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As reported in Part I (“In vivo testing of crosslinked poly-
ethers. 1. Tissue reactions and biodegradation,” J. Biomed.
Mater. Res., this issue, pp. 307-320), microscopical evaluation
after implantation of crosslinked (co)polyethers in rats
showed differences in the rate of biodegradation, depending
on the presence of tertiary hydrogen atoms in the main chain
and the hydrophilicity of the polyether system. In this article
(Part II) the biostability will be discussed in terms of weight
loss, the swelling behavior, and changes in the chemi-
cal structure of the crosslinked polyethers after implanta-
tion. The biostability increased in the order poly(POx) <
poly(THF-co-OX) < poly(THF) for the relatively hydropho-

bic polyethers. This confirmed our hypothesis that the ab-
sence of tertiary hydrogen atoms would improve the biosta-
bility. On the other hand, signs of biodegradation were ob-
served for all polyether system studied. Infrared surface
analysis showed that biodegradation was triggered by oxida-
tive attack on the polymeric chain, leading to the formation
of carboxylic ester and acid groups. It also was found that
in the THF-based (co)polyethers, a-methylene groups were
more sensitive than S-methylene groups. For a hydrophilic
poly(THF)/PEO blend, an increase in surface PEO content
was found, which might be due to preferential degradation
of the PEQ domains. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

In Part I the tissue reactions and the biodegradation
upon implantation of several crosslinked (co)poly-
ethers in rats were evaluated by light microscopy
(LM) and transmission electron microscopy (TEM).”
(Co)polyethers with and without tertiary hydrogen
atoms in the main chain and differing in hydrophilicity
were tested (Table I). In general, all polyethers showed
good biocompatibility, i.e., no indications of release of
cytotoxic compounds and/or complement activation
were found with low neutrophil and macrophage in-
filtration, quiet giant cell reaction, and formation of a
thin fibrous capsule. Poly(POx) and PEO were the most
sensitive to biodegradation.

In the long term in vivo application knowledge about
the relationship of polymeric implants to biode-
gradation is essential. In particular, the in vivo and in
vitro biodegradation of segmented poly(ether ure-
thane)s to be used in biomedical applications are of
current interest.”" The mechanisms of in vivo degrada-
tion are still largely unknown due to the complex dy-
namic and interactive responses of the host organism

*To whom correspondence should be addressed.

to an implant. Hydrolysis (specifically enzymatic) of
the urethane and urea bonds was proposed,>* whereas
the polyether segment was considered to be relatively
stable against hydrolytic degradation.** However, the
polyether segment has been reported to be sensitive
to oxidation reactions.>** Testing of high molecular
weight (crosslinked) polyethers, i.e., in the absence of
the polyurethane hard segment, might lead to a better
understanding of the sensitivity of polyethers to bio-
degradation.

In this article (Part II) the weight loss, the swelling
behavior of the crosslinked polyethers, and the changes
in the chemical structure of the surface after implanta-
tion will be described and possible degradation mecha-
nisms will be discussed.

MATERIALS AND METHODS

Materials

The synthesis and/or molecular weight characteris-
tics of poly(POx), poly(THF), poly(THF-co-OX) (17
mole% oxetane units), and the PEO sample were de-
scribed in Part L7
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TABLE I
Structures of (Co)Polyethers

Poly(POx): -(CH,CH-0),-

i

CH,
Poly(THF): -(CH,CH,CH,CH,—O),-
Poly(THF-co-OX):  -(CH,CH,CH,CH,—O)~(CH,CH,CH;~O)r
PEO: -(CH,CH,~O)y-
Methods

Sample preparation

The preparation, crosslinking, and extraction of
solution-cast polymer films were carried out as de-
scribed in Part 1. For in vivo experiments and for
testing the reference samples, disks with a diameter of
7-10 mm were punched from the dried films (7 mm
for PEO, 9 mm for the poly(THF)/PEO blend, and
10 mm for the others).

The disks were sterilized with ethylene oxide by a
standard procedure (5 h at 55°C in an ethylene oxide
atmosphere at a relative humidity of 70%), followed
by aeration of the samples with an air flow of * 50°C
at atmospheric pressure for 48 h to remove residual
ethylene oxide. Subsequently the disks were equi-
librated in phosphate-buffered saline (PBS, NPBI,
Emmer-Compascuum, The Netherlands) at 37°C
for 3 days.

