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In this study short-term in vitro and in vivo biocompatibility apects of a biodegradable
polyurethane (PU) foam were evaluated. The PU consists of hard urethane segments and
amorphous soft segments based on a copolyester of dl-lactide and ¢-caprolactone. The
urethane segments are of uniform length and synthesized with 1,4-butanediisocyanate. The
foam has good mechanical properties and will be used for tissue regeneration applications.
Degradation tests were carried out in a buffer solution for twelve weeks. Cytotoxicity was
determined using extract and direct contact test methods with incubation periods varying
form 24 to 72 h. The foam was implanted subcutaneously for one, four and twelve weeks
and the tissue response to the material was histologically evaluated.

In vitro, the mass loss was 3.4% after twelve weeks. In the cytotoxicity tests the PU
caused no abnormal growth behaviour, nor morphological changes or inhibition in
metabolic activity. The in vivo studies showed no toxic tissue response to the PU.
Connective tissue ingrowth, accompanied by vascular ingrowth was complete at twelve
weeks. In vivo degradation had started within four to twelve weeks.

In conclusion, the PU shows a good in vitro and in vivo biocompatibility in these

short-term experiments.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

Biodegradable materials have been applied in medical
practice for over thirty years. In the past, these mate-
rials were mainly used in sutures and osteosynthesis
materials [1-3]. These devices have a non-permanent
function. If made of a biodegradable material, their re-
moval from the body after they have performed their
function is not necessary, which is considered a major
advantage over non-degradable materials. This advan-
tage also accounts for the more recent applications of
biodegradable materials, such as scaffolds for tissue re-
generation and engineering [4].

Polylactides, polyglycolides and combinations of
these materials are the most widely applied biodegrad-
able materials. It has been shown that the short-term
biocompatibility of these materials is acceptable [5, 6].
However, during degradation complications may occur.
In case of crystalline polylactides, like Poly-L-Lactide
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(PLLA), the degradation processis slow [7] and remain-
ing particles can cause a chronic foreign body reaction
[8, 9]. If degradation occurs too fast, complications can
be initiated by the quick drop in pH and the release
of polymer particles that may overwhelm the cleaning
capacity of the body [10, 11].

In general, biodegradable polymers have mechanical
properties that are significantly less than permanent ma-
terials [12, 13]. The mechanical properties of crystalline
polylactides are relatively good but the slow degrada-
tion and the problems with long-term biocompatibility
limit their applications [12].

An ideal biodegradable material would have appro-
priate mechanical properties combined with a good
biocompatibility on the short term as well as dur-
ing degradation. Until recently, polyurethanes (PUs)
were not considered to meet these criteria, because
they were produced using aromatic diisocyanates [14].

221



Degradation of these PUs leads to the release of poten-
tial carcinogenic components.

New biodegradable PUs developed by Spaans ef al.
[15], are synthesized with an aliphatic diisocyanate
(1,4-butanediisocyanate). Hydrolysis of the urethane
bond leads to the formation of butanediamine. This sub-
stance is a normal constituent of all mammalian cells
and plays a role in the regulation of cell growth. The
catabolites are excreted in urine [16].

The purpose of this study was to evaluate the
short-term biocompatibility and degradation of the
new biodegradable PU in vitro and in vivo. The ma-
terial was tested as a highly porous foam, as we
are planning to use it for guided tissue regeneration
applications.

2. Materials and methods

2.1. Materials

A random prepolymer of 50% DL(50/50)-lactide and
50% e-caprolactone (Mn = 2000) was obtained by
ring opening polymerization of the monomers with the
required amount of 1,4-butanediol (BDO) initiator at
130°C for 120 h using stannous octoate as catalyst
(0.03 w/w%). The resulting macrodiol was end-capped
with a six-fold excess of 1,4-butanediisocyanate (BDI)
at 60 °C and the excess was distilled off. Chain exten-
sion was performed in 40 w/w% 1,4-dioxane solution
at 70 °C using a BDO-BDI-BDO urethane chain exten-
der. The resulting PU consisted for 22.5 w/w% of hard
urethane segments and for 77.5 w/w% of amorphous
polyester soft segments.

