate during in vitro or in vivo degradation. Moreover, mass loss

The macromonomers were photopolymerized by first dissolving the

in vivo occurred in a zeroth-order fashion and increased as thetelechelic macronomomers in THF at a ratfalog of macromonomer

cross-link density of the elastomers decreased.
It is the objective of this paper to examine the influence of
cross-link density on the in vivo change in physical and

to 1 mL of THF. To this solution was added 0.015 mg of 2,2-
dimethoxy-2-phenylacetophenone as the UV photoinitiator per mil-
ligram of telechelic macromonomer. This solution was poured into 2.5

mechanical properties of a photo-cross-linked elastomer basednm inside diameter glass tubing that had been flame dried and sealed

on acrylatedstar-poly(e-caprolactoneso-p,L-lactide) and com-
pare this degradation behavior to that which occurs in vitro.

at one end. The tubing was then sealed at the open end using Parafilm
and subjected to 20 mW/cértong-wave UV irradiation (326480 nm)

The elastomers prepared from this macromonomer have anfor 3 min using an EXFO E3000 high-intensity long-wave lamp. The
architecture and monomer composition different from those of Parafilm was removed and the THF allowed to slowly evaporate for

the elastomers prepared by Pitt and colleagues, and photo-cros:
linking results in the generation of oligo(acrylate) regions. Each
of these factors produces degradation characteristics differen
from those observed previously. Two cross-link densities
representing a tightly cross-linked elastomer having a high
Young modulus and a loosely cross-linked elastomer possessin
a relatively low Young modulus are compared.

Materials and Methods

D,L-Lactide (99+%) was obtained from Purac (The Netherlands) and
purified by recrystallization from toluene immediately prior to use.
e-Caprolactone was obtained from Lancaster (Canada), dried over CaH
(Aldrich, Canada), and distilled under nitrogen. Other chemicals used

52-4 h. Note that short-wave UV irradiation could have been used;

however, we are interested in incorporating protein drugs into these

Lcf_lastomers, and radiation of that energy would likely denature proteins.

he elastomer cylinders thus prepared had a diameter 210Bmm,
and were cut into 1 cm lengths. The sol portion of the elastomers

iapproximately 5 wt %) was removed by immersion in THF. The

ylinders were then soaked in ethanol, allowed to dry in a laminar flow
hood, and stored in sterilized glass vials.

Subcutaneous Implantation in Rats. Adult male Wistar rats
(Charles River Laboratories, Quebec, Canada) weighing 250 g were
anesthetized with 2% isoflurane (Baxter Corp.) in oxygen by inhalation
via an Engler ADS 1000 (Benson Medical Industries) at a total flow
rate of 0.2 mL/min of Q. At a level of surgical anesthesia (i.e., lack of
tail and corneal reflexes), the rats were shaved at the nape region. This
site was chosen to minimize the possibility of rats chewing on the

in the synthesis of the star copolymer macromonomers were stannousimplant site postoperatively. Implantation surgery was done under

2-ethylhexanoate (96%) (Aldrich, Canada) and glycerol (99.5%) (BDH).

aseptic conditions. The shaved area was disinfected with Hibitane, and

The chemicals used in the synthesis of the acrylated star copolymersfour 1 cm longitudinal incisions were made to allow the implantation

include acryloyl chloride (96%), triethylamine (99.5%), and 4-(di-
methylamino)pyridine (99%), all obtained from Aldrich, Canada. Other

of four 1 cm cylindrical pieces of polymeric materials. Three segments
of each polymeric formulation and one piece of 4-O metric Vicryl

chemicals used include anhydrous dichloromethane (99.9%) and ethyl(Ethicon; as control) suture were implanted per rat. Following implanta-

acetate (99.9%) obtained from Fisher, Canada. The long-wave UV
initiator 2,2-dimethoxy-2-phenylacetophenone (99%) was obtained from
Aldrich, Canada.