From the dried films the water content was deter-
mined after equilibrating parts of the films in water at
37°C for 2 days. The water content was calculated as the
weight percentage of the water in the swollen sample.

Implantations

The implantation procedure in male PVG-E rats of
approximately 3 months of age was described in Part
L."® The rats were sacrificed after 4 days, 4 weeks, or
12 weeks, and the implants with surrounding tissue
were harvested. Not implanted (reference) samples
were kept in PBS at 37°C for 4 days, 4 weeks, or 12
weeks for IR surface analysis and analysis of swell-
ing behavior.

Weight loss, IR analysis, and swelling experiments

Explanted samples and reference samples were
treated with a 0.3% (w/v) solution of collagenase (type
1, Sigma, St. Louis, USA) in PBS at 37°C for 4 days,
with the collagenase solution being refreshed after 2
days. Then after the 4 days the samples were rinsed
thoroughly with distilled water and dried to constant
weight in vacuo at 40°C. From the weight before implan-
tation (W,) and the weight after implantation (W,) the
weight loss was determined [(W;-W,)}/W,; (X100%)].
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Macroscopically the films were observed upon their
appearance.

FT-ATR-IR spectra of the samples were recorded on
a Biorad Digilab FTS-60 spectrophotometer equipped
with a horizontal-ATR device. KRS-5 was used as the
internal reflection element under a 45° endface angle.

The samples then were extracted with a solvent (tol-
uene for poly(THF), poly(THF-co-OX), and poly(POx);
dichloromethane for the poly(THF)/PEO blend; and
water for PEO) for 3 days and the weight of the swollen
samples (W,,) was measured. The samples were dried
to constant weight (W) in vacuo at 40°C. The swelling
was calculated by the weight ratio of the swollen and
dried film (W,,/W4y) and the sol fraction by the ratio
of the weight loss due to extraction and the weight of
the sample before extraction [(W,-W,,)/ W, (X100%)].

RESULTS

Macroscopic evaluation, weight loss, swelling, and
sol fraction

The values for the water content for poly(POx),
poly(THF), and poly(THF-co-OX) amounted to 1-3
wt% water, whereas PEO and the poly(THF)/PEO
blend contained 63 and 30 wt% water, respectively.
Therefore a distinction is made between hydrophilic
materials, PEO and the poly(THF)/PEO blend, and
hydrophobic materials, poly(POx), poly(THF), and
poly(THEF-co-OX). In Table II the macroscopic observa-
tions of the explanted samples are presented together
with the weight loss, the swelling behavior, and the
sol fraction after extraction. For comparison, the results
of the reference samples also are given.

Hydrophobic materials

The in vivo samples of poly(POx) had lost much of
their initial weight and had become more fragile/brit-
tle with increasing implantation time. When the 1-
month and 3-month samples were put in toluene, the
amount of absorbed solvent was very high. The swol-
len samples became intractable and fell apart when we
tried to determine the W,,. The experiments with the
reference samples in PBS at 37°C resulted in high
weight losses, swelling ratios, and sol fractions. Appar-
ently the poly(POx) degrades in vivo as well as under
the conditions used for the reference samples.

The in vivo samples of poly(THF) became somewhat
bubblelike, foamy, after 1 month, resulting in a de-
creased transparency. With increasing implantation
time, the increase in weight loss, in swelling, and in
the sol fraction for the in vivo samples was higher than
they were for the references. However, compared to
poly(POx), poly(THF) appeared to be much more sta-
ble in vivo as well as under the reference conditions.
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Macroscopic Evaluation of Weight Loss, Swelling, and Sol Fraction of Explanted in vivo and Reference (Ref.) Samples