The highly viscous polyurethane solution was diluted
with 1,4-dioxane to a concentration of 4 w/w%. After
addition of 7.5 w/w% water the solution was poured
into a mould. The solution was cooled down to —18 °C
followed by freeze drying (1 mbar) to remove the water
and dioxane crystals. The porosity of the PU foams
was 94 v/v% and this was calculated by determination
of weight (d = 1.1 g/lcm?) and volume. SEM studies
of the foams showed a pore size of 100-300 um with
interconnective pores of 10-30 um (Fig. 1).

In all tests, PU foams were compared to foams
made of high molecular weight poly (dl-lactide-co-
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Figure 1 Porous structure of the PU foam, pictured with scanning elec-
tron microscopy.
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g-caprolactone), a copolymer (CP) of similar compo-
nents as the soft segments of the PU. This CP was ob-
tained by ring opening polymerization of the required
monomers at 110 °C for 11 days using stannous octoate
as catalyst. Foams of the CP were prepared using the
same method as for the PU foams.

Commercially available ultra high molecular weight
polyethylene (UHMW-PE, obtained from Goodfellow,
UK) served as a non-degradable control material. Both
control materials have been shown to have a good short-
term biocompatibility [17, 18]. All materials were ster-
ilized with ethylene oxide.

2.2. In vitro degradation study

Cylindrical PU and CP foams were degraded at a tem-
perature of 37 °C in separate tubes containing 30 ml
sterile Sorensen buffer solution (pH 7.4). The mean
(+£standard deviation) weight was 180 + 5.6 mg of PU
foams and 167 £ 11.6 mg of the CP foams. The PU
samples had a length of 3.55 4= 0.10 cm, with a diame-
ter of 0.97 £ 0.03 cm. The CP samples had a length of
2.64 £ 0.13 cm and a diameter of 0.75 £ 0.03 cm.

According to ISO standard 15814, three samples
were taken for each period and pH was measured at
fixed time intervals. If necessary, the pH was adjusted
to 7.4 + 0.3 with 1.0 N NaOH.

After periods varying from 1 day to 12 weeks the de-
grading foams were filtered over a preweighed 0.45 um
filter (Durapore membrane filter, Milipore). The degra-
dation products remaining on the filter were rinsed with
distilled water to remove residual buffer salts. After
freeze-drying, the filters were weighed to determine
the mass of the remaining foam.

2.3. Cytotoxicity tests

Extraction and direct contact tests were used to evaluate
the cytotoxicity of the non-degraded materials [19, 20].
The tests were based on ISO 10993-5 standards.
Mouse fibroblasts (1.929) were cultured in RPMI-1640
medium, supplemented with 10% fetal calf serum, 1%
penicillin streptomycin and 1% L-Glutamin (all ingre-
dients obtained from Gibco). Extracts were prepared in
the same culture medium. All cytotoxicity tests were
evaluated at 24, 48 and 72 h. Latex rubber served as a
positive control. A blank control was included to evalu-
ate the influence of the procedure. After the incubation
period, confluency of the cell monolayers was com-
pared to the controls and the cells were evaluated for
lysis, morphology, and cell growth. In both extract and
direct contact tests the cells were counted. An MTT
procedure was performed to test the metabolic activ-
ity of the cells exposed to extracts [19]. The optical
density of the MTT conversion product was measured
with a microplate reader (BioRad, model 3550-UV) at
595 nm. The MTT test was performed in sixfold, all
other tests were performed in triplicate.

A one way analysis of variance (ANOVA) was used
to compare the results of the PU to the controls (signif-
icance level 0.05). In case of a statistically significant
result, a multiple comparison test according to Tukey
was performed [21].



Figure 2 PU, CP and PE samples implanted on different locations in the
back of the rats.

2.4. Subcutaneous implantation study

Nine six-week-old male Wistar rats were anaesthesized
with halothane. Discs measuring 10 mm in diameter
and 1 mm in thickness were implanted in subcutaneous
pockets on the back. Two discs of each biomaterial (PU,

TABLE 1 Scoring parameters of the tissue response to the PU and
control materials

Parameter Score

—_

. Necrosis
2. Thickness of fibrous capsule
3. Number of inflammatory cells

yes/no
number of cell layers

3a. Polymorphonuclear cells' 04
3b. Macrophages' 0-4
3c. Foreign Body Giant Cells' 04

4. Tissue ingrowth into the foam
4a. Ingrowth of connective tissue? 0-4
4b Ingrowth of tissue accompanied yes/no

by vascularisation

5. Foam
5a. Signs of degradation’ 04
5b. Cells with phagocytic activity' 0-4

(foamy cells, large cytoplasm)

"Numbers of inflammatory cells or cells with phagocytic activity range
from hardly any cell present (0) to a high number of cells (4).