Preparation of Elastomers. The method of preparation and
characterization of the elastomers were as described previusly.
Briefly, star-poly(e-caprolactone)star-poly(p,L-lactide), andstar-poly-
(e-caprolactoneso-b,L-lactide) of equimolar caprolactone:lactide com-

tion, skin incisions were closed with silk suture. At 1, 2, 4, 8, and 12
weeks following implantation, the rats were anesthetized with an ip
injection of Somnotol (60 mg/kg), and at a level of surgical anesthesia,
the rats were shaved and polymers excised with the surrounding skin.
Two of the polymer pieces were retrieved for mechanical and chemical
measurements, and the third was fixed in 4% paraformaldehyde in
phosphate-buffered saline, processed for paraffin embedding,cm
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stained with hematoxylin and eosin for routine histological examination. ,

These studies were done under the guidelines of the code of ethics ;Msxc,d

governing animal experimentation. ’
Physical Measurements of Explanted Cylindersilmmediately after

explantation, the elastomer cylinders were weighed and measured. The

mechanical properties of the freshly explanted elastomers were

measured in uniaxial tension using an Instron uniaxial tensile tester, . 13

model 4443. The crosshead speed was set at 500 mm/min according 2

to ASTM D412. All specimens were tested at room temperature. Data

analysis was carried out using a Merlin 4.11 Series IX software package. be——— o o 1w 1w 1. )
The explants were then dried under vacuum at room temperature in> s 45 4 85 8
the presence of desiccant for 48 h, and the dried mass was recorded. ppm

The sol content of the dried explants was determined with a Soxhlet Figure 1. H NMR spectrum of the glycerol portion of molecular
apparatus using dichloromethane at°4s weight 1250 star-poly(e-caprolactone) in CDCl3 solution. Peak as-

In Vitro Degradation. Elastomer cylinder samples were immersed Signments refer to protons labeled in Chart 1.

in 15 mL of phosphate-buffered saline (PBS), pH 7.4 andGyin a Chart 1. Possible Oligomer Structures with 'TH NMR Proton
20 mL scintillation vial. Three samples for every time point were used. assignations?
The buffer was replaced at weekly intervals. At each sampling time

m
point, the cylinders were removed, blotted dry, weighed, and measured. mow 10
The slabs were then subjected to a uniaxial tensile measurement while ! EO OH A
. ; 2 |-0-CL o}
hydrated. The pieces from the tensile measurement were collected and s o-cL

dried under mild heat in a vacuum oven in the presence of desiccant

for 1 week. The dried mass was then measured. o 2 o ®
1 11
T A L
15

. . DLL-O
Results and Discussion DLL-0— 3

In the following discussion, the abbreviation SCP will refer

> . . ; a —O-CL/DLL d —O-CL/DLL i nO
to the star copolymer while the number following this abbrevia- b EOH c o EO_CL/DLL =1,
tion will refer to its molecular weight, and ELAST will refer to a —O-CL/DLL f —OHg o
the elastomer prepared from the acrylated star copolymer G b £

(ASCP) while the number following this abbreviation will refer % For 1H NMR proton assignments, see Figures 1-3. CL refers to a
to the molecular weight of the ASCP used to prepare the caproyi sequence, and DLL refers to a lactyl sequence. Key: (A) star-
elastomer. For example, ELAST 1250 refers to the elastomer oligo(e-caprolactone), (B) star-oligo(p,L-lactide), (C) 1,3-disubstituted glyc-
prepared using an ASCP of molecular weight of 1250. erol, (D) 1,2-disubstituted glycerol, (E) terminal acrylate.