Sol Fraction

Weight Loss (WrWy,)/
(W-W) /W, Swelling? W,
, . . (X100%) W/ Wary (X100%)
Macroscopic Evaluation of Explanted films: (Reference
Samples in Parentheses) invivo Ref. invivo Ref. invivo Ref.
poly(POx): (All reference samples: opaque and somewhat crumpled
surface)
4 days: Opaque and somewhat crumpled surface 22 48 39 30 43 28
1 month: Opaque, rough, crumpled surface, fragile film 31 16 nd® 35 nd 36
3 months: Opaque, rough, crumpled surface, fragile film, fell apart 41 22 nd 45 nd 55
poly(THF): (All reference samples: transparent with smooth
surface)
4 days: Transparent with smooth surface 0 0 410 419 0.5 1.0
1 month: Slightly bubble-like, foamy structure 2.7 02 526 446 9.4 1.5
3 months: Bubble-like, foamy structure, less stiff than at 1 month 7.5 0.2 5.95 454 143 17
poly(THF-co-OX): (All reference samples: transparent with smooth
surface)
4 days: Transparent with smooth surface 0.6 06 469 478 1.0 12
1 month: Bubble-like, foamy structure 4.2 0.6 5.40 481 154 13
3 months: More pronounced bubble-like, foamy structure, less stiff 8.2 12 691 515 221 3.6
than at 1 month
PEO: (References: white solid films with slightly irregular
surface, 3-month reference had shrunk)
4 days: Slightly brownish, same surface structure as control 20 8 287 307 0.1 0.2
1 month: Brownish, deviant surface structure =57 14 2.15 3.25 0.3 0.2
3 months: Brown lump -27¢ 35 2.40 3.78 0.2 0.1
poly(THE)/PEO blend: (Al reference samples: opaque with smooth surface)
4 days: Opaque 0.8 14 673 6.64 0.5 0.5
1 month: Very slightly brownish -12¢ 28 702 6.87 128 0.8
3 months: Slightly brownish 2.9 45 719 7.52 84 2.1

*Measured in toluene for poly(POx), poly(THF), and poly(THF-co-OX), in water for PEO, and in dichloromethane for

poly(THF)/PEO.
’nd = not determined because sample fell apart.
‘Negative weight loss means weight increase.

Similar to poly(THF), the in vivo samples of
poly(THF-co-OX) showed a bubblelike, foamy struc-
ture after 1 month. The weight loss, the increase in
swelling, and the sol fraction for both the in vivo and
reference samples were slightly higher than for the
poly(THF).

Hydrophilic materials

The weight of the explanted PEO samples was higher
than the weight of the implanted samples. Light micro-
scopic evaluation of the 3-month in vive PEO implanta-
tion sample revealed that not all cellular material was
removed by the collagenase treatment, which might
explain the increase (27%) in weight as well as the
brownish color. For the reference samples, both the
weight loss and the swelling increased with time of
treatment in PBS. After 3 months 35% of the initial
weight was lost and the sample had shrunk consid-
erably.

Because of the increase in weight found for the in
vivo samples of PEQ, care must be taken when interpre-
ting the in vivo results of the PEO-containing blends.
As for the PEO samples, all cellular material might
not have been removed by the collagenase treatment,
which also is indicated by the slight brownish color.
For the reference samples, an increase in weight loss,
swelling, and sol fraction were found as the treatment
time increased. Considering the small weight loss of
the poly(THF) reference after 3 months, and a corres-
ponding high value for the PEO reference, the 4.5%
weight loss for the blend may be ascribed predomi-
nantly to degradation of the PEO fraction.

Surface analysis (IR)

In order to get information about the mechanism
by which (bio)degradation had taken place, ATR-IR
analysis was performed. Because of the weight increase
found for the explanted PEO samples, their IR spectra
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Hydrophobic materials

TABLE III
IR Assignment of New Absorptions
Absorption (cm™) Possible Assignments'¢'# As an example of the surface changes of poly(POx),
. the spectrum of the 3-month in vivo sample is given
* 3600-3100 O;H stretch (.)f a?d’ alcohol (or in Figure 1 as is the 3-month reference. Already after
ydroperoxide) 4 -
*= 1730 C=0 stretch of carboxylic ester or 4 days small peaks at 1730 cm™ and 1655 cm™' were
aldehyde present for the in vivo sample. The intensity of the peak
* 1655 C=0 stretch of COOH" at 1730 cm ™' remained approximately the same for the
C=C stretch alkene’ 4-day, the 1-month, and the 3-month in vivo samples,
+ 1540 gﬁgig (()Sft?;:gf;e)n d) (amide 1) Whe.l‘gas the intensity of the 1655 cm™! peak increased
+ 1170 O—C—0 asym. stretch of ester” or significantly. No reference sample showed any absorp-
tion at 1730 cm™ or at 1655 cm ™, indicating that the

carboxylic acid”
presence of these peaks was caused by biodegradation.

Also, in contrast to the reference samples, an increase
of a broad band at 3600-3100 cm™ was observed for
the in vivo samples (see Fig. 2).