2The score of tissue ingrowth varies from no ingrowth (0) to infiltration
of tissue into the whole area of the foam (4).

3Loss of foamy structure or diffuse staining of the foam were defined as
signs of degradation. The score varies from no signs of degradation (0)
to degradation in the centre of the foam (4).

6.0
5.0 4
4.0 4
3.0
2.0 1

Mass loss (%)

—B-CP

Time (weeks)

Figure 3 Invitro massloss (%) of PU and CP at 37 °C in Sorensen buffer
solution at pH 7.4 (0-12 weeks).

CP, PE) were implanted in each rat (Fig. 2). Per time
interval, three rats were used to evaluate a total of six
discs of each material. To exclude influences caused by
the location of implantation the rats had varying sample
configurations.

The rats were housed according to the Dutch national
code of practice for animal welfare and had free access
to standard food and water. At 1, 4 and 12 weeks the
animals were sacrificed by cervical dislocation. The
skin of the back was cut and the samples were lo-
cated and inspected macroscopically. The samples were
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Figure 4 Results of the cell count of the extract test (4a), MTT procedure
(4b), and the cell count of the direct contact test (4c) after 24, 48, and
72 h of incubation. The optical density of the samples (4b) is a measure
for the metabolic activity of the cells. The error bars indicate the standard
deviation (n = 3 in Fig. 3(a) and (c), n = 6 in Fig. 4(b)). (Pos = positive
control).
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then explanted, fixed in 4% phosphate buffered forma-
lin, and embedded in GMA. They were cut perpen-
dicular into two series of sections with a thickness of
2 um and were stained with Toluidin Blue and Toluidin
Blue/Basic Fuchsin. The tissue response was evaluated
using a semi-quantitative scoring method (Table I). A
one way analysis of variance (ANOVA) was used to
compare the number of cell layers in the fibrous cap-
sule to the controls (significance level 0.05).

3. Results

3.1. In vitro degradation

At 12 weeks the average mass loss of the PU foam was
3.4%. The CP foams lost an average of 3.7% of their
mass. Fig. 3 shows the results of all measurements.

3.2. Cytotoxicity tests

The results of the cell counts and metabolic activity are
shown in Figs. 4(a)—(c). In the graphs the results of the
tests were compared to the results of the non-degradable
negative control (PE), which was fixed at 100%.

The cell count of the extraction test is plotted in-
Fig. 4(a). In this experiment the cells exposed to PU
showed no morphological abnormalities after any in-
cubation period. The number of lysed cells did not dif-
fer from the solid negative control material (PE). This
also applied to the cells exposed to CP. Most cells ex-
posed to the positive control lost attachment from the
culture wells and morphology and growth were poor.
The metabolic activity of the fibroblasts is shown in
Fig. 4(b).

In Fig. 4(c) the cell count after 24, 48, and 72 h of di-
rect exposure to the test material is presented. Again, no
morphological abnormalities were observed in the cells
exposed to PU, CP and PE. Almost all cells exposed to
the positive control were in very poor condition. Sta-
tistical analysis showed that the metabolic activity and
cell counts of the cells exposed to PU did not differ
significantly from the PE, CP and blank samples in any
experiment (p-values ranging from 0.06 to 0.56). The

scores of the positive control were significantly lower
than the other scores (p < 0.05 in all cases).

3.3. Subcutaneous implantation

The postoperative period and the wound healing were
uneventful in all rats. On explantation there were no
signs of infection or necrosis at one, four and twelve
weeks. After one week the samples were macroscop-
ically embedded within the subcutaneous tissue in a
thin fibrous layer. This fibrous layer was thicker and
denser after four and twelve weeks. After one week a
haematoma was observed around two PE samples near
the hind legs of the rat. For this and other reasons an oc-
casional sample could not be evaluated histologically.

The averaged histological results are summarized in
Table II. No necrosis was observed in any sample at
any time interval. The number of cell layers in the fi-
brous capsule around the PU did not differ significantly
from the controls after one and four weeks. At twelve
weeks the PE capsule consisted of a significantly higher
number of cell layers (p = 0.006).