Characterization of the Macromonomer. The composition ) ) ]
of the star copolymers, and their degree of acrylation, was degree of acrylation of the functionalized macromonomers.
determined viaH NMR. To aid in the determination of the Again, peak assignments were confirmed using 2-dimensional
proton peaks, low molecular weight (125&ar-poly(e-capro- 'H NMR (COSY).
lactone) andstar-poly(p,L-lactide) were synthesized. It has been ~ Analysis of the NMR spectra leads to the following observa-
reported that the polymerization efcaprolactone with glycerol  tions. First, each SCP had approximately the samdactide
as initiator to prepare star polymers results in incomplete content as far as can be determined usifgNMR, with the
reaction of the glycerol hydroxyls at low monomer to initiator SCP 1250 being 51 mol %,L-lactide, while the SCP 7800
molar ratios’! and thus, it was necessary to determine whether contained 48 mol %,.-lactide. A comparison of peak integra-
incomplete conversion of the glycerol hydroxyls occurred with tions attributed to glycerol peaks of the homo star polymers
the star copolymer macromonomers used in this study. Low indicates thate-caprolactone does not react as readily with
molecular weight (1250)tar-poly(e-caprolactone) andgtar- glycerol as doesp,L-lactide. The star-poly(e-caprolactone)
poly(p,L-lactide) were therefore characterized initially vid product was only 23 mol % three-armed star polymer (i.e., all
NMR using CDC} as the solvent. CDglwas used so that  the glycerol hydroxyls had been consumed to form a polymer
comparisons could be made between the NMR spectra of thesechain), with the remainder being predominantly 1,3-pely(
polymers and those of pure di- and triglycerides (1,2-dipalmitin, caprolactone)-disubstituted glycerol (50 mol %) (Figure 2B),
1,3-dipalmitin, and tripalmitin) reported in the literateThe while the star-poly(p,L-lactide) product was 66 mol % three-
IH NMR spectrum forstar-poly(e-caprolactone) is given in  armed star polymer and only 22 mol % 1,3-palytlactide)-
Figure 1, while the proton assignations of the possible polymer disubstituted glycerol (Figure 2A). This difference can be
structures are given in Chart 1. The proton assignments in Figureattributed to the higher reactivity af,-lactide?3~° The SCP
1 were confirmed using 2-dimensioriéd NMR (COSY). The 1250 product consisted of 85 mol % three-armed star copolymer
spectrum clearly shows the presence of 1,3- and 1,2oly( and only 11 mol % 1,3-disubstituted glycerol (Figure 2C), while
caprolactone)-disubstituted glycerol. However, the peaks at-the SCP 7800 was completely three-armed star copolymer
tributed to 1,3-polyé-caprolactone)-disubstituted glycerol were (Figure 3A). These results are similar to the findings of Lang
significantly overlapped with peaks attributed to the glycerol €t al.?* who observed that the consumption of the glycerol
CH, protons of 1,2-poly{-caprolactone)-disubstituted glycerol hydroxyl groups in the polymerization efcaprolactone was
and star-poly(e-caprolactone). For this reason, further spectra incomplete at low monomer to hydroxyl ratios, while at higher
were obtained usings-DMSO as the solvent (Figures 2 and monomer to hydroxy! ratios all the glycerol hydroxyl groups
3). Usingds-DMSO provided higher spectral resolution of the had initiated a chain in the star polymer.
glycerol peaks. The other advantage of usthgPMSO was The average caproyl sequence length of the star copolymers
that the hydroxyl peaks were available to use to determine the can be determined by comparison of the peak areas cente&eg\?t
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Figure 2. Stacked 'H NMR spectra of molecular weight 1250 star polymers in ds-DMSO solution. Peak assignments refer to protons labeled
in Chart 1. Key: (A) star-poly(p,L-lactide), (B) star-poly(e-caprolactone), (C) star-poly(e-caprolactone-co-p,L-lactide), (D) terminus-acrylated star-
poly(e-caprolactone-co-b,L-lactide).