In Figure 1 the spectra of the in vivo samples of
poly(THF) are given together with that of the 3-month
reference. While after 4 days in vivo only a very small
absorption at 1730 cm™ was observed, this peak was

1730 em’! 1655 cm! M/\JM
poly(POx) 3m-iv f“/\v/m MM

were difficult to interpret and therefore will not be dis-

cussed.
In Table III values are given for new absorptions

observed on the polymer surfaces and their possible
assignments are outlined.
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Figure1l. ATR-IR spectra of explanted and reference samples. (m, month(s); d, days; iv, in vivo sample; ref, reference sample).
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Figure 2. ATR-IR spectra of explanted and reference samples. (m, month(s); d, days; iv, in vivo sample; ref, reference sample).

much more pronounced for the 1- and 3-month sam-
ples. After 1 month of implantation a peak at 1170 cm ™
appeared, which seems to be related to the one at
1730 cm™. A peak at 1655 cm™' already was clearly
present after 4 days of implantation. Another change
in the spectra, as a function of the implantation time,
was the relative decrease of the intensity of the peaks
at 2796 cm™ and 1482 cm™! (a-CH,) compared to the
peaks at 2937 cm ™! and 1446 cm ™! (B-CH,) (Fig. 2).

Similar to the observations for poly(THF), a small
peak was found at 1730 cm ™! after 4-days implanta-
tion of poly(THF-co-OX), and this peak was more
pronounced after 1 and 3 months. A small band at
1655 cm™ was visible after 4 days of implantation and
this band also increased with implantation time. The
reference samples after 1 and 3 months showed weak
absorptions at 1730 and 1655 cm™ and 1545 cm™, with
intensities comparable to those of the in vivo sample
of 4-day implantation. Also for poly(THE-co-OX) a rel-
ative decrease of the intensities of the peaks at 2796
and 1482 cm™! was found.

Hydrophilic materials

After 4-days implantation of the poly(THF)/PEO
blend, a band at 1655 cm™ was visible together with
a small absorption at 1730 cm™'. The band at 1730 cm ™!
increased only slightly with implantation time, but the
1655 cm™ absorption increased more strongly (Fig. 1).
After 3-months implantation a peak at 1545 cm™ also
was clearly present. A noticeable decrease in intensity
was observed for the bands at 1482, 1446, 1433, 1366,
and 1208 cm™, all characteristic of poly(THF), and an
increase of the intensity of the bands at 1466, 1345,
1282, and 1148 cm™', which is characteristic of PEQO.
For comparison the spectrum of untreated PEO also
is given in Figures 1 and 2.

DISCUSSION

The changes in the degree of swelling and in the sol
fraction of the explants, as well as of the reference
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samples (Table II), are probably due not only to degra-
dation of the surface, but also to the bulk of the sam-
ples, as observed by Meijs et al. in the in vitro degrada-
tion of poly(ether urethane)s in a hydrogen peroxide
solution.® The results obtained for the weight loss, the
swelling, and the sol fraction of the hydrophobic
polyethers confirm our conclusion from Part I that
poly(POx) possesses the lowest resistance to degrada-
tion. In vivo more than 40% of the initial weight was
lost after 3-months implantation, and this can be ex-
plained by the pronounced phagocytic activity of giant
cells as observed with LM." Similar high degradation
rates for poly(POx) in vivo in rats were reported by
Bakker et al., who found a decrease of more than 50%
of the cross-sectional area of implanted poly(POx) sam-
ples 13 weeks postimplantation and a high extent of
phagocytosis.'* Next to the presence of tertiary hydro-
gen atoms, catalyst residues may be a possible cause
for the poor stability of poly(POx).”!

Although less pronounced than with poly(POx), the
results for poly(THF) and poly(THF-co-OX) indicate
that with these (co)polyethers also (bio)degradation
had taken place. The higher stability of poly(THF) and
poly(THF-co-OX) compared to poly(POx) might be
due to a higher reactivity to tertiary than to secondary
(or primary) carbon atoms.”* The loss of transparency
for the explanted samples of poly(THF) and poly(THF-
co-OX) might be considered signs of biodegradation,
as has been reported by Wu et al. for the in vivo degra-
dation of poly(ether urethane)s.? Although phago-
cytosis was not observed for poly(THF) even
3 months postimplantation, a weight loss of the ex-
planted samples was found, possibly indicating that
low-molecular-weight degradation products were re-
moved by the collagenase-washing procedure of the
explanted samples.