Atone week, a slight ingrowth of tissue was observed
into the PU and CP foams (Fig. 5(a)—(b)). After four
weeks this ingrowth had increased and at twelve weeks
the tissue had infiltrated nearly the whole area of the
foams (Fig. 5(c)—(f)). In all cases the tissue ingrowth
was accompanied by vascularisation (Fig. 5(g)). In the
infiltrated areas, both the PU and CP foams showed
signs of degradation, i.e., loss of foamy structure and
diffuse staining of the biomaterials.

No abundance of polymorphonuclear cells was
seen in any sample. In contrast to PE, the PU and
CP foam samples showed increasing numbers of
macrophages and giant cells. We found no differ-
ences in the amount of giant cells and macrophages
between the PU and CP foams at the differ-
ent time intervals. After four weeks an occasional
foamy macrophage was observed in the PU sam-
ples and after twelve weeks the number of foamy
macrophages had increased to a ‘moderate number’

(Fig. 5()).

TABLE II Average results of histological evaluation after one, four and twelve weeks

1 Week 4 Weeks 12 Weeks

Sample PU CP PE PU CP PE PU CP PE
Number of evaluated 6/6 6/6 4/6 6/6 5/6 6/6 5/6 5/6 6/6

samples (n = 6)
1. Necrosis (y/n) n n n n n n n n
2. Fibrous capsule 58+1.7 85+67 143+51 85+43 72+1.1 140+81 58+18 46=+15 155+78

(number of cell layers £+

standard deviation)
3a. PMN’s (0-4) 0 0 0 0 0 0 0 0 0
3b. MP’s (0-4) 1 1 0 2 2 0 2 2 0
3c. FBGC’s (0-4) 1 1 0 1 1 0 2 2 0
4a. Tissue ingrowth (0—4) 1 1 * 3 2 * 4 4 *
4b. Vascularisation (y/n) y y * y y * y y *
Sa. Degradation (0—4) 1 1 * 3 4 * 4 4 *
5b. Cells with phagocytic 0 0 * 1 0 * 2 0 *

activity (0—4)

See Table I for explanation of the scores. As PE is a non-porous, non-degradable material several items could not be evaluated (indicated by *)
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Figure 5 (a) and (b): PU (a) and CP (b) foam after one week of implantation. A rim of tissue has grown into the foams (arrow). The larger part of the
original foams has not been reached by ingrowing tissue (asterisk). The surrounding tissues show no signs of acute inflammation. (Toluidin blue/basic
fuchsin, bar = 200 um). (c) and (d): PU (c) and Cp (d) foams after four weeks of implantation. The connective tissue has grown further into both
foams. Small strands of tissue have almost reached the middle of the CP foam. The asterisks indicate areas that have not been reached by tissue.
The PU foam shows a different pattern of ingrowth. The border of the tissue is indicated with arrows. (Toluidin blue/basic fuchsin, bar = 200 pm).
(e) and (f): PU (e) and CP (f) foams after twelve weeks of implantation. The tissue has reached the centre of both foams. Only small areas have not
been reached by fibrous tissue (asterisks). (Toluidin blue/ basic fuchsin, bar = 200 um). (g): Detail of Fig. 5(e). Connective tissue accompanied by
blood vessels (B) grows into the foam. In this sample the fibrous capsule (C) has a thickness of 7 layers of cells. Foreign body giant cells (G) can be
found near the tissue-foam margin. (Toluidin blue/ basic fuchsin, bar = 50 m). (h): Detail of Fig. 5(g). The same foreign body giant cell is indicated
(G). Foamy macrophages (M) and blood vessels (B) can be observed in detail. (Toluidin blue/basic fuchsin, bar = 25 pm).

4. Discussion and conclusions
Biocompatibility is a major issue in the development of
new biodegradable materials for guided tissue regener-
ation and tissue engineering. Recently, Agrawal empha-
sized the importance of the biocompatibility of poly-
meric scaffolds for tissue engineering purposes [22].
As problems with the biocompatibility may occur
at several stages of degradation, the biocompatibility
of new materials should be assessed at several stages.
A non-degraded material and the potential presence of

oligomers, solvents or other toxic components deter-
mine the short-term biocompatibility. During degra-
dation, elements may be produced that endanger the
medium-term biocompatibility. Finally, residual prod-
ucts from the material may cause problems in the long-
term [23].