2.5 ppm, representing capreytaproyl sequences, and at 3.2 Figures 2C and 3A. Figures 2D and 3B show fite NMR
ppm, representing caproylactyl sequence¥ The average spectra of the acrylated star copolymers, wherein these peaks
lactyl sequence length requires good peak separation in the 4.9 are greatly reduced in intensity. The degree of acrylation for
5.2 ppm region, as well as in the 3:8.1 ppm region. Good  ASCP 1250, determined by a comparison of the decrease in
peak separation in these regions is clearly visible in the spectrumthe cumulative hydroxyl peak areas relative to the;@idak
for SCP 7800 (Figure 3A); however, it was not possible to obtain areas of thep,L-lactide component, was 89%, while that of
good peak separation for SCP 1250, even with manipulation of ASCP 7800 was 86%. Moreover, although SCP 1250 contained
the temperature. Therefore, only the average caproyl sequencel,3- and 1,2-disubstituted polymer fractions, the acrylated star
length of the star copolymers can be compared. This comparisoncopolymer was still trifunctional, as the glycerol hydroxyls left
shows that SCP 1250 possesses a more blocky structure, withunconsumed during polymerization were readily acrylated. Thus,
an average caproyl sequence length of 4.1, than does SCP 780@nce cross-linked, the elastomers prepared from these function-
which has an average caproyl sequence length of 2.3 and thusalized macromonomers would have the same cross-link network
possesses a more random monomer distribution. Moreover, afunctionality.
caproyl sequence length of 4.1 for SCP 1250 indicates that some These two different ASCPs were used to prepare elastomer
arms predominantly or totally consistedeaaprolactone, while samples for implantation. The physical properties of these
others were predominantly,L-lactide in composition. elastomers are given in Table 1. These elastomers represent the
The degree of functionalization of the hydroxyl end groups range from a high Young modulus (ELAST 1250) to a low
via esterification with acryloyl chloride is readily followed Young modulus (ELAST 7800), i.e., a highly cross-linked
through the reduction in the peak intensities of the hydroxyl network (ELAST 1250) and a more loosely cross-linked network
groups, at 4.33 ppm (caprolactone-terminated), 5.29 and 5.42(ELAST 7800)
ppm @,L-lactide-terminated), 5.25 ppm (unreacted glycerol Implantation Results. All of the rats gained weight and were
hydroxyl on 1,3-disubstituted polymer), and 5.44 ppm (unreacted active and healthy prior to implant removal. The implants were
glycerol hydroxyl on 1,2-disubstituted polymer) present in encapsulated with a fibrous tissue, visible at week 1 8?)({/
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Figure 3. Stacked 'H NMR spectra of molecular weight 7800 star
polymers in ds-DMSO solution. Peak assignments refer to protons
labeled in Chart 1. Key: (A) star-poly(e-caprolactone-co-p,L-lactide),
(B) terminus-acrylated star-poly(e-caprolactone-co-p,L-lactide).

Table 1. Glass Transition Temperature, Ty, Young's Modulus, E,
Stress at Break, o, and Strain at Break, ¢, of the Elastomers As
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100 , ,

—@a— ELAST1250

80 | —o— ELAST7800

sol content (%)

time (weeks)

Figure 5. In vivo change in sol content during biodegradation of the
elastomers.

and perhaps to a greater degree of solubility of the degradation
products present at the surface in the in vivo aqueous environ-
ment. The ELAST 1250 samples degraded at a faster rate
initially than the ELAST 7800 samples both in vivo and in vitro.
This result is opposite that reported by Pitt efalyho observed

that the degradation rate increased as the cross-link density
decreased, indicating that the structure of the elastomer con-

Prepared

tributes to its degradation behavior. For both cross-link densities,

elastomer 7o (°C) _E (MPa) o(MPa) e (mm/mm) the elastomers degraded slowly for the first 8 weeks, followed
ELAST1250 -2 534002 44+002 0.79+0.015 by an increase in both the rate and extent of mass loss. By 12
ELAST7800 -4 059+013 1.7+008 53+0.23 weeks, however, the two elastomer sample sets had reached
the same in vivo mass loss of approximately 30% of the initial
11 : : : : : : mass. The ELAST 1250 samples degraded at essentially the
same rate in vivo and in vitro, as did ELAST 7800 after the
10 first week.

The elastomers did not swell during the degradation period,

but rather shrunk slightly or remained at their initial volume.
1 This behavior was observed both in vivo and in vitro, and was
not dependent on the cross-link density. This is a useful finding
as it indicates that the elastomers maintain their form stability
in vivo during the degradation period, a factor important for
their use in drug delivery and mechanical devices.

The cross-link density also affected the sol content of the
elastomers, measured during the in vivo degradation (Figure
5). While the sol content of the ELAST 7800 samples increased
markedly with implantation time, reaching 8 13% sol after
12 weeks in vivo, the ELAST 1250 samples exhibited little
change in sol content. Thus, the ELAST 7800 samples had lost
essentially the same mass as the ELAST 1250 samples by week
12; however, the remaining mass consisted of polymer chains
not connected to the overall network. By contrast the ELAST
1250 samples remained a coherent network. These results
demonstrate that the cross-link density of the photocured
increasing in thickness until week 4, reaching a thickness of 80 elastomer influences the mechanisms of degradation in vivo.
+ 10 um. The mass loss of the elastomers with degradation The mechanical properties of the elastomers (Young’s
time both in vivo and in vitro is given in Figure 4 as a ratio of modulus,E, tensile stress at break, and strain at break)
dry mass at time, My, to initial dry massM,. The rate of mass  were normalized with respect to their initial valué&s,(o,, and
loss was dependent on the cross-link density, reflected in thee,), and the change in these values in vivo are compared to
molecular weight of the ASCP used to prepare the elastomer.their change in vitro in Figures-68. It should be noted that, at
The lower the molecular weight of the ASCP, the greater the 12 weeks, the samples were too weak to withstand being
cross-link density of the elastom&Both elastomers experi-  clamped into the tensile tester. As has been reported for un-
enced a marked increase in degradation in vivo compared tocross-linked®46 and cross-linke##° aliphatic polyesters, the
that observed in vitro over the first week of implantation. This mechanical properties of the elastomers decreased at the same
result is likely due to the acute inflammatory response in vivo rate and to the same extent in vivo as was observed in VéIB\/