The weight loss, swelling, and sol fraction of the in
vivo samples of PEO are difficult to interpret because
of the presence of cellular material. Incomplete re-
moval of the cellular material probably was a conse-
quence of ingrowth of cellular material into the hydro-
philic, and therefore highly swollen, PEO network,
which made the cellular material difficult to remove
afterwards. Compared to the reference samples of
poly(THF) and of poly(THF-co-OX), the reference sam-
ples of PEO showed a high swelling in aqueous media.
Therefore the crosslinked polymeric chains are con-
stantly under tension, which leads to a higher energetic
level of the chains and makes the network more vulner-
able to degradation reactions. For comparison, Ellis et
al. reported about an increasing swelling with duration
of immersion for crosslinked natural rubber in ben-
zene. The increment after diffusion equilibrium gener-
ally was believed to be due to oxidative degradation
of the network in the swollen state.*

Furthermore the high swelling results in an in-
creased accessibility of the polymeric chains to oxida-
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tive attack. Not only is the ease of invasion of cellular
material enhanced, as was reported earlier for PEO
only 4 days postimplantation,' but also the permeabil-
ity of the network for oxidizing agents is much higher.
Tyler et al.® reported that permeability plays an
important role in the degradation of poly(ether
urethane)s by hydrogen peroxide. Swelling of the
poly(ether urethane)s in hydrogen peroxide was pro-
posed to be due to the formation of hydrophilic groups
in reaction to hydrogen peroxide and was assumed to
accelerate the rate of degradation by enhancing the
transport of water and hydrogen peroxide into the bulk
of the polymer. In addition to these phenomena arising
from the hydrophilicity of the PEO network, structural
aspects also may play an important role in (bio)degra-
dation. The polymeric backbone of PEO consists exclu-
sively of a-methylene groups, which are reported to
be sensitive to oxidative attack.®” The susceptibility of
PEO to degradation also was reported by Santacesaria
et al. for the autoxidation of PEO at room tempera-
ture.”® In addition, other reports from the literature
indicate that even traces of oxygen can initiate PEO
degradation at moderate temperatures.”* Bortel et al.
observed that degradation of high-molecular-weight
PEO can take place even at room temperature in the
absence of oxygen.” Furthermore, in our study, a cer-
tain amount of tertiary carbon atoms was introduced
into the network as a result of the UV-induced cross-
linking of the PEO with 6 phr DCP, and degradation
reactions possibly were initiated at these sites. Kohjiya
et al. studied linear polyetherurethaneureas containing
linear low molecular weight PEO-poly(THF)-PEO
triblock copolyethers as soft segments.?” In contrast to
the significant increases in the swelling of the PEO-
containing reference samples that we found as a func-
tion of time, they did not observe any significant in-
creases in swelling even after 6 months of soaking in
saline solution at 37°C. This might indicate that the
tertiary hydrogen atoms introduced by chemical cross-
linking may plan an important role in the degradation
of our crosslinked PEO-containing samples. Addition-
ally, the tension of the network due to the swelling
concentrates on these crosslinking sites.

Due to the high swelling in water of the PEO sam-
ples, it is difficult to evaluate a possible effect of the
chemical structure of PEO on the degradation in com-
parison with that of the hydrophobic polyethers. In
order to gain more insight with respect to the different
behaviors of the polyethers, we also tested them in the
dry state by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The stability
in an oxygen-rich environment (air) was tested with
heat as well as by isothermal ageing experiments, and
the heat evolution and the weight loss were recorded
simultaneously. The results from the isothermal ageing
experiments are represented in Figure 3, indicating the
following increasing order of stability: poly(POx) =
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Figure 3. Isothermal ageing of crosslinked polyethers at
120°C in air: (a) weight loss, and (b) heat flow as a function
of ageing time; (1) poly(POx); (2) PEO; (3) poly(THF-co-OX);
(4) poly(THF).

PEQO < poly(THF-co-OX) < poly(THF).* The fact that
poly(POx) showed the lowest stability is in agreement
with the proposed negative effect of tertiary hydrogen
atoms on the oxidative stability. The sequence PEO <
poly(THF-co-OX) < poly(THF) indicates that a lower
amount from a-methylene groups leads to more stable
materials, as will be discussed below.