In this study we evaluated the short-term biocom-
patibility of a new biodegradable PU foam. The bio-
compatibility of the PU was screened in vitro by per-
forming cytotoxicity screening tests. In the past, many
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biodegradable materials have been tested and intro-
duced for various medical applications. Surprisingly,
in most cases the biocompatibility and application of
these materials have been first tested in vivo. When
complications in clinical use occurred, in vitro exper-
iments were performed to clarify their cause [24]. In
order to anticipate possible future complications, we
have tested the biocompatibility of the PU foam in vitro,
before performing in vivo experiments.

Proper control materials are essential to obtain reli-
able information on the biocompatibility of a new bio-
material. The biocompatibility of PE is beyond discus-
sion. It has been used in many medical applications
for many years and is often used as a control ma-
terial in biocompatibility tests [25, 26]. Although all
samples were of the same shape and size [27] in all
tests, we did not regard the use of PE as the only con-
trol material to be sufficient. PE is both a hard non-
degradable and non-porous material. These physical
properties may cause mechanical irritation in the in vivo
study. We observed some haematomas in the mobile
area near the hind legs of the rats, which may have
been caused by the PE damaging surrounding tissue and
vessels.

Amorphous copolymers of DL-lactide and
e-caprolactone have been shown to have a good
biocompatibility in vivo [18]. In addition, the copoly-
mer foams are as flexible as the PU foam. Therefore,
we considered this material to be a suitable degradable
control material.

Various in vitro tests were performed to acquire reli-
able cytotoxicity data [28]. In all tests performed, nei-
ther the number of cells, nor the metabolic activity of the
cells exposed to PU differed from the negative (PE and
CP) and blank controls. Morphological abnormalities
of cells exposed to PU were not observed. Therefore,
we conclude that the non-degraded polyurethane foam
shows a good biocompatibility in vitro.

The histological results from the in vivo study indi-
cate a good short-term biocompatibility of the PU foam.
There were no signs of acute inflammation or necrosis.
The fibrous capsule formation around the PU foams was
comparable to the CP foams and remained thin in com-
parison with PE. The fast ingrowth of connective tissue
was accompanied by blood vessels. This is a promising
indication for its biocompatibility as well.

The increasing numbers of macrophages and for-
eign body giant cells in the PU samples may raise
questions as to the biocompatibility of the foam.
These types of cells were also present in the CP
samples, but were absent around the PE samples.
In another study with CP these high numbers of
macrophages were also observed [18]. This was de-
termined as a transient response to the degrading ma-
terial. At this moment we ascribe the high numbers
of these cells to be a normal response during the first
stages of the degradation process and not to a lack of
biocompatibility.

In vitro, the mass loss of both the PU and CP foam
was very low at twelve weeks and degradation seemed
to have just started. However, mass loss is only one as-
pect of degradation. We assume that the polymer chain

226

length decreases due to hydrolysis during this period,
but has as yet not resulted in a substantial loss of total
mass.

As to the in vivo studies, the first signs of degrada-
tion of the rim of the foams can already be observed at
one week. In Figs. 5(c)—(f) it can be seen that the pat-
tern of ingrowth into the PU foam is different from the
ingrowth into the CP foams. This leads to temporary
differences in tissue penetration and signs of degrada-
tion at four weeks. However, at twelve weeks nearly
the whole area of both foams is penetrated by tissue
and cells, accompanied by signs of degradation in the
whole area of both foams (Table II).

The most striking difference observed between
the PU and CP foams was the presence of large
foamy macrophages in the PU samples (Figs. 5(f)—(g),
Table II). The presence of the urethane segments might
account for this finding. Hydrolysis of CP and the soft
segments of the PU is well reported [29] and we as-
sume that this occurs more easily than the hydrolysis of
the urethane bonds. As to the PU foams, macrophages
will commence with phagocytosis of the small particles
of the PU after the decrease of polymer chain length
by hydrolysis of the soft segments. It remains to be
seen whether these macrophages are capable of further
degradation of the enclosed PU particles.

We conclude that in both the in vivo and in vitro study
reveal a promising short-term biocompatibility of the
PU foam . As has been stated by several authors, short-
term biocompatibility is only one important property
of a biodegradable material [4, 22]. Future research of
the PU foam will involve long term studies focused on
the biocompatibility, the degradation, and application
of this material.
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