0.9

£  o0s8
=

0.7
—o— ELAST 1250 in vitro

----g--- ELAST 1250 in vivo .,
0.6 H —=— ELAST 7800 in vitro _
---m-- ELAST 7800 in vivo

0.5 L 1 1 1 1 L
0 2 4 6 8 10 12 14

time (weeks)

Figure 4. In vivo versus in vitro mass loss comparison for elastomers
prepared using differing telechelic macromonomer molecular weight.
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Figure 6. Comparison of the change in Young’'s modulus at time ¢,
E;, normalized to the initial Young modulus, E,, with degradation time time (week)

in vivo versus in vitro. The lines represent linear regressions to the . . f the ch in th K at i
data. Key: (A) ELAST 1250, (B) ELAST 7800. Figure 7. Comparison of the change in the stress at break at time ¢,

o, normalized to the initial stress at break, oo, with degradation time
in vivo versus in vitro. The lines represent linear regressions to the

while the change in property was dependent on the cross-link data. Key: (A) ELAST 1250, (B) ELAST 7800.

density of the elastomer. For the ELAST 1250 samples,

(Figure 6A) ando (Figure 7A) decreased in a linear fashion mass loss after 4 weeks. Thus, a high cross-link density is
with time (correlation coefficientR2, of 0.977 and 0.976, necessary to obtain a linear strength loss with respect to mass
respectively), whilee decreased only slightly during the loss with time, one of the proposed advantages of thermosets
degradation period examined (Figure 8A). The rate constantsover thermoplastics.

for the decrease ik ando were statistically equivalent (0.106 These results are interpreted as follows. Although the implants
+ 0.008 and 0.11@- 0.008 weeks!, respectively). The ELAST  were encapsulated by fibrous tissue in vivo, the degradation
7800 samples also exhibited a decreasg endo with time; rates and changes in mechanical properties with time are

however, for these elastomers, there was an initial induction essentially the same in vivo as in vitro. This result indicates
period lasting between 2 and 4 weeks wherein Young’s modulusthat both elastomers are degrading in vivo primarily by
and the stress at break decreased slowly (Figures 6B and 7B)hydrolysis at a rate determined by the extent and rate of water
After this periodE and o decreased markedly more rapidly, absorption. Due to its greater average caproyl sequence length,
and in a linear fashion, at statistically equivalent rates of 0.163 and its higher cross-link density, water penetration into ELAST
+ 0.02 and 0.138: 0.02 weeks! respectively (the correlation 1250 is slower than into ELAST 7800. This results in erosion
coefficients were 0.95 and 0.956, respectively). Similarly to that and degradation occurring more rapidly at the surface, leading
of ELAST 1250, decreased only slightly during the degradation to a consistent mass loss but little change in sol content with
period examined (Figure 8B). time. However, bond cleavage is occurring within the bulk,
Figure 9 shows that the in vivo changes Enand o are causing a decrease in Young's modulus as the number of
consistent with the changes in mass of the elastomers. Noteeffective elastic chains is reduced with each bond cleavage.
that the in vitro data were not included in the figure, although ELAST 7800 has a more random monomer distribution, making
the trends are identical. Both elastomer populations initially it more hydrophilic, and a decreased cross-link density, resulting
exhibited a linear decrease and rate of decreageando as in more rapid water penetration within the elastomer. As a result,
a function of mass loss. However, while ELAST 1250 continued bond cleavage occurs more homogeneously initially. As acidic
to exhibit a linear dependence on mass loss with time, ELAST degradation products accumulate internally, hydrolysis becomes
7800 underwent a marked decrease in tensile properties withautocatalytic within the central portions of the elastomer,(ﬁg\/
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Figure 8. Comparison of the change in the strain at break at time ¢, fractional mass loss
€, normalized to the initial strain at break, ¢,, with degradation time Figure 9. Normalized (A) Young's modulus and (B) stress at break
in vivo versus in vitro. Key: (A) ELAST 1250, (B) ELAST 7800. versus fractional mass loss during in vivo degradation.