Large weight increases, such as observed for the
in vivo samples of PEO, were not found for the
poly(THF)/PEO blend, although some cellular mate-
rial still might have been present. This might be caused
by the much lower swelling in water of the blend com-
pared to PEO, which decreases the ease of the invasion
of cells. Noteworthy is the gradual increase with im-
plantation time of the PEO content on the surface of
the blend, as shown by IR analysis. This seems to be
in contrast with the findings for the reference samples,
which demonstrated that PEO degraded faster than
poly(THF). It is conceivable, however, that during im-
plantation, the PEO domains in the blend are preferen-
tially attacked and penetrated by small pseudopods of
macrophages. In Part I of this study, it was shown that
for the poly(THF)/PEO blend a frayed morphology
had developed, which became more pronounced with
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increasing implantation time."” A frayed morphology
will result in an increase in the total surface area, which
will consist of a relatively higher amount of PEO due
to preferential attack of the PEO domains.

The considerable weight loss and/or sol fraction ob-
served for the reference samples of poly(POx) and PEO
after only 4 days also might indicate that the ethylene
oxide sterilization procedure contributed to degrada-
tion. However, compared to poly(POx), the other hy-
drophobic polyethers, poly(THF) and poly(THF-co-
0OX), did not show such high values for the weight loss
and sol fraction. Unlike these polyethers, poly(POx)
contains tertiary hydrogen atoms that might be the
cause of the faster degradation of poly(POx).

Degradation mechanism

After implantation of a foreign body, such as a poly-
mer sample, macrophages adhere quickly to the sur-
face, become activated, and can form foreign-body gi-
ant cells. These phagocytic cells release superoxide
anions, hydrogen peroxide, hypochlorite, and (hy-
drolytic) enzymes, and local concentrations of these
products can become high.**#*'-® Furthermore the in-
terfacial environment changes into the acidic range.
Adsorption of a,-macroglobulin also has been reported
to play an important role in biodegradation.” Based
on the results mentioned in the preceding paragraphs,
a possible mechanism now will be discussed for the
observed degradation. The appearance of new bands in
the IR spectra of the explanted hydrophobic polyether
samples might be explained by assuming a mechanism
similar to that proposed by Wu et al.” for the in vivo
degradation of poly(ether urethane)s with poly(THF)
as the soft segment (Fig. 4, path (1)) and/or by assum-
ing a mechanism for the autoxidation of polyethers
(path (2) in Fig. 4).22%%* Figure 4 shows the proposed
degradation mechanism with poly(THF) as an ex-
ample.

Wu et al. reported that superoxide anion radicals
combine rapidly with protons to form hydroperoxide
radicals HOO*, which attack the polymer backbone
leading to the hydroperoxide groups POOH (Fig. 4).
According to Wu et al., the hydroperoxide subse-
quently will dehydrate to form an ester, which then
will hydrolyze due to esterases, leading to chain scis-
sion and resulting in the formation of carboxylic acid
and alcohol groups.” Schubert et al. suggest that the
radicals P* might be formed by hydrogen abstraction
from the polyether soft segment by thiyl radicals that
formed after reaction of hydroxy radicals with free
thiol groups of (adsorbed) a,-macroglobulin (not
shown in Fig. 4).1

Another form of degradation (autoxidation) can take
place by way of a variety of reaction paths, allinvolving
radical mechanisms. In short the propagation reactions
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Figure 4. Proposed mechanism for the in vivo degradation of poly(THF).

of this autoxidation consist of the formation and de-
composition of hydroperoxide groups on the polymer
backbone (POOH in Fig. 4). Homolysis of the hydro-
peroxide leads to hydroxyl and alcoxy radicals (PO*).
The latter can form an ester by hydrogen fragmentation
[(3) in Fig. 4] or can lead to chain scission, resulting in
the formation of aldehyde and ester groups [(4) and
(5) in Fig. 4). These reactions occur without the loss of
radical activity, and the remaining radicals can con-
tinue the degradation. Hydrolysis of the ester bonds
will lead to the formation of alcohol and acid groups.

The most prominent new absorptions in the IR spec-
tra were the bands at 3600-3100, 1730, 1655, and
1170 em™, most of them originating from oxygen-
containing groups (Table III). The broad band at
3600-3100 cm™! is characteristic for the presence of
O—H containing groups such as carboxylic acids and

alcohols. This band also might indicate the presence
of hydroperoxides because they have been reported to
be relatively stable at moderate temperatures.®” The
carbonyl band at = 1730 cm™' could be the result of
carboxylic ester or aldehydes. The peak at = 1170 cm™
can be attributed to the presence of carboxylic ester
groups, although Thoma et al. suggested that the IR
peak at 1174 cm™ might be the result of coordination
of the ether oxygen with a metal ion.* Since no metals
are used in our study, the attribution to ether oxygen/
metal ion coordination is not very likely. In biodegra-
dation studies of poly(ether urethane)s, Wu et al.” ob-
served a new absorption peak at 1174 cm™ and as-
signed this to carboxylic ester or acid. However,
Schubert et al. noted that this absorbance also might
be an indication of “branched ether,” formed due to
crosslinking of the polyether soft segment.™ For perox-
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ide-crosslinked polyethers, which were not treated in
vivo or under the reference conditions, we did not find
such an absorption. Thus, Schubert’s assignment does
not seem to be valid for our systems, and we attributed
the absorption to the presence of carboxylic ester
groups. Since the intensities of the absorptions at
1730 e ™ and 1170 cm™! seem to be coupled, we as-
cribed the 1730 cm™ absorption to carboxylic ester
groups, although the presence of aldehyde groups can-
not be excluded beforehand. That the presence of alde-
hyde groups could not unequivocally be confirmed
spectrally for any of the tested materials might indicate
that their formation is less likely or that they are rela-
tively unstable and are oxidized to acid rapidly after
their formation.! The band at = 1655 cm ™! was ascribed
to the presence of carboxylic acid groups (or alkene)
and is in agreement with the assignments made by
Zhao et al." and Wu et al.” for their in vivo degradation
studies of poly(ether urethane)s.

The small carbonyl band at = 1730 cm™" in the spec-
tra of the in vivo samples of poly(POx) might indicate
the presence of ester groups. The high intensity of the
band at 1655 cm™' (acid) suggests a rapid hydrolysis
of formed ester bonds. For poly(POx) the formation of
ester according to route (1) would involve the produc-
tion of toxic methanol instead of water although no
toxic effects were found during our in vivo study. In
addition to methanol, toxic aldehydes, such as acetal-
dehyde, are reported to be degradation products of
poly(POx).” In an in vivo study of poly(POx) with rats,
Bakker et al.” reported on toxic effects leading to the
untimely death of rats and probably caused by alde-
hydes released during the breakdown of poly(POx).
Considering our proposed mechanism, the production
of methanol also might have contributed to such
deaths. Noteworthy is the almost complete absence
of the carbonyl bands for the reference samples of
poly(POx) even though severe degradation had occur-
red, as was shown by the weight loss after treatment
and the swelling behavior.

For poly(THF) and poly(THF-co-OX) the absorp-
tions at 1655 cm™ (acid) initially (after 4 days in vivo)
were more pronounced than the band at = 1730 cm™
(ester). After 3 months of implantation, both absorp-
tions were clearly present. A possible explanation for
the increase of the ester absorption from 4 days to 1
month is that ester groups formed in the earlier stage
of implantation at the near surface of the polyethers
were more quickly hydrolyzed as compared to ester
groups formed in the bulk after longer implantation
times. Because only a small absorption for poly(POx)
was found at 1730 cm ™, hydrolysis of ester bonds pos-
sibly occurred more rapidly for poly(POx) than for
poly(THF) and poly(THF-co-OX).

Pinchuk proposed that because of the low pH in the
vicinity of macrophages and giant cells, chain cleavage
by acid hydrolysis also might be responsible for the
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degradation of poly(ether urethane)s.”® According to
that mechanism no carboxylic ester and /or acid groups
would be formed, which means that our results do not
support their mechanism.

The peak at *+ 1540 cm™’, observed not only for
poly(THF) and poly(THF-co-OX) but also for poly
(POx), PEO, and the blend, might be ascribed to irre-
versible adsorption of collagenase during the work-up
procedure and may reflect the amide II peak. Adsorp-
tion of proteins on solid surfaces is well known; e.g.,
Phua et al." found IR peaks at 1653 cm ™' (amide I) and
1550 cm™! (amide II) on the surface of Biomer due to
irreversible protein adsorption. In a degradation study
of poly(ether urethane)s in a protein solution, Takahara
et al.? also observed amide I and amide II absorptions
in ATR-IR spectra of a poly(ether urethane) with PEO
as the soft segment, which was ascribed to either ab-
sorption or adsorption of proteins. For the in vivo sam-
ples in our study it also is possible that the peaks at
+ 1540 cm™ are due to (extracellular matrix) protein
deposition on the material, as observed by light micro-
scopic evaluation for the 1-month blend.” If this band
resulted from adsorbed proteins, then the absorption
at 1680-1620 cm™' may not be ascribed exclusively to
carboxylic acid groups, but also partly to the amide [
band of proteins.