effect well-established for other polyesters such as poly(lactide) until the fourth week, so mechanical stresses are not considered
and poly(glycolide) in solid formd? This behavior is reflected  to have played a significant role in the degradation of the
in an increased sol content even though there is little observableimplants.

mass loss. Young's modulus decreases only slowly because the It should be noted, however, that neither the in vitro nor the
outer layer of the elastomer has not undergone sufficient bondin vivo degradation conditions represent a perfect sink for
cleavage, and this layer provides the mechanical strength of thedissolving the polymer degradation products and removing them
elastomer. The increase in mass loss and the reduced Young'drom the site of degradation. The compositions of the degrada-
modulus observed after approximately the 4 week period are tion products, and their solubilities in vivo and in vitro, are likely
due to the failure of this outer layer. This explanation is differentfor each elastomer as a result of their differing structure.
supported by our previous in vitro work, wherein a rapid Future work is required to determine the nature of each
decrease in internal pH to below 5 of ELAST 7800 slabs was degradation product to determine whether dissolution and
observed after 25 day8.Thus, the conclusion that a linear diffusion from the site of degradation play a significant role in
strength change with time only occurs with high cross-link influencing the degradation rate in vivo versus in vitro. From a
density should be tempered by recognizing that a linear strengthpractical standpoint, however, the close correlation between in
loss with respect to mass loss for ELAST 7800 may be vitro and in vivo degradation is useful in terms of designing

obtainable if the thickness of the cylinder is reduced. devices using these materials.
The influence of mechanical stresses on enhanced degradation
in vivo was also considered. The one elastomer for which Conclusions

enhanced in vivo degradation was observed was ELAST 7800,

and the increase in mass loss was only significant over the first The work presented compared the in vitro degradation
week. Mechanical stress on the implant can generate micro-behavior of elastomers prepared through the photo-cross-linking
cracks through which the release of soluble degradation productsof acrylated star-poly(e-caprolactoneso-p,L-lactide) to the

is made possible. However, if mechanical stresses are enhancindpehavior observed in vivo. The mechanical properties measured
the mass loss, then the presence of microcracks should havéyy uniaxial tension of the elastomers decrease at the same rate
produced a reduction in the stress at break with degradation.and to the same extent in vivo as observed in vitro. The
The ultimate tensile stress of ELAST 7800 remained constant mechanism of degradation of the elastomers was found t&S)\e/
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dependent on the cross-link density, which in turn is determined
by the initial molecular weight of the acrylated star copolymer.

For elastomers prepared from low molecular weight acrylated
star copolymer (i.e., elastomers with a high cross-link density),
degradation in vivo proceeded in a manner consistent with a
surface erosion mechanism, while, for elastomers having a low

Amsden et al.

(26) Palmgren, R.; Karlsson, S.; Albertsson, A.JC.Polym. Sci., Part
A: Polym. Chem1997, 35 (9), 1635-1649.

(27) Pogany, S. A.; Zentner, G. M. Bioerodible thermoset elastomers. U.S.
Patent Sept 10, 1991.

(28) Turunen, M. P. K.; Korhonen, H.; Tuominen, J.; Seppala, Pok/m.
Int. 2002 51, 92—-100.

(29) Storey, R. F.; Hickey, T. FRolymer1994 35 (4), 830-838.

cross-link density, degradation occurred in a manner consistent (30) Amsden, B.; Misra, G.; Gu, F.; Younes, Biomacromolecule2004

with a bulk erosion mechanism. The results demonstrate that
the mechanical behavior of the elastomers in vivo can be
accurately represented by in vitro degradation in phosphate-
buffered saline.
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