To investigate the site at which oxidative attack of
poly(THEF) and poly(THF-co-OX) occurs, a distinction
has to be made between a-methylene and 8-methylene
groups. Preferential oxidation of one of the types will
lead to a change in the ratio of their amounts present
in the degraded samples. The ratio of the intensity of
the IR absorptions characteristic for the 8-methylene
group (v,(CH,); (asymmetric stretching) at 2937 cm ™)
and that for the a-methylene group (v,(CH,), (symmet-
ric stretching) at 2796 cm™)* was calculated by divid-
ing the corresponding values of the absorbances Ag
and A, (Table IV): R{—CH3—CH§—CH,—O—R,.

From Table IV it is clear that the a-methylene groups
are more sensitive to oxidation than are the B-

TABLE IV
Ratios of IR Absorbances of B-CH, Groups (A, at
2937 cm™') and a-CH, Groups (A, at 2796 cm™)

Ag/A,

in vivo Ref.
Poly(THF):
4 days: 2.20 2.15°
1 month: 2.33 2.16°
3 months: 2.44 2.16
Poly(THF-co-OX )"
4 days: 2.11° 2.072
1 month: 2.38 2.08°
3 months: 2.41 2.10

*Spectra not shown.
*Consisting of 83 mole% tetrahydrofuran (THF) units and
17 mole% oxetane (OX) units.
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methylene groups. These results are in agreement with
those from studies on the degradation of poly(ether
urethane)s with poly(THF) as the soft segment®” and
can be explained as suggested by Grassie et al. that
oxygen attached to carbon activates the a-carbon atom
to peroxidation reactions.” Next to attack on the o-
methylene groups, a less probable degradation by hy-
drogen abstraction from B-methylene groups, leading
to formation of alkene bonds, was suggested by Zhao
et al.! However, the observed increase in the absorp-
tions at 1655 cm ! and at 3600-3100 cm ! and the in-
crease of the ratio Ayz/A,, support the assignment of
these bands to acid instead of to alkene groups, which
means that there are no indications of the occurrence
of B attack, although it cannot be excluded.

Considering the higher sensitivity to oxidation of
the a-methylene groups, the somewhat higher stability
of poly(THF) over poly(THF-co-OX) might be a result
of the lower number of a-methylene groups in the
former. This is in agreement with the hypothesis of
Gunatillake et al.*” that the resistance to oxidation of
poly(ether urethane)s will increase with increasing
C/O ratio of the polyether soft segment.

CONCLUSIONS

Using subcutaneous implantation in rats, the effect
of implantation on the surface and bulk properties of
several crosslinked polyethers was studied as a func-
tion of the implantation time. For the relatively hydro-
phobic polyethers studied, the biostability, in terms of
weight loss, increase in swelling, and in sol fraction,
increased in the order poly(POx) < poly(THF-co-OX)
< poly(THF). This is in agreement with the results
from our microscopical evaluation reported in Part 1
and confirms our hypothesis that the absence of ter-
tiary hydrogen atoms would improve the biostability.”
Biodegradation consisted of oxidative attack on the
polymeric chain, leading to the formation of carboxylic
ester and acid groups. It also was observed that among
the THF-based (cojpolyethers, a-methylene groups
were more sensitive than 8-methylene groups. For the
poly(THF)/PEO blend an increase in surface PEO con-
tent was found, which might be due to preferential
degradation of the PEO domains resulting in the frayed
morphology observed after implantation.

In conclusion, a significant improvement with re-
spect to the biostability of poly(POx) was obtained by
applying polyethers without tertiary hydrogen atoms.
However, signs of biodegradation still were observed,
and that degradation probably was due to the presence
of a-methylene groups in the polyethers. Therefore
a further improvement of the biostability might be
achieved by diminishing the number of these suscepti-
ble groups.
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